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In this work, we analyze the observational properties of thin-shell gravastars under two astrophysical
frameworks, namely surrounded by optically thin accretion disks and orbited by hot spots. We consider
the thin-shell gravastar model with two free parameters, the gravastar radius and ratio of mass allocated at
the thin-shell, and produce the corresponding observables via the use of numerical backwards ray-tracing
codes. Regarding the observations of accretion disks, our results indicate that, due to the absence of a
strong gravitational redshift effect, smooth gravastar configurations cannot reproduce shadow obser-
vations when internal emission is assumed. We thus expect such models to be excluded as candidates
for supermassive objects in galactic cores. Nevertheless, thin-shell gravastars, with a large portion of
their total mass allocated at the surface, can produce such an effect and are thus adequate candidates
for black-hole mimickers. In the context of hot-spot orbits, the astrometrical observational
properties of ultracompact gravastars resemble closely those of other ultracompact objects e.g. fluid
stars and bosonic stars. However, for low-compacticity configurations, the time-integrated fluxes feature
additional contributions in the form of a high-intensity plunge through image. These qualitative
differences in the observational properties of gravastars in comparison with black-hole spacetimes
could potentially be discriminated by the next generation of interferometric experiments in
gravitational physics.

DOI: 10.1103/PhysRevD.109.084002

I. INTRODUCTION

In recent years, the field of gravitational physics has
witnessed a remarkable progress in its experimental endeav-
ors, yielding compelling evidence for the existence of highly
compact objects. Notably, the collaborative efforts of the
LIGO/Virgo Collaborations, the Event Horizon Telescope
(EHT), and the GRAVITY Collaboration have provided
groundbreaking discoveries. These include the detection of
gravitational wave signals stemming from binarymergers of
compact objects [1,2], the observation of a distinct shad-
owlike feature within the core of the M87 galaxy [3,4] and
close to Sgr A* [5], as well as the detection of infrared flares
in the vicinity of our own galactic center [6]. These
experimental achievements align remarkably well with

the theoretical predictions of black-hole spacetimes,
reinforcing the validity of the Kerr hypothesis [7,8], which
describes the end state of a complete gravitational collapse
within an appropriate astrophysical context as resulting in
the formation of a rotating and electrically neutral black
hole [9,10].
Although black-hole spacetimes have been proven

highly efficient in describing the aforementioned observa-
tions, these spacetimes are known to be inherently prob-
lematic from both a mathematical and physical point of
view. Indeed, a direct consequence of complete gravita-
tional collapse is the appearance of singularities in the
spacetime [10,11], indicating a geodesic incompleteness of
the spacetime and leading to a lack of understanding of the
gravitational interaction. Furthermore, the existence of an
event horizon and the information loss paradox that arises
with it [12] indicates a loss of predictability in gravitational
collapse. To address these limitations of the black-hole
spacetime, a wide variety of alternative models known as
exotic compact objects (ECOs) has been proposed [13],
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with the goal of replicating the observational properties of
black-hole spacetimes while avoiding the previously men-
tioned problematic features [14].
Within the extensive array of proposed ECO models, a

prominent category encompasses compact objects com-
posed of one or more relativistic fluid components.
Noteworthy examples in this category include relativistic
fluid spheres [15,16] and gravastars [17–21]. In fact, the
gravastar picture is an alternative model to the concept of a
black hole, where there is an effective phase transition at or
near where the event horizon is expected to form, and the
interior is replaced by a de Sitter condensate [17,18].
Models belonging to this category have been rigorously
demonstrated to satisfy several essential criteria for physi-
cal relevance, including the nonexoticity of matter (i.e.,
satisfying appropriate energy conditions) and linear stabil-
ity [16], as well as exhibiting distinctive observational
properties that deviate slightly from their black-hole coun-
terparts [22–26], rendering them as viable alternatives to
the black-hole paradigm, testable through the wealth of data
gathered by the ongoing and the future generation of
experiments in gravitational physics [27–31].
In this work, we focus on the study of observational

properties of gravastar models in two main astrophysical
settings, namely when such models are surrounded by
optically thin accretion disks, and orbited by relativistic hot
spots. The emission profiles of the accretion disks are
modelled by the Johnson’s-SU distribution [32,33] and the
ray-tracing is performed with a Mathematica-based ray-
tracing code previously used to produce the observed
intensity profiles and images for other ECO models
[23,34–41]. The orbits of hot spots are simulated using
the ray-tracing software GYOTO [42,43], which was
proven useful in the imaging of black-hole spacetimes in
suitable astrophysical contexts [44–47], as well as ECO
models [35,48,49].
This paper is organized as follows. In Sec. II, we

introduce the thin-shell gravastar model and analyze the
geodesic structure and effective potential. In Sec. III, we
model the intensity profiles for two distinct accretion
models and produce the observed intensity profiles and
observed axial and inclined images. In Sec. IV, we simulate
the orbits of relativistic hot spots and produce the corre-
sponding astrometric observables, and finally in Sec. V, we
summarize and trace out our conclusions.

