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Abstract

Globular clusters (GCs) are crucial for studying stellar dynamics and galactic
structure, yet precise measurements of their distances and masses are often lim-
ited by uncertainties in electromagnetic (EM) observations. We present a novel
method that leverages gravitational waves (GWs) from stellar-mass binary black
holes (BBHs) orbiting within GCs to enhance the precision of GC parameter
measurements. The BBH’s orbital motion imprints characteristic modulations
on the GW waveform, encoding information about the host GC. Using post-
Newtonian waveforms and Lorentz transformations, we simulate modulated GW
signals and evaluate the resulting parameter constraints via a Fisher informa-
tion matrix analysis. Our results show that incorporating GW observations can
significantly reduce the uncertainties in GC distance and mass measurements, in
many cases achieving improvements by an order of magnitude. These findings
demonstrate the value of BBHs as dynamical probes and highlight the power of
GWs to advance GC studies beyond the limits of traditional EM methods.

1 Introduction

Globular clusters (GCs) are among the oldest stellar systems in the Universe. They
typically consist of dense, gravitationally bound collections of about 104 − 106 stars,
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serving as important laboratories for studying stellar evolution, galaxy formation, and
cosmology [1]. Because of their longevity and widespread presence in galaxies, GCs
provide critical insights into the formation histories of their hosts, making them key
tracers of galaxy evolution and cosmic structure assembly [2, 3].

Precise measurements of GC distances and masses are of particular importance.
Accurate determinations of GC distances are fundamental for establishing the astro-
nomical distance scale. They serve as valuable calibration points for standard candles
and help improve extinction corrections within the Milky Way and nearby galax-
ies [4, 5]. High-precision GC distance measurements thus play a vital role in mapping
cosmic structures, refining the cosmic distance ladder, and constraining cosmological
parameters such as the Hubble constant [6, 7]. Likewise, accurately determining GC
masses is essential for understanding their internal dynamics, formation mechanisms,
and subsequent evolution. Mass measurements reveal core collapse phenomena, mass
segregation, and stellar interactions within GCs, thereby refining theoretical models
of their long-term evolution [8]. Furthermore, GC mass distributions provide insight
into dark matter content and stellar populations, highlighting the interplay between
internal dynamics and the external galactic environment [9, 10].

Given these motivations, enhancing the precision of GC distance and mass mea-
surements remains an active and important area of research in astrophysics. However,
current methods for determining GC distances and masses primarily rely on elec-
tromagnetic (EM) observations. Distances are commonly determined using standard
candles (e.g., RR Lyrae stars and Type II Cepheids) or via trigonometric paral-
laxes [11, 12]. Masses are typically inferred from dynamical models based on velocity
dispersion measurements or surface brightness profiles [13, 14]. Although these tech-
niques have led to significant progress, they remain limited by factors such as dust
extinction, line-of-sight projection effects, and assumptions of dynamical equilib-
rium [15]. These limitations motivate the development of alternative and independent
approaches to improve the precision of GC parameter measurements.

Since the first detection of gravitational waves (GWs) in 2015, GW astronomy has
rapidly grown into a transformative field, offering a fundamentally different observa-
tional perspective compared to traditional EM methods [16, 17]. A major advantage
of GW signals is their immunity to dust extinction and line-of-sight projection effects,
enabling robust detection even in crowded or obscured regions [18, 19]. Among various
GW sources, stellar-mass binary black holes (BBHs) stand out as the most prominent
and best-studied population to date [20]. Most GW events detected so far originate
from BBH mergers, making BBHs the most common and observationally accessible
GW sources [21]. The waveform properties of BBHs have been extensively analyzed
for a broad range of masses and orbital configurations, providing a solid founda-
tion for extracting astrophysical parameters from GW signals [22]. These properties
make BBHs powerful tools for providing independent constraints on GC distances and
masses via GW observations.

