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Abstract In this paper, we consider a phenomenological approach to study the
spherically symmetric gravitational collapse of a massive star with A- parametrization. A
collapsing model with a cosmological constant of the form A = % 36? has been considered;
here O is the expansion scalar and S is the model parameter to be determined. We
have discussed singularity formation via the development of an apparent horizon. We
obtained the exact solution to Einstein’s field equations by using the A parametrization
and junction conditions. We have calculated all the physical and geometrical quantities,
which heavily depend on the model parameter 5. We have estimated the values of
the model parameter g for different ranges of masses and radii of collapsing stars. We
examine the final fate of a collapsing star, which is a blackhole covered behind an apparent
horizon.

1 Introduction

The expansion of the universe was first observed by the high-redshift supernova Ia[l]
and confirmed later by cosmic microwave radiation[4]. In the context of this expansion,
Einstein’s general theory of relativity predicts a new component to the matter distribution
of the universe known as dark energy. On the other hand, the gravitational collapse of
astronomical objects and what will be the final fate of gravitational collapse is one of
the most important issues in the general theory of relativity. Gravitational collapse
occurs when an astronomical object is unable to counteract the pull of its own gravity.
White dwarfs and neutron stars often develop as a result of collapse processes. A star
is in equilibrium configuration during its thermonuclear burning when the pull of its
own gravity is balanced by outward internal pressure. As a result, depending on the
star’s mass, the star may once again have an equilibrium configuration as a white
dwarf or neutron star when the nuclear burning is finished. If M (mass of the star) is
less than 1.4Mg (Chandrasekher limit), then electron degeneracy pressure will balance
gravitational attraction and the star becomes a white dwarf, while if 1.4Mo < M< 2.5M¢
then neutron degeneracy pressure will balance the gravitational attraction and the star
becomes a neutron star. However, the result of gravitational collapse for massive stars
gives the spacetime singularity (blackhole or naked singularity). According to Penrose’s
cosmic censorship conjecture (CCC), the space-time singularity formed by gravitational
collapse should be hidden behind the horizon, which means the end state of the collapsing
star must be a black hole (BH). However, there is no mathematical proof for CCC, and
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different models have been put out in the literature that represent the collapsing star’s
ultimate demise as a naked singularity (NS). The strong cosmic censorship conjecture
states that no past extendable non-spacelike geodesic may have a positive tangent at
the singularity and cannot relate it to any point on the spacetime manifold. Thus,
the final fate of the collapsing star is still an unresolved problem and has attracted
the attention of many researchers for many years, starting with the seminal paper by
Oppenheimer and Synder[5]. The gravitational collapse of a massive star is one of the
few observable phenomena where the general theory of relativity is expected to play an
important role, and the physics of it is interesting amongst astro-physicists. The study
mainly focused on singularity formation within the framework of the general theory
of relativity, but there are many other gravitational theories that are very important
for theoretical astrophysicists [6]-[18]. The astrophysical observations suggest that the
universe we live in today is made up of approximately 70 % of dark energy and 25% dark
matter. The nature of dark energy as well as dark matter is unknown, and many different
models, like quintessence[19][20], DGP branes[21][22], Gauss-Bonnet[23][24], dark energy
in brane worlds[25]-[28], and cosmological constant[29] in Einstien’s field equation, are
proposed to explain the nature of dark energy. The cosmological constant (A) model is
one of the most important among these.

The cosmological constant problem has a very fascinating and noteworthy history
in cosmology. The old cosmological constant problem explains why vacuum energy
density is negligibly small. According to recent type la supernova observation, the
new cosmological constant problem understands why vacuum energy density is not only
small but also of the same order as the present matter density of the universe. Instead
of constant A, the dynamical character of A is preferred to explain the expansion of
an accelerating universe. In a collapsing configuration, the mass of the collapsing star
expands negatively, i.e., towards the core of the star. There are a number of questions
that motivate our work: How does the cosmological constant act as a repulsive force?
How does it affect the motion of a collapsing star? In our work, cosmological constants
affect the motion and fate of a collapsing star, and we discuss the circumstances of
whether cosmological constant prevent the collapse or favour a collapsing model. There
are many different models that have been proposed in the literature to explain A(t), in
which natural dependence is A oc H?, i.e., A o ©%[29]-[32]. In the present work, we have
considered the model A = g@z, where 3 is a dimensionless constant parameter. Also, we
have to use the junction condition to get the solution of the field equations and discuss the
singularity formation. The paper is organised as follows: in Sec. 2, we have discussed the
basic formalism for Einstein’s field equations and junction conditions. In Sec. 3, we have
calculated the solution of field equations with the use of A parametrization. In Sec. 4,
we discussed the apparent horizon and singularity analysis. In Sec. 5, we have estimated
the numerical value of the model parameter 5. In Section 6, we have discussed the
dynamics of the collapsing model for stiff matter and radiation fluid. Section 7 contains
the concluding remarks of our work.

