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Gr@v is a team of researchers, based at the Mathematics 
and Physics Department of Aveiro University, Portugal, 
working on strong gravity, astrophysics and high energy 
physics. The group was established in 2010. In January 

2015 Gr@v integrated the FCT funded CIDMA research 
unit (UIDB/04106/2020 and UIDP/04106/2020), as 

the Gravitational Geometry and Dynamics research 
group. The group scientific coordinator is C. Herdeiro.
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STRONG GRAVITY, 
FUNDAMENTAL FIELDS, 
AND GWS



Einstein equations

Train graveyard, Uyuni (Bolivia), 1999          
Photography by Gianni Battimelli



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

• Compton wavelength:

• Black holes can develop 
quasi-bound scalar 
field configurations 
that may be very long 
lived.

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

� = h/(mc)

~µ ⇠ 10�22 � 10�24 eV

Ultralight bosonic fields



SOLUTIONS AND SHADOWS OF 
HAIRY BLACK HOLES AND 
BOSON STARS



Kerr black holes with 
bosonic hair
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• Scalar boson stars and its vector “cousins”, known as Proca 
stars, are made of 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:

• Maximum mass

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

Boson and Proca stars

Mmax ⇠ 0.633 M2
Planck/µ
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Equilibrium solutions in spherical symmetry.

Boson and Proca stars

Brito, R., Cardoso, V., Herdeiro, C. A., & Radu, E. (2016). Proca stars: gravitating Bose–
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evolutions of spherical Proca stars. Physical Review D, 95(10), 104028. 
Herdeiro, C. A., Pombo, A. M., & Radu, E. (2017). Asymptotically flat scalar, Dirac and Proca 
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NUMERICAL RELATIVITY AND 
GWS
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Head-on collisions of 
spinning Proca stars 
and Kerr black holes.
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arXiv:2009.05376.
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GW190521 as a Proca star merger







SCALARISED BLACK HOLES AND 
GWS



Herdeiro, C. A., Radu, E., Sanchis-Gual, N., & Font, J. A. (2018). Spontaneous scalarization of charged 
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PRIMORDIAL GWS FROM 
COSMOLOGICAL PHASE 
TRANSITIONS



Primordial Gravitational Waves from
cosmological Phase Transitions

JCAP 07 (2018) 014; JCAP 04 (2020) 036; PLB 807 (2020) 135577;

PoS(EPS-HEP2019)054

Team at Aveiro:
António P. Morais (leader), Felipe F. Freitas (responsible for
machine learning implementations)
Students: Vasileios Vatellis, João Pino, Pedro Rodrigues

Current Collaborations:
Roman Pasechnik, Johan Rathsman and Marten Bertenstam
(Lund U.),
Rui Santos and João Viana (Lisbon U.),
Antonino Marciano (Fudan U.)



Primordial Gravitational Waves from
cosmological Phase Transitions

Generated by expanding vacuum bubbles of a true vacuum
phase in a universe filled with a false vacuum phase
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Primordial Gravitational Waves from
cosmological Phase Transitions

JCAP 07 (2018) 014; JCAP 04 (2020) 036; PLB 807 (2020) 135577

Generated by expanding vacuum bubbles of a broken phase in
a universe filled with a symmetric phase

GW background as a gravitational probe for New Physics
beyond the reach of collider experiments

Di↵erent Particle Physics models may leave distinctive GW
footprints

PTs occurring close to the electroweak era yield GW
frequencies within LISA range



Eg: Probing the Y��SS coupling between a complex singlet
scalar � and a sterile neutrino S
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Typically, the main
source of GW production
results from sound waves

We are developing
deep-learning techniques
aiming at ultra-fast data
sampling (VAEs and
GANs)

Particle Physics details encoded in h2⌦GW(f ) and f

h2⌦GW(f ) =
2⇡2

3
f 2(hc(f ))

2

h2⌦GW(f ) ! energy density per logarithmic frequency,

hc(f ) ! characteristic strain.



THANK YOU! 
¡GRACIAS! 
OBRIGADO!