II. THEORY AND SETUP

A. Thin-shell gravastar model

In general relativity (GR), the spacetime that describes a
static and spherically symmetric thin-shell gravastar is
composed of two distinct spacetime regions, V�, where
we dub Vþ as the exterior region and V− as the interior
region, separated by a spherical timelike hypersurface Σ. In
the usual spherical coordinates xμ ¼ ft; r; θ;ϕg, the line

elements ds2� of the two spacetime regions can be generally
written in the form

ds2� ¼ −f�ðrÞdt2 þ 1

h�ðrÞ dr
2 þ r2dΩ2; ð1Þ

where dΩ2 ¼ dθ2 þ sin2θdϕ2 is the surface element of the
two-sphere. The metric functions fðrÞ� and hðrÞ� take the
forms

fþðrÞ ¼ hþðrÞ ¼ 1 −
2M
r

; r > R; ð2Þ

f−ðrÞ ¼ αh−ðrÞ ¼ α

�
1 −

2mðrÞ
r

�
; r < R; ð3Þ

where M is the total mass of the gravastar as measured by
an observer in the exterior region Vþ, α is a constant free
parameter whose effect on the model we clarify in what
follows, R is the radius of the gravastar, which coincides
with the radius of the hypersurface Σ, and the mass function
mðrÞ is defined as

mðrÞ ¼ 4

3
πρr3; ð4Þ

where ρ is the constant energy density of the exotic fluid
that populates the interior region V−, which satisfies an
equation of state of the form p ¼ −ρ, where p is the
isotropic pressure.
For the whole spacetime V ¼ Vþ ∪ V− to be a solution

of Einstein’s field equations, it is necessary that the interior
and exterior metrics defined in Eqs. (1)–(3) satisfy the so-
called junction (or matching) conditions [50]. We define the
induced metric hab and the extrinsic curvature Kab at Σ as

hab ¼ eμaeνbgμν; Kab ¼ eμaeνb∇μnν; ð5Þ

where eμa ≡ ∂xμ
∂ya are the projection operators from the four-

dimensional spacetime manifold V into the hypersurface Σ
described by a set of coordinates ya that excludes the
direction orthogonal to Σ, gμν is the metric tensor, ∇μ is the
covariant derivative operator, and nμ is the normal vector to
the hypersurface Σ. Thus, the two junction conditions in
GR can be written in the form

½hab� ¼ 0; 8πSab ¼ hab½K� − ½Kab�; ð6Þ

where we have introduced the jump notation
½X� ¼ XþjΣ − X−jΣ, Sab is the three-dimensional stress-
energy tensor of the thin-shell at Σ, and K ¼ habKab is the
trace of the extrinsic curvature.
Defining the surface energy density σ and the surface

tension Π of the hypersurface as
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Sba ¼ diagð−σ;Π;ΠÞ; ð7Þ

one finds that for the general spherically symmetric metric
given in Eq. (1), the first and second junction conditions in
Eq. (6) take the forms

½f� ¼ 0; ð8Þ

½
ffiffiffi
h

p
� ¼ −4πRσ;

� ffiffiffi
h

p
f0

f

�
¼ 8πðσ þ 2ΠÞ; ð9Þ

respectively, where the second junction condition contrib-
utes with two restrictions, arising from the radial and
angular components of Kab. Note that the angular compo-
nent of hab does not contribute with an additional constraint
since the angular parts of the metrics in Eq. (1) coincide.
Introducing the following definitions for the volumetric
mass Mρ and surface mass Mσ as

Mρ ¼
4

3
πR3ρ; Mσ ¼ 4πR2σ; ð10Þ

the first junction condition in Eq. (8) sets the value of α for a
given gravastar model, whereas the second junction con-
dition in Eq. (9) sets the values of the exterior mass M and
the surface tension Π, which take the forms

α ¼ 1 − 2M̄
1 − 2M̄ρ

; ð11Þ

M̄ ¼ M̄ρ þ M̄σ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2M̄ρ

q
−
M̄2

σ

2
; ð12Þ

Π ¼ 1

8πR

�
1 − M̄ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2M̄

p −
1 − 4M̄ρffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2M̄ρ

q �
; ð13Þ

where we have introduced the dimensionless quantities
M̄ ¼ M=R, M̄ρ ¼ Mρ=R, and M̄σ ¼ Mσ=R. Note that the
expression for Π in Eq. (13) is provided just for complete-
ness, but it is not relevant in the analysis that follows.
Summarizing, the thin-shell gravastar model can thus be

described by two free parameters, the radius R and the
constant α, the latter controlling the ratio of the total massM
of the gravastar that is distributed in its volume and surface.
In Fig. 1, it is shown how the gtt and grr metric components
change with variations of R and α. It can be seen that
changing the value of R alters the radius at which the
matching is performed while maintaining the boundary
conditions at the origin r ¼ 0, whereas a change in the
value ofα alters the central boundary value of gtt and induces
a discontinuity in grr. For a set radius R, the choice α ¼ 1
corresponds to a model for which the thin-shell has nomass,
i.e., the entire mass of the gravastar is distributed in its
volume. This can be seen from Eq. (11), which sets

FIG. 1. Components gtt (left column) and grr (right column) of the metric in Eq. (1) for α ¼ 1 with varying R (top row) and for
R ¼ 3M with varying α (bottom row). Changing the value of R alters the radius at which the matching is performed while maintaining
the boundary conditions, while changing the value of α alters the central boundary value of gtt and induces a discontinuity in grr.
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M ¼ Mρ, and consequently Eq. (12) setsMσ ¼ 0. The same
conclusion could be reached from the first of Eq. (9), since
for α ¼ 1 the function h is continuous and thus σ ¼ 0. For
any α∈ �1 − 2M̄; 1�, the total mass M of the gravastar is
distributed both in its volume and its surface, whereas in the
limit α ¼ 1–2M̄ the volumetric mass vanishes, i.e.,Mρ ¼ 0.
Note that values of α < 1–2M̄ are allowed from a math-
ematical point of view, but these configurations feature
negative energy densities ρ < 0 which violate the weak
energy condition, and thus are of limited physical relevance.