2 Basic formalism: Einstein’s field equations and junction
conditions

2.1 Metric and field equation

Let us consider the gravitational collapse of a masssive core of a star with a finite
thickness. The spacetime divides into three different regions, ¥ and V*, where ¥ denotes
the surface of the star and V'~ (V™) the interior (exterior) of the massive core. For the
sake of simplicity, the interior spacetime of a massive core is assumed to be homogeneous,
and isotropic is considered as

ds? = dt* — a(t)*(dr? + r2dQ?) (2.1)

where d©? = d#? + sin*0d¢ and the function a depends on time '’ only, a particular
case of pioneering collapse model of Oppenheimer and Synder.
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Consider a spherically symmetric system bounded by spherical surface ¥ and interior
fluid distribution is considered to be perfect fluid form

Ti; = (p+ p)uiuj — pgsj (2.2)

where p and p are pressure and energy density of the fluid, respectively, and the vector
u; is the four velocity comoving vector satisfying u* = J%.
Since for collapsing configuration the % < 0 and collapsing rate of the star is described
by expansion scalar (©)

4 a
=o' =3= 2.
0 =1 . (2.3)

where, dot (.) means the time derivative.
Let us consider the Einstein’s field equations for the space-time described by metric(2.1)
as: A

G =k[TY + —¢"] (2.4)
where (k = &;TG), G is the Einstein tensor, 7% is the energy momentum tensor, and A is
a cosmological constant describing the distribution of dark energy in the interior region.
For systems (2.1) and (2.2), the non-vanishing component of Einstein’s field equations
are

@'2
6—24-%@—1\ k (2.6)
3 T30 7 p '

The energy conservation equation (Bianchi’s Identity) T;l = 0 have one non-vanishing
equation

3arLro=0 (2.7)
P

Another important quantity, the mass function m(t, r), which describes the total mass
of collapsing fluid at any instant (¢,7), is given by [33]

1 1
m(t,r) = ER(I + R oR39%") = 51“3(1&2 (2.8)

2.2 The exterior metric and the junction condition

Since the present work concerns the gravitational collapse in a dark-energy background,
then the exterior region of the spherical system is considered to be the Schwarzschild-de
Sitter /anti-de Sitter metric [34, 35]

ds’ = a(R)dT* — a~'(R)dR* + R*d* (2.9)
where a(R) is given by
2M | AR?
=1-—+ — 2.1
a(R) 7 3 (2.10)

where the & sign corresponds to the Schwarzschild de-Sitter and Schwarzschild anti de-
Sitter metric, and M represents the Newtonian mass of a star (also known as Schwarzschild
mass), and A is a cosmological constant describing the distribution of dark energy in
the exterior region, where the coordinate is taken as xi = (T, R,6,¢). In particular,
the metric (2.9) reduces to the Schwarzschild spacetime for A = 0. The boundary
hypersurface ¥ separates the interior (ds?) and the exterior (ds%) spacetime metric.
The matching of interior metric(2.1) to the exterior Schwarzschild metric (2.9) on the
hyper-surface ¥ yields the junction conditions[36, 39]
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m(t,r) ¥ Mj:%m (2.11)
and
poe ¥ —A (2.12)

Equ.(2.11) shows that the mass of the collapsing system is equal to the generalised
Schwarzschild mass over ¥. Thus, the equs.(2.11) and (2.12) are the required junction
conditions[42].

Value of A has an important role for collapsing mass. A positive value of A has an
additive contribution, and a negative value of A has a deductive contribution to the
collapsing mass. According to Einstein, the universe is contracted by gravity. In field
equations, Einstein included a cosmological constant that would act as a repulsive force
to counteract the attraction of gravity. Einstein rejected the cosmological constant after
Hubble discovered that the universe expands instead of contracts. Einstein admitted
that introducing the cosmological constant in field equations was his biggest mistake.
However, research on type Ia supernovae [1, 2| suggests that the universe is expanding
faster than before, i.e., accelerating. To overcome the acceleration, the cosmological
constant must be added to the field equations. The application of the cosmological
constant in field equations can help solve issues pertaining to the expansion, composition,
and age of the universe[3].

