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Foreground signals minimally affect inference of high-mass binary black
holes in next-generation gravitational-wave detectors
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Next-generation gravitational-wave observatories are expected to detect over a thousand compact
binary coalescence signals daily, with some lasting from minutes to hours. Consequently, multiple
signals will overlap in the time-frequency plane, generating a foreground noise that predominantly
affects the low-frequency range, where binary neutron star inspiral evolution is gradual. This study
investigates the impact of such foreground noise on parameter estimation for short-duration binary
black hole signals, particularly those with high detector-frame masses and/or located at large redshifts.
Our results show a reduction in detection sensitivity by approximately 25% when the noise power
spectrum deviates by up to 50% from Gaussian noise due to foreground contamination. Despite this,
using standard parameter estimation techniques without subtracting overlapping signals, we find that
foreground noise has minimal impact, primarily affecting precision. These findings suggest that even in
the presence of substantial foreground noise, global-fit techniques, and/or signal subtraction will not be

necessary for unbiased recovery of system parameters.
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I. INTRODUCTION

The next-generation (XG) of terrestrial gravitational-
wave (GW) observatories, such as the Einstein Telescope
(ET) [1-3] and Cosmic Explorer (CE) [4—6], are anticipated
to begin operations in the mid-2030s. These observatories
will offer an order-of-magnitude improvement in sensitivity
over current GW detectors, with a broader frequency
bandwidth that enhances detection capabilities at both
low and high frequencies (see Fig. 1). Consequently, the
detection rate of compact binary coalescences (CBCs) will
increase significantly, with observable signals lasting from
minutes to hours [7-11].

This dramatic improvement will lead to overlapping
signals in the detectors’ output. The number of overlapping
signals depends on both the astrophysical merger rate
density and the detectors’ extended reach (see Appendix A
for an estimate). These signals, particularly those at low
frequencies where the inspiral evolution is gradual, will
overlap in the time-frequency plane, gradually separating as
they approach the merger phase. Current matched-filter
searches can uniquely identify such events and determine
their merger times with millisecond accuracy [14]. Thus,
unlike the source confusion expected in LISA, where
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overlapping white dwarf binary signals may not be
uniquely identified [15], a significant fraction of over-
lapping signals in ground-based XG detectors is resolvable
and primarily contribute as foreground noise [16-18].

The foreground noise arises from both detectable and un-
detectable signals, with the latter typically having a single-
detector signal-to-noise ratio (SNR) of <5. Although
detectable signals can be subtracted from the data, achiev-
ing perfect subtraction remains challenging. Significant
residuals may persist due to waveform systematics, as
demonstrated by Antonelli et al. [19], potentially intro-
ducing biases. Moreover, the subtraction process is subject
to both statistical and systematic uncertainties, further
complicating the analysis.

In addition, Reali ef al. [20] noted that the collection of
undetectable signals can affect parameter estimation (PE),
broadening the posterior distributions by distorting the
noise power spectral density (PSD) estimates. This arises
because the small number of overlapping signals per time-
frequency bin does not conform to the central limit
theorem, preventing the foreground noise from being
modeled as Gaussian. Furthermore, as these signals evolve,
the data can no longer be considered wide-sense stationary,
violating the assumptions of current noise PSD estimation
methods such as Welch averaging [21] and BayesLine [22].
As a result, inaccurate PSD estimates can degrade the
efficacy of GW searches and parametric inference. Pizzati

© 2025 American Physical Society



GUPTA, CHANDRA, and SATHYAPRAKASH

PHYS. REV. D 111, 104013 (2025)

107

1077

Factor of ~10)

VS, [1/4/Hz

10~
_25 H
10 10! 10
fHz]
04 —— CE20 —— CE40 — ETJ
FIG. 1. Amplitude spectral densities /S, (f) of the Advanced

LIGO Livingston detector (in O4 run) and XG gravitational-wave
detectors. The +/S,(f) for Advanced LIGO Livingston is
estimated using data surrounding the event GW230529 [12,13].
The XG detectors are expected to achieve sensitivities at least an
order of magnitude greater than current detectors, significantly
improving the detection capability across a wider frequency
range.

et al. [23] and Samajdar et al. [24] further showed that
overlapping signals with comparable SNRs that merge
within a short time interval (< 2 s) can bias posterior
estimates, depending on the nature of the source.

