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EXOTIC COMPACT OBJECTS
▸ To what extent are all astrophysical, dark, compact objects 

both black holes and described by the Kerr geometry? 

▸ ECOs: Involve extreme gravitational fields and may be the 
key to understand outstanding puzzles in fundamental 
physics. 

▸ From dark matter to quantum gravity: Wormholes, 
scalarized BHs, gravastars, fuzzballs, quark stars, boson 
stars…. 

▸ In this talk I will focus on boson stars.

Cardoso, V., & Pani, P. (2019). Living Reviews in Relativity, 22(1), 1-104. 
Cardoso, V., Hopper, S., Macedo, C. F., Palenzuela, C., & Pani, P. 
(2016).. Physical review D, 94(8), 084031. 
Herdeiro, C. A. (2022). arXiv preprint arXiv:2204.05640.
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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: ultralight 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: 

▸ The star forms a stationary, soliton-like solution.

μ
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Kaup, D. J. (1968). Klein-gordon geon. Physical Review, 172(5), 1331. 
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. 
Jetzer, P. (1992). Boson stars. Physics Reports, 220(4), 163-227. 
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.

ψ(t, r) = ψRe(r, t) + iψIm(r, t) = ψ0(r) e−iωt



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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Figure extracted from: Guerra, D., Macedo, C. F., & 
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
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Spherical and prolate Proca stars

Herdeiro, C. A. R., Radu, 
E., Sanchis-Gual, N., 
Santos, N. M., & dos 
Santos Costa Filho, E. 
(2024). The non-spherical 
ground state of Proca 
stars. Physics Letters 
B, 852, 138595.

Spherical Proca 
stars decay to 

prolate Proca star 
configurations.
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BOSON AND PROCA STARS
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Static Boson and Proca stars

Herdeiro, C. A. R., Radu, E., Sanchis-Gual, N., Santos, N. M., & dos Santos Costa Filho, E. (2024). The non-spherical 
ground state of Proca stars. Physics Letters B, 852, 138595.
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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)

ψ(t, r, θ, φ) = R(r)Θ11(θ) ei(mφ−ωt)
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SPINNING BOSON STARS
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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.
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▸ (P. L. Espino, V. Paschalidis, T. W. 
Baumgarte, and S. L.Shapiro (2019), 
1906.08786) 
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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.
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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

�17



DYNAMICAL BOSONIC STARS AND GRAVITATIONAL WAVES

Sanchis-Gual, N., Di Giovanni, F., Herdeiro, C., Radu, 
E., & Font, J. A. (2021). Multifield, Multifrequency 
B o s o n i c S t a r s a n d a S t a b i l i z a t i o n 
Mechanism. Physical Review Letters, 126(24), 241105.



Di Giovanni, F., Sanchis-Gual, N., Guerra, D., Miravet-Tenés, M., Cerdá-Durán, P., & Font, J. A. (2022). Impact of 
ultralight bosonic dark matter on the dynamical bar-mode instability of rotating neutron stars. Physical Review 
D, 106(4), 044008.

Bosonic dark matter and unstable rapidly 
rotating neutron star: impact on the 
instability and gravitational wave emission.
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Di Giovanni, F., Sanchis-Gual, N., Cerdá-Durán, P., Zilhão, M., Herdeiro, C., Font, J. A., & Radu, E. (2020). 
Dynamical bar-mode instability in spinning bosonic stars. Physical Review D, 102(12), 124009. 
Siemonsen, N., & East, W. E. (2021). Stability of rotating scalar boson stars with nonlinear 
interactions. Physical Review D, 103(4), 044022. 
Dmitriev, A. S., Levkov, D. G., Panin, A. G., Pushnaya, E. K., & Tkachev, I. I. (2021). Instability of rotating 
Bose stars. arXiv preprint arXiv:2104.00962.
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EXCITED BOSON STARS
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Brito, M., Herdeiro, C., Radu, E., Sanchis-Gual, N., & Zilhão, M. (2023). Stability and physical properties of 
spherical excited scalar boson stars. Physical Review D, 107(8), 084022.



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. 
Evstafyeva, T., Sperhake, U., Helfer, T., Croft, R., Radia, M., Ge, B. X., & Lim, E. A. (2023). Unequal-mass boson-star 
binaries: initial data and merger dynamics. Classical and Quantum Gravity, 40(8), 085009. 
Croft, R., Helfer, T., Ge, B. X., Radia, M., Evstafyeva, T., Lim, E. A., ... & Clough, K. (2022). The Gravitational Afterglow of 
Boson Stars. Classical and Quantum Gravity. 
Siemonsen, N., & East, W. E. (2023). Binary boson stars: Merger dynamics and formation of rotating remnant 
stars. Physical Review D, 107(12), 124018.
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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.  
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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. 

Bustillo, J. C., Sanchis-Gual, N., Leong, S. H., Chandra, K., Torres-Forne, A., Font, J. A., ... & Li, T. G. (2022). Searching 
for vector boson-star mergers within LIGO-Virgo intermediate-mass black-hole merger candidates. arXiv preprint 
arXiv:2206.02551.
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1 + cos((ω1 − ω2)tcol + Δϵ)max
= 2 → (ω1 − ω2)maxtcol + Δϵ = 2kπ



A NR GW CATALOGUE OF SPINNING PROCA-STAR COLLISIONS �30
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Luna, R., Llorens-Monteagudo, M., 
Lorenzo-Medina, A., Bustillo, J. C., 
Sanchis-Gual, N., Torres-Forné, A., ... & 
Radu, E. (2024). Numerical relativity 
surrogate models for exotic compact 
objects: the case of head-on mergers of 
equal-mass Proca stars. arXiv preprint 
arXiv:2404.01395.
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CONCLUSIONS

▸ Dynamical robustness of exotic compact objects. 

▸ 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 
really observing. 

▸ Low significance trigger S200114  

▸ More waveforms are needed. Surrogates. 

▸ Is there (ultra-)light in the dark?

�33



THANK YOU! 
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