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Advanced LIGO-Virgo have reported a short gravitational-wave signal (GW190521) interpreted
as a quasi-circular merger of black holes, one at least populating the pair-instability supernova gap,
that formed a remnant black hole of Mf ∼ 142M� at a luminosity distance of dL ∼ 5.3 Gpc.
With barely visible pre-merger emission, however, GW190521 merits further investigation of the
pre-merger dynamics and even of the very nature of the colliding objects. We show that GW190521
is consistent with numerically simulated signals from head-on collisions of two (equal mass and spin)
horizonless vector boson stars (aka Proca stars), forming a final black hole with Mf = 231+13

−17M�,

located at a distance of dL = 571+348
−181 Mpc. This provides the first demonstration of close degeneracy

between these two theoretical models, for a real gravitational-wave event. The favoured mass for the
ultra-light vector boson constituent of the Proca stars is µV = 8.72+0.73

−0.82×10−13 eV. Confirmation of
the Proca star interpretation, which we find statistically slightly preferred, would provide the first
evidence for a long sought dark matter particle.

Introduction. Gravitational-wave (GW) astronomy
has revealed stellar-mass black holes (BHs) more massive
than those known from X-ray observations [1, 2]. This
population, with masses of tens of solar masses, com-
plements the supermassive black holes (SMBHs) lurk-
ing in the centre of most galaxies, with masses in the
range 105 − 1010M� [3]. The observation of GW190521
[4] by the Advanced LIGO [5] and Virgo [6] detectors
has populated the gap between these two extremes. The
LIGO-Virgo Collaboration (LVC) interprets GW190521
as a short-duration signal consistent with a quasi-circular
binary black hole (BBH) merger, with mild signs of or-
bital precession, that left behind the first ever observed
intermediate-mass black hole (IMBH), with a mass of
∼ 142M� [4, 7]. This interpretation is challenged by the
fact that at least one of the BHs sourcing GW190521
must fall within the pair-instability supernova (PISN)
gap. Alternative interpretations of GW190521 as an ec-
centric BBH lead to the same conclusion [8, 9]. According
to stellar evolution, such BHs cannot form from the col-
lapse of a star [10], suggesting that this event is sourced
by second generation BHs, born in previous mergers.
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GW190521 is, however, different from previously ob-
served signals. While consistent with a BBH merger,
its pre-merger signal, and therefore a putative inspi-
ral phase, is barely observable in the detectors sensitive
band, motivating the exploration of alternative scenarios
that do not involve an inspiral stage. One such possibility
is a head-on collision (HOC), which we have recently in-
vestigated [11]. Within such geometry, however, the high
spin of the GW190521 remnant, a ∼ 0.7, is difficult to
reach with mass ratios (1 < q ≡ m1/m2 < 4) due to the
lack of orbital angular momentum and the Kerr limit on
the BH spin (a ≤ 1), imposed by the cosmic censorship
conjecture. There exist, however, exotic compact objects
(ECOs) not subject to this limit that may mimic BBH
signals, leading to a degeneracy in the emitted signals
[12].

ECOs have been proposed, e.g., as dark-matter
candidates, often invoking the existence of hypothetical
ultra-light (i.e. sub-eV) bosonic particles. One common
candidate is the pseudo-scalar QCD axion, but other
ultra-light bosons arise, e.g., in the string axiverse
[13]. In particular, vector bosons are also motivated in
extensions of the Standard Model of elementary particles
and can clump together forming macroscopic entities
dubbed bosonic stars. These are amongst the simplest
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FIG. 1. Time-series and spectrum of GW190521. Left: Whitened strain data of the LIGO Livingston detector at the
time of GW190521, together with the best fitting waveforms for a head-on merger of two BHs (green), two equal/unequal mass
PSs (red and blue) and for a quasi-circular BH merger (black). The time axis is expressed so that the GPS time is equal to
tGPS = t+1242442965.6069 s. Right: corresponding waveforms shown in the Fourier domain. Solid lines denote raw waveforms
(scaled by a suitable, common factor) while dashed lines show the whitened versions. The vertical line denotes the 20 Hz limit,
below which the detector noise increases dramatically. Due to this, a putative inspiral signal from a quasi-circular BBH merger
(solid black) would be almost invisible to the detector (see dashed grey) and barely distinguishable from PHOC signals (dashed
red and blue).

and dynamically more robust ECOs proposed so far
and their dynamics has been extensively studied, e.g.
[14–17]. Scalar boson stars and their vector analogues,
Proca stars [18, 19] (PSs), are self-gravitating stationary
solutions of the Einstein-(complex, massive) Klein-
Gordon [20] and of the Einstein-(complex) Proca [18]
systems, respectively. These consist on complex bosonic
fields oscillating at a well-defined frequency ω, which de-
termines the mass and compactness of the star. Bosonic
stars can dynamically form without any fine-tuned
condition through the gravitational cooling mechanism
[21, 22]. While spinning solutions have been obtained
for both scalar and vector bosons, the former are
unstable against non-axisymmetric perturbations [23].
Hence, we will focus on the vector case in this work.
For non-self-interacting bosonic fields, the maximum
possible mass of the corresponding stars is determined
by the boson particle mass µV . In particular, ultra-light
bosons within 10−13 ≤ µV ≤ 10−10 eV, can form stars
with maximal masses ranging between ∼ 1000 and 1
solar masses, respectively.

