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STRONG GRAVITY,
FUNDAMENTAL FIELDS,
AND GWS




Einstein equations
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Ultralight bosonic fields

® Ina cosmological ® Black holes can develop
context, scalar fields quasi-bound scalar
have been proposed as field configurations
constituents of dark that may be very long
matter halos in galaxies. lived.
® Compton wavelength: ® Astrophysical BHs could
X=h /(mc) have scalar or Proca

hair (Herdeiro & Radu
hp ~ 10722 — 10724 eV 2014).



SOLUTIONS AND SHADOWS OF
HAIRY BLACK HOLES AND
BOSON STARS



Kerr black holes with
bosonic hair

Scalar (n = 0) Proca (n = 0) Proca (n = 1)

Herdeiro, C. A., & Radu, E. (2014). Kerr black holes with scalar hair. Physical review
letters, 112(22), 221101.

Herdeiro, C. A., & Radu, E. (2015). Asymptotically flat black holes with scalar hair: a
review. International Journal of Modern Physics D, 24(09), 1542014.

Herdeiro, C., Radu, E., & Runarsson, H. (2016). Kerr black holes with Proca hair. Classical
and Quantum Gravity, 33(15), 154001.

Delgado, J. F., Herdeiro, C. A., & Radu, E. (2019). Kerr black holes with synchronised scalar
hair and higher azimuthal harmonic index. Physics Letters B, 792, 436-444.

Santos, N. M., & Herdeiro, C. A. (2020). Stationary scalar and vector clouds around Kerr-
Newman black holes. arXiv preprint arXiv:2005.07201.



Boson and Proca stars

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:

G(r,t) = Pre(r,t) + i dim(r,t) = goe '

Maximum mass

Mmax ~ 0.633 M]_:z’lanck/:u



Boson and Proca stars

Equilibrium solutions in spherical symmetry.
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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.
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.

Herdeiro, C. A., Pombo, A. M., & Radu, E. (2017). Asymptotically flat scalar, Dirac and Proca
stars: discrete vs. continuous families of solutions. Physics Letters B, 773, 654-662.
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NUMERICAL RELATIVITY AND
GWS



Sanchis-Gual, N., Di Giovanni, F., Zilhdo, M., Herdeiro, C., Cerda-Duran, 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
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Sanchis-Gual, N., Herdeiro, C., Font,
J. A., Radu, E., & Di Giovanni, F.
(2019). Head-on collisions and
orbital mergers of Proca

stars. Physical Review D, 99(2),
024017.

Bustillo, J. C., Sanchis-Gual, N.,
Torres-Forné, A., Font, J. A., Vajpeyi,
A., Smith, R,, ..., Herdeiro, C., Radu,
E., & Leong, S. H. (2020). The (ultra)
light in the dark: A potential vector
boson of $8.7\times 10*{-13} $ eV
from GW190521. arXiv preprint
arXiv:2009.05376.
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GW190521 as a Proca star merger
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py [x107BeV]

Parameter g = 1 model ¢ # 1 model
Primary mass 1157, Me 1157 My
Secondary mass 1157, M 11177, My
Total / Final mass 231713 M. 228701 M.
Final spin 0.7575 0% Mo 0.7570 0
Inclination 7 /2 — |¢ — 7/2| 0.83707% rad 0.58707% rad
Azimuth 065703 rad 0.787]% rad
Luminosity distance 571735 Mpe 7007332 Mpe
Redshift 01238 0.147008
Total / Final redshifted mass 25873 M, 26177 M,
Bosonic field frequency w/pv  0.89370 017 (#)0.90570 012
fBoson mass v [ 109 727005 oV B.507058 oV §
Maximal boson star mass 173753 Me 1757 Mg
Evidence for (2,0) mode log B~ 0.6 —

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 wi/pyv = 0.895 and varying the second on an uniform grid.
We estimate the secondary oscillation frequency wa/uyv. We
report median values and symmetric 90% credible intervals.




Masses in the Stellar Graveyard

in Solar Masses

Ultra-light vector boson
7.8x10 "%ev
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SCALARISED BLACK HOLES AND
GWS



Herdeiro, C. A., Radu, E., Sanchis-Gual, N., & Font, J. A. (2018). Spontaneous scalarization of charged
black holes. Physical review letters, 121(10), 101102.

Herdeiro, C. A., & Oliveira, J. M. (2019). On the inexistence of solitons in Einstein—-Maxwell-scalar
models. Classical and Quantum Gravity, 36(10), 105015.

Fernandes, P. G., Herdeiro, C. A., Pombo, A. M., Radu, E., & Sanchis-Gual, N. (2019). Spontaneous
scalarisation of charged black holes: coupling dependence and dynamical features. Classical and
Quantum Gravity, 36(13), 134002.
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Spontaneous Creation of Circularly Polarized Photons in Chiral Astrophysical Systems
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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:

Anténio P. Morais (leader), Felipe F. Freitas (responsible for
machine learning implementations)

Students: Vasileios Vatellis, Joao Pino, Pedro Rodrigues

Current Collaborations:

Roman Pasechnik, Johan Rathsman and Marten Bertenstam
(Lund U.),

Rui Santos and Jo3o 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

False vacuum



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

Different 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,0S5S coupling between a complex singlet
scalar ¢ and a sterile neutrino S

@ Typically, the main

H source of GW production
10711 results from sound waves
2
%Z% 10-14] .- @ We are developing
RS N deep-learning techniques
10~1% aiming at ultra-fast data
I S H sampling (VAEs and
—22
TG 10~ 102 10" GANs)
fpeak [HZ]
Particle Physics details encoded in h*Qqw(f) and f
272
h*Qaw(f) = sz(hc(f))2

h?’Qaw(f) — energy density per logarithmic frequency,
hc(f) — characteristic strain.
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