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Abstract Using an extended theory of General Relativity
that incorporates normalized relativistic velocities, where the
boundary terms in the varied Einstein—Hilbert action are con-
sidered. Within this context, I investigate the dynamic evo-
lution of a collapsing spherical system characterized by a
metric with spatial curvature and variable time-scale, aim-
ing to describe the process of Gravastar formation. To illus-
trate the system’s dynamics, I analyze a power-law col-
lapsing scenario and derive the equation of state for both
cases, with and without geometrical perturbations. In par-
ticular, I derive the equation of state, incorporating back-
reaction effects related with the boundary terms of the varied
Einstein—Hilbert action.

1 Introduction and motivation

Dynamic collapsing systems have a significant relationship
with astrophysical objects such as Gravastar [1-6]. When
considering Gravastars, the dynamics of collapsing sys-
tems become pertinent, particularly during their formation
and evolution. These dynamic processes could leave dis-
tinct observational imprints, such as unique radiation emis-
sions due to the absence of an event horizon, setting them
apart from black holes, because Gravastars are conceived
as an hypothetical compact stellar structure that could form
through a gravitational collapse process, offering an alter-
native to black holes. It is characterized by a central region
that is not a gravitational singularity but is composed of a
condensate of exotic matter. Gravastars present an intriguing
possibility in astrophysics, providing a fresh perspective on
the nature of compact astrophysical objects and challenging
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our understanding of gravity and spacetime under extreme
conditions. However, further theoretical and observational
investigations are required to fully comprehend their prop-
erties and potential existence in the universe. In the con-
text of Gravastars, dynamically collapsing systems would be
relevant during their formation and evolution. Unlike black
holes, the absence of an event horizon in Gravastars could
lead to the emission of distinct types of radiation, poten-
tially distinguishable from that emitted by black holes when
an accretion disk is present [7]. Although the relationship
between Gravastars, black holes, and dark matter remains an
active and speculative area of research in theoretical physics,
ongoing studies offer new insights into the nature of com-
pact objects in the universe and the potential influence of
dark matter on their formation and evolution.

Gravastars are theoretical alternatives to black holes pro-
posed within the framework of general relativity. The theo-
retical study of Gravastars has been gaining interest, because
they offer a solution to some of the paradoxes and limitations
associated with black holes and they could explain the exis-
tence of various astrophysical phenomena. In particular, it
is very interesting studying the dynamical formation of this
kind of systems [8]. In this work we aim to study a dynamical
model for the formation of Gravastars, though a collapsing
isotropic but inhomogeneous system by taking into account
the boundary terms in the varied Einstein—Hilbert (EH) action

8T = /d4x./—g [(Sgo"3 (Gaﬁ + K Taﬂ) + g“’s(SRaﬂ] =0,
(H

where ¥k = 877G /c4 is a constant, R is the scalar curvature
of the background spacetime and g is the determinant of
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the background metric tensor, with which we define the line
element dS? = gup dx®dxP. The Einstein tensor Gop =
Ryp — % gap R represents the background geometry, where
Ryp denotes the Ricci tensor and R is the scalar curvature
(or Ricci scalar) of the background, given by R = g%/ Raug.
Furthermore, Top = —2 ggﬁu’}; + 8apLim, is the stress tensor of
the background, such that £,,, denotes the Lagrangian density
that takes into account the background physical dynamics. To
ensure a well-defined variational principle, it is a common
practice to introduce counterterms in the EH action to cancel
out the contribution of the last term of the varied action (1) [9—
11]. Asin previous works, we shall adopt a different approach
used in [12,13]. We shall consider the scenario where the
variation of the Ricci tensor § R g is related with the variation
of the metric tensor by the expression:

SRup = A (x“) 38ap- ()

Here, A (x*) is a function of all the coordinates x“. The
expression (2) must be interpreted in the sense that the vari-
ations of the metric tensor §gqg, are the source of the varied
Ricci tensor. In this case, the boundary terms for the varied
action, are

g“P5Ryp = 50. 3)

The expression (3) describes the flux of the 4-vector §W¢ =
b [8 ng 8P =4 ng gﬂ”] through the closed 3D hypersur-

face 9 M. By employing the proposed equation (2), we can
derive the following equation:

8P SRup = 1 (x") g°F 8gup. 4)

On the other hand, using the fact that § [galg g"‘ﬁ ] =0, we
obtain that §g*# 8ap = —08up g% . From the varied action
87 in (1), we obtain the new Einstein’s equations

Gapg — A (x“) 8ap = —K Typ. 5)

These are the background Einstein equations with the bound-
ary terms assimilated.