B. Geodesic structure and effective potential

To obtain the equations of motion for test particles in a
given background spacetime, it is usual to recur to the
Lagrangian formalism, in which the Lagrangian density
reads L ¼ gμνẋμẋν ¼ −δ, where overdots denote deriva-
tives with respect to the affine parameter along the geo-
desics and δ is a constant parameter that takes the values
δ ¼ 0 or 1 for timelike (massive) and null (massless) test
particles, respectively. The Lagrangian analysis can be
simplified via the use of the spacetime symmetries. In
particular, given that the spacetime is spherically symmet-
ric, one can restrict their analysis to the equatorial plane
θ ¼ π=2 and θ̇ ¼ 0 without loss of generality. Following
this assumption, two conserved quantities can be defined,
namely the energy per unit mass E ¼ −gttṫ and angular
momentum per unit mass L ¼ r2ϕ̇. The radial component
of the equation of motion for a test particle then reads

−gttgrrṙ2 þ VðrÞ ¼ E2; ð14Þ

VðrÞ ¼ −gtt
�
L2

r2
þ δ

�
; ð15Þ

i.e., it reduces to the form of a (mass-dependent) classical
test particle moving along a one-dimensional potential

VðrÞ. The description above is very useful for finding
the path of null geodesics from a specific source and
understanding the geometry of accretion disks through the
orbital stability analysis of timelike circular geodesics. We
shall delve further into this below.
First, let us focus on null geodesics. We are particularly

interested in circular orbits, which are defined by ṙ¼ r̈¼ 0.
From Eq. (14), this implies that VðrÞ ¼ E2, and V 0ðrÞ ¼ 0.
Taking δ ¼ 0 allows one to find circular null geodesics,
also known as light-rings (LRs). From the effective
potential, we can define a more convenient form

VphotðrÞ ¼
VðrÞ
L2

¼ −
gtt
r2

: ð16Þ

If the potential Vphot features any stationary points, these
correspond to the radii of the LRs. In Fig. 2 we plot the
potential Vphot for different values of the gravastar radius R
while keeping α constant, and also for different values of α
for R constant. One observes that if R > 3M, the potential
Vphot does not present any stationary point, and thus no LRs
are present in the spacetime; if R ¼ 3M then the potential
Vphot features a saddle point at R ¼ 3M corresponding to a
degenerate pair of LRs, and if R < 3M the potential Vphot

has two extremum points, a maximum at rþLR ¼ 3M
corresponding to an unstable LR, and a minimum at r−LR ¼
R corresponding to a stable LR.1 The number of LRs in the
spacetime thus depends directly on the radius of the
gravastar. On the other hand, one observes that a variation
in α, although it alters the shape of the potential quanti-
tatively, does not affect the number of LRs present for a
given radius R.

FIG. 2. Photon effective potential Vphot from Eq. (16) as a function of the normalized radial coordinate r=M for different values of R
and fixed α ¼ 1 (left panel), and for different values of α and fixed R ¼ 3M (right panel). [We note that the value R ¼ 2M (shown in the
left panel) is not physically allowed due to the vanishing of the gtt component of the metric at that radius. Nevertheless, and given that
any value of R≳ 2M is allowed, the case R ¼ 2M is to be considered as a limit R → 2M.] The thin black line represents the photon-
effective potential for the Schwarzschild black hole. The number of stationary points is directly affected by the parameter R but not by
the parameter α.

1Although the derivative of the potential is discontinuous at the
surface, this is due to the assumption that a thin shell is present.
For thick shells, which would be more realistic, we expect that
our analysis would be equally valid.
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For timelike circular geodesics, we have that the effective
potential can be written as

Vpart ¼ −gtt
�
L2

r2
þ 1

�
: ð17Þ

To study circular timelike geodesics, we can follow a
procedure similar to the photon case. Assuming that there is
a geodesic such that r ¼ rp ¼ constant, we can use Eq. (15)
to find the angular momentum and energy for these
possible circular orbits. We have

Lp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r3g0tt
2gtt − rg0tt

s ����
r¼rp

; ð18Þ

Ep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gtt
2gtt − rg0tt

s ����
r¼rp

: ð19Þ

Notice that both Lp and Ep diverge when 2gtt − rg0tt → 0,
which corresponds precisely to the position of lightlike
circular geodesics. Circular geodesics exist as long as the
energy and angular momentum of the particle are positive
and real valuated.
In horizonless compact objects, like boson stars, it is

natural to investigate whether timelike circular geodesics
inside the stellar matter exist [35]. In such a situation,
accretion disks could extend toward the center of the star or
have additional inner edges depending on the stellar
structure [51,52]. Therefore, it is instructive to analyze if
timelike circular orbits are possible inside the gravastars.
This can be directly inferred from the computation of the
angular momentum for a given rp < R. We thus have

Lp ¼
r2p
M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−
2M þ Rðα − 1Þ

R3α

r
: ð20Þ

As 1 − 2M̄ < α ≤ 1, the angular momentum described
above is purely imaginary and, therefore, circular orbits
are not possible inside the star. From the physical point of
view, this is expected: due to the gravitational repulsion
generated by the interior de-Sitter core of gravastars, there is
no support for circular geodesics. Note however that if the
particles are allowed to pass through the shell without
directly interacting with it, closed “eccentric” orbits that
cross the interior of the star are possible (which can be seen
through the effective potential analysis).2 However, as
accretion disk structures usually are constructed from
continuous circular orbital motion up to the innermost stable
orbit, their structures in gravastars are, in principle, similar to
that of a BH, as long as R < 6M.
Although gravastars might have similar disk structures,

there could be signatures associated with the existence of a
hard surface. Because matter can fall into the stellar surface
and there is no horizon—with instead a de Sitter repulsion
inside—it could accumulate at the surface of the star. This
accumulation can lead to possible emissions at the stellar
surface, generating distinctive bright spots. Note however
that if the star is very compact, these bright spots might be
overshadowed by the accretion disk emission, due to the
high-redshift factor at the surface of the gravastar. In
Sec. IV we study in more detail the existence and
observational consequences of bright spots. Here we can
get a glimpse by analyzing the propagation of light from a
source near the stellar surface of the gravastar. The result
can be seen in Fig. 3, where we plot light rays coming from

FIG. 3. Light-rays coming from a point at the stellar surface for R ¼ 2.01M (left panel) and R ¼ 2.5M (right panel) with α ¼ 1. In
these two cases, there are light rays that propagate inward (black lines) and outward (blue lines) that asymptotically approach the light-
ring at rLR ¼ 3M, represented by the red lines. Notice that light rays with certain impact parameters are trapped in a nontrivial orbital
motion around the compact object.