We perform Bayesian parameter estimation and model
selection on 4 seconds of publicly available data [24]
from the two Advanced LIGO and Virgo detectors
around the time of GW190521 (for full details see the
Supplemental Material, which includes references [25–
31] ). We compare GW190521 to numerical-relativity
simulations of (i) HOCs, (ii) equal-mass and equal-
spin head-on PS mergers (PHOCs), and (iii) to the
surrogate model for generically spinning BBH mergers
NRSur7dq4 [32]. Our simulations include the GW modes

(`,m) = (2, 0), (2,±2), (3,±2) while the BBH model
contains all modes with ` ≤ 4. The PHOC cases we
consider form a Kerr BH with a feeble Proca remnant
that does not impact on the GW emission [33]. Finally,
to check the robustness of our results, we perform an
exploratory study comparing GW190521 to a limited
family of simulations for unequal-mass (q 6= 1) head-on
PS mergers. For finer details on numerical simulations,
we refer the reader to our Supp. Material and references
[34–42] therein.

Results. Figure 1 shows the whitened strain time
series from the LIGO Livingston detector and the best
fitting waveforms returned by our analyses for HOCs,
PHOCs and BBH mergers. While the latter two show
a similar morphology with slight pre-peak power, the
HOC signal is noticeably shorter and has a slightly larger
ringdown frequency. These features are more evident
in the right panel, where we show the corresponding
Fourier transforms (dashed) together with the corre-
sponding raw, non-whitened versions (solid). The HOC
waveform displays a rapid power decrease at frequencies
below its peak due to the absence of an inspiral. In con-
trast, PHOCs show a low-frequency tail due to the pre-
collapse emission that mimics the typical inspiral signal
present in the BBH case down to f ' 20 Hz. Below
this limit, the putative inspiral signal from a BBH dis-
appears behind the detector noise (dashed grey) making
the signal barely distinguishable from that of a PHOC.

Fig. 2 shows the two-dimensional 90% credible inter-
vals for the redshifted final mass and the final spin ob-
tained by the LVC using BBH models covering inspiral,
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FIG. 2. Redshifted final mass and spin of GW190521 ac-
cording to different waveform models, and directly inferred
from a ringdown analysis. The contours delimit 90% credi-
ble intervals. For head-on PS and BH mergers (PHOCs and
HOCs), we plot the samples colored according to their Log-
Likelihood. The horizontal dashed line denotes an experi-
mental limit for the final-spin of head-on BH mergers that
separates them from head-on PS mergers.

Waveform model logB logLmax

Quasi-circular Binary Black Hole 80.1 105.2

Head-on Equal-mass Proca Stars 80.9 106.7

Head-on Unequal-mass Proca Stars 82.0 106.5

Head-on Binary Black Hole 75.9 103.2

TABLE I. Bayesian evidence for our GW190521 source
models. We report the natural Log Bayes Factor obtained
for our different waveform models and corresponding maxi-
mum values of the Log Likelihood. We note that parameter
estimation codes are not designed to find the true maximum
of the likelihood, so that the values we report should be con-
sidered as approximate.

merger and ringdown (IMR, in black) and solely from
the ringdown emission; starting at the signal peak (grey)
and 12.7 milliseconds later (pink) [43, 44]. Overlaid, we
show the red-shifted final mass Mz

f and spin af obtained
by PHOC and HOC models, with the color code denot-
ing the log-likelihood of the corresponding samples. For
these, we approximate the final mass by the total mass
due to the negligible loss to GWs.

The absence of an inspiral makes HOCs and PHOCs
less luminous than BBHs, therefore requiring a lower ini-
tial mass to produce the same final BH as a BBH. Ac-
cordingly, the BBH scenario yields Mz

BBH = 272+26
−27M�

[4, 24] while the former two yield lower values of Mz
HOC =

238+24
−21M� and Mz

PHOC = 258+6
−8M�, both consistent

within with those estimated by the LVC ringdown anal-

ysis, Mz
BBH, Ringdown = 252+63

−64M� [4], which makes no
assumption on the origin of the final BH.

There is, however, a clear separation between HOCs
and BBHs/PHOCs in terms of the final spin. Cosmic cen-
sorship imposes a bound a ≤ 1 on the BHs’ dimensionless
spins [45]. This, together with the negligible orbital an-
gular momentum of HOCs, prevents the production a
final BH with the large spin predicted by BBH models.
By contrast, PSs are not constrained by a ≤ 1 and can
form remnant BHs with higher spins from head-on colli-
sions. Consequently, the final spin and redshifted mass
predicted by PHOCs coincide with those predicted by
BBH models. In addition, the discussed lack of pre-peak
power in HOCs leads to a poor signal fit that penalises
the model. In Table I we report the Bayesian evidence
for our source models. We obtain a relative natural log
Bayes factor logBHOC

BBH ∼ −4.2 that allows us to confi-
dently discard the HOC scenario.

