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1 - Motivation


“Where shall we be looking for the unknown?”



The first, epoch-making, detection

GW150914
Abbot et al., PRL 116 (2016) 061102
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Gravitational waves: a particular event from the O3 run

https://gracedb.ligo.org/superevents/public/O3/

GW190521 PRL125(2020)10, ApJLett.900(2020)L13

-  Two most massive progenitors:

- At least one in the pair instability supernova gap. Formation?

- Very short - no inspiral

- Final BH can be considered of intermediate mass:

85+21
�14M� , 66+17

�18M�
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Seismic wall

Courtesy J. Bustillo



But…



Bosonic stars (a macro perspective):

- Appear in General Relativity (GR) with simple and physically reasonable mass sources: 
complex massive scalar fields or vector fields, possibly with self-interactions, but certainly 
with a mass term.

- They can have a compactness comparable to that of black holes, making them black hole 
mimickers that are dynamically robust.

Certainly an excellent toy model… but… something more?

- They started to be evolved alone or in binaries, producing waveforms.

Sanchis-Gual, Herdeiro, Font, Radu and Di Giovanni, Phys. Rev. D 99 (2019) 024017

Stable model; apparent horizon forms at t~200



Bosonic stars (a micro perspective):

- They are a Bose-Einstein condensate of many ultralight particles in the same 
quantum state, thus justifying the classical description. 

But what is their HEP origin? Axiverse? Something else? (see A. Morais talk!)

- The need for ultralightness comes from the existence of a (model dependent) 
maximal mass for the bosonic stars: 

Mmax
ADM ' ↵BS

M2
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µ
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- Thus, for bosonic stars with masses in the astrophysical black holes range the 
fundamental bosonic particle must be ultralight:

Mmax
ADM ⇠ (1� 1010) M�  ! µ ⇠ (10–10 � 10–20) eV
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- If such hypothetical particle(s) have feeble or no-interactions with standard 
model constituents, they are fuzzy dark matter, only detectable gravitationally. 
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M87 supermassive black hole jet

~17º w.r.t line of sight


(radio image - Very Large Array)

M87 supermassive

black hole imaging 


by the

EHT collaboration

ApJ Lett. 875 (2019) L1



Different mass ranges:
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Alternative black holes (“hairy”)
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2- Bosonic stars and LVK as particle detectors





Solitons occur for non-linear field theories and the constancy of their “shape” is interpreted as a 
cancellation between non-linear and dispersive effects. 


There is, however, a generic argument, known as Derrick’s theorem, against the existence of stable, 
time-independent solutions of finite energy in a wide class of non-linear wave equations, in three 
or higher (spatial ) dimensions G. H. Derrick, J. Math. Phys. 5 (1964) 1252 (see also R.H. Hobart, Proc. Phys. Soc. 82 

(1963)201).

Solitons in field theory

One way to circumvent the theorem is to considered a complex field with a harmonic time 
dependence, which guarantees a time-independent energy momentum tensor G. Rosen, J. Math. 
Phys. 9 (1968) 996: 


Moreover there is a global symmetry and a conserved scalar charge (typically called Q). Then, 
for some classes of potentials (yielding non-linear models), localized stable solutions exist, 
which are now known, following Coleman, as Q-balls S. R. Coleman, “Q Balls,” Nucl. Phys. B 262 (1985) 263 
[Erratum-ibid. B 269 (1986) 744]

�(t, r) = e�iwt'(r)

But in the presence of gravity, no scalar non-linear interactions are required. Effectively, such

non-linearities are provided by the self-gravity of the field. 
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The model (mini-boson stars):

The field equations:

G↵� = 8⇡

⇢
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
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The action is invariant under a U(1) global symmetry: � ! ei↵�

This leads to a conserved current: j↵ = �i(�⇤@↵�� �@↵�⇤)

Integrating the temporal component of this 4-current on a timelike slice leads to a conserved

charge - the Noether charge Q:

Q =

Z

⌃
jt

The Noether charge counts the number of scalar particles. Notice that this is conserved in the 
sense of a local continuity equation; there is no associated Gauss law!