2The quotation marks around “eccentric” here are justified as
these orbits are not elliptical, and thus the word eccentricity does
not have the usual meaning.
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a point at the stellar surface for R ¼ 2.01M and R ¼ 2.5M
for α ¼ 1. Because of the structure of the star—having a de-
Sitter core—light rays inside the star follow a straight line
regardless of the value of α. There is a range for the impact
parameter, b, in which light rays are trapped orbiting the
star. The boundary of this range is denoted by light rays
emitted inward and outward with precisely b ¼ 3

ffiffiffi
3

p
M,

which asymptotically orbit at rLR ¼ 3M (dotted line in the
plot). In the limit R → 3M this range converges to a point
given by this critical impact parameter, and for R > 3M the
light-ring is nonexistent.
We note here that, although the light rays always follow

straight lines, we have refraction-type phenomena between
the vacuum exterior and the de Sitter core. This is caused by
a discontinuity in ṙ. From Eq. (14) we have

½ṙ� ¼ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − VðRÞ
gttðRÞ

s �
1ffiffiffiffiffiffi
grr

p
�
; ð21Þ

where the ∓ sign depends whether the light ray is ingoing
(−) or outgoing (þ). As the above condition depends on the
value of α, it implies that light deflects differently for
different values of α as it enters and leaves the star. To
illustrate this effect, in Fig. 4 we consider a light ray
deflection with a given impact parameter for stars with the
same radius, but different values of α. We see that the
deflection angle is larger for smaller values of α.
The analysis of the effects of the free parameters R and

α in the effective photon potential Vphot indicate that the
geodesic structure of the gravastar spacetime is highly
dependent on the radius R, and thus one expects that the
observational properties of these spacetimes should vary
significantly for different values of R. On the other
hand, the parameter α appears to be subdominant in

affecting the geodesic structure, and thus one expects
that variations in α should not induce any significant
changes in the observational properties except for gravi-
tational redshift effects. These statements are supported by
the results that follow.

III. ACCRETION DISKS

A. Intensity profiles

Let us consider the observational properties of gravastars
surrounded by optically thin accretion disks. To perform
ray-tracing simulations of this system, we refer to a
Mathematica-based code previously used in several
publications to study observational properties of ECOs
[23,34–40]. In this code, the accretion disk is infinitesi-
mally thin and it lies at the equatorial plane θ ¼ π=2. The
emission profile of the accretion disk as a function of the
radial coordinate r is modeled through the recently intro-
duced Gralla-Lupsasca-Marrone (GLM) model based on a
Johnson’s-SU distribution [32]. The main advantage of the
GLM model is that it has been shown to closely reproduce
the intensity profiles obtained by a full general-relativistic
magnetohydrodynamic simulation of accretion disks in
adequate astrophysical settings [33]. The intensity profile
in the reference frame of the emitter Ie for the GLM model
is given by

Ieðr; γ; μ; σÞ ¼
exp f− 1

2
½γ þ arcsinhðr−μσ Þ�2gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr − μÞ2 þ σ2

p ; ð22Þ

where the free parameters γ, μ, and σ control the shape of
the profile, namely the rate of increase, the position of the
central peak, and the dilation of the profile, respectively.
These parameters can then be manipulated in order to
obtain intensity profiles that are suitable to test different
astrophysical properties of the spacetime. In this work, we
select two different intensity profiles (see Fig. 5) motivated

FIG. 4. Light ray deflection considering a gravastar with
R=M ¼ 2.01 and different values of α. We see that the deflection
angle at the stellar surface depends on the value of α.

FIG. 5. Intensity profiles in the reference frame of the emitter
given in Eq. (22) for the two accretion disk models considered.
The ISCO disk model is characterized by γ ¼ −2, μ ¼ 6M,
and σ ¼ M=4, whereas the Center disk model is characterized by
γ ¼ μ ¼ 0 and σ ¼ 2M.
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by the structure of the gravastar spacetimes, namely the
following:
(1) ISCO model: given that the gravastar spacetimes

considered in this work feature an ISCO at a radius
rISCO ¼ 6M, below which circular orbits become
unstable, it is natural to assume that the accretion
disk should not extend to a radius smaller than the
radius of the ISCO. Furthermore, given that the
orbital velocity of massive test particles undergoing
circular orbits Ωc increases with a decrease in the
radius in this regime, it is also intuitive to assume
that the intensity of the emission should increase
monotonically from infinity down to rISCO and then
decrease abruptly. We call this the ISCO model and
it is characterized by the parameter values γ ¼ −2,
μ ¼ 6M, and σ ¼ M=4.

(2) Center model: given that the gravastar spacetimes
considered in this work do not feature an event
horizon, one cannot exclude the possibility of the
accretion of particles into the gravastar to produce an
accumulation of matter in the interior of the star,
which in a general situation is expected to radiate
and to be detectable by an exterior observer. In such
a case, one would expect the density of the agglom-
erated matter to peak at the center of the gravastar
and decrease monotonically with the radius. We thus
select an emission profile that follows the same
shape, as one would expect the emission intensity to
be proportional to the density of matter. We denote
this as the Center model and it is characterized by the
parameters γ ¼ μ ¼ 0 and σ ¼ 2M.

We note that, in a more realistic astrophysical situation, we
expect both of the phenomena described by each of the disk

models separately, i.e., the truncation of the accretion disk
in the region where circular orbits are stable, plus the
accumulation of matter in the inner regions of the space-
time, to happen simultaneously. Nevertheless, and given the
additive properties of the intensity profiles, we chose to
analyze the two models and their implications separately.

