
Gravitational-Wave Data Analysis with High-Precision
Numerical Relativity Simulations of Boson Star Mergers

Tamara Evstafyeva ,1,* Ulrich Sperhake ,1,2,3,† Isobel M. Romero-Shaw ,1,4,‡ and Michalis Agathos1,4,5,§
1DAMTP, Centre for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom
2Department of Physics and Astronomy, Johns Hopkins University, 3400 North Charles Street, Baltimore, Maryland 21218, USA

3TAPIR 350-17, Caltech, 1200 E. California Boulevard, Pasadena, California 91125, USA
4Kavli Institute for Cosmology Cambridge, Madingley Road Cambridge CB3 0HA, United Kingdom

5School of Mathematical Sciences, Queen Mary University of London, Mile End Road, London, E1 4NS, UK

(Received 4 June 2024; accepted 23 July 2024; published 24 September 2024)

Gravitational-wave signals detected to date are commonly interpreted under the paradigm that they
originate from pairs of black holes or neutron stars. Here, we explore the alternative scenario of boson-star
signals being present in the data stream. We perform accurate and long (∼20 orbits) numerical simulations
of boson-star binaries and inject the resulting strain into LIGO noise. Our Bayesian inference reveals that
some boson-star signals are degenerate with current approximants, albeit with biased parameters, while
others exhibit smoking-gun signatures leaving behind conspicuous residuals.
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Introduction—Following the Nobel-Prize winning detec-
tion of GW150914 [1], about 100 further gravitational-
wave (GW) events have been confidently detected by the
laser interferometer gravitational-wave observatory (LIGO)
and Virgo [2–4]. This ever-increasing ensemble of GW
events provides ample opportunities to explore some of the
deepest mysteries of the cosmos and test the nature of
compact objects: black holes (BHs), neutron stars (NSs)
and exotic compact objects (ECOs) [5]. A research program
targeting such tests, however, faces several crucial chal-
lenges: (i) Given a candidate class of ECOs, can we gene-
rate gravitational waveforms of sufficient longevity and
accuracy? (ii) Supposing ECO coalescences occur in the
Universe, can we detect them with our current search
pipelines? (iii) If yes, can we distinguish them from
traditional binary BH (BBH) or NS events? (iv) Can we
generate comprehensive GW template banks suitable as
alternatives to BH and NS approximants for parameter esti-
mation (PE)? The main goal of this Letter is to explore the
answers to these questions for the case of scalar-field boson
stars (BSs), which are self-gravitating equilibrium solutions
to the Einstein-Klein-Gordon equations [6–8].

BSs have attracted a great deal of interest over the years.
BSs may account for part of the enigmatic dark-matter
content of the Universe [9,10]. BS solutions cover a wide
range of compactness, thus forming a theoretical laboratory
for exploring extreme-gravity effects beyond BHs such as
the geometry of BS shadows [11,12] or light rings [13–15].
BSs are an ideal proxy for a wide class of compact binaries
systematically deviating from BH systems, e.g., through
finite tidal deformability [16]. Combined with their high
amenability to numerical modeling, this makes BS binaries
particularly suitable for high-precision gravitational-wave
(GW) source modeling and template construction beyond
BHs. Numerical studies of BS binaries have made tremen-
dous progress in the last decade, focusing in particular
on the merger remnants [17–22], and analytic approxima-
tions have been employed for performing PE of BS binary
signals [23–25] (see also Refs. [26,27] for searches of
Proca-star head-on collisions in GW data). Here, we
numerically compute the first high-precision ∼20 orbit
inspiral-merger-ringdown (IMR) waveforms for quasicir-
cular BS binaries and inject them into LIGO detector noise.
We perform PE using Bayesian inference and assess the
ability of present BBH and binary NS waveform templates
to recover the injected signals. We use natural units
c ¼ 1 ¼ ℏ, i.e., G ¼ M−2