1.1 Modified field equations with sources
We consider the stress tensor for a perfect fluid
7% = (Pr + pr) U* UF — Prg*, ©)

where Py is the total pressure and pr is the total energy
density of the system. Hence, from (6) and the field equation

1 9n(x)
Ve T = — g% ,
p & ToxP

N

@ Springer

we obtain that the background velocities can be described by

- - . d(Pr4pr) -, -
(Pr+pr) [0PVg U“+U“vﬁUﬂ]+% ge P
aPr 1 3 A(x)
_gep T  oB 8
8 9xF T k8 ToxB ®

The Eq. (8) provides the geodesic equation for a perfect fluid
with arbitrary P7 and pr, such that Pr/pr = @ is not nec-
essarily constant. Summarizing we can write the modified
field equations by taking into account the Eq. (7), making

Taﬁ = Tup — 8up ( (x)) so that the system behaves as con-
servative

Vg G =V T = 0. ©)

1.2 Extended manifold and covariant derivative of tensors
on the extended manifold

In order to describe the geometric fields that produce the
flux, and alters the Riemann manifold, we need to consider
the varied Ricci tensor, which we will define as an extension
of the Palatini expression [14]

SRyp = b [(511@;“)”/3 _ (argﬁ)”J . (10)

In this context (. . .); g denotes de covariant derivative of (. . .)
on the extended manifold and b is a constant with 1 /(length)-
units.

We define the covariant derivative of some vector field

L [1//*‘3]”0{

[VF], = Va¥” +8TE, 0 — 0y’ U, (11

where 1 describes the interaction of v with the extended
manifold, Valliﬂ is the covariant derivative on the Riemann
manifold and (SFfa is the displacement of the extended man-
ifold with respect to the Riemann one defined in (13). Notice
that in the case where 1///3 = UPin(11), whichis the case with
we are dealing, the constant 1 describes an self-interaction.
We can extend this definition for arbitrary tensors. In gen-
eral, we define the covariant derivative of a (n)-times contra-
variant and (m)-times covariant mixture tensor Tﬁl g", on
the extended manifold, the (n+m+1)-range operator tensor:

Q..o Q..o POVt
T, i = Ve Xp g +Z5FW Br.bom
O‘I~-~0‘n
Z(Srltﬂ B1--Bi—1vBit+1-Bm

_nZ( 0ll OlAD‘I-H -0y U +U;,L TWI 0‘1+1011 Oln)
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m—1

o]...0p 7 7 o]...0p
+n ) (Tﬂl--ﬁiﬂiﬂ--ﬂm Up+ Uy Tﬁl--ﬂiﬂﬂi»-ﬁm) (12
i=1

where the terms in the last row of (12) take into account the
interaction of the tensor Tg;gr’; with the extended manifold
and 7 is a parameter to be determined.

In this work we shall extend the Riemann manifold by

using the extended connections [15]
5TV = b U™ gop, (13)

. . s I3
where b is some parameter to be determined and U* = ddLS

are the relativistic 4-velocities calculated with perturbations
included.

The manuscript is organized as follows: in Sect. 2 we
study a normalized description for the relativistic velocities
with boundary terms included and we obtain the metric ten-
sor with these modifications. In Sect. 3 a dynamical model
for a collapsing sphere with positive spatial curvature and
variable time scale, is introduced. The back-reaction effects
due to the scalar field fluctuations are taken into account. In
Sect. 4 we illustrate the collapsing approach to a dynamical
model for Gravastar formation. In Sect. 5, we focus on a spe-
cific scenario and derive a particular family of solutions for
that describe different relativistic frames. A particular case
is the co-moving frame, for which the function A (x) is a con-
stant: A(x) = A,. Finally, in Sect. 6 we develop some final
comments and conclusions.

