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Astrophysical motivation
Certain observed astronomical objects formerly thought to be black holes may be massive
boson stars.
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Astrophysical motivation
This boson star would not be able to be a black hole mimicker, because the size of the
hole would be too small for the expected mass.
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Astrophysical motivation
Proca star would be able to be a plack hole mimicker, because the size of the hole would
be comparable with the Schwarzschild black hole for the same mass.
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Astrophysical motivation
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Research Gap

• Natural BSM extensions suggest models with non-Abelian fields.

• The corresponding bosonic stars remains almost unexplored.
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The Einstein-Klein-Gordon model
We consider the action for Einstein’s gravity minimally coupled to a complex massive
scalar field.

S =

∫
d x4√−g (LG + LM ) , (1)

here, g is the determinant of the metric, LG is the Einstein-Hilbert Lagrangian density

LG =
1

4α2R, α2 = 4πG, (2)

R is the Ricci scalar and G is the gravitational constant. By its turn, LM is Lagrangian
density for the matter fields, in which is given by

LM = −
(
∇μΦ∇μΦ∗ + U(|Φ|)

)
, (3)

in which Φ is a complex scalar field and U is the potential of the theory, that only depends
on the modulus of the field.
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Scalar boson Stars
1 We are interested in those potentials that only depend on the modulus of the scalar

field, U = U(Φ), so that we have a unitary symmetry group U(1).

2 Boson stars described by different potentials can exhibit behaviors significantly
different in several physical aspects

3 We assume the ansatz

Φ = φ(r, θ)e−iωt+imϕ

4 So far, we have been manly focused on the potential of the form

U(|Φ|) = μ2|Φ|2 + λ
2
|Φ|4
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Scalar boson Stars

1 Compact self-gravitating objects made up of scalars that are held together by the
balance between the attractive force of gravity and the dispersive effects of a wave
equation.

2 The scalar field is complex and satisfies the Klein-Gordon equation, and the system
has field solutions with different numbers of nodes.

3 The lowest energy state, or ground state, is characterized by a field distribution that
has no nodes.

4 Boson stars solutions can either be dynamically stable or unstable depending on its
physical parameters.
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Complex scalar field BS models

Model
name

Potential U m Max. stable mass

Mini BS μ2|Φ|2 0 0.633M2
pl/μ

1 1.315M2
pl/μ

BS μ2|Φ|2 + λ
2
|Φ|4 0 0.22Λ1/2M2

pl/μ

1 3.14M2
pl/μ, Λ = 200

Axion 2μ2f2

B

(
1−

√
1− 4B sin2

(
|Φ|
2f

))
0 0.632M2

pl/μ, f = 10,
B = 0.22
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Guerra et al. JCAP (2019), Schunck et al. CQG (2003)



• Can scalar fields lead to astrophysical compact objects?
If a ultralight scalar field exist in nature, under certain conditions, they can form
Bose-Einstein condensates, confined by gravity.

Mmax
ADM = α(s)BS

M2
pl

μ = α(s)BS1.34× 10−19M⊙

(
GeV

μ

)
(4)
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Spherical mini boson stars
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Spherical mini boson stars
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ω = 0.83



Spherical boson stars
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Spherical boson stars
Moreover, we have found that some properties of boson stars depend on the sign of the
coupling constant λ, a feature that to our knowledge, has not been reported in the
literature

M ≃


0.022

√
λ, for λ > 0 (repulsive interaction)

0.633, for λ = 0 (non-interacting)
1√
|λ|

for λ < 0 (attractive interaction)
(5)
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Spherical axion stars
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Herdeiro et al.
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The Einstein-Proca model
If we think of boson stars being made of a condensate of massive spin 0 bosonic particles
modeled by a complex scalar field, then it is natural to conceive a complex vector field Aμ,
made of massive spin 1 particles (massive photons). That is, to study Einstein’s gravity
minimally coupled to an Abelian Proca field.
The fields are described by the Lagrangian

LM = −1

4
FμνF

∗μν − U(|A|). (6)

Similar to scalar boson stars, we consider a potential which is the sum of a mass term
plus a quartic interaction

U(|A|) = μ2AμA∗
μ +
λ
2

(
AμA∗

μ
)2

, (7)

where Fμν = ∂μAν − ∂νAμ and Aμ is the Proca vector potential.

Etevaldo dos Santos Costa Filho Searching for new particles with astrophysical compact objects 5th July 2022 17 / 20



The Einstein-Proca model

The energy momentum tensor is given by

Tμν =
1

2

(
FμρF

∗ρ
ν + F ∗

μρF
ρ
ν
)
− 1

4
gμνF

ρσF ∗
ρσ + μ2

[
AμA

∗
ν +AνA

∗
μ − gμνA

∗ρAρ
]

+ λ
[(
A∗ρAρ

) (
AμA

∗
ν +AνA

∗
μ
)
− 1

2
gμν

(
A∗ρAρ

)2]
. (8)

The equations of motion for the Proca field are

∇μFμν = 2
[
μ2 + λ

(
A∗ρAρ

)]
Aν. (9)
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Spherical Proca stars
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Sanchis-Gual et al.
PRD (2017)



Research Proposal
The main goal of this thesis is two-fold:

1 Construction of new solutions describing bosonic stars and hairy black holes

2 Interface the solutions constructed in 1 with state of the art techniques for GW and
electromagnetic observables

• to construct new bosonic star solutions, both static and spinning, based on
non-Abelian global or gauge symmetries suggested by simple BSM extensions and
study their basic mathematical and physical properties and phenomenology.

• to study hairy black hole solutions in the same models, which are counterparts of the
spinning bosonic stars. In particular, we shall consider models that copy the
electroweak sector of the standard model and could thus, be interpreted in that
context.

• use the constructed solutions as starting points of numerical evolutions to extract
waveform templates from the collision and merger of such bosonic stars.

• use the constructed solutions to obtain possible electromagnetic smoking guns for
the bosonic DM particles, e.g., via its impact on black hole shadows.
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