The potential of using BBHs to probe GCs has already been explored in several ear-
lier studies, laying the groundwork for subsequent developments. Rodriguez et al. and
Kremer et al. investigated the detectability of BBHs originating in GCs using ground-
based facilities (e.g., LIGO) and space-based observatories (e.g., LISA) [23, 24]. Their
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results confirmed that such systems are likely to be detectable with both current and
future detectors. Strokov et al. proposed measuring the Doppler shift induced by a
BBH’s radial motion as a method to detect intermediate-mass black holes in clus-
ters [25]. Tiwari et al. showed that the line-of-sight acceleration of a BBH (detectable
by space-based detectors such as DECIGO and LISA) can be used to infer the phys-
ical properties of its host cluster [26]. In a related study, Stegmann et al. found that
when stellar-mass BBHs orbit supermassive black hole binaries (SMBHBs), the BBHs’
motion can imprint characteristic modulations on decihertz GW signals [27]. Such
modulation features enable population studies of SMBHBs through detailed waveform
analysis. Collectively, these studies exploit how the orbital motion of BBHs around
massive objects influences GW signals, underscoring a promising approach to probing
cluster parameters via detailed waveform analysis.

In this work, we present a novel GW-based method for probing GCs. Specifically, we
examine how the orbital motion of a stellar-mass BBH within a GC modulates its GW
signal through waveform transformations derived from Lorentz boosts. These trans-
formations capture the effects of BBHs orbiting within the GC and enable constraints
on the host GC’s distance and mass. By applying a Fisher information matrix (FIM)
analysis to GW signals, we quantify the uncertainties in GC parameters achievable
with LISA observations and compare these with existing EM constraints. This allows
us to assess the improvement from combining GW and EM measurements in a multi-
messenger framework. A key innovation of our approach is the implementation of full
waveform transformations that account for arbitrary source motion directions, going
beyond previous treatments that were limited to line-of-sight velocity and edge-on
orbital configurations, neglecting the effect of transverse motion. The GW signals used
in this study are simulated using second-generation time-delay interferometry (TDI),
ensuring consistency with future space-based GW observations. Furthermore, we con-
struct asymmetric normal distributions based on existing EM observations to model
the combined parameter distributions from EM and GW data, allowing us to assess
the theoretical potential of multi-messenger constraints. Overall, these developments
offer a new perspective and methodology for GC studies.

2 Results

2.1 GW modulation

For BBH systems in the rest frame, the GWs observed by a space-based detector
like LISA correspond to the early inspiral phase. During this phase, the waveform’s
amplitude and frequency evolve slowly, such that post-Newtonian (PN) models are
particularly well-suited for accurate waveform modeling. However, if the BBH is orbit-
ing within a GC, this motion induces periodic changes in the waveform, imprinting
characteristic modulation features on the observed signal.

As illustrated in Fig. 1, the waveform of a moving BBH source differs significantly
from that of a rest BBH. In the frequency domain, modulation gives rise to sidebands
surrounding the central spectral peak. These sidebands are separated by integer mul-
tiples of the inverse outer orbital period, forming a regular structure that reflects the
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Fig. 1 Schematic illustration of GW modulation. Panel (a) depicts a BBH at rest with respect
to the observer, emitting an unmodulated GW signal. Panel (b) shows a BBH moving in an outer
orbit around the GC’s centroid, which introduces periodic modulation in the observed GW signal. In
both cases, the lower sub-panels present simplified representations of the corresponding GW frequency
spectra. This figure is for conceptual illustration only and does not represent actual spatial scales or
the full complexity of the waveform used in our analysis.

periodic nature of the source’s motion. These features serve as direct signatures of the
source’s orbital dynamics, encoding information about the host GC.

The presence of such modulation in the waveform provides an additional channel for
extracting information from GW observations. Analysis of these modulation features
enables us to infer key GC parameters—most notably the GC’s distance and mass. In
the following sections, we demonstrate how modulation affects parameter estimation
in our analysis.

2.2 Multi-messenger observations

To quantitatively assess the improvements provided by modulated GW signals over
traditional EM observations in constraining GC parameters, we employ a FIM analysis
to estimate the uncertainties of the relevant GW parameters. This allows us to evaluate
the theoretical precision with which these modulation features enable us to infer the
properties of the host GC. Based on existing EM measurements, we construct two
datasets—EM1 for Milky Way GCs and EM2 for extragalactic GCs—representing
the known parameters of these clusters [6, 28]. We then calculate the reduction in
parameter uncertainties achieved by incorporating GW observations.