In this paper, we investigate the impact of foreground
noise on Bayesian posterior estimates when detected
signals are not subtracted from the data. Since overlaps
predominantly occur at low frequencies, foreground noise
primarily affects low-frequency PSD estimates (see Fig. 2).
This is particularly important for high detector-frame mass
systems, such as intermediate-mass black hole (IMBH)
binaries or stellar-mass binary black holes (BBHs) at large
redshifts [25-27], as these systems may merge at frequen-
cies below 20 Hz. Therefore, we restrict our focus to these
sources.

Prior to the fourth observing run of Advanced LIGO [28]
and Virgo [29], only a few events with a total detector-
frame mass exceeding 100M 4 have been detected [30-32].
However, XG observatories are expected to detect O(1000)
IMBH binaries annually, contingent on population assump-
tions. A subset of these events will be detected with SNR
values on the order of O(100), allowing source-frame mass
constraints with errors as low as <1% [8,33].

Binaries originating from Population III (Pop-III) stars
are also expected to be detected by XG detectors. Current
population synthesis studies suggest that the merger rate of
these BBHs may peak at redshift (z ~ 15), reaching merger
rates of O(10~! = 10?)/Gpc? /yr [27,34-38]. A confident
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FIG. 2. Comparison of Welch estimates for different realiza-
tions of 512 seconds of CE40 mock data. The black dotted
line represents the design CE40 sensitivity curve. The red curve
indicates the estimate when the noise includes signals from
Population A, while the blue curve represents the estimate when
the noise includes signals from Population B. Both the red and blue
curves include a 90% confidence band. The comparison demon-
strates that depending on the number of signals, the /S, (f)
estimate can deviate from the expected at lower frequencies.

detection of a BBH merger at such high redshifts could
provide strong evidence of their Population III origins.
With total detector-frame masses below 1500M, these
systems will merge within the frequency range of XG
detectors. Gupta et al. [8] showed that a network of XG
detectors will not only detect most Population III BBH
mergers but will also constrain their source-frame masses
and redshifts to within O(10%) precision.

While all these studies have provided valuable insights,
they either neglected foreground noise effects or employed
Fisher matrix analyses. Consequently, their parameter pre-
cision estimates may not fully capture the limitations of XG
detectors. This work addresses these gaps by incorpora-
ting more realistic data simulations and Bayesian inference
techniques. This allows us to more accurately assess the true
potential of XG observatories in detecting and characterizing
intermediate-mass and Population III BBHs.

Our analysis reveals a reduction in detection sensiti-
vity of ~25% when the noise power spectrum deviates by
approximately 50% from Gaussian noise levels due to
foreground noise. While foreground noise degrades the
inferred parameters’ precision, potentially limiting the full
scientific capability of XG detectors, it does not introduce
significant biases. Importantly, the true parameter values
consistently remain within the 90% credible intervals.
These results indicate that even in scenarios with significant
foreground noise, the need for global-fit techniques or
signal subtraction may be unnecessary, as the recovery of
system parameters remains accurate with only a minimal
loss in precision.
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The remainder of this paper is organized as follows. In
Sec. II, we provide an overview of the detector network,
detail the likelihood function, and describe the methodol-
ogy for modeling foreground noise in our analysis.
Section III outlines the analysis setup and procedures used
to generate the results presented in Sec. IV. Finally, Sec. V
presents our conclusions and discusses potential directions
for future research.

II. DETECTOR NETWORK, LIKELIHOOD,
AND FOREGROUND NOISE

The interplay between foreground noise and detector
sensitivity is crucial for understanding how overlapping
gravitational-wave signals can influence binary parameter
inference. This section outlines the detector network used
in our analysis, the likelihood function employed for signal
inference, and the approach to modeling foreground noise.

A. Detector network

We consider a three-detector network composed of a
40 km and a 20 km L-shaped CE observatory (henceforth
CEA40 and CE20), along with a triangle-shaped ET featur-
ing 10 km arms, as implemented in GWForge [18]. Since the
exact locations of these detector sites are yet to be finalized,
following Vitale et al. [39], we place the CE detectors at
two sites separated by a distance comparable to the size
of the continental United States. For ET, we adopt the
potential site in Sardinia. The design noise curves for all
these detectors are shown in Fig. 1, providing a schematic
understanding of how much more sensitive they will be as
compared to the Advanced LIGO Livingston detector in its
fourth observing run.

B. Detector data and the likelihood function

The time-varying output of current GW detectors is
modeled as the sum of two additive components: the
detector noise n and the target signal s;(@). For quasi-
spherical BBH signals, the parameter vector 6 is 15
dimensional and includes the component masses m;, and
their spins y;, the luminosity distance D;, the sky-location
parameters (a, §), the binary orientation parameters (z, ¢),
the polarization angle y, and the merger time 7,.