Unlike BHs, neutron star and PS mergers do not
directly form a ringing BH. Instead, a remnant transient
object produces GWs before collapsing to a BH, leaving
an imprint in the GWs that is not present for HOCs,
before emitting the characteristic ringdown signal. For
this reason, PHOCs do not only lead to a final mass
and spin fully consistent with the LVC BBH analysis
but also provide a better fit to the data than HOCs,
reflected by a larger maximum likelihood in Table I.

While BBHs lose around 7% of their mass to GWs,
head-on mergers radiate only ∼ 0.1% of it, leading to
much lower distance estimates, and consequently, to
much larger source-frame masses. Whereas the LVC re-
ports a luminosity distance of dL ∼ 5.3+2.4

−2.6 Gpc [4],

our PHOCs scenario yields dL = 571+348
−181 Mpc, sim-

ilar to GW150914 [1]. Consequently, we estimate a
source-frame final mass of ∼ 231+13

−17M�, 62% larger

than the 142+28
−16M� reported by the LVC. The lower dis-

tance estimate handicaps the PHOC model with respect
to the BBH one if an uniform distribution of sources
in the Universe is assumed. Nonetheless, Table I re-
ports a logBPHOC

BBH ∼ 0.8, slightly favouring the PHOC
model. Relaxing this assumption leads to an increased
logBPHOC

BBH ∼ 3.4 (see Supplementary Material Table I for
further details when using this alternative prior). The ev-
idence for the PHOC model is accompanied by a better fit
to the data. In addition, BBHs span a significantly larger
parameter space that may penalise this model. While we
explored several simplifications of the BBH model (see
Supplementary Material), no statistical preference for the
BBH scenario was obtained. We therefore conclude that,
however exotic, the PHOC scenario is slightly preferred
despite being intrinsically disfavoured by our standard
source-distribution prior.

Unlike BBH signals [46], head-on ones are not dom-
inated by the quadrupole (`,m) = (2,±2) modes but
have a co-dominant (2, 0) mode [47, 48]. By repeating
our analysis removing the (2, 0) from our waveforms, we
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FIG. 3. Posterior distribution for the values of the
bosonic field associated with GW190521. The left panel
shows the oscillation frequency of the bosonic field ω/µV . The
right panel shows the mass of the ultra-light boson µV . We as-
sume a merger of two equal-mass and equal-spin Proca stars.

obtain logB(2,0)
No(2,0) = 0.6 in favour of its presence in the

signal. The asymmetries introduced by this mode also
allow us to constrain the azimuthal angle ϕ describing
the projection of the line-of-sight onto the collision plane,
normal to the final spin. We estimate ϕ = 0.65+0.86

−0.54 rad
measured from the collision axis, in the direction of any
of the two spins (see Supplementary Material, which in-
cludes references [49–53]). This is, we restrict ϕ to the
first and third quadrant of the collision plane, towards
where the trajectories of both stars are curved due to
frame-dragging. To the best of our knowledge, this is the
first time such measurement is performed.

We investigate the physical properties of the hypothet-
ical bosonic field encoded in GW190521. Fig. 3 shows our
posterior distributions for the oscillation frequency (nor-
malized to the boson mass) and for the boson mass µV

itself. We constrain the former to be ω/µV = 0.893+0.015
−0.015.

To obtain the boson mass µV one must recall that
each PS model is characterized by a dimensionless mass
MPS = MPS µV /M

2
Pl, with MPl the Planck mass. Iden-

tifying MPS with half the mass of the final BH in
GW190521 we obtain

µV = 1.34× 10−10

( MPS

Mfinal
BH /2

)
eV, (1)

where Mfinal
BH should be expressed in solar masses. This

yields µV = 8.72+0.73
−0.82 × 10−13 eV.

Finally, we estimate the maximum possible mass for a
PS described by such ultra-light boson using

(
Mmax

M�

)
= 1.125

(
1.34× 10−10 eV

µV

)
. (2)

This yields Mmax = 173+19
−14M�. Binaries with lower

total masses than this Mmax would produce a remnant
that would not collapse to a BH; therefore, they would
not emit a ringdown signal mimicking that of a BBH.
We therefore discard PSs characterised by the above
µV as sources of any of the previous Advanced LIGO

Parameter q = 1 model q 6= 1 model

Primary mass 115+7
−8 M� 115+7

−8M�

Secondary mass 115+7
−8 M� 111+7

−15M�

Total / Final mass 231+13
−17 M� 228+17

−15M�

Final spin 0.75+0.08
−0.04 0.75+0.08

−0.04

Inclination π/2− |ι− π/2| 0.83+0.23
−0.47 rad 0.58+0.40

−0.39 rad

Azimuth 0.65+0.86
−0.54 rad 0.78+1.23

−1.20 rad

Luminosity distance 571+348
−181 Mpc 700+292

−279 Mpc

Redshift 0.12+0.05
−0.04 0.14+0.06

−0.05

Total / Final redshifted mass 258+9
−9 M� 261+10

−11 M�

Bosonic field frequency ω/µV 0.893+0.015
−0.015 (∗)0.905+0.012

−0.042

Boson mass µV [×10−13] 8.72+0.73
−0.82 eV 8.59+0.58

−0.57 eV

Maximal boson star mass 173+19
−14 M� 175+13

−11 M�

TABLE II. Parameters of GW190521 assuming a head-
on merger of Proca stars. In the the first column we as-
sume equal masses and spins while the second corresponds to
our exploratory model for unequal masses. There, the aster-
isk (∗) denotes that we estimate the oscillation frequency of
the secondary bosonic field ω2/µV , while that for the primary
star is fixed to ω1/µV = 0.895. We report median values and
symmetric 90% credible intervals.