B. Axial observations

The intensity profiles plotted in Fig. 5 correspond to the
intensity profiles on the reference frame of the emitter,
i.e., the accretion disk. Let νe be the frequency of the
emitted photons in the reference frame of the emitter. Due
to the effects of gravitational redshift, the observed
frequency in the reference frame of the observer νo is
shifted with respect to the emitted one as νo ¼ ffiffiffiffiffiffiffiffi−gtt

p
νe,

which induces a modification in the shape of the observed
intensity profile Io as

IoðrÞ ¼ g2ttðrÞIeðrÞ: ð23Þ

In Fig. 6 we plot the observed intensity profiles for
different accretion disk models and different combinations
of the gravastar radius R ¼ f2.01M; 2.5M; 3M; 4Mg, as
well as the values of α ¼ f1;αming, where αmin corre-
sponds to the value of α for which the entire mass of the
gravastar is distributed at the thin-shell, see Eq. (11).
Furthermore, the observed images for the same combi-
nations of models and parameters are given in Fig. 7.
An analysis of the observed intensity profiles indicates

that the observational properties of gravastars for dilute
configurations, say R≳ 4M, are qualitatively and quanti-
tatively similar, i.e., for models with low compacticity, the

FIG. 6. Observed intensity profiles IoðrÞ for the ISCO disk model (top row) and for the Center disk model (bottom row) for α ¼ 1 (left
column) and α ¼ αmin (middle column) with varying R, and for R ¼ 2.01M (right column) with varying α.
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radius of the star is not a dominant parameter. Indeed, for
those models, only the redshifted primary image, corre-
sponding to a single peak of intensity in the observed
profiles, is present. However, as one approaches more
compact configurations, one observes the rise of additional
peaks of intensity, corresponding to the secondary and
light-ring contributions. This feature is visible for both the
ISCO and the Center disk models, for which the intensity
profiles corresponding to the configurations with R≲ 3M
feature several additional contributions in comparison to
the dilute configurations. Furthermore, a decrease in the
parameter α, i.e., a decrease in the volumetric distribution
of mass and increase in the surface density of the thin-shell,
is shown to decrease the relative intensity of the primary
image and increase the contribution of the secondary peaks,
while moving them closer to the center of the observation.
Again, this feature is visible for both the ISCO and Center

disk models, as seen in the right panels of Fig. 6. In
particular, for the Center disk model, one observes that
the effects of gravitational redshift that decrease the
intensity of the primary peak of intensity are stronger
for lower values of α.
The observed shadow images (see Fig. 7) confirm the

previous analysis of the intensity profiles, i.e., that the
gravastar radius is a subdominant parameter for dilute
configurations, and that a decrease in α induces an increase
in the secondary contributions to the image. An important
drawback of the smooth gravastar solution in comparison
with other ECO models, e.g., fluid stars [23] and bosonic
stars [34,35], is that a shadowlike feature only arises if one
considers that the accretion disk is truncated at a certain
finite radius, e.g., for the ISCO disk model. Indeed, if one
considers that the accretion disk might feature a central
peak of intensity caused by some accumulation of matter

FIG. 7. Observed axial images with θ ¼ 0 for the ISCO accretion disk model (top two rows) and the Center accretion disk model
(bottom two rows) for R ¼ 2.01M (left column), R ¼ 2.5M (middle left), R ¼ 3M (middle right), R ¼ 4M (right column), α ¼ 1 (first
and third rows), and α ¼ αmin (second and fourth rows).
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via accretion in the center of the gravastar, e.g., for the
Center disk model, the effects of the gravitational redshift
are not strong enough to sufficiently decrease the observed
intensity of the central peak. This is an expected result
for the configurations with α ¼ 1, as the time component
of the gravastar metric gtt satisfies the boundary condition
gttð0Þ ¼ −1, see Fig. 1. Nevertheless, for the models with
α ¼ αmin, for which the entire mass of the gravastar is
located at the thin shell, and thus the central value
of gtt achieves the largest possible deviation from the
previously mentioned boundary condition while maintain-
ing positive energy densities, one observes the rise of a
central shadowlike feature for sufficiently compact models,
with r≲ 2.5M.

C. Inclined observations

Let us now turn our attention to nonaxial observations
and, in particular, focus on observations close to the
equatorial plane with an observation angle of θ ¼ 80° with
respect to the axial axis. Due to the increase in computa-
tional times to produce nonaxial observations, instead of
producing such observations for the entire plethora of

configurations explored in the previous section, we use
those results to filter those models who are more relevant
from an observational point of view.
The axial images produced in the previous section

indicate that, in order for the gravastar model to reproduce
observational properties consistent with the appearance of a
shadowlike feature, two requirements are necessary: the
gravastar must have a large compacticity, a feature achiev-
able through the selection or a gravastar radius close to the
Schwarzschild radius R≳ 2M; and a large portion of the
gravastar mass must be allocated at the thin shell, a
result attainable by reducing the value of α≳ αmin. We
thus consider in this section the gravastar model with
R ¼ 2.01M introduced in the previous section, with differ-
ent values of α ¼ fαmin; 13 ;

2
3
; 1g, where αmin ≃ 0.00498.

The observed images by inclined observers for these
configurations are given in Fig. 8.
Our results indicate that for values of α far from the

minimum value αmin, variations in this parameter do not
alter significantly the observational properties of the
gravastar configurations. However, as one approaches
αmin, the effects of the gravitational redshift induce

FIG. 8. Observed inclined images with θ ¼ 80° for the ISCO accretion disk model (top row) and the Center accretion disk model
(bottom row) for R ¼ 2.01M and with α ¼ 1 (left column), α ¼ 2

3
(middle left), α ¼ 1

3
(middle right), and α ¼ αmin (right column).