2 Geodesic equations and normalized velocities on the
extended manifold

The dynamic equations for the 4-velocities U* can be
obtained from Eqgs. (1), (2), (3) and (10), by using the
extended connections (13) with self-interactions included
[b (PO +0TP) —2n(p — 1) ] A(x") gap
=30 [V, U" +Q2b+1) (9 — 1], (14)
where we shall propose the following normalization condi-
tion for the relativistic velocities with sources included, such

that summation is realised with a metric tensor without per-
turbations:

U/LL_]MEg/wUMUUZ((P_I)~ (15)

Here, ¢ is a dimensionless parameter to be determined. In
this case the left-side bracket is proportional to g

88" =[2n(p— g —b (0P U*+ U*0P)].  (16)

Using the fact that §gqg g = —sg°P 8up» We can obtain the
covariant variation of the metric tensor

88ap = [b (Up Us + UsUg) — 21 (9 — 1) gup] - (17)

The dynamics of the relativistic velocities in extended Gen-
eral Relativity are given by the expression 8U% = 0, which,
written in terms of the covariant derivatives on the extended
manifold, takes the form U# U \(Ixﬂ = 0. This expression can be
expanded in terms of the semi-Riemann covariant derivative,
and using the fact that dd_S =U# a%ﬁ’ we obtain

dU% L re grOP = [y - b] (- 1) O 18

o T s =[n—bl (9 — DT, (18)
which describes the geodesic equations for U# with sources
on the Riemann manifold. These sources are originated in
the extended manifold. We can write it in a compact manner
as AU® = [n — b] (p—1) U%, where the variation of U on
the Riemann manifold is expressed as AUY = U V4 U,
When sources are absent, we obtain n = b, and the relativistic
velocities U* | b=y U®, are solution of the homogeneous
differential equation without sources

du”
ds

+ T8 U* Uf =o, (19)

such that the normalization condition for the relativistic
velocity without perturbations is

g UM U" =e, (20)

with € = %1, 0. On the other hand we must consider the nor-
malization condition for the relativistic velocity with sources
in terms of the total metric tensor

Zap = 8ap+(1/b) 8gap, ¥ =g +(1/b) 8¢, (21)
which takes into account the perturbations of the system:

g UM U =e. (22)

Using Egs. (17) and (20), with (21), we obtain for the choice
b =2nand e = 1, that

GuwU' U =(@—-D+@@—-D>=1. (23)

which have as solutions

1
o =3 [1 n JE] — 1.61803,

1
=3 [1 - «/5] — —0.61803 (24)
Because we shall consider metric signature (+, —, —, —), we

must choose ¢ = @1, which is an irrational number known

@ Springer
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as the golden number. Using the properties of ¢ with the fact
that g8 guap = 4, we obtain the following relevant equation

a 4

8 gup = —. (25)
@1

which means that, for b = 2n, the effective number of

dimensions of a relativistic perturbed system is the irrational
number 4/¢; = 8/(1 + +/5)! Therefore, the conditions that
normalize the relativistic velocities (for ¢ = 2), within and
without perturbations included can be written in an unified
manner

¥1 [gaﬁ(ja(jﬁ]zgaﬂ(jaljﬂ:gaﬁUaU'BZL (26)

which is a very strong result due to its generality. In this
case, the geodesic equations (18) of the perturbed relativistic
velocities, take the form

dU*” - _
W+r;‘;ﬁU“Uﬁ+n(¢]—1)U“=O, (27)
which take into account the geometric perturbations of the
system described on the extended manifold.

3 Collapsing sphere with spatial curvature

To describe the background collapse of a spherically sym-
metric system with a variable time scale, we examine the
line element where the spatial contributions are written in
spherical coordinates [16]

2
ds? = g2 vWadi 2 42 _ 2 [H@®di dr
1—Kr?

+r2 (462 + sin (©)dv?) } : (28)

where c is the light velocity in the vacuum, H(¢) = a/a(t) <
0and [a(t) —ayl/lag —as] = el HOd ig the radius of the
collapsing sphere such that ag and ay are respectively the
initial and final radius of the collapsing sphere. The spatial
curvature will be considered as positive K = (Hy/ )2, where
Hp > 0 is a constant. In the following we shall use natural
units: 7i = ¢ = 1. In this framework the dynamic spatial cur-
vature will be @ (#) > 1, and the valid range for the equation
of state (50) will be

-1l <w<-1/3. (29)

"' In general, for b = ¢n we obtain that ¢ =

% <3g —4+,9¢2 785‘) /(¢ — 1). The equality ¢ = O corre-
sponds to ¢ = 1, which is related to light geodesics. It can be seen in
Eq. (18) that when ¢ = 1, then U% = U®. For values ¢ < 0 we obtain
that gug U*UP take negative values. This is not important because it is
not a true invariant. The true invarians are given by Eqs. (20) and (22).