The noise n is typically assumed to follow a zero-mean,
wide-sense stationary Gaussian process. Under these
assumptions, the noise properties are completely charac-
terized by the noise covariance matrix,

(Ac) =5 5,(7). (1)

Here, 71, is the complex amplitude of the discrete Fourier
transform of n at frequency f, T is the analysis duration,
and S, (f¢) is the noise PSD.

The objective of modeled signal analysis is to find a
template signal k(') that accurately represents the target
signal s; (@), such that the residual d — h conforms to the
noise distribution. This means that the noise model defines
the likelihood function. Therefore, for CBC analysis, we
consider the following Whittle likelihood function:

2|d; — i (0)[
2(d|S,.0) x exp [—zk: TS50 ] (2)

When analyzing a multidetector signal, we use the joint
likelihood, which is the product of individual detector
likelihoods, while ensuring that the signal is coherent
across the network. This follows from our assumption that
noncolocated detectors have independent noise properties.
Bayesian PE routines, such as Bilby [40], aim to estimate the
signal parameters by solving

p(0d) < L(d|0)x(0), (3)

for each parameter vector @ drawn from the joint prior
distribution z(#). Thus, the precision of the posterior
estimates p(6|d) is directly influenced by the accuracy
of the noise power spectrum S, (f).

In XG detectors, multiple signals will be present at a
given instance. As a result, the detector data should be
assumed as follows:

d:n+zsk(0k) +57(0), (4)
KT

where > ;7 5,(6;) is the collection of all other signals.
This will complicate binary PE in two ways. First, the
residual d —h is no longer wide-sense stationary as it
contains several rapidly evolving signals. Therefore, it will
be incorrect to use Eq. (2). Second, even when estimating
the PSD off-source, meaning computing the PSD using
data segments that exclude the analysis segment that
contains s (@), we will still not be measuring the detector’s
noise properties but will measure the combined effect of the
detector noise and the contribution coming from the fore-
ground noise. In other words, we will not be measuring

S,(f) but rather S_; (f) = S"*Emsk (f)

It is possible to overcome both of these problems by
jointly inferring the noise power spectrum and @ = {6, },
which is the concatenation of all the binary parameters of
all the signals in the analysis segment. However, this is
currently computationally prohibitive. Hence, we resort to
estimating S_ (f) and gauge the affect of this choice on
PE of short-duration signals.

C. Foreground noise

To demonstrate the impact of foreground noise on PSD
estimates, we use GWForge to simulate multiple realizations
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of 8192-seconds long mock XG detector data [18].] The
binary parameter distributions used in the simulations
are described in detail in Chandra [41]. We consider two
distinct sets of merger rate densities: Population A, with a
BNS merger rate of Rpns = 320/Gpc?/yr, black hole
neutron star (BHNS) merger rate of Rgpns = 45/Gpc’/yr,
and BBH merger rate of Rgpy = 22/Gpc?/yr, and
Population B, with Rpns = 1700/Gpc?/yr, Rguns =
140/Gpc? /yr, and Rgpy = 44/Gpc? /yr. The local merger
rates in Population A correspond to the median merger
rates inferred using data from the third observing run of
Advanced LIGO and Advanced Virgo, whereas the ones in
Population B correspond to the upper limit of the inferred
rates [42]. The binaries were distributed in redshift follow-
ing the Madau-Dickinson star-formation rate [43].

The BNS signals were generated using the quasicircular
BNS waveform model IMRPhenomPv2 NRTidalv2
[44], while the BHNS and BBH signals were modeled using
the quasispherical BBH approximant IMRPhenomXPHM
[45]. These signals are then added to 8192-second-long
realizations of Gaussian noise, colored by the XG detector
noise power spectra. This resulted in two distinct datasets: one
corresponding to Population A and the other to Population B.

To evaluate the effect of these foreground signals on PSD
estimates, we employed the median-mean Welch method to
estimate S_g_(f) across multiple realizations of both data-
sets. The Welch method assumes that the data are wide-
sense stationary, dividing the discrete time-domain data
d[j] into K overlapping segments d,[j] of length L, each
windowed by w[j]—in this case, a Hann window function.
The discrete Fourier transform d[i] of each windowed
segment is computed using an FFT routine, and the
periodogram P, [i] is obtained as follows:

1
Pyl = | 5)
where U = Y1} w{jP.

In the standard Welch method, the final PSD estimate is
obtained by averaging the periodograms of all segments.
However, simple averaging is highly sensitive to outliers
and nonstationary artifacts, making it unsuitable for our
analysis. Instead, we adopt the median-mean Welch
method following Allen et al. [21]. In this approach, the
periodograms are first divided into two groups: even-
numbered and odd-numbered segments. The median is
computed separately for each group, and the final PSD
estimate is obtained by taking a weighted mean of these
two medians. This method significantly reduces the vari-
ance introduced by nonstationary disturbances, providing a
more robust spectral estimate.