Pl .
Theory—BSs in general relativity are described by the

action of a complex scalar field φ minimally coupled to
gravity,

S ¼
Z ffiffiffiffiffiffi−gp

2

�
R

8πG
− ½gμν∇μφ̄∇νφþ VðφÞ�

�
d4x; ð1Þ

where VðφÞ is the potential, which we choose to be of
solitonic type [28,29], Vsol ¼ μ2jφj2ð1 − 2jφj2=σ20Þ2 with
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σ0 ¼ 0.2. This choice allows us to construct BSs over a
particularly wide range of compactness. Through appro-
priate re-scaling of the variables [30], the mass of the scalar
can be set to μ ¼ 1 which, henceforth, sets the length scale
of our units. Varying the action (1) yields the Einstein-
Klein-Gordon equations and spherically symmetric solu-
tions are obtained by decomposing the scalar field into
amplitude A and frequency ω, φðt; rÞ ¼ AðrÞeiðϵωtþδϕÞ [31].
Here we introduce the parameter ϵ ¼ �1, determining the
rotation of the scalar field in the complex plane, and a phase
offset δϕ. Our primary BS always has ϵ ¼ 1; δϕ ¼ 0 and
we refer to configurations with secondary parameters
ðδϕ ¼ 0; ϵ ¼ 1Þ, ðδϕ ¼ ðπ=2Þ; ϵ ¼ 1Þ, ðδϕ ¼ π; ϵ ¼ 1Þ,
ðδϕ ¼ 0; ϵ ¼ −1Þ as in-phase, dephased, antiphase, and
anti-BS binaries, respectively. Given the central amplitude
Actr ¼ Að0Þ, we obtain a BS solution via a shooting
algorithm described in Ref. [31]. In this work, we consider
two models: a compact “A17” star with

ffiffiffiffi
G

p
Actr ¼ 0.17,

dimensionless tidal deformability Λ ∼ 10 [16], and com-
pactness C ¼ 0.2 containing 0.99 of its total mass m within
a radius r99 ¼ 3.97, and a less compact “A147” star withffiffiffiffi
G

p
Actr ¼ 0.147, Λ ∼ 1000, C ¼ 0.1, and r99 ¼ 4.48. Tidal

deformability characterizes the stars’tidal interaction—the
higher Λ, the more susceptible the BS is to tidal deforma-
tions and corresponding changes in the GW phase.
NR simulations—Our simulations have been performed

using two codes, GRChombo [32–34] and LEAN [35]. Both
codes evolve the Einstein equations through fourth-order
finite differencing of the CCZ4 formulation [36], employ-
ing the moving puncture gauge [37,38]. While GRChombo is
based on adaptive-mesh refinement provided by CHOMBO

[39], the LEAN code, based on the CACTUS computational
toolkit [40], utilizes mesh refinement via CARPET [41].
Apparent horizons are computed using AHFINDERDIRECT

[42]. We use a computational domain of length L ¼ 1024
with bitant symmetry, 8 nested refinement levels with
resolutions Δx ¼ 1=40 to 1=48 on the innermost level
and extract GWs at Rex ∈ ½140; 240�.
We focus on equal-mass nonspinning BS binaries of total

mass M ¼ 2m, listed in Table I, starting from initial data
constructed as in Refs. [31,43]. By tuning the initial
velocities, we reduce their orbital eccentricity, estimated
according to Eq. (17) of Ref. [44], as 0.002–0.005. By
verifying convergence of the A17 and A147 BS binaries
and extrapolating GW signals to infinity, we obtain an error
budget of ð0.1; 4%Þ for the GW phase and amplitude for
A17 binaries and ð0.2; 4%Þ for A147 binaries, similar to
finite differencing production runs for BH inspirals
reported in Ref. [45]; see the Supplemental Material for
details [46].
In physical terms, the most conspicuous difference

between the A17 and A147 binary families of Table I is
their ultimate fate. The compact A17 coalescences ubiqui-
tously result in the formation of a BH remnant with
dimensionless final spin afin ∼ 0.7, similar to the end

product of nonspinning equal-mass BH mergers. By eye,
the resulting GW form looks indistinguishable from a BH
signal; cf. Fig. 1. In contrast, the “fluffy” A147 binaries
merge into a more compact, highly distorted BS remnant
with an oscillating central amplitude 0.156 ≤

ffiffiffiffi
G

p
Actr ≤

0.164. The GW signal emitted by these fluffy binaries is
characterized by a lower-amplitude inspiral part followed
by an immense GW burst at merger and a prolonged,
rapidly pulsating ringdown; cf. Fig. 1.
For the A17 family of stars we consider additional

configurations with nonzero phase offsets, δϕ ¼ π=2; π and
anti-BS binaries. All A17 binaries produce identical signals
in the early inspiral, but as the BSs get closer, the scalar-
field interaction [55,56] leads to delayed mergers for
δϕ ≠ 0, ϵ ¼ −1 and, especially, for δϕ ¼ π. A comparison
with BH waveforms [33] furthermore suggests that the A17
anti-BS signal resembles most closely that from a

TABLE I. Summary of the BS binaries evolved in the center-of-
mass frame with initial boost velocity vx;ini in the x direction,
impact parameter b in the y direction and separation d in the x
direction. The dephased, antiphase, and anti-BS binaries are
labeled as p090, p180, e1. El¼2 is the GW energy contained in
the l ¼ 2 modes.