@ Springer

The function y (¢) considers the variable timescale along the
expansion of the universe [16]

Y =—=0 (30)

where the dot denotes derivative with respect to the time
variable.

3.1 Lagrangian formalism and semiclassical expansion for
the scalar field

To describe a collapse driven by a quantum scalar field ¢, we
shall consider a Lagrangian density

1

Ly = Eg’”@,u P —V(@), €1V}

where we denote 3¢ /9x" = ¢ ,. Furthermore, V () is the
potential that generates the collapse, which we expect that
describe a system that departs from the equilibrium. Here,
the scalar field is minimally coupled to gravity. Due to the
quantum nature of ¢, we must adopt a quantization

[g?)(x“), ﬁo(x’“)] =i 8 (xt —xM), 32)

where the 0-canonical momentum associated to ¢(x*), is
defined by

8

o) =
3¢.0

(V=8 Ln], (33)

which, for the metric (28) and using natural units, takes the
form

nouh) = <ﬂ> gfmrmM :
' Ji-nge
_ <H0> (a(t) — ﬂf>3 rZ sin(9)
H ap—ar m
In order to describe the background dynamics of ¢ and their

fluctuations, we shall propose a semiclassical expansion for
@: [17-21]

g. (34

¢ (xY) = (VI (x¥) V) + 8¢ (x) . (35)

The expectation value of the scalar field ¢ (x*), is only a
function of time: (V| @ (x*) |V) = ¢.(t), such that, for con-
sistency, the expectation value for the scalar field fluctuations
is null:

(VI8¢ (x*) V) =0, (36)
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where ‘V) is a quantum state on the Riemann manifold
in the Heisenberg representation, where quantum operators
depends on x*, but the quantum states are squeezed. In
this work we are dealing with a spherically symmetric, but
inhomogeneous system, so that we shall assume that the
expectation value of a certain quantum operator O (x™) can
be exApressed as the space 3d-volumetric expectation value
(VIox") V) = 0@).

3.2 Scalar field fluctuations and back-reaction effects

The dynamics of the scalar field fluctuations will be given by
the differential equation

B H 2 H 2 ~
) 3H — =) s0— | = _sz(t)dtVZS
o o= p) o= (i) 0o
+T"(¢) 89 = 0, (37)
where y = —H /H > 0, so that the system dissipates energy
during the collapse. Furthermore, we shall use the fact that

. 32sp 1 0%5¢ 1 3%
V25p = (1 _K 2) —
¢ ") T EGe T sin?() 992

2 84 84
+<_ _ Kr) g cot(®) ddgp
r

or 2 30 (38)
The scalar field fluctuations 820 are responsible for the back-
reaction effects [22-25] that alter the background dynamics
of the system and will be taken into account thought the
boundary conditions in the varied action.

The physical origin of A(x) is due to the back-reaction
effects produced by the quantum field fluctuations Sp = ¢ —
(@) [21], which are related a massive quantum scalar field ¢

Ax) =« (B |pr(@)| B) — & pr [ (1)]
1 AN2 1 .. ~ ~
(o35 (5)" - 367 (i)
o 13T (@)

[ )]
—r n! 890

89" B>, (39)
[0}

M3
such that &- 1@

— is the n-th variation of the effective
¢

_ be
potential Y with respect to the field ¢, evaluated on the back-

ground, with a field expectation value ¢, (¢). This effectis rep-
resented by a cosmological parameter [see Eq. (39)], whose
effects are proportional to (B | or ((p)| B) — pr [@c(2)], where
the expectation value of the total energy density is given by

(B |pr(9)| B)

1 N2
=<B‘§g°° (so ) —587 (VigV;9)+T(@)

B >, (40)

and pr [¢.(2)] is the background energy density, given by
Eq. (46).