Gravitating scalar/vector solitons: bosonic stars



Spherically symmetric solutions ansatz (three unknown functions):

From a two real scalars viewpoint they are both time periodic but have opposite phases. The time 
dependence cancels at the level of the energy momentum tensor, being therefore compatible with 
a stationary metric.

ds2 = �N(r)�2(r)dt2 +
dr2

N(r)
+ r2(d✓2 + sin2 ✓d�2) , N(r) ⌘ 1� 2m(r)

r
, � = �(r)e�iwt

The above ansatz makes the Einstein equations simpler as compared to other choices (such as 
isotropic coordinates). The two “essential” Einstein equations read:

m0 = 4⇡r2
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N�2
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(one further constraint equation is found, but which is a differential consequence of these).

The Klein-Gordon equation gives (thus completing three equations):

�00 +
2�0

r
+

N 0�0

N
+

�0�0

�
� µ2�

N
+

w2�

N2�2
= 0 Exercise!


Obtain these equations.

Gravitating scalar/vector solitons: bosonic stars



Lectures by Alexandre Pombo

(pomboalexandremira@ua.pt)


on obtaining spherical bosonic stars:


https://indico.cern.ch/event/951466/timetable/

https://indico.cern.ch/event/951466/contributions/4014172/attachments/2105845/3543310/
Boson_Star_Numerics.pdf

https://www.youtube.com/watch?v=dT6hHNs-2-w

Gravitating scalar/vector solitons: bosonic stars
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https://indico.cern.ch/event/951466/contributions/4014172/attachments/2105845/3543310/Boson_Star_Numerics.pdf
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ADM mass M (and Noether charge Q) vs. frequency w diagram:
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- There is a range of frequencies for which more than one solution exists. This defines the 

   first, second, third, etc, branches.

- There is a maximum value for the ADM mass: Mmax
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Gravitating scalar/vector solitons: bosonic stars



Spherically symmetric solutions: Stability
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 0.75  0.8  0.85  0.9  0.95  1
w

M

Q

In units of µ

Studying linearized radial perturbations of the coupled metric-scalar field system shows that 
an unstable mode arises precisely at the maximum of the ADM mass M. Gleiser and R. Watkins, Nucl. 
Phys. B319 (1989) 733; T. D. Lee and Y. Pang, Nucl. Phys. B315, 477 (1989). 

maximum ADM mass

stable branch

unstable branch

Mµ ! M , w/µ ! w

Unstable BSs can migrate, decay into a Schwarzschild black hole or disperse entirely Seidel and 
Suen, PRD 42 (1990) 384; Guzman, PRD 70 (2004) 044033; Hawley and Choptuik, PRD 62 (2000)104024 

Gravitating scalar/vector solitons: bosonic stars



R(�) I(�)
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Simulations


Zilhão (2017)

w=0.95

first branch



The vector cousin: spherical Proca stars

Brito, Cardoso, Herdeiro and Radu, Phys. Lett. B 752 (2016) 291
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A similar construction holds yielding spherical solitonic objects: spherical Proca stars
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Very similar domain of existence;

Dynamical stability changes at maximal mass;


Similar structure of fundamental family and excited states;

 but in Proca case      has at least one node. A0



Dynamics of spherical Proca stars

2) As in the scalar case, vector boson stars can form dynamically via gravitational cooling

Di Giovanni, Sanchis-Gual, Herdeiro and Font, PRD 98 (2018) 064044

1) As in the scalar case, vector boson stars are perturbatively stable up to the maximal mass;

then they share the same three possible fates: migration, collapse or dispersion

Brito, Cardoso, Herdeiro and Radu, Phys. Lett. B 752 (2016) 291

4) As in the scalar case, one can study binaries of spherical Proca stars and their gravitational 
wave emission