- Virgo BBH observations, as the largest (redshifted) to-
tal mass among these, corresponding to GW170729, is
only around 120M� [2, 52].

While our PHOC analysis is limited to equal-masses
and spins, we performed a preliminary exploration of
unequal-mass cases. To do this, we fix the primary os-
cillation frequency to ω1/µV = 0.895, varying ω2/µV

along an uniform grid. Table II reports our parameter
estimates, fully consistent with those for the equal-mass
case. We obtain, however, a slightly larger evidence of
logBPHOC

BBH = 1.9 that we attribute to the larger distance

estimate dL = 700+292
−279 Mpc. This indicates that a more

in-depth exploration of the full parameter space may be
of interest, albeit not impacting significantly on our main
findings.

Discussion. We have compared GW190521 to nu-
merical simulations of BH head-on mergers and horizon-
less bosonic stars known as PSs. While we discard the
first scenario, we have shown that GW190521 is consis-
tent with an equal-mass head-on merger of PSs, inferring
an ultralight boson mass µV ' 8.72× 10−13 eV.

Current constraints on the boson mass are obtained
from the lack of GW emission associated with the su-
perradiance instability and from observations of the spin
of astrophysical BHs [54–56]. These, however, apply to
real bosonic fields. For complex bosonic fields, the cor-
responding cloud around the BH does not decay by GW
emission, but a stationary and axisymmetric Kerr BH
with bosonic hair forms [57–59]. These configurations
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are, themselves, unstable against superradiance [60], but
the non-linear development of the instability is too poorly
known to establish meaningful constraints on the com-
plex bosons - see, however [61].

Our study is limited to head-on mergers of bosonic
stars due to the current lack of methods to simulate less
eccentric configurations. Remarkably, however, these suf-
fice to fit GW190521 as closely as state-of-the art BBH
models, being slightly favoured from a Bayesian point
of view. While this restriction leads to narrow param-
eter distributions, the future development of more com-
plex configurations like quasi-circular mergers shall re-
veal, for instance, a larger range of boson masses consis-
tent with GW190521. This could potentially reduce the
corresponding bound on the maximum mass of a stable
boson star, Mmax, and make some of the previous LIGO-
Virgo events candidates for mergers of Proca stars with
a compatible boson-mass µV . To numerically simulate
such configurations, however, constraint-satisfying initial
data are needed to obtain accurate waveforms, which are
currently unavailable. We believe that our results will
strongly motivate efforts to build such initial data.

The existence of an ultra-light bosonic field would have
profound implications. It could account for, at least, part
of dark matter, as it would give rise to a remarkable
energy extraction mechanism from astrophysical spin-
ning BHs, eventually forming new sorts of “hairy” BHs.
In addition, such field could serve as a guide towards
beyond-the-standard-model physics, possibly pointing to
the stringy axiverse.

While GW190521 does not allow to clearly distinguish
between the BBH and PS scenarios, future GW obser-
vations in the IMBH range shall allow to better resolve
the nature of the source, helping confirm or reject the
existence of the ultra-light vector boson discussed here.
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SUPPLEMENTARY MATERIAL

I. SOURCE ORIENTATION,
FRAME-DRAGGING AND THE (l, m)=(2,0)

MODE

Here we provide further details on our estimation
of the source orientation, denoted by the polar and
azimuthal angles (ι, ϕ) and the impact of the (2, 0) mode
on this measurement.

The inset in the top left of Fig. 4 shows our 2-
dimensional 90% credible region for the distance dL and
inclination angle ι of GW190521, assuming a PHOC sce-
nario. The latter is defined as the angle formed by the
final spin and the line-of-sight. Contrary to quasi-circular
mergers, the GW emission from head-on mergers is not
dominated by the quadrupole (2, 2) mode [46], but have
a similarly strong (2, 0) mode [47, 48]. This provides
a richer morphology to the signals [49–51] that breaks
degeneracies between parameters, e.g., that between the
distance and the inclination angle [49, 52, 53] and that
between the polarisation angle and the azimuth [50]. The
inclusion of this mode in our templates helps to better
constrain not only the distance and orientation of the bi-
nary but also allows to estimate, for the first time, the
azimuthal angle ϕ describing the location of the observer
around the source.
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FIG. 4. Distance and orientation of GW190521 un-
der the assumption of an equal-mass, equal-spin PS
merger. Left: The main panel shows the posterior distri-
bution for the azimuthal angle ϕ, with ϕ = 0, π denoting
the line joining the two PSs at the start of the simulation
and increasing in the direction of the spin of the individual
PSs and final BH. The inset shows the two dimensional 90%
credible regions for the inclination angle ι and the luminosity
distance dL. The angle ι = 0 denotes the direction of the
final spin. We show results obtained with templates includ-
ing and omitting the (2, 0) mode. Right: 2-dimensional 90%
credible regions for the projection of the location (dL, ι, ϕ) of
the observer around GW190521 onto the collision plane. The
azimuthal angle ϕ grows in the direction of the spin of the
stars, while the inclination angle ι is 0(π) at the center of the
plot and evolves toward π/2 for increasing magnitude of the
x and y axis. When including the (2, 0) mode in the analysis,
we constrain the azimuth to the first and third quadrants of
the collision plane. The trajectories of the two stars curve
towards increasing values of ϕ due to frame dragging induced
by the spins. The size and separation of the stars has been
greatly exaggerated to facilitate the interpretation of the plot.