Simulation vx;ini b=M d=M El¼2=M

A17-d12 0.1671 12.283 0.2243 0.0333
A17-d12-p180 0.1671 12.283 0.2243 0.0353
A17-d12-e1 0.1671 12.283 0.2243 0.0299
A17-d14 0.1533 14.017 0.2102 0.0346
A17-d15 0.14625 15.087 0.2033 0.0367
A17-d15-p090 0.14625 15.087 0.2033 0.0377
A17-d15-p180 0.14625 15.087 0.2033 0.0387
A17-d15-e1 0.14625 15.087 0.2033 0.0352
A147-d17 0.1389 16.639 0.0693 0.0589
A147-d19 0.1256 19.412 0.1109 0.0691

FIG. 1. Plus polarizations of the 22 IMR mode for the A17-
d14 and A147-d19 binaries of Table I.
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nonspinning, equal-mass BH binary in terms of the GW
amplitude in the late inspiral and its phase evolution close
to merger; cf. Fig. 3 in the Supplemental Material [46].
Parameter estimation—We inject our numerically com-

puted GW signals into Gaussian noise colored by the O4
design sensitivities of the LIGO Hanford (H1) and
Livingston (L1) detectors [2] and perform Bayesian infer-
ence using BILBY [57,58]. We focus on the dominant l ¼ 2

modes and consider systems of total masses Minj
tot ∈

½5; 105�M⊙ in the source frame, corresponding to scalar-
field masses μ∈ ½10−13; 10−12� eV. We choose luminosity
distances dL corresponding to (zero-noise) optimal injected
signal-to-noise ratios (SNRs) ρH1 ∈ ½15; 60�, ρL1 ∈ ½10; 45�.
We recover injected BS signals using standard wave-
form approximants, including effects of asymmetric
mass ratio, spin, orbital precession and tides, as used
routinely by the LIGO-Virgo-KAGRA Collaboration
[3]: IMRPhenomD [59,60], IMRPhenomPv3 [61],
IMRPhenomXP, IMRPhenomXPHM [62], TaylorF2
[63], IMRPhenomPv2_NRTidal [64,65] and
TEOBResumS [66]. We obtain comparable results for
the various approximants, as reviewed in more detail in
the Supplemental Material [46], and focus the following
discussion on IMRPhenomXP and IMRPhenomPv2_
NRTidal. We report the mass values in the source frame;
quantities in the detector frame will be denoted by “det”
We perform our inference using two sets of BBH-like

spin priors: (i) we fix the spins in the recovery templates to
their zero injected values; (ii) we explore the complete spin
prior with all parameters being free. In the process, we
compute for each detector the optimal SNR ρ of the
recovered and injected signals. For each recovery we
compute the Bayes factor BS

N, quantifying the evidence
ratio between a signal being present in the data relative to
the hypothesis of pure Gaussian noise. To assess the quality
of the recovery we additionally compute the residual r ≔
d − hmax from the data stream d and the approximant’s
strain hmax evaluated at the maximum-joint-log-likelihood
source parameters across H1/L1. Specifically, we construct
a null distribution of the white-noise optimal SNR for a
signal duration D by generating random noise realiza-
tions via

nw ≔
ñðfÞffiffiffiffiffiffiffiffiffiffiffi
SnðfÞ

p ∼N
�
0;
1

2

ffiffiffiffi
D

p �
; ð2Þ

where SnðfÞ is the detector’s noise power-spectral density.
If the residual’s SNR falls above the 99th percentile of the
noise SNR, we regard the residual as incompatible with
Gaussian noise.
Results (A17 families)—For the compact A17 binaries,

which form a BH postmerger, all waveform approximants
enable confident recovery of the signals with a residual
compatible with Gaussian noise, regardless of the analysis
type; see Table II for a representative set of examples.
Approximants including tidal effects furthermore infer tidal
deformability parameters consistent with the injected

Λ1;2 ∼Oð10Þ, albeit with poor constraints on Λ2. This
corresponds to a well measured tidal deformability δΛ̃ of
the binary, but a poorly constrained Λ̃ [67]. All waveform
approximants, however, fail to correctly infer some other
injected parameters (component masses, spins and/or
luminosity distance) within the 90% credible region;
cf. Fig. 2 for a typical example. Provided the inspiral
contributes significantly to the SNR, i.e., for Minj

tot ≲ 80M⊙

FIG. 2. Comparison of key PE results for A17-d12 and
A17-d12-e1 injections. We use IMRPhenomXP for recovery
of a BS binary with Minj

tot ¼ 72.4M⊙; dL ¼ 500 Mpc and allow
all binary parameters to be sampled over. The 1, 1.5, 2-sigma
contours are shown.