FIG. 9. Observed inclined images with θ ¼ 80° for the Center accretion disk model for R ¼ 2.01M and with α ¼ 0.3 (left column),
α ¼ 0.2 (middle left), α ¼ 0.1 (middle right), and α ¼ αmin (right column).
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significant changes in the observed image, increasing the
number of visible secondary images and decreasing the size
of the innermost one, as can be seen particularly clearly for
the ISCO disk model, and also producing a shadowlike
feature in the case of the Center disk model. The quick
transition that gives rise to the central shadowlike feature is
emphasized in Fig. 9, where the observations for the values
of α ¼ f0.3; 0.2; 0.1; αming are given. These results seem to
indicate that not only smooth gravastar models are inad-
equate to reproduce the astrophysical observations of
shadows and that a thin shell is needed to fulfill that
purpose, but also that a large portion of the mass of the
gravastar must be allocated at the thin shell, or equivalently,
the volumetric mass of the gravastar must be much smaller
than the surface mass.

IV. ORBITS AND HOT SPOTS

Consider now the observational properties of hot spots
orbiting a central gravastar. To perform simulations of this
astrophysical system, we recur to the open source ray-
tracing software GYOTO [35,42–49], where the hot spot is
modeled as a spherical isotropically emitting source orbit-
ing the central gravastar along a circular geodesic of a given
orbital radius ro in the equatorial plane θ ¼ π=2. The radius
of the hot spot is taken to be rH ¼ M=2. The observer is
taken to be at a distance of r ¼ 1000M from the gravastar
and stands above the equatorial plane in different obser-
vation angles, namely θ ¼ f20°; 80°g. Upon performing the
ray tracing, the software outputs a two-dimensional matrix
of specific intensities Iνlm for each time instant tk ∈ ½0; T½,
where T is the orbital period of the hot spot. One thus
obtains a cube of data Iklm ¼ ΔνIνlm, where Δν is the
spectral width. This cube of data can then be used to
produce three observable quantities, namely the time
integrated fluxes hIilm, the temporal fluxes Fk, and the
temporal centroids c⃗k, which are given explicitly by

hIilm ¼
X
k

Iklm; ð24Þ

Fk ¼
X
l;m

ΔΩIklm; ð25Þ

c⃗k ¼
X
l;m

ΔΩIklmr⃗lm; ð26Þ

where ΔΩ denotes the solid angle of a single pixel and the
vector r⃗lm denotes the displacement of the pixel fl; mgwith
respect to the center of the observed image. From the
temporal fluxes Fk, one can define the more commonly
used temporal magnitude mk as

mk ¼ −2.5 log
�

Fk

minFk

�
: ð27Þ

The astrometric observables defined above are analyzed
for five different gravastar radii R¼f2.25M;2.5M;3M;4M;
5Mg, labeled as GS1, GS2, GS3, GS4, and GS5 respec-
tively, for two different values of α, namely α ¼ f1; αming,
with αmin ¼ 1 − 2M̄, for two different observation incli-
nation angles θ ¼ f20°; 80°g, and for three different orbital
radii ro ¼ f8M; 10M; 12Mg. The results are organized as
follows: the effects of the observation inclination θ, value
of α, and orbital radius ro in the time-integrated fluxes are
shown in Figs. 10, 11, and 12, respectively; the effects of
the observation inclination θ in the magnitude and centroid
are shown in Figs. 13 and 14, respectively; the effects of α
in the magnitude and centroid are given in Fig. 15; and the
effects of the orbital radius ro in the magnitude and centroid
are given in Fig. 16.

A. Time-integrated flux

For ultracompact configurations, i.e., with R ≤ 3M, one
observes that the integrated fluxes are qualitatively different
from the black-hole scenario in the sense that one additional
secondary track is present inside the LR contribution for the
entirety of the orbit. As one approaches the limit of non-
ultracompacticity, one observes the rise of an additional
plunge-through contribution in the center of the image.
In the transition between ultra and non-ultracompact, the
two secondary tracks merge into a single closed secondary
track that appears solely for a limited portion of the orbit,
while the plunge-through contribution increases in size and
intensity. For the configurations withR > 3M, one observes
that an increase in the gravastar radius induces a growth in
the plunge-through contribution, eventually leading to the
formation of a closed plunge-through track with two
simultaneous images, and also to a decrease in the width
of the closed secondary track, bringing the two secondary
images close together. Also noteworthy is the fact that, if the
compacticity is low enough, the secondary track might not
be visible in low observation inclinations due to the weaker
effects of light deflection.
The results summarized in the previous paragraph are

also qualitatively different from the ones obtained in the
framework of other alternative ECO models e.g. fluid and
bosonic stars [35,49]. Indeed, those models feature two
additional secondary contributions in the integrated flux in
the ultracompact regime, thus implying a more pronounced
deviation from the Schwarzschild black-hole results than
the gravastar model. Furthermore, the results for low
compacticity are also fundamentally different from the
ones observed in fluid and bosonic star models, for which a
single additional closed secondary track is present in low-
compactness configurations. These discrepancies between
the observed properties of gravastars in comparison with
other ECO models are caused by the fact that the interior of
a gravastar spacetime is a repulsive de-Sitter core, funda-
mentally different to the massive fluid and bosonic star
interiors, and thus whichever light contributions reach the
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observer after passing through the interior of the gravastar
should carry an alternative imprint in comparison with the
other ECO models.
Regarding the effects of the orbital radius ro one

observes that, for ultracompact configurations, a change

in the orbital radius leads to an increase in the width of the
primary and outer secondary tracks, but it does not
qualitatively change the results, i.e., the number and type
of tracks visible in the image remain unchanged. The same
is not true for low-compactness configurations with

FIG. 10. Time-integrated fluxes of the orbital motion of hot spots for the Schwarzschild BH and the models GS1 to GS5 for an
observation inclination of θ ¼ 20° (top two rows) and θ ¼ 80° (bottom two rows), with α ¼ 1 and ro ¼ 8M. The ultracompact
configurations GS1 to GS3 present qualitative differences in the integrated fluxes in comparison with the non-ultracompact
configurations GS4 and GS5.
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R > 3M, for which one observes that an increase in the
orbital radius not only affects the primary and exterior
secondary tracks (the latter now merged to the interior one),
but also induces non-neglectable changes in the plunge-
through contribution. Indeed, an increase in the orbital
radius narrows the plunge-through contribution, eventually
leading to its disappearance if the orbital radius is large
enough. Such an effect is explained by the fact that an
increase in the orbital radius while maintaining the same
light-deflection effect (given that the model remains
unchanged) leads to a decrease in the photons that reach
the observer for that particular observation inclination.
Finally, one verifies that the effects of modifying the
parameter α are subdominant both in the ultracompact
and low-compactness regimes, as the integrated fluxes
remain virtually unchanged both quantitatively and quali-
tatively under a change in α, consistently with the pre-
dictions of Sec. II B.