Figure 2 shows the reduction in GC parameter uncertainties after adding GW
information to existing EM measurements. These results clearly show that multi-
messenger observations significantly enhance the precision of GC parameter estimates.
The improvement is most pronounced for Milky Way GCs, with distance uncertainties
reduced by up to an order of magnitude for many clusters. In contrast, the improve-
ment for extragalactic GCs is marginal. Specifically, for Milky Way GCs the median
relative distance uncertainty decreases from 2.67% (EM1) to 0.27% (EM1+GW).
For extragalactic GCs, it decreases only marginally, from 8.43% (EM2) to 8.05%
(EM2+GW). This discrepancy arises from the inverse dependence of GW amplitude
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Fig. 2 Relationship between the uncertainty of GC parameters and distance. Panels (a)
and (b) show the distance uncertainties for Milky Way and extragalactic GCs, respectively, while pan-
els (c) and (d) show the mass uncertainties. Grey markers represent existing EM-only measurements,
and coloured markers denote the results after incorporating GW observations (EM+GW). Vertical
bars indicate the 1σ spread in uncertainties arising from different BBH configurations within each
GC. The reported value r refers to the Pearson correlation coefficient. Both axes use a logarithmic
scale. Solid lines show linear fits to the data in logarithmic space.

on distance [29]. Weaker GW signals from more distant sources carry less information,
limiting their effectiveness in constraining host GC parameters.

In comparison, the mass uncertainty exhibits substantial improvement for both
Milky Way and extragalactic GCs. In fact, in several cases the uncertainty is reduced
by nearly two orders of magnitude. Quantitatively, the median relative mass uncer-
tainty drops from 11.26% to 0.42% for Milky Way GCs. For extragalactic GCs, it
declines from 50.09% to 5.45% upon inclusion of the GW data. This enhancement is
attributed to the high sensitivity of GWs to frequency evolution [30]. GC mass influ-
ences the modulation pattern in a nonlinear and complex way. As a result, the mass
uncertainty shows a weaker correlation with distance than observed for the distance
uncertainty.

To further investigate the impact of waveform modulation, Figure 3 shows how the
relative uncertainties in GC parameters depend on the BBH orbital velocity. A clear
negative correlation is observed: as the velocity increases, the relative uncertainties in
both distance and mass decrease. This trend is especially pronounced for mass mea-
surements, which show an even stronger correlation with velocity. Physically, higher
orbital velocities enhance the modulation strength of the GW signal [31, 32]. This
yields a richer frequency-domain structure characterized by multiple sidebands. These
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Fig. 3 Relationship between the relative uncertainty of GC parameters and the orbital
velocity of BBHs. Panels (a) and (b) show the relative uncertainties in GC distance and mass,
respectively. Blue and red markers correspond to multi-messenger observations for Milky Way and
extragalactic GCs, respectively. Other plot elements follow the same style as in Fig. 2.

additional features increase the information content of the waveform, enabling more
stringent constraints on GC parameters. The effect is more pronounced for Milky Way
GCs than for extragalactic GCs, consistent with the weaker GW amplitudes from
more distant sources. Given that the orbital velocity scales as v =

√
GM/R, the GC

mass M and BBH outer orbital radius R jointly determine the modulation amplitude.
These results quantitatively demonstrate the crucial role of waveform modulation in
improving the precision of GC distance and mass measurements.

In summary, our findings highlight the potential of GW waveform modulation
as a powerful tool for precise GC characterization. Incorporating GW observations
into traditional EM frameworks substantially enhances the accuracy of GC distance
and mass estimates through multi-messenger measurements. This synergy reduces
parameter uncertainties and, in many cases, yields order-of-magnitude improvements
in precision beyond what EM-only observations can achieve.

3 Discussion

In this work, we assume that the host GC remains stationary and that the BBH
follows a stable outer orbit throughout the observation period. For GW detection, the
observation duration is set to one year. Given that the typical proper motion of GCs
is on the order of mas/yr, the resulting positional shifts are negligible and do not
influence the GW response (as it is computed based on the source’s sky location) [33].
Although the radial velocity of a GC can be comparable in magnitude to the BBH’s
orbital velocity, it remains effectively constant in both direction and speed [34, 35]. As
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a result, it induces only a static phase offset in the GW waveform—degenerate with
the initial phase—and thus does not lead to any modulation [31, 36].

