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WHAT ARE BOSON STARS?

▸ Scalar boson stars and its vector “cousins”, known as Proca 
stars, are made of massive particles with integer spin 
following the Bose-Einstein statistics: bosons. 

▸ At the lowest energy level state can be classically described 
by a wavefunction, characterized by the particle mass � . 

▸ Considering a complex scalar field with harmonic 
dependence:

μ
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�(r, t) ⌘ �Re(r, t) + i�Im(r, t) = �0 e
�i!t

Kaup, D. J. (1968). Klein-gordon geon. Physical Review, 172(5), 
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Ruffini, R., & Bonazzola, S. (1969). Systems of self-gravitating 
particles in general relativity and the concept of an equation of 
state. Physical Review, 187(5), 1767. 
Brito, R., Cardoso, V., Herdeiro, C. A., & Radu, E. (2016). Proca 
stars: gravitating Bose–Einstein condensates of massive spin 
1 particles. Physics Letters B, 752, 291-295.
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WHAT ARE BOSON STARS?

▸ Fermions cannot occupy the same 
energy level: Pauli exclusion 
principle. 

▸ White dwarfs and neutron stars: 
supported against gravity by the 
Fermi degeneracy pressure. 

▸ Boson stars? 
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WHAT ARE BOSON STARS?
▸ Heisenberg uncertainty 

principle: quantum mechanical 
principle to support boson stars. 

▸ In a macroscopic quantum state: 

▸ Maximum mass estimate: 

▸ Correct maximum mass:

�x�p � ~

Mmax =
1

2

~c
Gµ

= 0.5M2
Planck/µ

Mmax ⇠ 0.633 M2
Planck/µ
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MOTIVATION
▸ Dark matter up to 27% of the energy content of the Universe. 

▸ In a cosmological context, scalar fields have been proposed as 
constituents of dark matter halos in galaxies. 

▸ Compton wavelength: 

▸ Schwarzschild BHs can develop quasi-bound scalar field configurations 
that may be very long lived. 

▸ Astrophysical BHs could have scalar or Proca hair (Herdeiro & Radu 2014). 

▸ Axiverse: �  this implies masses �from 10−33 to 10−10 eV from 1 to 1023 M⊙
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� = h/(mc)

~µ ⇠ 10�22 � 10�24 eV

Arvanitaki, A., Dimopoulos, S., Dubovsky, S., Kaloper, N., & March-Russell, J. (2010). String axiverse. Physical Review 
D, 81(12), 123530. 
Freitas, F. F., Herdeiro, C. A., Morais, A. P., Onofre, A., Pasechnik, R., Radu, E., ... & Santos, R. (2021). Ultralight bosons for 
strong gravity applications from simple Standard Model extensions. arXiv preprint arXiv:2107.09493.

See António Morais’ talk



ON THE STABILITY OF BOSON 
AND PROCA STARS

 • Cunha, P. V., Font, J. A., Herdeiro, C., Radu, E., Sanchis-Gual, N., & Zilhão, M. 
(2017).
Lensing and dynamics of ultracompact bosonic stars. Physical Review D, 96(10), 
104040.

 • Escorihuela-Tomàs, A., Sanchis-Gual, N., Degollado, J. C., & Font, J. A. (2017).
Quasistationary solutions of scalar fields around collapsing self-interacting
boson stars. Physical Review D, 96(2), 024015.

 • Sanchis-Gual, N., Herdeiro, C., Radu, E., Degollado, J. C., & Font, J. A. (2017).
Numerical evolutions of spherical Proca stars. Physical Review D, 95(10), 104028.
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BOSON AND PROCA STARS

Mmax ⇠ 0.633 M2
Planck/µ
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Liebling, S. L., & Palenzuela, C. (2017). 
Dynamical boson stars. Living Reviews in 
Relativity, 20(1), 5.
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Pani, P. (2019). Axion boson stars. Journal of 
Cosmology and Astroparticle Physics, 2019(09), 061.
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BOSON AND PROCA STARS
Neutron stars
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BOSON AND PROCA STARS
Seidel, E., & Suen, W. M. (1994). Formation of solitonic stars through gravitational cooling. Physical 
review letters, 72(16), 2516.  
Dynamical formation of Proca stars (Di Giovanni et al 2018) 
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SPINNING BOSONIC STARS

▸ The Proca field ansatz: 

▸ and the scalar field ansatz:

A = ( H1

r
dr + H2dθ + iH3 sin θdφ + iVdt) ei(mφ−ωt)

ϕ(t, r, θ, φ) = R(r)Y11(θ, φ) ei(mφ−ωt)
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SPINNING BOSON STARS
�14





DYNAMICAL BOSONIC STARS AND GRAVITATIONAL WAVES

SPINNING 
PROCA STARS
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m=1 Proca star 

- form dynamically 

- stable

m=1 Boson star 

- spherically symmetric boson star 

- collapse to BH
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▸ (P. L. Espino, V. Paschalidis, T. W. 
Baumgarte, and S. L.Shapiro 
(2019), 1906.08786) 