Sanchis-Gual, Herdeiro, Font, Radu and Di Giovanni, Phys. Rev. D 99 (2019) 024017

Stable model; apparent horizon forms at t~200
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Axially symmetric solutions ansatz (in quasi-isotropic coordinates) S.Yoshida and Y. Eriguchi, Phys. Rev. D 
56 (1997) 762; F. E. Schunck and E. W. Mielke, Phys. Lett. A 249 (1998) 389:

The Klein-Gordon plus Einstein equations yield now a system of five coupled PDEs (plus two 
“constraint” equations which are differential consequences of the others). To solve them: 


- one performs an expansion of the unknown functions, both near the origin and asymptotically;


- the equations can be solved using a relaxation method (Newton-Raphson). For each fixed 
frequency w one can find various or no solutions, corresponding to different ADM masses M.

ds2 = �e2F0(r,✓)dt2 + e2F1(r,✓)
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+ e2F2(r,✓)r2 sin2 ✓ (d'�W (r, ✓)dt)2 � = �(r, ✓)ei(m'�wt)

The solution has three parameters: (w,m,n), but again these do not define solutions uniquely.
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Klein Gordon equation:
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Lectures by Jorge Delgado

(jorgedelgado@ua.pt)


on obtaining spherical bosonic stars:


https://indico.cern.ch/event/951466/timetable/

https://indico.cern.ch/event/951466/contributions/4014176/attachments/2108709/3546700/
Workshop_Lecture1.pdf

https://indico.cern.ch/event/951466/contributions/4014177/attachments/2109749/3548748/
Workshop_Lecture2.pdf


https://www.youtube.com/watch?v=eiIgzb5HBto&feature=youtu.be

https://www.youtube.com/watch?v=YHnxezCWH3Y&feature=youtu.be

Gravitating scalar/vector solitons: bosonic stars

mailto:pomboalexandremira@ua.pt
https://indico.cern.ch/event/951466/timetable/
https://indico.cern.ch/event/951466/contributions/4014176/attachments/2108709/3546700/Workshop_Lecture1.pdf
https://indico.cern.ch/event/951466/contributions/4014176/attachments/2108709/3546700/Workshop_Lecture1.pdf
https://www.youtube.com/watch?v=eiIgzb5HBto&feature=youtu.be
https://www.youtube.com/watch?v=YHnxezCWH3Y&feature=youtu.be
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For rotating boson stars:

F. E. Schunck and E. W. Mielke, Phys. Lett. A 249 (1998) 389

J = mQ

The maximum value for the ADM mass increases with m:

Mmax
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M2
Pl

µ
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GeV

µ

◆
↵BS = 0.633m=0:

m=1:

S.Yoshida and Y. Eriguchi, Phys. Rev. D 56 (1997) 762

↵BS = 1.315

m=2:

P. Grandclement, C. Somé and E. Gourgoulhon, Phys. Rev. D 90 
(2014) 2, 024068 [arXiv:1405.4837 [gr-qc]].

↵BS = 2.216

Exercise

Show this.
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Scalar field profile (left) and  for a typical rotating boson star, m=1, first branch, w=0.85:
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Surfaces of constant scalar energy density:

C. A. R. Herdeiro and E. Radu, Int. J. Mod. Phys. D 23 (2014) 12, 1442014 [arXiv:1405.3696 [gr-qc]]

Rotating boson stars are rotating “mass” tori in GR
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R(�) I(�)

|�|2
Simulations


Zilhão (2017)



Spinning scalar boson stars have a non-axisymmetric instability

 Sanchis-Gual, Di Giovanni, Zilhão, CH, P. Cerda-Duran, Font and Radu, Phys. Rev. Lett. 123 (2019) 221101 

http://gravitation.web.ua.pt/node/1740

http://gravitation.web.ua.pt/node/1740


Instability may be associated to toroidal structure 

and is absent in cousin Proca model


Sanchis-Gual, Di Giovanni, Zilhão, CH, P. Cerda-Duran, Font and Radu, Phys. Rev. Lett. 123 (2019) 221101 
http://gravitation.web.ua.pt/node/1740