3.3 Background dynamics of the scalar field with external
flow included

The dynamics of (V| ¢ (x%) |V) = ¢.(¢) is described by the

equation

. H]. §Y(p)
3H— — —_—

O + [ Hi| ¢ + 59

~0, 1)
Y=bc

where the effective potential 'f"(qbc), which also takes into
account back-reaction effects, is

) H\? V|§O|V
T(pe) = (Fo) [V(d%)—b%]

_(HY % Ax) 42
—(%) |: (¢c)+7i|, (42)

where we have considered A(x) as a general function of
the coordinates. The background Einstein equations with the
boundary terms included, are given by

12
3HO? [1+a()] =« [% + T(d)c)} , (43a)
) P2 -
—H® [3+a@)] =« [7‘ - T(¢>c)] , (43b)

where the time dependent contribution of the spatial curva-
ture is

a(t) = (K/H})e 2/ HOdr, (44)

The background pressure and energy densities, will be
defined as

2
e () -]

_ (HY A(x)
o= () 5] o

where P = % — V(¢e) and p = % + V(¢.), are the
pressure and energy density in absence of the external flux,
for y = 0. The kinetic and potential contributions of the
energy density can be obtained from Egs. (43)

. 2 2
o _H' @O o, @7)
2 K
2
Tl = 10 (3 +2000) + L’?) (48)
K H0

@ Springer
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Using the Eq. (47) with (44), hence we obtain the dynamics
for ¢ (1)

2a(t)

¢e(1) = (49)
For K > 0, we obtain that () > 0 and ¢.(¢) is a real
function. On the other hand, from Eqgs. (45) and (46), we can
obtain the equation of state for the system when A(x) = 0:

Oly—o = g—; Azo,in terms of the dynamical spatial curvature
a(t)
2u(t
@lyo = —1 L, (50)
31+ a(n)]

where the dynamical curvature «(#) is the relevant function
that determines the background equation of state of the sys-
tem. The Eq. (50) give us the equation of state of the system
in absence of external flow.

4 A model for Gravastar formation

Gravastars are compact objects formed from the gravitational
collapse of matter. They are postulated as objects where the
collapse stops before forming a singularity, substituting it
with a state of exotic matter. This makes Gravastars a the-
oretical alternative to black holes. In this section we shall
consider a collapsing system which initial with a ratio ap and
collapses until an asymptotic ratio a y. To describe the rate of
collapsing, we can consider a negative function H (¢), which
is given by

H(t) = —g, (51)

where 1 > 8 = Hyty > 0,1 > t9 and Hy is the value when
the collapse begins: Hy = H(t = tg). Using the fact that
y(t) = —H/H, itis easy to obtain

1
y(@) = P (52)

Using the Eq. (30), hence the metric (28) holds

2
ds2=<w> di? — 2/ HWar [d_rz
H

0 1—Kr?
2 (d92 + sin%(6) dz‘}z) } , (53)
where e/ H1d1 is the radius a(t) of the collapsing sphere,

such that

t —
a) —ar _ [Hod
ap—asr

()" 54
—(5) ’ oY

@ Springer

describes the evolution of such radius as a function of time,
or as a function of ¢,

-1
alpe() —ay _ (q%(t)) _ (55)

ay—ay ®o

Here, a  is the final radius of the collapsing sphere, and ap >
ay is the initial radius of the sphere. During the collapse,
al¢.(t)] decreases from the value ag to the asymptotic value
lim; o al¢c(t)] — ay. The dynamical curvature of the
sphere «(t), is a dimensionless function given by

t 28
alt) = ag (%> : (56)

From (50), we obtain the equation of state during the
collapse

(57)

Notice that at the beginning of the collapse, when ¢ = t¢, the
equation of state for the system is

_ 2
w(to) = —3. (58)
3
As the collapse evolves lim;_, oo @(t) — —1/3. Therefore,
the system is always accelerated during the collapse. This is
because the effective pressure remains null during the col-
lapse.
Since gb.cz = 20 H (1)2, from (51)and (56) we can obtain

K
the time evolution for ¢.(t):

1o

AN
(1) = ¢o (—) , (59)

where t > ty and ¢.(t9) = ¢o. The parameter H can be
written in terms of ¢,

de\ VP
H(¢c) = —Hy (—) . (60)
®o

Similarly, the dynamics curvature can also be described in
terms of ¢,:

de\?
D=, 61
a(de) (¢0) (61)

so that, using the Eqs. (48) and (60), it is possible to obtain
the effective potential as a function of the background scalar
field
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26—

: : b\ P

Y (@) — Yo = Hy ¢5 (—) , (62)
%o

where Yy is the value of the effective potential at the end of

the collapse:

lim Y[¢.(t)] = Yo, lim ¢.(t) = oo, (63)

1—0o0 —00

for0 < B < 1. The function y also can be expressed in terms

of the background classical field

1 (e U
Y (@e) =1y % . (64)

In the following section we shall study a particular case with
B = 1/2, which could be relevant to study the dynamics
formation of Gravastars.