'We take such a long data segment to ensure that the entire
length of at least some of binary neutron star signals are present in
a data segment. For most of the signals in the observation band,
only a fraction of the signal will be present in a given segment.
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FIG. 3. Comparison of horizon distance reach when using the

median Welch amplitude spectral density (ASD) estimates. The
black dotted line represents the ideal CE40 design sensitivity
curve. The red curve indicates the estimate when the noise
includes signals from Population A, while the blue curve
represents the estimate when the noise includes signals from
Population B. The comparison shows that depending on the
number of signals, the horizon distance of a XG detector can be
affected, especially for BBHs with a high detector frame
(redshifted) total mass.

Figure 2 displays the simulated and estimated CE40
/S, (f), with the latter derived using the Welch method.
The estimation was performed by dividing each 512-
second realization of data into 16-second subsegments
with 50% overlap, similar to the approach used in a
pyCBC search [46]. Consistent with previous studies
[16,18], we observed that the deviation is primarily con-
centrated at frequencies lower than 30 Hz, reaching values
of 250% at 15 Hz for the higher merger rate density and
CEA40 detector. This can reduce the detectability of BBHs
with a high detector frame (redshifted) total mass, as shown
in Fig. 3. In particular, depending on the binary’s detector
frame mass, the horizon distance’ loss to systems with
M7(1+z) Z 1000Mg can be 230%.

To understand the underlying reasons for the observed
behavior, we plot in Fig. 4 the normalized differential SNR
squared,

(6)

>The horizon distance, Dy, for our case, is the farthest
luminosity distance to which we can confidently detect an
optimally oriented, located, nonspinning symmetric mass BBH
assuming a SNR threshold of 8.
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FIG. 4. The SNR-squared integrand, normalized by the SNR square, as a frequency function for a simulated population of BNS and
NSBH systems in the CE40 detector and in one of the ET detectors.

for 1000 events picked randomly from the population of
BNS and BHNS systems using GWBench [47]. Here, S,,(f)
represents the design noise curve of each detector, and
h(f)) is the GW signal in the frequency domain. The plot
thus shows the fractional contribution to the SNR as a
function of frequency.

We observe that, for the CE40 detector, the dominant
contribution to the dlnp?/df, for both BNS and BHNS
systems arises in the 10-20 Hz frequency range. The BHNS
systems (blue curves) show a larger variability in dIn p?/df
than the BNS systems (red curves) due to the broader mass
distribution of the BHNS population and the presence of
higher-order multipoles in the waveform used to describe
them [48]. In the case of the ET detector, the dominant
contribution to dn p?/df comes from even lower frequen-
cies, as expected, given its greater sensitivity in the sub-
10 Hz regime, where the signal spends more time. This
enables ET to capture a larger portion of the signal’s inspiral.

As the GW amplitude decreases o f~7/¢ and the S, (f)
remains relatively flat beyond 20 Hz (up to about 500 Hz),
the differential SNR squared decreases steadily for both
types of systems, thereby having a lesser impact on the
Welch PSD estimate.

II1. ANALYSIS SETUP

This section describes the setup used to simulate and
analyze GW signals in the presence of foreground noise. We
begin by outlining the parameters and configurations of the
simulated signals, which are based on BBH mergers,
GW150914 and GW190521. We then detail the inference
settings, including the waveform models, prior choices, and
sampler configurations used to perform parameter estimation.

A. Simulated signals

We simulate two types of BBH signals to explore how
foreground noise affects binary PE: GW150914-like and

GW190521-like, where the former represents a typical
Pop-11I BBH system [38], and the latter a typical IMBH
binary system. All source parameters, except for the
luminosity distance D, , are set to the maximum likelihood
values from the publicly available posterior samples for
these events, as reported by Islam er al. [49] using the
NRSur7dg4 waveform model (See Table I).

The GW150914-like systems are placed at redshifts
z=15,10,15,20,25, such that the redshifted detector-
frame total mass, M;(1 + z), lies between 378M and
1638M . Since larger binary masses reduce the frequency
at the merger, effectively limiting the signal’s bandwidth,
these systems spend most of their evolution in the lower-
frequency bands, where the impact of the foreground noise
is most significant. Similarly, the GW190521-like systems
are placed at redshifts z =1,2,4,6,8. These simulated
signals are added into multiple noise realizations (with
and without foreground noise) to create multiple datasets,
each of which is analyzed with the inference settings
described below.