MORE BOSON 
STAR SOLUTIONS
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SPINNING BOSONIC STARS

Sanchis-Gual, N., Di Giovanni, F., Zilhão, M., Herdeiro, C., Cerdá-Durán, P., Font, J. A., & Radu, E. (2019). Nonlinear dynamics 
of spinning bosonic stars: Formation and stability. Physical Review Letters, 123(22), 221101. 
Santos, N. M., & Herdeiro, C. A. (2020). Stationary scalar and vector clouds around Kerr-Newman black holes. arXiv preprint 
arXiv:2005.07201.
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SPINNING BOSONIC STARS
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stars. Classical and Quantum Gravity, 35(19), 
19LT01. 
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Radu, E., & Font, J. A. (2021). Multifield, 
Multifrequency Bosonic Stars and a Stabilization 
Mechanism. Physical Review Letters, 126(24), 
241105.
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EXCITED BOSON STARS
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A STABILIZATION 
MECHANISM
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MULTI-STATE BOSON STARS AND MIXED STARS
Bernal, A., Barranco, J., Alic, D., & Palenzuela, C. (2010). Multistate boson stars. Physical Review D, 81(4), 044031. 
Fabrizio Di Giovanni et al (2021), A stabilization mechanism for excited fermion–boson stars, Class. Quantum Grav. 38 194001
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MIXED FERMION-BOSON STARS
Valdez-Alvarado, S., Palenzuela, C., Alic, D., & Urena-López, L. A. (2013). Dynamical evolution of fermion-boson stars. Physical Review 
D, 87(8), 084040. 
Valdez-Alvarado, S., Becerril, R., & Ureña-López, L. A. (2020). Fermion-boson stars with a quartic self-interaction in the boson sector. Physical 
Review D, 102(6), 064038. 
Di Giovanni, F., Fakhry, S., Sanchis-Gual, N., Degollado, J. C., & Font, J. A. (2020). Dynamical formation and stability of fermion-boson 
stars. Physical Review D, 102(8), 084063. 
Fabrizio Di Giovanni et al (2021), A stabilization mechanism for excited fermion–boson stars, Class. Quantum Grav. 38 194001 
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Velocity
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EXCITED BOSON STARS
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MERGERS OF BOSONIC STARS

Palenzuela, C., Olabarrieta, I., Lehner, L., & Liebling, S. L. (2007). Head-on collisions of boson stars. Physical Review 
D, 75(6), 064005. 
Palenzuela, C., Lehner, L., & Liebling, S. L. (2008). Orbital dynamics of binary boson star systems. Physical Review 
D, 77(4), 044036. 
Bezares, M., Palenzuela, C., & Bona, C. (2017). Final fate of compact boson star mergers. Physical Review D, 95(12), 
124005. 
Palenzuela, C., Pani, P., Bezares, M., Cardoso, V., Lehner, L., & Liebling, S. (2017). Gravitational wave signatures of 
highly compact boson star binaries. Physical Review D, 96(10), 104058. 
Bezares, M., & Palenzuela, C. (2018). Gravitational waves from dark boson star binary mergers. Classical and Quantum 
Gravity, 35(23), 234002.
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Palenzuela, C., Pani, P., Bezares, M., Cardoso, V., Lehner, L., & Liebling, S. (2017). Gravitational wave signatures of 
highly compact boson star binaries. Physical Review D, 96(10), 104058.



Head-on collisions 
of spinning Proca 

stars and Kerr black 
holes.



Head-on collisions 
of spinning Proca 

stars and Kerr black 
holes.
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CBC Call
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GW190521 in LIGO Hanford, LIGO Livingston, 
Virgo

Workshop on Compact Objects,  
Gravita7onal Waves and Deep Learning 
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Slides from Juan Calderón-Bustillo’s talk. Workshop on Compact Objects, Gravitational Waves and Deep 
Learning, 2020



1190% credible 
regions

● Most massive binary ever 
detected 

● Most massive colliding black holes 

● Masses within the pair instability 
supernova gap

Masses

Workshop on Compact Objects,  
Gravita7onal Waves and Deep Learning 
Sept 2020

Slides from Juan Calderón-Bustillo’s talk. Workshop on Compact Objects, Gravitational Waves and Deep 
Learning, 2020



Proca stars?

Bustillo, J. C., Sanchis-Gual, N., Torres-Forné, A., Font, J. A., Vajpeyi, A., Smith, R., 
Herdeiro, C., Radu, E., & Leong, S. H. (2021). GW190521 as a Merger of Proca Stars: A 
Potential New Vector Boson of 8.7× 10− 13 eV. 
Physical Review Letters, 126(8), 081101.





See Juan Calderón Bustillo’s talk











200114_020818 
(preliminary)

LIGO Scientific Collaboration, Virgo Collaboration, & KAGRA Collaboration. (2021). Search for intermediate mass black 
hole binaries in the third observing run of Advanced LIGO and Advanced Virgo. arXiv preprint arXiv:2105.15120.
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200114_020818

▸ Second IMBH trigger reported by LVC (but low 
significance). 

▸ Not ruled out as Proca star merger. 

▸ �μV = 10.23 × 10−13 eV

�51

See Juan Calderón Bustillo’s talk
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CONCLUSIONS

▸ Gravitational waves from BS binaries could be used to 
detect ultra-light boson particles (GW190521 and others). 

▸ GW190521 has brought us in the realm of ¿what are we 
observing 

▸ Second, low significance trigger S200114 

▸ Consistent masses at 90% C.I.  

▸ Is there (ultra-)light in the dark?   

▸ Is it time to Proc & Roll?
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