Rotating boson stars Rotating Proca stars

Brito, Cardoso, CH and Radu, PLB 752 (2016) 291

CH, Radu and Rúnarsson, CQG 33 (2016) 154001


CH, Perapechka, Radu and Shnir, PLB 797 (2019) 134845 

http://gravitation.web.ua.pt/node/1740


Evolution of a perturbed spinning Proca star

Sanchis-Gual, Di Giovanni, Zilhão, Herdeiro, P. Cerda-Duran, Font and Radu, Phys. Rev. Lett. 123 (2019) 221101 

http://gravitation.web.ua.pt/node/1740

http://gravitation.web.ua.pt/node/1740


Evolution of an excited spinning Proca star

Sanchis-Gual, Di Giovanni, Zilhão, Herdeiro, P. Cerda-Duran, Font and Radu, Phys. Rev. Lett. 123 (2019) 221101 

http://gravitation.web.ua.pt/node/1740
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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 !, which
determines the mass and compactness of the star. Unlike
other ECOs, bosonic stars can dynamically form with-
out 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
Parameter Estimation section within the Methods). We
compare GW190521 to numerical simulations of HOCs,
to simulations of equal-mass and equal-spin head-on
PS mergers (PHOCs), and to the surrogate model
for generically spinning BBH mergers NRSur7dq4 [25].
Our simulations include the gravitational-wave 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 [26]. Finally,
to check the robustness of our results, we perform
an exploratory study comparing GW190521 to a very
limited family of simulations for unequal-mass (q 6= 1)
head-on PS mergers.

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 the corresponding
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 contrast,
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 disappears be-
hind 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,
merger and ringdown (IMR, in black) and solely from
the ringdown emission; starting at the signal peak (grey)
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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 !, which
determines the mass and compactness of the star. Unlike
other ECOs, bosonic stars can dynamically form with-
out 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
Parameter Estimation section within the Methods). We
compare GW190521 to numerical simulations of HOCs,
to simulations of equal-mass and equal-spin head-on
PS mergers (PHOCs), and to the surrogate model
for generically spinning BBH mergers NRSur7dq4 [25].
Our simulations include the gravitational-wave 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 [26]. Finally,
to check the robustness of our results, we perform
an exploratory study comparing GW190521 to a very
limited family of simulations for unequal-mass (q 6= 1)
head-on PS mergers.

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 the corresponding
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 contrast,
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 disappears be-
hind 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,
merger and ringdown (IMR, in black) and solely from
the ringdown emission; starting at the signal peak (grey)
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Identifying the mass of each Proca star as half of the mass of the final black hole determines 
the mass of the ultralight boson.

!/µV = 0.893+0.015
�0.015

<latexit sha1_base64="VuXq+eo2PWk835Suy7Cb6dkWG7w=">AAACDXicbZDLSsNAFIYn9VbrLerSTbAKghiTVrEuhKIblxXsBZoYJtNpO3RmEmYmQgl9ATe+ihsXirh17863cdpmodYfBj7+cw5nzh/GlEjlOF9Gbm5+YXEpv1xYWV1b3zA3txoySgTCdRTRSLRCKDElHNcVURS3YoEhCyluhoOrcb15j4UkEb9Vwxj7DPY46RIElbYCc8+LGO7BY48lQePCsSvn5bv00LEd93QUpEcZmEUNE1mz4GZQBJlqgfnpdSKUMMwVolDKtuvEyk+hUARRPCp4icQxRAPYw22NHDIs/XRyzcja107H6kZCP66siftzIoVMyiELdSeDqi//1sbmf7V2oroVPyU8ThTmaLqom1BLRdY4GqtDBEaKDjVAJIj+q4X6UECkdIAFHYL79+RZaJRst2yXbk6K1cssjjzYAbvgALjgDFTBNaiBOkDgATyBF/BqPBrPxpvxPm3NGdnMNvgl4+Mbvj+Yyg==</latexit>