B. Inference settings

(a) Data and waveform model: We conduct full Bayesian
PE on 16 seconds of simulated data around the target
signal using Bilby. Both the signal simulation and PE
use the NRSur7dg4 waveform model [50],3 which is
trained on quasispherical BBH simulations from the
SXS catalogue [51], with mass ratios ¢ = m;/m, < 4
and dimensionless spins y; < 0.8. However, the mod-
els work well even when extrapolated outside their
training parameter space range up to g = 6.

(b) Priors: Consistent with Abbott et al. [52], we adopt
uniform priors on spin magnitudes (0 < y;, < 0.99)
and detector-frame component masses m;(1 + z),

*This ensures that we do not have any bias due to waveform
systematics.
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TABLE I. Maximum likelihood parameter values for the
simulated systems, derived from the GWI150914 and
GW190521 posteriors as obtained by Islam et al. [49].

Parameter Symbol GW150914 GW190521
Mass ratio q 0.98 0.95
Source-frame total My 63.05 210.51
mass (Mg)
Primary spin magnitude 0.58 0.83
Secondary spin magnitude y, 0.43 0.96
Primary tilt (rad) 0, 2.49 1.56
Secondary tilt (rad) 0, 0.78 1.96
Azimuthal interspin b2 3.98 0.23
angle (rad)
Azimuthal precession e 0.06 0.36
cone angle (rad)
Effective aligned spin Kett —-0.08 0.19
Effective precessing spin 0.35 0.83
Azimuth (rad) ¢ 2.20 1.06
Polarization angle (rad) v 0.68 1.27
Right ascension (rad) a 2.16 4.39
Declination (rad) 1) —-1.25 0.85
Inclination angle (rad) O 2.55 2.09

assuming isotropic distributions for spin orientations,
sky location, and binary orientation parameters (z, ¢).
The priors on the component masses are subject to the
following constraints: (i) the mass ratio ¢ satisfies
1/6 < g <1, (ii) the total mass My(1 + z) exceeds
100M o, and (iii) the chirp mass M_.(1 + z) lies within
the range 60My < M, (1 + z) < 400M .

For the luminosity distance, we assume a uniform
prior in the source frame, and flat ACDM cosmology
with Hubble parameter H, = 67.9 kms~' Mpc™!
and dark matter density Q,, = 0.3065, as in Abbott
et al. [52], Romero-Shaw et al. [53], and D; prior
constrained between 1 and 500 Gpc.

(c) Frequency settings: All analyses are performed with a
lower frequency cutoff of f,, =7 Hz across the
detector network. This is also the reference frequency
at which all spin posterior distributions are evaluated.

(d) Sampler settings: Posterior sampling is performed
using the DYNESTY sampler in its static configuration,
with 1024 live points [54]. We employ random walks
for sampling, with a minimum of 100 and a maximum
of 10,000 Markov chain Monte Carlo steps. The
number of random walk steps in each chain is at least
50 times the autocorrelation length (nact). The
sampling process continues until the unaccounted
evidence fraction, d1ogz, reaches 0.1.

IV. RESULTS

This section assesses the impact of foreground noise on
the PE of GW190521-like and GW150914-like signals.
In particular, we show the posteriors for the source-frame

component masses, m; and m,, effective aligned-spin
parameter )(eff,4 and redshift z. These distributions are
compared for the cases where the data contains no fore-
ground noise (Gaussian), foreground noise corresponding
to Population A (Pop-A), and foreground noise correspond-
ing to Population B (Pop-B).

As BBHs that form dynamically in active galactic nuclei
can produce electromagnetic counterparts (see Graham
et al. [58] and references therein), accurate localization
of these binaries is required for astrophysical and cosmo-
logical analyses. Thus, we also present the posterior
distributions on the right ascension («) and the cosine of
declination (cos &) for all the scenarios.

A. GW190521-like signals

The left part of Fig. 5 shows the posteriors for my, m,,
Xetr» and z, for GW190521-like events in the three fore-
ground noise scenarios considered in this study. The SNRs
for the Gaussian and the Pop-A scenarios are similar for all
events, but they reduce by 5%—10% for Pop-B. Across the
redshift range explored, we find that the posteriors for the
signal parameters for the Gaussian and the Pop-A cases are
alike, with the maximum Jensen Shannon divergence (JSD)
value being 0.008 nat, indicating that the precision of PE is
largely unaffected by differences in the assumed popula-
tion model.

