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Introduction



Introduction

• Boson stars are an example of non-topological solitons. They are

supposed to exist in nature as compact objects composed only of

bosonic particles.
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The Einstein-Friedberg-Lee-Sirlin model

The Einstein-Friedberg-Lee-Sirlin (E-FLS) model can be utilized to study

field configurations influenced by gravity in more realistic theories with

symmetry breaking potentials as, for example, the Standard Model. The

E-FLS action is given by (Friedberg, 1976):

S =

∫
d4x

√
−g

(
R

2κ2
− Lm

)
, (1)

where the Lm is given by:

Lm =
1

2
∇µψ∇µψ +∇µΦ∇µΦ∗ + U(ψ,Φ), (2)

U(ψ,Φ) = m2ψ2 |Φ|2 + µ2
(
ψ2 − v2

)2
, (3)

being ψ a self-interacting real scalar field and Φ a complex scalar field.

The real and complex scalar fields are coupled through the coupling

constant m. 4



The Einstein-Friedberg-Lee-Sirlin Field Equations

The constant v is the vacuum expectation value of the real scalar field.

We also can see that:

For µ→ ∞, then ψ → v , (4)

and the E-FLS theory recovers the Einstein-Klein-Gordon model. The

E-FLS field equations are obtained by varying the action with respect to

the metric gµν and the scalar fields ψ and Φ, respectively:

Rµν − 1

2
Rgµν = κ2Tµν , (5)

□Φ = m2 ψ2Φ, (6)

□ψ = 2ψ
(
m2 |Φ|2 + 2µ2ψ2 − 2 v2 µ2

)
. (7)
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Spherically symmetric Ansatz

In order to find a spherically symmetric solution, we consider the

following Ansatz for the line element:

ds2 = −eΓ(r)dt2 + eΛ(r)dr2 + r2dθ2 + r2 sin2 θdφ2. (8)

We also consider the Ansatz for a stationary and spherically symmetric

scalar fields:

Φ(r , t) = ϕ(r)e−iωt and ψ = ψ(r), (9)

where ω is the frequency of the field. We perform a rescaling of the

parameters to simplify the equations:

r =
r̃

mv
, ψ = v ψ̃, ϕ = v ϕ̃, ω = mv ω̃, κ =

κ̃

v
, µ = mµ̃. (10)
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Static Boson Stars in the E-FLS theory
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Figure 1: Numerical solutions for E-FLS stars with µ = 0.2 and varying ϕ0.
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3. Astrophysical Images of

E-FLS Stars



Astrophysical Images of E-FLS Stars

We compute the astrophysical images for four different E-FLS star

configurations surrounded by geometrically thin accretion disks.

Table 1: Four distinct E-FLS star solutions and their properties.

Configuration µ ω M Number of light rings r+

FLS1 0.2 0.8873 0.5523 0 –

FLS2 0.2 0.8280 0.3715 2 0.0794

FLS3 0 0.8323 0.5043 0 –

FLS4 0 0.7828 0.3855 2 0.0896
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Astrophysical Images of E-FLS Boson Stars

Assuming that the beam of photons are unpolarized, the radiative

transfer equation is given by Lindquist in (Lindquist, 1966).

d

dλ

(
Iν
ν3

)
=

jν
ν2

− ν αν

(
Iν
ν3

)
, (11)

where Iν , jν and αν are the specific intensity, emission coefficient and

absorption coefficient, respectively. These quantities are measured by an

observer comoving with the accretion disk. They are related to the

invariant quantities, i.e. observer independent objects, as follows:

I =
Iν
ν3
, η =

jν
ν2
, χ = ν αν , (12)

where ν is the frequency of the emission.
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Geometrically thin and optically thick accretion disk

• Geometrically thin and optically thick accretion disk

For a geometrically thin and optically thick accretion disk, the solution

for the radiative transfer equation (11). We consider that the accretion

disk’s emission is monochromatic with frequency νem:

Iν ∝ δ(ν − νem) ϵ(r), (13)

as measured by an observer comoving with the accretion disk. Moreover

based on (Rosa, 2022) and (Sengo, 2024), we assume that ϵ(r) behaves

as follows:

ϵ(r) ≡ 1 + tanh[50(r − 6M)]

2

(
6M

r

)3

. (14)
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The specific intensity as measured by the observer can be obtained from

the invariant intensity (12), namely

I obsν′ =
ν′3

ν3
Iν , (15)

where ν′ is the observed frequency.
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Figure 2: The intensity maps for FLS1 and FLS4 configurations, presented in
Table 1, surrounded by an optically thick accretion disk. In this figure, we have
positioned the observer at robs = 20M, θobs = 80◦, i.e., the observer is slightly
displaced from the equatorial plane.
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Figure 3: The intensity maps for FLS1 and FLS4 configurations, presented in
Table 1, surrounded by an optically thick accretion disk. In this figure the
observer is placed at robs = 20M, θobs = 5◦, i.e. the observer is close to a
face-on observation of the accretion disk.
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Astrophysical Images of E-FLS stars surrounded by an optically

thin disk

• Geometrically thin and optically thin accretion disk

An optically thin disk is transparent to radiation and the light rays can

cross it several times before being scattered. Each time that a given light

ray intersects the accretion disk, it acquires more intensity. We consider

the same emission profile as given in Eqs. (13)-(14). We also keep the

position of the observer at robs = 20M and vary the polar angle of

observation.
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Figure 4: The intensity maps for the FLS1 and FLS4 configurations, presented
in Table 1, surrounded by an optically thin accretion disk. Similarly to Fig. 2,
we have positioned the observer at robs = 20M, θobs = 80◦.
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Figure 5: The intensity maps for FLS1 and FLS4 configurations, presented in
Table 1, surrounded by an optically thin accretion disk. Similarly to Fig 3, we
have positioned the observer at robs = 20M, θobs = 5◦.
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Conclusion

4. Conclusion

• Decreasing the mass parameter µ modifies the E-FLS star features.

• The E-FLS stars support the presence of light rings and therefore

more complex astrophysical images.

• In the present results, the light ring signature appears in the case of

an optically thin accretion disk.
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