TABLE II. Recovery results for a range of BS injections from
Table I using the IMRPhenomXP approximant with spins fixed
to zero. We contrast the injected (ρinjnet) and recovered (ρrecnet)
network SNRs and report the recovered chirp-masses Mrec

c ,
mass-ratios qrec at maximum-joint-log-likelihood.

Run logBS
N ρinjnet ρrecnet Mrec

c =M⊙ qrec

Minj
tot ¼ 72.4M⊙, M

inj
c ¼ 31.5M⊙, d

inj
L ¼ 500 Mpc

A17-d12 717 40.37 38.63 26.60 0.32
A17-d15-p090 1019 45.17 46.74 31.63 0.65
A17-d12-p180 792 43.84 36.62 25.07 0.97
A17-d12-e1 820 41.12 41.91 27.13 0.71
A17-d14 678 41.41 38.26 26.72 0.30
A147-d19 555 57.75 32.16 40.02 1.00

Minj
tot ¼ 9.9M⊙, M

inj
c ¼ 4.3M⊙, d

inj
L ¼ 62.5 Mpc

A17-d12 406 29.69 30.60 3.89 0.39
A17-d15-p090 698 39.15 38.73 4.07 0.93
A17-d12-p180 328 30.91 28.28 3.94 1.00
A17-d12-e1 407 30.13 29.07 4.03 0.92
A17-d14 536 34.13 34.24 3.92 0.40
A147-d19 286 37.73 24.45 4.41 0.13
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in our case, however, these deviations are not random but
exhibit clear systematics which we illustrate in Fig. 3 for a
wide range of injections and now discuss in more detail.
A17, δϕ ¼ 0, ϵ ¼ 1: We obtain consistent results for

using either of the three waveform lengths employed, d12,
d14 and d15, indicating that they are sufficiently long for
the mass range considered. In general, the recovered
luminosity distance is overestimated, likely compensating
for amplitude effects arising from biases in the other
parameters. Next, the posteriors from BH approximants
employed with spins fixed to zero systematically peak at
total mass values within ∼10% of the injected Minj

tot. For
Minj

tot ≲ 80M⊙, mass ratios are recovered with peaks in the
range 0.3≲ q ≔ m2=m1 ≲ 0.7, with no posteriors support-
ing the injected q ¼ 1 at 90% confidence. This picture
changes considerably when we allow the spins to be
sampled over in the prior. Then we obtain more accurate
estimates for the primary mass m1, often supporting the
injected mass inside the 90% confidence interval, and
larger mass ratios 0.5≲ q ≲ 0.85, albeit still well below
the injected q ¼ 1. We furthermore infer significant spin
magnitudes peaking at 0.3 ≤ a1;2 ≤ 0.98 with clear pref-
erence for negatively aligned spins, i.e., χeff < 0.
A17-p180, δϕ ¼ π, ϵ ¼ 1: As for δϕ ¼ 0, the recov-

ered luminosity distance is often overestimated. Quite
remarkably, however, these antiphase binaries result in
nearly opposite behaviour in PE results in every other
regard. ForMinj

tot ≲ 80M⊙, we obtain good estimates for the

primary mass m1 and large mass ratios q ≥ 0.8 when the
spins are fixed to their injected values. Allowing the spins to
vary, now results in significant overestimates of m1 and
more unequal mass ratios 0.3 ≤ q ≤ 0.8. We typically
obtain large spin magnitudes a1;2 ≥ 0.5 but preferably
exhibiting partial alignment with the orbital angular
momentum, 0.1 ≤ χeff ≤ 0.5.
A17-d090, δϕ ¼ π=2, ϵ ¼ 1: This family of BS injec-

tions yields qualitatively similar behavior as A17-p180,
but with generally smaller departure from the injected
parameters.
A17-e1, δϕ ¼ 0, ϵ ¼ −1: The anti-BS family is the

best recovered of all our injections, supporting our con-
jecture that these binaries most closely resemble waveforms
from nonspinning BHs. We typically obtain mass ratios
q≳ 0.75, where the primary mass m1 is either contained
inside the 90% confidence interval or close by, and, for
Minj

tot ≳ 20M⊙, spin values close to zero. We illustrate this
behavior by comparing in Fig. 2 a representative Minj

tot ¼
72.4M⊙ example of this family with its less accurately
recovered A17-d12 counterpart.
Interpretation: The most pronounced difference