We find that the inclusion of the (2, 0) mode disfavours
face-on(off) orientations given by ι = 0(π), for which
this mode is suppressed, hence suggesting its presence
in the signal. By repeating our analysis excluding the
(2, 0) mode from our templates, we obtain a logB ∼ 0.6,
mildly favouring the presence of the (2, 0) mode. The
inclination of the source, together with the asymmetry
in the GW emission produced by this mode, allows to

measure the azimuthal angle of the observer, understood
as that formed by the collision axis and the projection of
the line-of sight onto the plane normal to the final spin.
We constrain this to 0.06 < ϕ < 1.40 radians (see main
left panel of Fig. 4), measured in the direction of any
of the two PSs spins. To facilitate an interpretation of
this measurement, the right panel Fig. 4 shows the 90%
credible intervals for the projection of the location of
the observer around the source (dL, ι, ϕ) (or conversely,
distance and source orientation) onto the collision
plane. We restrict ϕ to the first and third quadrants
of this plane. This can be physically interpreted as the
trajectory of closest PS to Earth being curved towards
us due to the frame-dragging induced by the spins,
while the furthest one curves away. To the best of our
knowledge, this is the first time such measurement is
performed.

II. RESULTS FOR ALTERNATIVE DISTANCE
PRIOR

Standard parameter estimation assumes that
gravitational-wave sources distribute uniformly in
co-moving volume. While this is a sensible assumption,
it does intrinsically favour loud sources like quasi-circular
BH mergers, over weaker head-on BH mergers. In this
section we investigate the impact of this prior on the
results presented in the main text by repeating our
analysis imposing a prior uniform in distance, and
report the Log Bayes factors obtained for each of our
models (see Table III). As it is evident, a prior uniform
in distance removes the intrinsic bias for loud sources,
giving significantly larger evidences for the PHOC
models than in the main text. Table IV shows the
corresponding parameter estimates, fully consistent
with those obtained using the standard distance prior,
albeit slighlty more noticeable (and expected) changes
in the distance and redshift (to lower values), and the
source-frame mass (to larger values). In particular, we
obtain fully consistent results for the frequency and the
particle mass characterising the bosonic field, as well as
for the maximum PS mass.

III. NUMERICAL SIMULATIONS

Bosonic stars, and in particular Proca stars, are funda-
mentally different from BHs and neutron stars. For the
former the angular momentum J can vary continuously
for a given mass M . In contrast, in the bosonic case,
the value ω/µV determines the mass (as function of µV )
and the compactness of the model, but also the angu-
lar momentum. Therefore, a given value of ω/µV only
allows one (M,J) pair. In addition, the angular momen-
tum is quantized and determined by an integer m, the
azimuthal angular momentum number. This property
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Waveform Model logB logLMax

Quasi-circular Binary Black Hole 80.1 105.2

Head-on Equal-mass Proca Stars 83.5 106.7

Head-on Unequal-mass Proca Stars 84.3 106.5

Head-on Binary Black Hole 78.0 103.2

TABLE III. Bayesian evidence for our source models
using a uniform-in-distance prior: The first four rows
show the natural Log Bayes Factor obtained for our different
waveform models and corresponding maximum values of the
Log Likelihood.

Parameter

Total / Final mass 234+12
−16 M�

Final spin 0.75+0.08
−0.04

Inclination 0.88+0.24
−0.35 rad

Azimuth 0.60+0.66
−0.48 rad

Luminosity distance 520+274
−181 Mpc

Redshift 0.10+0.03
−0.05

Total / Final redshifted mass 259+8
−10 M�

Frequency of bosonic field 0.892+0.016
−0.020

Boson mass 8.65+0.77
−0.84 eV

Maximal boson star mass 174+19
−12 M�

TABLE IV. Parameters of GW190521 assuming an
equal-mass head-on merger of PSs and an uniform
distance prior. The result are consistent with those re-
ported in Table II in the main text, despite expected differ-
ences in the luminosity distance, redshift and source-frame
mass.

reduces the space of parameters of bosonic stars. While
m = 0 corresponds to the non-spinning solutions, models
with m ≥ 2 are unstable against non-axisymmetric per-
turbations [23]. Therefore, we restrict our study to PSs
with m = 1.