5 Example: particular case with g = 1/2

To illustrate the model described in Sect. 4, we can consider
the case where B = 1/2, which means that Hy = 1/(21ty).
The metric (28) for B = 1/2 will be valid for r < 21y in
order for describe the interior of the collapsing sphere. In

172
this case ¢.(t) = ¢o ( %) , and therefore we have that

¢ -2
H(¢e) = —Hy (¢—0) : (65)

-2
y(ge) =15 (%) , (66)

, , b\ 2
T(¢o) — Yo = Hi ¢3 (¢—0) : (67)

meanwhile o (¢.) and a[¢p.(¢)] do not depend on the particu-
lar B-value and they are given respectively by (61) and (55).
Notice that o (¢.) increases as ¢ and the radius of the sphere
al¢e(1)], decay as t~'/2. The curious thing is that H (¢.),
y(¢e) and Y(¢.) — Yo, have the same dependency on ¢,
[see Egs. (65), (66) and (67)]. Therefore, the absolute value
of all of them decay with time as 7!

5.1 Geodesic solutions for § = 1/2 and € = 1 and
perturbed metric tensor

We shall consider solutions for the geodesic differential equa-
tions (18) for € = 1, which corresponds to the metric sig-
nature (+, —, —, —). Because we are considering a isotropic
but inhomogeneous spacetime described by (28), we must
impose that U?> = U? = 0, which means that the angles will

be constants: d6 = d¢ = 0. The relevant geodesic equations
to be solved will be those for U? and U':

dUO 0 —M _ﬂ ~0
5 + U UP +@ U =0, (63)
du! o -
5 + T UM 0P+ U, (69)

where @ = 1 (g1 —1). For an relativistic observer that moves
in a radial direction, the 4-length is given by

o r2
S(t,r) = ) gap x%xP =\/t2—<—> —_—
op omoo VO \7)a-Kr

(70)
In our case, the nonzero Levi-Civita connections are
Mo=—"" rh==200(1-Kkr), (71)
Kr 1
rh=——-_ rl,=rl =-——. 72
11 K2 1) o1 =110 > (72)

To solve the system (68)—(69), we can introduce the redefined
4-velocity components

1/2
30 = §° (LO) gl =0 (LO) / k7]
t)’ t ’
(73)

so that Ehe system of differenti~al equations (68)—(69), after
taking U° = cosh (5/Sp) and U' = sinh (5/5Sp), are

au’® 1 ~ N2 s

- UO —1 UOZO, 74
as 21 [( ) ]+w (4
vl 1 -, - .

! U' =o, 75
s 2 te (75

where we have used the redefinitions (73) for B =1/2 and
€ = 1. For n = 2 b, the solutions for U°(S) and U (S), are

U%(8) = U°(So)
1+ [ 1]?
T
e~ 3/ (§=50)

\/1 — tanh? |:—V Hw 1] (S — So)]

2to

+ V1 +[@ 1] tanh|: (S — So)} (76)

U's) =0"'"S)

. (T7)

where 1) > (S — So) > 0, U%(Sp) = —w 19 > 0, Sy =
S(t — oo, r — 0) — to. Finally, using the fact that S(z, )
is given by (70), we obtain the nonzero relativistic velocity
components in terms of 7 > g and r > 1/v/K = 21¢:

@ Springer
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— Wl

0, r) = <i>
fo

/ 2
+ 1+[ZD'IO]2 tanh[ﬂ
21ty
¢ 2
() e e[

(79)

We must require that @ < 0 in order for 0 < U%Sp) < 1.
Furthermore, in order for S(¢, r) — S(t9, ro) > 0, we must
2
require that t > %1 rl(érz, where rp < 1/+/K is the ini-
- 0
tial position of the relativistic observer inside the collapsing
Gravastar. We can define Sy = S(fo, ro), as the initial 4-
length value

2

p
So= [t2——9 . 80

Once obtained the relativistic velocity components, we can
calculate the components for the perturbed metric tensor
8up = &up + (1/b) gup, by using the expression (17):

3 i ot

AN |
g““(a) m{

800

1 . PR ,
) (1— )[U @] =3 6

- _0 =0
go1 = (r) a-x7 U U\, r), (83)
822 = 822, (84)
833 = 833, (85)

where U(t, r) and U!(z, r) are given respectively by the
expressions (78) and (79). Notice that when n — 0, the
geometric perturbations of the background are negligible and
8up — &up- In order to assure a non-perturbative formalism,
we must preserve the invariant (25), in the perturbed metric