between δϕ ¼ 0 BS binary signals, compared to their
antiphase counterparts, is the steep increase of the GW
amplitude in the late inspiral and merger whereas for
δϕ ¼ π, this chirp is shallower; cf. Fig. 3 in the
Supplemental Material [46]. A closer inspection of GW
signals from nonspinning BH binaries in the frequency
domain similarly yields a steeper increase in the GW
amplitude close to merger for unequal masses relative to
q ¼ 1. Unequal-mass BH chirps therefore resemble
more closely those from δϕ ¼ 0 BS binaries while δϕ ¼
π BS chirps are better approximated by equal-mass BH
binaries.
The inclusion of spins allows for an additional adjust-

ment of the chirp’s steepness, typically boosting logðBS
NÞ

by ∼10%. BH binaries with aligned spins have an enhanced
yet shallower inspiral than those with anti-aligned spins;
see, e.g., Figs. 1 and 3 in [68]. The shallow inspiral-merger
transition of δϕ ¼ π binaries, therefore, favors the “hang-
up” of aligned spins whereas the more abrupt transition of
δϕ ¼ 0 BS binaries favors partially antialigned spins. This
effect also sheds light on the mass-ratio drifts when we
allow the spins to vary. For spins fixed at zero, the steep
chirp of δϕ ¼ 0 BS binaries can only be reproduced
through an unequal mass ratio in the BBH approximant.
For variable spins, in contrast, it can at least partly be
accommodated through anti-aligned spins (the anti-hang-
up effect); statistically we then expect a drift towards q ¼ 1.
For δϕ ¼ π BS binaries, in turn, the inclusion of spins
enables BILBY to reproduce the shallow chirp in the BS
signal through aligned spins rather than resorting exclu-
sively to a high (q ≈ 1) mass ratio; this results in a drift
towards smaller q.

FIG. 3. PE results obtained for four BS families and injections
with total mass Minj

tot ∈ ½5; 105�M⊙ and luminosity distance
dL ¼ ðMdet

tot =80M⊙Þ500 Mpc. For each injection, we display
the median values of the recovered component masses m1, m2

normalized by their injected values (large and small circles) and
the effective spin (crosses with 90% confidence interval). The
recoveries are obtained for fixed (blue) or variable spins (red
symbols). The dashed lines mark the injected values, 1 for the
masses and 0 for χeff. The recovered parameters deviate from
these values non-randomly; cf. the main text. By repeating
selected injections with different dL, we have verified that the
displayed trends are robust under variations of the SNR.
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Results (A147 family)—As illustrated in Fig. 1, GW
signals from our less compact A147 family of BS binaries
differ more pronouncedly from BH waveforms, especially
around merger and ringdown. These differences manifest
themselves not only in the form of PE biases, but also an
incomplete recovery of the injected signals. In particular,
for high (low) total massMinj

tot, the approximants are able to
match the merger (inspiral) part of the signals but never
both and never the ringdown; cf. Fig. 4. Overall, this leads
to a reduction in the recovered optimal SNR compared to
the injection; cf. Table II. For injections with ρinj ≲ 30, the
residual is still consistent with noise but for ρinj ≳ 30 we
often obtain significant residuals.
Furthermore, the late inspiral of less compact BS binaries

occurs at lower frequencies than that of compact ones, so
that BBH approximants systematically overestimate the
total mass; cf. Fig. 3. The addition of tidal effects improves
the approximant’s ability to capture features in the inspiral
portion of the signal for small Minj

tot; we thus obtain large
tidal parameters Λ1;2 ∼ 103 to 104 consistent with the BS
binary, albeit with large uncertainties in Λ2. Similar to the
compact BS injections, overall the inclusion of tidal effects
does not improve the estimation of other injection
parameters.
Conclusions—By performing high-precision NR simu-

lations of inspiralling and merging BS binaries, we have
investigated the capability of current waveform models to
recover BS GW signals with the following key results.
(i) Most BS systems considered here are detectable with
current GW analysis pipelines although current waveform

templates systematically infer incorrect source parameters.
(ii) BS binaries can be numerically modeled with accuracy
comparable to BH binaries. (iii) BSs are excellent candidate
sources for constructing GW template banks alternative to
BHs and NSs.
Our study suggests that, from the viewpoint of current

GW detectors, BS signals exhibit significant degeneracy
with BBH waveforms obstructing the distinction between
BS binaries, especially those forming a BH upon merger,
and NS or BH systems. The most notable exception from
this degeneracy consists in the exceptionally strong inspi-
ral-merger transition and a long-lived ringdown in binaries
forming a BS postmerger; both these features are generally
poorly matched by present approximants leaving behind
non-Gaussian residuals.
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