When comparing the Gaussian and the Pop-B scenarios,
we find the posteriors to be broadly consistent, with

ISDEP 2 €1]0.001,0.08] nat. While the posteriors are
expected to be broader for the Pop-B scenario and are
seen to deviate slightly from the Gaussian case, the true
value lies within the 90% credible interval in all the cases.

Additionally, we observe that the y.¢ posteriors for the
z = 2 system are broader than those for the z > 2 systems.
This broadening exists for the Gaussian case as well.
It persists even when the z =2 event is injected into
different data segments, indicating that foreground noise
does not drive the effect. In fact, the effect of foreground

noise is minimal for this event, with J SDE‘;?;:?&] €0.08 nat.
We investigate the broadening of y.; for this event in
Appendix B.

Finally, the top part of Fig. 6 displays the inferred posterior
distributions for o and cosé across different redshifts and
foreground noise scenarios. The sky-localization posteriors

are consistent across all cases, showing broadening for the

4)(eff captures the dominant effect of spin on the binary’s
inspiral. At a given reference frequency, say fs during the
binary’s inspiral, it is defined as follows [55-57]:

myy cos 0y 4+ moy, cos 6,

Xeft =
¢ m1+m2 ’

where 0, are the component’s tilt angle with respect to orbital
angular momentum.
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Pop-B scenario but no significant deviations. Even in the
lowest SNR case, corresponding to the z = 8 event with an
SNR ~ 14 for the Pop-B scenario, the presence of high
foreground noise from CBCs does not bias the sky localiza-
tion. This suggests that sky-localization accuracy remains
robust, even in scenarios with high merger rates.

B. GW150914-like signals

The right half of Fig. 5 shows the posterior probability
distributions for m;,, yer, and z for GW150914-like
events, representing Pop-III BBHs. In both the Gaussian
and Pop-A scenarios, the SNRs are similar, whereas for

GW190521-like

[ Gaussian [0 Pop-A T8 Pop-B
©
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FIG. 5.

Pop-B, they are reduced by approximately 15%-20%.
Consequently, the posteriors for Pop-B are generally
broader. Notably, the inferred parameter distributions in
the Gaussian and Pop-A cases are highly consistent, with a
maximum JSD of only 0.02 nat across all parameters.

In the Pop-B scenario, the posterior distributions remain
broadly consistent with those from the Gaussian case,
with a median JSD of 0.03 nat. However, for the z = 10
case, we observe a bias in the measurement of m,,
where the true value falls outside the 90% credible
interval (JSD> » = 0.1 nat) but remains within the 30
credible region, indicating that the bias is not statistically

GW150914-like
[ Pop-A

[ Gaussian [ Pop-B

The posterior distribution of the source-frame total mass, mass ratio, and the effective spin parameter for GW190521-like

IMBHs (left) and GW150914-like BBHs (right) at different redshifts injected in Gaussian noise and foreground noise corresponding to
Pop-A and Pop-B. The small solid horizontal line indicates the median of the corresponding distribution, and the dotted horizontal lines
show the respective 90% credible interval. The dashed black line shows the true values for m, m,, and y.g.
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FIG. 6. The inferred 90% credible intervals for the right ascension and cosine of declination for GW190521-like IMBHs (top) and

GW150914-like BBHs (bottom).

significant. The bias is also seen to reduce when the same
event in injected in different time segments. At z = 15, the
deviations from the Gaussian and Pop-A cases are more

pronounced, with JSD> P €[0.01,0.37] nat. While this
suggests a larger impact of the foreground noise at this
redshift, the true values still lie within the 90% credible
intervals. Even under high CBC merger rate conditions, the
PE for GW150914-like events at high redshifts is not
substantially biased, and although the JSD values suggest
differences for certain cases, the true values stay within
acceptable statistical bounds.

The bottom half of Fig. 6 shows the inferred distributions
of sky location parameters a and cosd. The inferred
posteriors align well with the true values at all redshifts
for both the Gaussian and Pop-A cases. However, for the
binary at z =25, an additional mode appears for both,
likely due to the influence of Gaussian noise, as the SNR
at this redshift is approximately 13. In contrast, for Pop-B,
the posterior distributions are significantly broader, and
the true value falls outside the 90% credible region for the
7 =25 case.

Thus, while a foreground composed of CBCs following
median merger rate estimates does not substantially affect
source localization, higher merger rate foregrounds degrade
both the precision and accuracy of sky localization for
GW150914-like events at high redshifts. Although precise
localization is essential for electromagnetic follow-up and
cosmological studies [59-61], our results suggest that
significant deviations from true values primarily occur

for low SNR, extremely distant events, and are therefore
not a major concern.