Determines MµV
<latexit sha1_base64="YSyMzoKhsyzn3E8i8Z3/fIrIQvY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWpgi6LunAjVLAPaEKYTG/boTNJmJkIJRQ3/oobF4q49Svc+TdO2yy09cCFwzn3ztx7woQzpR3n2yosLa+srhXXSxubW9s79u5eU8WppNCgMY9lOyQKOIugoZnm0E4kEBFyaIXDq4nfegCpWBzd61ECviD9iPUYJdpIgX2QeVLga9AghXlCjbGHbz2RBs3ALjsVZwq8SNyclFGOemB/ed2YpgIiTTlRquM6ifYzIjWjHMYlL1WQEDokfegYGhEBys+mJ4zxsVG6uBdLU5HGU/X3REaEUiMRmk5B9EDNexPxP6+T6t6Fn7EoSTVEdPZRL+VYx3iSB+4yCVTzkSGESmZ2xXRAJKEmEVUyIbjzJy+SZrXinlaqd2fl2mUeRxEdoiN0glx0jmroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDl/eW6A==</latexit>



Thus we get a distribution for the mass of the ultralight boson.
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much lower distance estimates, and consequently, to
much larger source-frame masses. Whereas the LVC
reports a luminosity distance of dL ⇠ 5.3+2.4

�2.6 Gpc

[4], our PHOCs scenario yields dL = 571+348
�181 Mpc,

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

�17 M�, 62% larger

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

distance 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
reports a logBPHOC

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

BBH ⇠ 3.4 (see Supplementary Table I for a
full description of results using this alternative prior).
The evidence for the PHOC model is accompanied by
a better fit to the data. In addition, BBHs span a
significantly larger parameter space that can penalise
this model. In the Suppl. Material we explore several
simplifications of the model but none of these leads to a
statistical preference for the BBH scenario. 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, head-on ones are not dominated
by the quadrupole (`,m) = (2,±2) modes but have
a co-dominant (2, 0) mode. By repeating our analy-
sis removing the (2, 0) from our waveforms, we 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 ' describing the projec-
tion of the line-of-sight onto the collision plane, normal to
the final spin. We estimate ' = 0.65+0.86

�0.54 measured from
the collision axis, in the direction of any of the two spins.
This is, we restrict ' 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. For further details, please see the Suppl.
Material.

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 the boson mass µV itself.
We constrain the former to be !/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 /M2

Pl, with MPl the Planck mass. Iden-
tifying MPS with half the mass of the final BH in
GW190521 we obtain

µV =

✓
MPS

Mfinal
BH /2

◆
1.34 ⇥ 10�10 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
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µV [⇥10�13eV ]

FIG. 3. Posterior distribution for the values of the

bosonic field associated to GW190521. The top panel
shows the oscillation frequency of the bosonic field !/µV . The
bottom panel shows the mass of the ultra-light boson µV .
We assume a merger of two equal-mass and equal-spin Proca
stars.

PS described by such ultra-light boson using

✓
Mmax

M�

◆
= 1.125

✓
1.34 ⇥ 10�10 eV

µV

◆
. (2)

This yields Mmax = 173+19
�14 M�. 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
- Virgo BBH observations, as the largest (redshifted) to-
tal mass among these, corresponding to GW170729, is
only around 120M� [2, 28].
While our PHOC analysis is limited to equal-masses

and spins, we performed a preliminary exploration
of unequal-mass cases. To this, we fix the primary
oscillation frequency to !1/µV = 0.895, varying !2/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 a 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 [29–31]. 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
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FIG. 2. Final mass and final spin of GW190521 ac-

cording to di↵erent source models. Left:Redshifted final
mass and spin of GW190521 according to di↵erent waveform
models, and directly inferred from a ringdown analysis. The
contours delimit 90% credible intervals. For head-on PS and
BH mergers (PHOCs and HOCs), we plot the samples colored
according to their LogLikelihood. The horizontal dashed line
denotes an experimental limit for the final-spin of head-on BH
mergers that separates then 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 di↵erent 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.