On longer timescales, several astrophysical processes—such as Lense-Thirring pre-
cession, Lidov-Kozai oscillations, and dynamical friction from ambient gas—could
potentially alter the outer orbit [37–39]. However, these effects typically operate on
timescales ranging from thousands to millions of years, far exceeding the duration of
observation [40]. Therefore, the assumption of a stable outer orbit is well justified and
enables a tractable yet physically meaningful model for our analysis.

Building on these assumptions, we employed a FIM analysis to estimate the param-
eter uncertainties of BBHs in GCs using GW observations. Combined with existing
EM measurements, we constructed asymmetric normal likelihoods to model the joint
EM+GW constraints in a multi-messenger framework. This establishes a complete
methodology for using BBH-generated GWs as dynamical probes to infer GC dis-
tance and mass. Our results demonstrate that this approach can substantially reduce
parameter uncertainties compared with using EM observations alone.

It is important to note that the GW-based constraints presented in this study are
derived from theoretical estimates using the FIM. Our aim is to theoretically validate
the feasibility of this method. Due to the high computational cost of Bayesian inference
involving a 13-dimensional parameter space, we did not carry out a full posterior
analysis. In the future, we plan to carry out such analyses using real space-based GW
data. This will allow us to further test the practical viability of this technique and
eventually perform full Bayesian inference to extract GC properties from GW signals.

4 Methods

4.1 GW signal

In this work, we focus on GWs from stellar-mass BBHs within the LISA sensitivity
band. These systems are typically tens to thousands of years away from merger. Their
inner orbits evolve slowly over observational timescales, making them well-suited for
waveform modeling using PN methods. We adopt the 3.5PN formalism, including both
spin-orbit and spin-spin couplings, to generate inspiral waveforms in the rest frame of
the BBH [30, 41, 42].

Within four-dimensional spacetime, GWs are characterized by having boost weight
zero and spin weight 2, making full Lorentz transformations difficult [36]. However, due
to the transverse-traceless requirement, GWs can be effectively described using three-
dimensional spatial tensors. This allows frame transformations to be implemented
through a combination of three-dimensional Lorentz tensor transformations and time
coordinate rescaling. A complete derivation of this formalism can be found in Ref. [36].
Under this approach, the GW signal hij in a frame moving at an arbitrary velocity v⃗
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(in natural units where c = 1) relative to the rest frame can be expressed as

h′
ij = hij + vkhklv

l 1

(1− r̂ · v⃗)2
[r̂ir̂j

− γ

1 + γ
(r̂ivj + vir̂j) +

γ2

(1 + γ)2
vivj ]

+ vkhkj
1

1− r̂ · v⃗
[r̂i −

γ

1 + γ
vi]

+ vkhik
1

1− r̂ · v⃗
[r̂j −

γ

1 + γ
vj ],

(1)

h′
ij(t) = h′

ij(t
′γ(1− v⃗ · r̂)), (2)

where γ = 1/
√
1− v2 is the Lorentz factor, r̂ denotes the propagation direction of the

GW. This formulation enables us to incorporate the velocity arising from the BBH’s
orbital motion around the GC into the waveform.

Following this transformation, we compute the LISA detector response to the mod-
ulated waveform over a one-year observation period, which matches LISA’s orbital
period. We employ a realistic simulation pipeline that incorporates TDI techniques. In
this pipeline, we use second-order eccentric Keplerian orbits to model LISA’s motion,
allowing for unequal arm lengths that vary over time. The resulting TDI 2.0 Michelson-
type data stream is constructed across the X, Y , and Z channels. Full details of the
response implementation can be found in Ref. [43].

4.2 GC data

Fig. 4 Sky locations of selected GCs from EM observations. Blue markers show the positions
of Milky Way GCs, and red markers show those of extragalactic GCs. The solid red curve indicates
the annual trajectory of the normal vector of the LISA constellation plane.