B. Magnitude

For low inclinations, one observes that the magnitude of
the observation corresponds to a single peak of intensity
caused by the doppler shifting of the images present in the
observer’s screen. For the configurations GS1, GS2, GS3,
and GS5, the number of images remains constant through-
out the entire orbit, and thus no additional features are
present in the magnitude profile. However, for the GS4
model, one verifies that there is a finite time interval

(corresponding to a limited portion of the orbit) for which
the magnitude increases above the other models, before
returning back to the original profile. This temporary
increase corresponds to the time interval for which the
secondary images are present, as expected from the analysis
of the integrated flux for this model.
The situation changes for higher inclinations. Indeed,

one observes that additional features besides the central
doppler peak are present in the magnitude. For ultra-
compact configurations, an additional peak in the magni-
tude is visible before the doppler peak. This peak is caused
by the increase in the intensity of the secondary images for
high inclinations, caused by the beaming of these images,
as is visible in the integrated fluxes for the same models.
For low compactness configurations, one observes an even
larger peak of magnitude caused by the appearance of both
the secondary and plunge-through contributions, which are
absent during most of the orbital period. For the GS5
model, one can even notice the usual three-peak structure
caused by the appearance, splitting, and merging of the two
images composing the interior closed plunge-through track,
similarly to what is observed for low compacticity fluid and
bosonic stars [35,49], although in the latter cases these are
caused by the closed secondary tracks, and not the plunge-
through track.
As for a variation in the orbital radius ro one verifies that,

for ultracompact configurations, the main effect induced by
an increase in ro is a decrease in the height of the magnitude

FIG. 11. Time-integrated fluxes of the orbital motion of hot spots for the models GS1, GS3, and GS5 for α ¼ 1 (top row) and α ¼ αmin
(bottom row), with θ ¼ 80° and ro ¼ 8M. The parameter α is shown to affect negligibly the observational features of the integrated flux.
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peak while preserving its qualitative shape. This is so
because, as previously mentioned for the integrated
fluxes, in the high-compactness regime the orbital radius
does not affect the number and type of images present, and
thus the only noticeable modification is a decrease in
the doppler shifting due to a smaller orbital velocity. In the
low-compactness regime however, the decrease in the
plunge-through contributions with an increase in the orbital
radius leads to a decrease in the height and width of the
additional peak in the magnitude, and one can even observe
that the three-peak structure induced by the closed plunge-
through track in the GS5 model becomes a single peak
when ro is large enough to prevent the splitting of the
plunge-through images. Finally, one again verifies that the
modifications to the magnitude induced by changes in
the parameter α are subdominant in comparison to the
remaining free parameters.

C. Centroid

For low inclinations, one observes that the centroid
trajectory follows a slightly distorted ellipse. For ultra-
compact configurations, the size of this ellipse is smaller
than the black-hole counterpart due to the existence of
additional secondary tracks in the interior of the LR,
whereas for configurations with R > 3M the absence of
secondary tracks implies that the ellipse is larger than the
black-hole counterpart. Interestingly, during the portion of
the orbit for which a secondary track is present in the GS4
model, see the corresponding integrated fluxes, one
observes a transition from an exterior trajectory (similar
to the outer ellipse of the GS5 case) to a more interior
trajectory that follows closely the one in the black-hole
case. This happens since, during this portion of the orbit,
both the GS4 and the black-hole feature the same number
of secondary tracks.

FIG. 12. Time-integrated fluxes of the orbital motion of hot spots for the models GS3 to GS5 (top to bottom) for an orbital radius of the
hot spot of r0 ¼ f8M; 10M; 12Mg (left to right), with θ ¼ 80° and α ¼ 1. Models GS1 and GS2 were omitted since their observational
properties are qualitatively equal to those of model GS3.
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FIG. 13. Temporal magnitudes of the orbital motion of hot spots for the Schwarzschild BH and the models GS1 to GS5 for an
observation inclination of θ ¼ 20° (left column) and θ ¼ 80° (right column), with α ¼ 1 and ro ¼ 8M. The non-ultracompact models
GS4 and GS5 strongly deviate from their BH counterparts, while the ultracompact models GS1 to GS3 display comparable magnitudes.

FIG. 14. Temporal centroids of the orbital motion of hot spots for the Schwarzschild BH and the models GS1 to GS5 for an
observation inclination of θ ¼ 20° (left column) and θ ¼ 80° (right column), with α ¼ 1 and ro ¼ 8M. The non-ultracompact models
GS4 and GS5 strongly deviate from their BH counterparts, while the ultracompact models GS1 to GS3 display comparable centroid
tracks.
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The centroid trajectories change abruptly for larger
inclinations. Indeed, the previously mentioned effects of
the increase in the intensity of the secondary images due to
beaming in the ultracompact situations, as well as the

appearance and disappearance of the secondary and
plunge-through contributions for low-compactness con-
figurations, induce a shifting of the centroid trajectory
towards the center. This shifting is only temporary, lasting

FIG. 15. Temporal magnitudes (top row) and temporal centroids (bottom row) of the orbital motion of hot spots for the models GS1
(left column), GS3 (middle column), and GS5 (right column) for α ¼ 1 and α ¼ αmin, with θ ¼ 80° and ro ¼ 8M. The parameter α is
shown to affect negligibly the astrometric observables.