and 12.7 milliseconds later (pink). Overlaid, we show the
red-shifted final massMz

f and spin af obtained by PHOC
and HOC models, with the color code denoting 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
�27 M�

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

HOC = 238+24
�21 M� and Mz

PHOC = 258+6
�8 M�, both

consistent within with those estimated by the LVC ring-
down analysis, Mz

BBH, Ringdown = 252+63
�64 M� [4], which

Parameter q = 1 model q 6= 1 model

Primary mass 115+7
�8 M� 115+7

�8 M�

Secondary mass 115+7
�8 M� 111+7

�15 M�

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

�15 M�

Final spin 0.75+0.08
�0.04 0.75+0.08

�0.04

Inclination ⇡/2� |◆� ⇡/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 !/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. In the second column we allow
for unequal masses, fixing the primary oscillation frequency
to !1/µV = 0.895 and varying the second on an uniform grid.
We estimate the secondary oscillation frequency !2/µV . We
report median values and symmetric 90% credible intervals.

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
censorship imposes a bound a  1 on the dimension-
less spin BHs [27]. This, together with the negligible
orbital angular momentum, prevents the production a fi-
nal 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 into 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

4

much lower distance estimates, and consequently, to
much larger source-frame masses. Whereas the LVC
reports a luminosity distance of dL ⇠ 5.3+2.4

�2.6 Gpc

[4], our PHOCs scenario yields dL = 571+348
�181 Mpc,

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

�17 M�, 62% larger

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

distance 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
reports a logBPHOC

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

BBH ⇠ 3.4 (see Supplementary Table I for a
full description of results using this alternative prior).
The evidence for the PHOC model is accompanied by
a better fit to the data. In addition, BBHs span a
significantly larger parameter space that can penalise
this model. In the Suppl. Material we explore several
simplifications of the model but none of these leads to a
statistical preference for the BBH scenario. 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, head-on ones are not dominated
by the quadrupole (`,m) = (2,±2) modes but have
a co-dominant (2, 0) mode. By repeating our analy-
sis removing the (2, 0) from our waveforms, we 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 ' describing the projec-
tion of the line-of-sight onto the collision plane, normal to
the final spin. We estimate ' = 0.65+0.86

�0.54 measured from
the collision axis, in the direction of any of the two spins.
This is, we restrict ' 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. For further details, please see the Suppl.
Material.

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 the boson mass µV itself.
We constrain the former to be !/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 /M2

Pl, with MPl the Planck mass. Iden-
tifying MPS with half the mass of the final BH in
GW190521 we obtain

µV =

✓
MPS

Mfinal
BH /2

◆
1.34 ⇥ 10�10 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
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FIG. 3. Posterior distribution for the values of the

bosonic field associated to GW190521. The top panel
shows the oscillation frequency of the bosonic field !/µV . The
bottom panel shows the mass of the ultra-light boson µV .
We assume a merger of two equal-mass and equal-spin Proca
stars.

PS described by such ultra-light boson using

✓
Mmax

M�

◆
= 1.125

✓
1.34 ⇥ 10�10 eV

µV

◆
. (2)

This yields Mmax = 173+19
�14 M�. 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
- Virgo BBH observations, as the largest (redshifted) to-
tal mass among these, corresponding to GW170729, is
only around 120M� [2, 28].
While our PHOC analysis is limited to equal-masses

and spins, we performed a preliminary exploration
of unequal-mass cases. To this, we fix the primary
oscillation frequency to !1/µV = 0.895, varying !2/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 a 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 [29–31]. 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