The GC parameters adopted in this study are drawn from multiple EM observa-
tional sources, including measurements from the Hubble Space Telescope and Gaia.
From Refs. [6, 28], we extract key GC properties, including the GC mass M , luminos-
ity distance DL, and sky location (right ascension α and declination δ). The spatial
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distribution of the selected GCs is illustrated in Fig. 4, with Milky Way GCs cluster-
ing around the Galactic Center and extragalactic GCs located primarily in the Virgo
and Fornax clusters.

For BBH properties, we utilize simulation data from Ref. [44], which provides
a catalog of large-scale cluster Monte Carlo (CMC) simulations. These simulations,
based on the Hénon-type Monte Carlo algorithm, incorporate a wide range of physical
processes and follow the long-term dynamical evolution of dense star clusters. We
match each EM-observed GC with a simulated CMC cluster of comparable mass and
extract BBH candidates likely to exist in that GC. The parameters extracted include
the component masses (m1 and m2) and the outer orbital radius (R).

For additional source parameters such as the spin χ and inclination angle ι, we
assume uniform sampling over physically motivated ranges, following Ref. [30]. This
process yields a comprehensive set of source parameters for waveform modeling and
uncertainty estimation. Given the diversity of GC properties and our sampling of
stochastic parameters, we assign to each EM-observed GC 20 BBH from the CMC cat-
alog that best match its mass. For each of these BBHs, we compute the corresponding
EM+GW constraint and statistically combine the results. Thus, each individual EM
measurement in Figs. 2 and 3 corresponds to a distribution of EM+GW results.

4.3 Data analysis

After generating the parameter dataset, we compute the corresponding GW wave-
form for each BBH source and then perform data analysis to evaluate the associated
uncertainties in the GC parameters. The complete analysis pipeline is illustrated in
Fig. 5.

Fig. 5 Schematic workflow of the data generation and analysis process. The pipeline
consists of three main components: population modelling (top-left), waveform construction (bottom),
and uncertainty estimation (right).

The analysis begins with computing the signal-to-noise ratio (SNR) for each sam-
ple. We exclude any source with SNR < 4, as this corresponds to an effective detection
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threshold of SNR = 8 for a four-year observation [26, 45]. The SNR is given by [46]

SNR =
√

(h|h), (3)

where the inner product (a|b) is defined as

(a|b) = 4Re

∫ ∞

0

ã∗(f)b̃(f)

Sn(f)
df, (4)

where Sn(f) is the one-sided power spectral density of the detector noise, and ã(f)
and b̃(f) are the Fourier transforms of a(t) and b(t), respectively. For each detectable
source, we estimate parameter uncertainties using the FIM, defined as [47]

Γij =

(
∂h

∂θi

∣∣∣∣ ∂h∂θj
)
, (5)

where θi denotes the i-th parameter in the waveform model. The inverse of the Γ
yields the parameter covariance matrix, and the 1σ uncertainty in θi is given by
σGW i =

√
(Γ−1)ii.

To further improve the measurement precision of GC parameters, we incorpo-
rate both GW and existing EM measurements into a unified statistical framework.
Since many EM-based uncertainties are significantly asymmetric, we model them using
asymmetric normal distributions pEM(θ) that provide a more faithful representation of
the observational results [48]. Based on the uncertainties σGW derived from the FIM,
we construct a corresponding normal distribution pGW(θ). The combined effect of EM
and GW observations is obtained by multiplying the two distributions, forming a joint
distribution pEM+GW(θ) ∝ pEM(θ) · pGW(θ). Since the GW constraint provides addi-
tional, independent information, the combined distribution is always narrower than
the original EM distribution, resulting in EM+GW error bars that lie strictly below
the EM-only points in Fig. 2.

We then employ a Markov Chain Monte Carlo (MCMC) algorithm to explore the
joint distribution pEM+GW(θ) and evaluate the resulting constraints on GC distance
and mass. Details of the asymmetric modeling procedure and sampling strategy can
be found in Ref. [48].

Collectively, these steps provide a practical and theoretically grounded framework
for extracting improved GC parameters via multi-messenger observations.
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