V. CONCLUSION

This paper investigates the impact of foreground noise
generated by overlapping CBC signals in XG GW observa-
tories. Such noise, originating from numerous in-band
signals, renders the detector data non-Gaussian and non-
stationary and primarily affects low-frequency sensitivity.

Unlike previous studies, we neither subtract nontarget
GW signals nor develop new joint signal and noise
inference methods. Instead, we employ current techniques
to (a) quantify the strength of the foreground noise due to
different binary populations, (b) identify the frequencies
and conditions where this noise is most impactful, (c) assess
its effect on GW search sensitivity, and (d) evaluate its
influence on binary parameter estimation.

Our analysis considers three scenarios: (a) Gaussian
noise colored by XG design sensitivity curves, (b) Gaussian
noise combined with foreground noise from CBCs at
median merger rates (Pop-A), and (c) Gaussian noise with
foreground noise from CBCs population at higher merger
rates (Pop-B). We use the Welch method to estimate the
PSD, finding that the PSD can deviate by up to 50% from
Gaussian noise levels for Pop-B at sub-30 Hz frequency.
This can reduce the detector’s horizon reach by ~25%.

Given this, we use the state-of-the-art Bayesian inference
package Bilby to measure the component source-frame
masses my, effective aligned-spin parameter y., and
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redshift z, used interchangeably with luminosity distance
D;. We restrict our attention to two different simulated
binary populations, namely, GW190521-like IMBH merg-
ers up to a redshift of 8§ and GW150914-like BBH mergers
(representing mergers of black holes from Pop-III stars) up
to a redshift of 25.

We find that for both GW190521-like and GW150914-
like systems, the posteriors in the Gaussian and Pop-A
cases are highly consistent, with JSD values less than 0.01
nat. This demonstrates that foreground noise due to median
merger rate estimates does not significantly affect param-
eter estimation.

However, in the Pop-B case, where the number of signals
is higher, we observe a reduction in the SNR by 15%-20%
due to the foreground noise. This leads to broader posterior
distributions, though biases in parameter estimation remain
statistically insignificant (below 3¢). Consequently, we
conclude that the foreground noise at high merger rates
does not substantially affect the accurate estimation of
parameters such as masses, spins, and redshifts. This result
is significant as it implies that even in high foreground
noise XG detectors can still provide reliable characteriza-
tion and inference of high-redshift merger properties with-
out subtracting foreground signals.

We also assess the impact of the foreground noise on sky
localization, finding that foreground noise does not sub-
stantially degrade accuracy, except at low SNR cases,
where mislocalization may occur. This suggests that key
science goals, including electromagnetic follow-up and
cosmological studies, will not be compromised by fore-
ground noise.

In summary, although the noise in XG observatories is
expected to be both non-Gaussian and nonwide-sense
stationary, our approach—based on the Whittle likelihood
and Welch PSD estimate—exhibits no discernible bias in
the estimation of binary parameters. This finding under-
scores that while the presence of multiple signals influences
the noise characteristics, the accuracy of binary parameter
inference for our systems is not significantly affected even
while using the current methods. Looking ahead, expand-
ing this work to include population-level hierarchical
analyses will be crucial for verifying that foreground noise
does not bias the inference of hyperparameters that char-
acterize high-redshift populations. However, developing
faster and more sophisticated parameter inference algo-
rithms tailored to the intricate noise conditions expected in
future observatories will be essential for fully realizing the
scientific potential of XG GW astronomy.
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APPENDIX A: NUMBER OF OVERLAPPING
SIGNALS PER FREQUENCY BIN

We guesstimate the number of overlapping signals per
frequency bin as follows.

Consider a binary population with redshifted total mass
My(1 + z) and symmetric mass ratio 7 = m;m,/M%. In
the Newtonian limit, the duration of a signal starting from a
lower frequency cutoff f; is given by

ro(fy) = GMr(143) (”GMT(lﬂ)fL)'g“. (A1)

256 & A3

If the target signal duration is 7, then the number
of signals in the frequency range [f;, f, + 1/1] is deter-
mined by

Az =1.(fL) —7c(fL + 1/1). (A2)

Assuming a local merger rate density R (in units of
Gpc= yr~!) and a horizon volume V; (in Gpc?), the rate of
signals per second is

. RxVy
T 365 x 24 x 60 x 60

(A3)

Thus, the number of signals within Az is Az X 7.
Figure 7 shows the estimated number of overlapping
GW signals as a function of f; for V;=28000Gpc® and
two different local merger rate densities: 320 Gpc 3 yr!
(blue curve) and 1700 Gpc 2 yr~! (red curve). We assume
that the systems considered have My (1 + z) = 2M, and
n = 0.25, thereby giving the upper limit to the number of
overlapping signals. As f; increases, overlapping signals
decrease for both merger rate densities. This trend is
expected because higher f; values correspond to shorter
signal durations, which results in fewer opportunities for
signals to overlap within a given frequency bin.