@ Springer

tensor:

8up 8°F = 01 8up 3 = 4, (86)

where @ is given by (24). Notice that the conditions (86)
preserves the number of dimensions. We can consider an
interaction parameter

™ (87)
M= T+ My

where m and M are respectively the masses of 8¢ and ¢ (1)

82V (¢
M?* = VA(2<p) , m? = <B B>.
30° lo=pe0
(88)

82V (@)
542

¢=5¢p

Furthermore, from the normalized velocities evaluated at S =
So: 8upUUP |So = 1, we obtain that

U'(Sp) > 0. (89)

Notice that the case with U'(Sp) = 0, give us l}O(SO) =1
that corresponds to a observer co-moving with the collapse.
Finally, we can obtain A(x) by using the Eqs. (14), (16):

2(x) =3 [V, 0" + () (g1 — D] (90)

where V,, U+ = M U*+ Fﬁﬂ U". We can calculate A(x) for
the more simple case, where observers fall with the collapse.
In this framework, can be demonstrated that observers that
move on hypersurfaces

—

r(t) = , on
K — ( ) (Sgl—tg)

SIE

with Sg > tg,t > tgand U l(So) = 0, will observe a constant
parameter [¢] is given by Eq. (24)]

9
Ay = [5 +15(p1 — 1)} n*

2415 nl(—" ’ 92
SGesen] Goss) - o

which corresponds to observers which are co-moving with
the collapse. Here, r¢ is given by r(fp):

1
0= 1Ol = ————>0. (93)
K
vV (52—10)
and the final radius is
] L 94)
rf =7r N — ,
! N3



Eur. Phys. J. C (2024) 84:1097

Page 9 of 10 1097

The parameter A is related with back-reaction effects of the
scalar field fluctuations [see Eq. (39)]

k (B |pr(@)| B) =k pr [9e(1)]

. [9+30(<p1 — 1)} 2

A

2
B [9+30(¢1—1)} ( m )2
- 2 (m 4+ M)
1

that is related to the flow (V| 6@ | V) = —A, (Sg"‘ﬁ gaﬁ). For
a co-moving observer with n given by (87), such flow results

(V]8O |V)

3

m
= =2(0; — 1 - (———
F2(e1 — D [9 + 30(¢1 )]<( M)>

. 32
K- —— . 96
o (96)
Using Eqs. (90) and (87), we obtain the flow of the relativistic
velocities:

_ —1
v, 0" = [‘/)16 } [30(¢; —2) + 9] n

m p1—1
= :{:|: i| |: i| [30(¢1 —2)+9], (97)

ro(m—+M) 6

which is a relativistic invariant. This means that the result
(97) is valid for any solutions of Eq. (18), for U*. In this
framework, we can rewrite the equation of state for the col-
lapsing system for a co-moving observer that see a parameter
(92):

20(t)
+am+%]

ol =—1+ (98)

which is the corrected equation of state (50), with the geo-
metric perturbations included for a co-moving observer that
falls with the collapse. However, due to the relativistic invari-
ance of (V| Ye) |V), and the result (96), we can assure that
the equation of state (98) is valid for any relativistic frame.

6 Final comments

The study of Gravastars represents an intriguing avenue in
astrophysics, offering a fresh perspective on the nature of
compact astrophysical objects and posing challenges to our
understanding of gravity and spacetime under extreme con-
ditions when the system avoids the final singularity. In this
work, we investigate a model wherein collapse is driven by
a scalar field, described through a semiclassical expansion

[see Eq. (35)]. Notice that, during the collapse, back-reaction
effects play a crucial role in characterizing its dynamics.
Employing an extended formalism of General Relativity, we
incorporate boundary terms in the varied Einstein—Hilbert
action to capture the flux of relativistic velocity components
U“. These velocities arise from geodesic equations with
sources and can be consistently normalized in a relativis-
tic framework where invariants are preserved [see Egs. (25)
and (26)]. The flow of U reflects the geometric response to
back-reaction effects induced by scalar field fluctuations 820,
such that the function A (x) is given by the Eq. (39). We have
demonstrated that since A(x) is a relativistic invariant given
by the constant X; it do not depends on the motion of the
relativistic observer [see Egs. (90) and (92)].
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