To perform the numerical evolutions we have used
the Einstein Toolkit infrastructure [34–36] with the
Carpet package [37, 38] for mesh-refinement capabili-
ties. The initial data for the BH head-on collision are
calculated using the TwoPunctures thorn [39]. The
Proca equations are solved using a modification of the
Proca thorn [40, 41] to include a complex field. We
have performed numerical simulations of head-on colli-
sions of equal mass PSs. The initial data consists in the
superposition of two solutions separated by D = 40/µV ,
in geometric units, to reduce the initial constraint viola-
tions. In total we have evolved 77 models with different
frequency ω, total mass, angular momentum and com-
pactness. In Fig. 5, we show the time evolution of the
energy density for a PS with ω/µV = 0.8925.

Numerical simulations extract the gravitational-wave

emission in terms of the Weyl curvature component, ψ4.
Therefore, it is necessary to integrate twice in time to
obtain the strain h. This process is not trivial and can
produce non-linear drifts in the resulting strain [42]. To
avoid these issues, we integrate the ψ4 component in fre-
quency domain, introducing a small regularization term
to avoid the singularity at f = 0 Hz. Then we apply
a high-pass filter to reduce the energy contained in fre-
quencies lower than a chosen cutoff.

FIG. 5. Snapshots of the time evolution of the energy
density during the head-on collision of two PSs with
ω/µV = 0.8925. Time is given in code units.

IV. PARAMETER ESTIMATION

In this section we provide details regarding our analysis
set-up and our parameter estimation procedure. In par-
ticular, we explain in detail how continuous parameter
distributions are obtained from a set of discrete simu-
lations for PSs and BH head-on mergers, as well as the
corresponding evidences and Bayes’ Factors. We also dis-
cuss the comparison of the evidence for these PS models
to that of BBHs.

A. Data

We perform full Bayesian parameter estimation on
GW190521 using the software bilby [25] together with
the cpnest nested sampling algorithm [26]. We analyse
four seconds of publicly available data around the trigger
time of GW190521 [24], sampled at 1024 Hz, using the
corresponding power spectral density computed by
BayesWave [27, 28].
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B. Summary of Bayesian Inference

The posterior probability for a set of source parameters
θ, given a stretch of data d, is given by

p(θ|d,M) =
π(θ)L(d|θ,M)

Z(d|M)
, (3)

where L denotes the standard frequency-domain likeli-
hood commonly used for gravitational-wave transients
[29, 30]

logL(d|θ,M) = −1

2
(d− hM(θ)|d− hM(θ)). (4)

Here, h(θ) denotes a waveform template for parameters
θ, according to the waveform model M. In our case we
consider three models, respectively representing quasi-
circular binary black hole mergers (BBH), head-on black-
hole mergers (HOC) and head-on Proca Star mergers
(PHOC). As usual, the operation (a|b) denotes the in-
ner product [31]

(a|b) = 4<
∫ fmax

fmin

ã(f)b̃(f)

Sn(f)
df, (5)

where Sn(f) denotes the one sided power spectral den-
sity of the detector noise, and fmin and fmax are respec-
tively the low and high frequency cutoffs of the detector
data. The factor π(θ) denotes the prior probability for
the parameters θ and the factor Z(d|M) is known as the
evidence for the model M. This is given by the integral
of the numerator of Eq.3 across all the parameter space
covered by the model

Z(d|M) := ZM =

∫
π(θ)L(d|θ,M)dθ. (6)

Given two models A and B, the degree of preference
for model A over model B is given by the Bayes’ Factor

BAB =
ZA

ZB
. (7)

Throughout the main text, we refer to log(ZA) and
log(ZB) as the “Log Bayes Factor” for each of the models
(with respect to the noise, i.e., no-signal hypothesis) and
to log(ZA) − log(ZB) as the relative Log Bayes Factor
logBAB . It is common to say that the model A is strongly
preferred wrt. B when the log BAB > 5. This is, when
model A is ∼ 150 times more probable than model B.

C. Prior choices

Our three models cover different parameter spaces.
As usual, the BBH model covers a continuous 15-
dimensional parameter space Θ formed by the total

mass M , the mass ratio q, the six individual spin com-
ponents (~a1,~a2), the two orientation angles (ι, ϕ), the
two sky-localisation angles, the luminosity distance dL,
the polarisation angle and the time of arrival. However,
our HOC and PHOC models cover only a discrete set
of spins and mass ratios, sharing all the other parame-
ters with the BBH model, making the analysis less trivial.