Gravitating scalar/vector solitons: bosonic stars
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FIG. 2. Final mass and final spin of GW190521 ac-

cording to di↵erent source models. Left:Redshifted final
mass and spin of GW190521 according to di↵erent waveform
models, and directly inferred from a ringdown analysis. The
contours delimit 90% credible intervals. For head-on PS and
BH mergers (PHOCs and HOCs), we plot the samples colored
according to their LogLikelihood. The horizontal dashed line
denotes an experimental limit for the final-spin of head-on BH
mergers that separates then 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 di↵erent 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.

and 12.7 milliseconds later (pink). Overlaid, we show the
red-shifted final massMz

f and spin af obtained by PHOC
and HOC models, with the color code denoting 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
�27 M�

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

HOC = 238+24
�21 M� and Mz

PHOC = 258+6
�8 M�, both

consistent within with those estimated by the LVC ring-
down analysis, Mz

BBH, Ringdown = 252+63
�64 M� [4], which

Parameter q = 1 model q 6= 1 model

Primary mass 115+7
�8 M� 115+7

�8 M�

Secondary mass 115+7
�8 M� 111+7

�15 M�

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

�15 M�

Final spin 0.75+0.08
�0.04 0.75+0.08

�0.04

Inclination ⇡/2� |◆� ⇡/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 !/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. In the second column we allow
for unequal masses, fixing the primary oscillation frequency
to !1/µV = 0.895 and varying the second on an uniform grid.
We estimate the secondary oscillation frequency !2/µV . We
report median values and symmetric 90% credible intervals.

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
censorship imposes a bound a  1 on the dimension-
less spin BHs [27]. This, together with the negligible
orbital angular momentum, prevents the production a fi-
nal 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 into 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
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much lower distance estimates, and consequently, to
much larger source-frame masses. Whereas the LVC
reports a luminosity distance of dL ⇠ 5.3+2.4

�2.6 Gpc

[4], our PHOCs scenario yields dL = 571+348
�181 Mpc,

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

�17 M�, 62% larger

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

distance 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
reports a logBPHOC

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

BBH ⇠ 3.4 (see Supplementary Table I for a
full description of results using this alternative prior).
The evidence for the PHOC model is accompanied by
a better fit to the data. In addition, BBHs span a
significantly larger parameter space that can penalise
this model. In the Suppl. Material we explore several
simplifications of the model but none of these leads to a
statistical preference for the BBH scenario. 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, head-on ones are not dominated
by the quadrupole (`,m) = (2,±2) modes but have
a co-dominant (2, 0) mode. By repeating our analy-
sis removing the (2, 0) from our waveforms, we 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 ' describing the projec-
tion of the line-of-sight onto the collision plane, normal to
the final spin. We estimate ' = 0.65+0.86

�0.54 measured from
the collision axis, in the direction of any of the two spins.
This is, we restrict ' 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. For further details, please see the Suppl.
Material.

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 the boson mass µV itself.
We constrain the former to be !/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 /M2

Pl, with MPl the Planck mass. Iden-
tifying MPS with half the mass of the final BH in
GW190521 we obtain

µV =

✓
MPS

Mfinal
BH /2

◆
1.34 ⇥ 10�10 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
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FIG. 3. Posterior distribution for the values of the

bosonic field associated to GW190521. The top panel
shows the oscillation frequency of the bosonic field !/µV . The
bottom panel shows the mass of the ultra-light boson µV .
We assume a merger of two equal-mass and equal-spin Proca
stars.

PS described by such ultra-light boson using

✓
Mmax

M�

◆
= 1.125

✓
1.34 ⇥ 10�10 eV

µV

◆
. (2)

This yields Mmax = 173+19
�14 M�. 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
- Virgo BBH observations, as the largest (redshifted) to-
tal mass among these, corresponding to GW170729, is
only around 120M� [2, 28].
While our PHOC analysis is limited to equal-masses

and spins, we performed a preliminary exploration
of unequal-mass cases. To this, we fix the primary
oscillation frequency to !1/µV = 0.895, varying !2/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 a 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 [29–31]. 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
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Mmax = 173+19
�14M�
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