Another approach to estimate the number of overlapping
signals, as outlined in Ref. [17], considers the number of
resolvable frequency bins that a signal evolves before the
arrival of another signal.
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FIG. 7. Estimated number of overlapping signals as a function

of lower frequency cutoff f; for two local merger rate densities.

The rate of the frequency evolution of the inspiral is
governed by the relationship
[~ M1 4215, (A4)
where £ is the rate of change of the GW frequency f. The
arrival rate of signals at Earth is determined by integrating
the merger rate over cosmic time. The reciprocal of this rate
corresponds to the expected waiting time 7 between
consecutive signals. For a signal that reaches a reference
frequency f at time ¢ = 0, the frequency evolution before
the arrival of the next signal is given by
Af = fT. (AS)
Simultaneously, the resolution in frequency is deter-
mined by the observation time, and the width of a single
frequency bin in the time window T is given by 1/T. The

number of frequency bins that the signal evolves through
during T is, therefore,

_Af

AN ==L =
/T

fr2. (A6)

The value of AN determines the likelihood of signal

overlap in time-frequency space:

(i) If AN > 1, the signal evolves through many fre-
quency bins, leaving most time-frequency pixels
unoccupied by other signals. In this case, signal
overlap is minimal.

(i) If AN ~ 1, the number of signals per bin approaches
unity, leading to significant overlap and a non-
negligible fraction of occupied time-frequency
pixels.

(iii) If AN <« 1, the law of large numbers dominates,
and the superposition of signals in nearby time-
frequency pixels results in a Gaussian distribution

with variance determined by the stochastic
background.

For a typical BNS system with M. =12Mg,
and assuming a reference local merger rate density
of 100 Gpc3yr~!, evolving according to the
Madau-Dickinson star formation rate, the number of

frequency bins AN can be estimated as
O\ 5/3 11/3 R -2
AN~ 25 (M / )
1.2M 4 10 Hz 100 Gpc™ yr
(A7)

For Rgns = 320 Gpc=? yr~! and f = 10 Hz, AN ~ O(1),
leading to considerable overlap between signals. For a
higher local merger rate of Rgns = 1700 Gpc™3 yr~!,
AN ~ O(0.1), approaching a stochastic regime where the
foreground noise is dominated by the cumulative back-
ground rather than individual contributions.

APPENDIX B: INVESTIGATING y ;s POSTERIOR
FOR GW190521-LIKE EVENT AT z=2

In Sec. IV A, we saw that the effect of foreground noise
on PE for GW190521-like IMBHs is minimal. However,
the posterior distribution obtained for y. for the z = 2 case
was considerably broader than those for z > 2 events,
which is unexpected as the SNR of the latter events is lower

10723 Data = Mean reconstructed

90% credible interval

= ASD

—

020"

ASD [Hz~'?

10—25

1072

Frequency [Hz]

FIG. 8. The reconstructed waveform for the GW190521-like
IMBH at z = 2, with the ASD for ET.

CE40 + CE20 ET only

05 00 0.5 02  —0.1 0.0
Neff Xeff

FIG. 9. The y. posterior distribution for the z =2 and z =3
cases in Gaussian noise with CE40 and CE20 detectors, and with
only the ET observatory.
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than that of z = 2. As seen in Fig. 8, the instrument line in
ET detectors intersects the reconstructed waveform just
before the merger for the z = 2 case. For z > 2 events, the
merger happens below 20 Hz and is unaffected by this
feature. To corroborate that the issue occurs due to the noise
feature, we reperform parameter estimation on the z = 2
and the z =3 cases with CE40 and CE20 (no noise

feature), and with ET only (with noise feature), in
Gaussian noise. This is presented in Fig. 9. We see that,
unlike the left half of Fig. 5, the posterior distribution of y ¢
becomes broader, going from z =2 to z = 3, when the
events are injected in CE40 and CE20, following our
expectation. But when the event is simulated in ET only, the
Xetr 18 measured more precisely for the z = 3 case.
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