For the case of the HOC and PHOC models we can-
not sample over the two individual masses of the binary
(as it is common practice) as our simulations only cover
a discrete range of mass ratios. Since these simulations
scale trivially with the total mass, it is natural to place
an uniform prior on it. We choose an uniform prior in
[100, 500]M� for all of our models. In addition, we place
standard priors on the source orientation, sky-location
and polarisation angles. Our PHOC simulations are re-
stricted to mass-ratio q = 1 and equal-spins, while for
the BBH case we place an uniform prior in mass-ratio
together with the usual isotropic prior for the two individ-
ual spins. For the HOC case, our simulations distribute
in a non-uniform way in both mass-ratio and spins, as
we produced them in a systematic way trying to max-
imise the likelihood (see more details in the subsection
6. “Evidence for Head-on BBHs”).1 Finally, as we indi-
cate in the main text, we explore two different distance
priors. The first one assumes an uniform distribution of
sources in co-moving volume. Since this prior will favour
large distances, it will prefer loud sources over weak ones,
even if both can fit the data equally well. While this is
reasonable and also common practice, we try to gauge
this away by using also a prior uniform in distance that
does not favor loud sources. Finally, we sample the pa-
rameter space using the algorithm CPNest [26] and set
minimum and maximum frequencies of 11 and 512 Hz for
our analysis.

1. Computing evidences and Bayes Factors for Proca Stars

Since the BBH model covers a continuous parameter
space, it is trivial to compute the integral in Eq.6 across
all the space Θ̄. However, for the case of HOCs and
PHOCs we obtain a discrete set of evidences ZΘ̄ for each
set of mass-ratios and spins, which we shall collectively
denote as Θ̄. In order to find the evidence corresponding
to these models, we need to chose a suitable integration
element dΘ̄ to perform the discrete integration over these
parameters. While this is intricate for the case of HOC,
which we discuss later, for the specific case of PHOCs
we can take advantage of the extra parameter ω/µV that
describes the oscillation frequency of the bosonic field.
Since our simulations span an uniform grid in this pa-
rameter, we compute the corresponding global evidence

1 Given the low Bayes’ Factors obtained for HOCs, this does not
have any impact on the conclusions of our study.
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as:

ZPHOC ≈
∑
Zωdω =

∑
L(d|ω,PHOC)π(ω) dω, (8)

with

L(d|ω,PHOC) =

∫
L(d|ω, θ̂,PHOC)π(θ̂) dθ̂. (9)

Here, θ̂ denotes the extrinsic parameters plus the total

mass, so that Θ = Θ̄ ∪ θ̂.

D. The size of the parameter space and the Occam
factor

When comparing the BBH and PHOC models, it is
important to note that two main factors determine the
value of the corresponding evidences. The first one is
how well the model can fit the data. Parameters yielding
good fits will yield large values of logL, and vice versa.
In particular, note that Z is bounded by, e.g.,

ZM ≤
∫
π(θ)LMaxdθ. (10)

, with logLMax denoting the maximum value of the
likelihood across the parameter space. Second, the act of
integrating implies that the model may explore regions
of the parameter space with poor contributions to the
integral. Since

∫
π(θ)dθ = 1 exploring “useless” portions

of the parameter space leading to poor fits causes to a
reduction of ZM. This penalty is known as the Occam
factor.

Because of our limited computational resources, we
only performed enough PS simulations to reconstruct the
full posterior distribution for the parameter ω/µ, shown
in Fig.4. As a consequence, we are not exploring a vast
parameter space that may provide poor fits to the data,
somewhat minimising the Occam Factor and somehow
optimising ZPHOC. Meanwhile, the BBH model covers
all the parameter space allowed by the model, leading to
an increased Occam Factor and a consequent reduction of
ZBBH. Here we explore some simplifications of the BBH
model that shall reduce the Occam penalty, potentially
increasing the evidence for the model and reduce the rel-
ative evidence in favour of our PHOC model. The results
are summarised in Table V, and we describe them in the
following.

1. Aligned spins: The model NRSur7dq4 includes
the effect of orbital precession. This effect is de-
scribed by the 6 spin components of the two BHs,
which greatly increases the explored parameter
space wrt., that of our PHOC model. We study the
effect of restricting the spins to be (anti-)aligned
with the orbital angular momentum, therefore re-
moving the impact of precession and eliminating 4

parameters. Doing so, we find logBBBH
BBH,AS = 3 2,

accompanied with a much reduced maximum log-
likehood of 98.8. This shows that spin-precession
adds a necessary complication to the model. Re-
moving this effect increases the evidence for PHOC
to logBPHOC

BBH,AS = 3.8.

2. Mass ratio: The model NRSur7dq4 covers the
mass-ratio range q ∈ [1, 4]. However, the LVC
results show that mass ratios q > 2 are not well
supported by the data [4], therefore adding a
parameter range to the model that will certainly
increase the Occam factor and penalise the model.
We perform a second run restricting q ∈ [1, 2]. As
expected we find a slightly increase evidence, so

that logBBBH,q≤2
BBH,q≤4 = 0.6. This slightly reduces the

evidence for PHOCs to logBPHOC,q=1
BBH,q≤2 = 0.2 and

logBPHOC,q 6=1
BBH,q≤2 = 1.3, but still favours this scenario.

We further restrict the mass ratio to q = 1 for
the NRSur7dq4 model. The motivation for this is
two-fold. First, this is the mass ratio of our pri-
mary PHOC model. Second, this is where the pos-
terior distribution for the BBH model peaks [4],
therefore leading to a stronger evidence. In fact,

doing this we obtain logBPHOC,q=1
BBH,q=1 = −0.3 and

logBPHOC,q 6=1
BBH,q=1 = 0.8, revealing a slight preference

for the PHOC model, despite the strong intrinsic
bias for BBH models introduced by our standard
distance prior, as discussed in the main text and in
the Supplementary Table III.

