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• The last decades have been a golden age with respect to observational data on 
strong field regime:

• Is it possible that the compact objects that generated these signals do not belong 
to the BH/NS paradigm?



• In General Relativity, solitons arise as solutions of Einstein field equations 
sourced by scalar field. These objects are dubbed as boson stars.



• Mini boson stars are asymptotically flat, regular and horizonless solutions to the 
Einstein-Klein-Gordon theory:

S = ∫ −g ( R
2κ2

− ∂μΦ*∂μΦ − m2Φ*Φ) d4x, κ2 = 8πG .

• Are there other models that we can explore the phenomenology of boson stars?  



• The model proposed by Friedberg, Lee and Sirlin consists in two interacting 
fields:  

The Friedberg-Lee-Sirlin model

ℒFLS =
1
2

∂μψ∂μψ + ∂μΦ∂μΦ + m2ψ2 |Φ |2 + μ2(ψ2 − v2)2,



Boson stars in FLS model
• When gravity is included, the field equations for the Einstein-Friedberg-Lee-Sirlin 

theory are described by:

Rμν −
1
2

Rgμν = κ2Tμν, Tμν = ∂μΦ∂νΦ* + ∂μΦ*∂νΦ + ∂μψ∂νψ − ℒFLS gμν,

□ Φ = m2ψ2Φ, □ ψ = 2ψ (m2 |Φ |2 + 2μ2ψ2 − 2v2μ2) .

• We consider spherically symmetric solutions, and adopt the following Ansätze:

ds2 = − eΓ(r)dt2 + eΛ(r)dr2 + r2 (dθ2 + sin2 θdϕ2),

Φ(t, r) = ϕ(r)eiωt, ψ = ψ(r),



• The appropriate boundary conditions for the problem are

Λ′￼(0) = 0 ϕ′￼(0) = 0, ψ(0) = 0,

Γ(∞) = 0, ϕ(∞) = 0, ψ(∞) = 1.



• We can define the total mass of the star as  M = lim
r→∞

r
2 (1 − e−Λ(r)) .



• We can define the total mass of the star as  M = lim
r→∞

r
2 (1 − e−Λ(r)) .

ψ ≈ e− μ2 − ω2r

ψ ≈
C
r



• Recently, the images of Sgra* and M87* were revealed by the Event Horizon 
Telescope (EHT) collaboration. 

Astrophysical images of boson stars

• The prevailing hypothesis is that the central objects are black holes. 

• However, could they be boson stars, instead of black holes?



• In order to simulate the astrophysical images of these stars, we employ the 
backwards ray-tracing method. 

The backwards ray-tracing method

(i) We define the initial conditions for the geodesic equations.


(ii) We numerically evolve the geodesic equation using these initial conditions.


(iii) Depending on the final location, we assign a given color to the image.



• Therefore we have to solve the following system:

·t =
E
eΓ

, ·ϕ =
L
r2

··r + Γr
μν

·xμ ·xν = 0, ··θ + Γθ
μν

·xμ ·xν = 0,

d
dλ ( Iν

ν3 ) =
jν
ν2

− ναν ( Iν

ν3 ), jν ∝ δ(ν − νem) ϵ(r) .



• Therefore we have to solve the following system:

·t =
E
eΓ

, ·ϕ =
L
r2

··r + Γr
μν

·xμ ·xν = 0, ··θ + Γθ
μν

·xμ ·xν = 0,

d
dλ ( Iν

ν3 ) =
jν
ν2

− ναν ( Iν

ν3 ), jν ∝ δ(ν − νem) ϵ(r) .

• The emission is highly model dependent. Here we assume that:

ϵ(r) ≡
1 + tanh[σ(r − r0)]

2 ( r0

r )
3

.



Near equatorial plane observation

Boson Star I Boson Star II Schwarzschild Black Hole



Near axis of symmetry observation

Boson Star I Boson Star II Schwarzschild Black Hole



• We computed solitonic solutions in (3+1)-dimensions with two scalar fields 
minimally coupled to General Relativity, dubbed as E-FLS boson stars. 

• Motivated by the EHT results, we studied the gravitational lensing around 
these boson stars. 

• Our results indicate that these boson stars can mimic the astrophysical 
images of black holes surrounded by an accretion disk.   

Final Remarks

Thank you! 