FIG. 16. Temporal magnitudes (top row) and temporal centroids (bottom row) of the orbital motion of hot spots for the models GS3
(left column), GS4 (middle column), and GS5 (right column) for orbital radii of ro ¼ f8M; 10M; 12Mg, with θ ¼ 80° and ro ¼ 8M.
The models GS1 and GS2 were omitted since their astrometric observables are qualitatively similar to those of model GS3. The
astrometric observables for the non-ultracompact models GS4 and GS5 are shown to more significantly depend on the orbital radius of
the hot spot.
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for as long as the beaming of the secondary images is strong
for ultracompact configurations, or for as long as the
additional contributions are present in the low compactness
configurations. One also observes that the shifting occurs at
different instants depending on the compacticity of the
model, implying that these changes in the intensity of the
secondary and additional contributions do not happen
simultaneously for every model. Noteworthy is the fact
that the shifting, when plunge-through contributions are
present, is qualitatively different from the cases where only
the secondary tracks are responsible for the effect.
Regarding the effects of the orbital radius ro, again the

effect is minor for ultracompact configurations since the
number and type of tracks present in the observation
remains unaffected by changes in this parameter. The same
is not true for low-compactness configurations, as we have
observed that changes in ro induce changes in the quali-
tative aspect of the observed tracks. Indeed, given that the
portion of the orbit for which the plunge-through contri-
butions are present in low-compacticity configurations
decreases with an increase in ro, one observes that the
shifting in the centroid becomes smoother with an increase
in ro. Finally, the effects of the parameter α are again
proven to be subdominant in the astrometric observations.

V. CONCLUSIONS

In this work we have studied the observational properties
of thin-shell gravastar models under two different astro-
physical systems, namely the orbits of isotropically emit-
ting sources (hot spots) and optically thin accretion disks.
Two parameters of the model were analyzed, namely the
radius of the gravastar and the parameter α which controls
the proportion of the total mass that is distributed volu-
metrically and at the thin shell. Our results show that, for
certain combinations of parameters, the observational
properties of thin-shell gravastar configurations closely
resemble the ones for black-hole spacetimes, thus function-
ing as models for black-hole mimickers.
Two models for optically thin accretion disks were

considered: the ISCO model, for which one assumes that
the extension of the accretion disk is limited to the region
where circular timelike orbits are stable, and the Center
model, that assumes a peak of emission from the center of
the gravastar, in an attempt to simulate the emission of a
potential accumulation of matter gathered by accretion.
Similarly to other horizonless ECO models, the absence of
an event horizon allows for additional contributions in the
observed intensity profiles to arise in the observer’s screen.
However, due to the lack of a sufficiently strong gravita-
tional redshift effect even in the most compact configura-
tions, smooth gravastar models do not give rise to a
shadowlike feature when emission from the center of the
configuration is assumed. Indeed, our results indicate that,
to reproduce such a feature, not only does the model have to
be extremely compact, but also the majority of the mass of

the gravastar must be distributed on the thin shell. Such a
distribution of mass induces a decrease in the central
value of gtt, which is consequently responsible for the
gravitational redshift effect that produces the shadow.
Nevertheless, it is also important to mention that due to
the absence of the event horizon, the effective size of the
shadow is smaller for the gravastar models in comparison
with the black-hole case.
Regarding the astrometrical observables from the orbits

of relativistic hot spots, we verified that the time-integrated
fluxes, magnitudes, and centroids of the observations in
ultracompact gravastar spacetimes closely resemble the
ones in the Schwarzschild black-hole case. Indeed, these
observational features were proven to be even more similar
to those of the Schwarzschild black hole than the ones
previously obtained for fluid and bosonic stars, since
gravastars feature a single additional secondary track
whereas the other ECO models mentioned feature two
additional such contributions. For the low-compacticity
cases, the compatibility of the observable properties with
the black-hole scenario is not guaranteed and depends
strongly on the orbital radius and observation inclination,
leading to additional qualitatively different contributions in
every observable analyzed. Interestingly, the proportion of
mass allocated at the thin shell, which was proven essential
in the accretion disk analysis to reproduce the observed
shadow, is a subdominant parameter in the astrometrical
analysis and does not induce any significant changes in the
observables. This is somewhat expected given that we have
assumed that the hot spot moves along a circular geodesic
of constant radius, and thus the effects of gravitational
redshift are constant through the entire orbit.
Summarizing, our results indicate that, in order for the

gravastar model to provide observational properties com-
patible with those expected from the black-hole spacetimes,
two requirements are necessary: the parameter α must be
close to its minimum value, corresponding to a large
allocation of mass at the surface and, consequently,
inducing a strong gravitational redshift effect that produces
a shadow in the observed intensity profile; and the radius R
of the gravastar must be smaller than 3M, in order to
guarantee that the spacetime features a LR and, conse-
quently, the astrometrical observables and geodesic struc-
ture are similar to those of a black-hole spacetime.
However, the major drawback of such a model remains
the absence of an acceptable natural formation mechanism.
The main aim of our analysis is to extend our awareness

of how different alternatives to the black-hole hypothesis
influence their observational properties and provide a set of
predictions that could potentially be falsifiable in the future.
The slight qualitative differences predicted in the observ-
ables for the gravastar model in comparison not only with
the black-hole model but also with other ECO models like
relativistic fluid and bosonic stars successfully accom-
plishes that goal. Although the current observations might
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not be precise enough to discriminate between different
models, it is our hope that the next generation of inter-
ferometric experiments in gravitational physics, namely the
ngEHT and the GRAVITYþ instrument, could be a major
step toward the acquiring of precise data that could
eventually lead to the confirmation or exclusion of some
particular models and shed light on the nature of compact
supermassive objects.
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