2 This corresponds to a log10 BBBH
BBH,AS ' 1.3. The LVC reported

1.06 [4]. Note, however, that while the LVC uses a prior uniform
in component masses, we use a prior uniform in total mass and
mass ratio.
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Waveform Model logB logLMax

Quasi-circular Binary Black Hole 80.1 105.2

Quasi-circular Non-precessing Binary Black Hole 77.1 98.8

Quasi-circular Binary Black Hole (q ≤ 2) 80.7 105.2

Quasi-circular Binary Black Hole (q = 1) 81.2 105.2

Head-on Equal-mass Proca Stars 80.9 106.7

Head-on Unequal-mass Proca Stars 82.0 106.5

Head-on Binary Black Hole 75.9 103.2

TABLE V. Impact of Occam penalty on model selec-
tion: We show the same results as in Table I in the main
text, adding restricted BBH models that may obtain larger
evidences than the full “vanilla” one (first row) due to the
reduction of the Occam penalty. In particular, we explore the
effect of restricting to aligned spins and also to mass ratios
q ≤ 2 and q = 1. None of these simplifications allows to make
the models preferred wrt. our Proca star merger models.

E. Evidence for Head-on BBHs

For the HOC case, we did not explore the space
spanned by the mass ratio and spins of the source in
any systematic way. Instead, we performed simulations
trying to maximise the Bayesian evidence (therefore pop-
ulating the parameter space in a in-homogeneous way)
until we determined it was not possible to keep increas-
ing it. Fig. 6 shows the Bayesian evidence marginalised
over extrinsic parameters and total mass for each of our
HOC simulations, as a function of the mass ratio and the
final spin. The largest evidences are yielded by sources
with mass ratio q ∈ [2, 3], which can lead to larger final
spins than equal-mass systems. We find that increasing
the mass ratio and the final spin further does not lead to
an increase of the evidence, nor the log likelihood. For
this reason our simulations only reach a mass ratio q = 4.

Given our in-homogeneous family of HOCs, we cannot
directly make use of to Eq. 8 to integrate Z as there is
no parameter on which our simulations span an uniform
grid. Instead, we interpolate the marginalised Bayesian
evidence across an uniform grid in final spin and mass-
ratio, and compute the evidence for the whole model as:

ZHOC ≈
∑
L(d|(q, af ), HOC)π(q, af ) dqdaf , (11)

with

L(d|q, af ;HOC) =

∫
L(d|(q, af ), θ̂, HOC)π(θ̂) dθ̂.

(12)
Finally, given the evident lack of simulations below a

final spin af = 0.3 we only include simulations with af ≥
0.3 in the above calculation.
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FIG. 6. Numerical simulations for head-on BH merg-
ers. We label our simulations by the mass-ratio and the final-
spin. The color code denotes the Bayesian evidence logB
obtained for each simulation, marginalised over the extrinsic
parameters and the total mass of the source (Eq. 12).

F. Constructing posterior distributions for HOC
and PHOC

Since the BBH model spans a continuous parameter
space, we can trivially obtain posterior distributions on
the different parameters marginalised over all other 14
parameters assuming given priors on these. However,
our numerical simulations for HOCs and PHOCs span
only a discrete set of mass ratios and spins. For
this reason, for these models, and for each value of
the mass ratio and spins, we obtain a discrete set
of posterior parameter distributions for the extrinsic

parameters and the total mass, collectively denoted by θ̂.

To construct distributions marginalised over the
intrinsic parameters of the simulations, we draw from
each individual distribution for fixed mass and spins,
a number of random samples proportional to the cor-
responding Bayes Factor. Note that since our PHOC
simulations are uniformly distributed in the parameter
ω/µV , we are intrinsically assuming an uniform prior
on this parameter. In particular, for the parameter
ω/µV the distribution shown in Fig. 4 is given by
p(ω/µV ) ∝ logB(ω/µV).

Given that our HOC simulations do not distribute
in a rather arbitrary and non-uniform way across the
parameter space, we cannot quote posterior parameter
distributions under the assumption of any reasonable
prior. For this reason, the estimates provided for the
total mass and distance for HOC cases in the main text
should be taken as rather ballpark numbers.

Finally, we note that work like [9] chose to compute re-
sults based on single simulations for individual values of
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Θ̄, which in their case would denote individual combina-
tions of mass-ratio and spins (and eccentricity). This ap-
proach, however, does not only lead to over-constrained
estimates for the total mass and extrinsic parameters
(distance, inclination, etc) but prevents an exact com-
parison of full source families that explicitly accounts for

the size of the parameter space. In the case of [9], it pre-
vents to perform model selection between a non-eccentric
and an eccentric BBH model. In contrast we perform full
Bayesian selection between our quasi-circular BBH model
and our other two models, namely our HOC and PHOC
models, which is similar to the approaches in, e.g., [4, 8].
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