A spacetime singularity is a breakdown in spacetime, either in its geometry or in some
other basic physical structure. These are the points where physical quantities such as
energy density or the geometrical quantities diverge. Kretschmann scalarcurvature (KS)
is one such quantity. The Kretschmann curvature is a quadratic scalar invariant derived
by the full contraction of Riemann curvature tensor|[38]

K = Ryjr RI* (2.13)

where R;ji; denotes Riemann curvature tensor. For metric(2.1), we have
A\ i\ 2
K=12 [() + () ] (2.14)
a a

3 Solution of field equations: A Parametrization

In modern cosmology, dark fluids are commonly used as fundamental objects and, in
some sense, replacing dynamical dark energy models. One of the primary goals of
some important ongoing research in cosmology is to find a realistic way to correctly
parameterise the equation of state (EoS) of this dark fluid. There are many models
that propose the A(t) decay law. Tt is difficult to imagine an expanding universe
with a strictly constant vacuum energy density, so it makes the most sense that the
cosmological "constant" in Einstein’s equations is actually a time-dependent quantity
in cosmology, i.e., A = A(t). In the literature, numerous phenomenological functional
forms have been put forth to describe a time-varying A(t). Carvalho et al.[44] have
demonstrated that natural dependence is A o H> (where H is Hubble parameter) based
on dimensional arguments. Shapiro and Sola[43] later derived this functional dependence
using a renormalisation group approach. In accordance with these authors, we shall
assume that the A oc H?, i.e., the A o< 62 term is provided by Refs.[43, 44]. In the present
work, the non-vanishing components of Einstien’s field equations (2.5)-(2.6) posesses only
two independent equations with four unknown physical parameters: a(t), p(t), p(t), and
A(t). Here we have considered the variable cosmological constant A(t). Therefore, to get
the exact solution of field equations, we require two more constraints. Usually, we use
the parametrisation of physical or geometrical parameters to get the solution of EFE’s
in the general theory of relativity. There are a number of parametrisations that have
been used by many authors in literature[29][30][31]. In the collapsing process of any
star, the internal thermal pressure, which acts outward to the core of the star (arises
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due to a nuclear reaction at the core), decreases, and then the external pressure, which
acts inward to the core of the star (arises due to the gravitational mass of the star),
dominates over it. In collapsing configuration, % <0, ie., ® <0 (# = 3H). Since we are
trying to study how A affects the final fate of collapsing stars, we have considered the A
parameterisation in terms of © to study the collapsing configuration.

In order to solve field equations, we consider the A(t) term, given by[30, 43, 44]

A= %5@2 (3.1)

where (8 is a model parameter to be determined for the masssive stars.
We assume that matter component of star satisfies the equation of state (EoS)

p=wp (3.2)

where w(# 0) is a constant parameter.
By using equs.(3.1) and (3.2) into field equations (2.5)-(2.6) we get

(38(w + 1) — 3w — 1)a*(t) = 2a(t)i(t) (3.3)
on integration it gives,
at) = ¢, (2¢1 + 3(8 — Dt(w + 1)) THED (3.4)

where ¢; and ¢, are arbitrary constants of integration.
By using junction conditions[42] given in equs.(2.11) and (2.12) we evaluate the value
of arbitrary constants ¢; and ¢, as

= %Ao <3kAot0(1 - Bl +w)— 2\/m> >2)

and

2 -3
_ (1=p)(1+w) 3
c = (6M)% M <M12(1B)l(l+w) _ 67186(1B)1(1+w)) AO
kwho(B — 1) w(f —1) (B-6)

where Ag is assumed to be the value of A at the junction of the exterior and interior of
the star.
Using the value of ¢; and ¢, in equ.(3.4) we have the value of scale factor

B 6Mw(B — 1) V3 N el =R
o) = (37 ) (1 (14 @)/ (5 — Dkoholt t0>>

kr3 4+ 6rg(1 — 2w
(3.7)
By using equ. (3.7) in equ. (2.3), we have the value of expansion scalar © as
6
0=- (3.8)
_ 2w _
(8 1)( T +3(t —1p)(1 +w)>
Also the value of energy density and pressure of collapsing star
12A0w
p= 5 (3.9)
(w23 = 3(t — to)(1 + w)/kAqw(B — 1))
and e
12
p= 0w (3.10)

(W2v/3 = 3(t — to) (1 + w)/kAgw(B — 1))?
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Kretschmann curvature is given as

_ A8K2AJw{5 4 6w + 9w (1 + w)? — 65(1 + 4w + 3w?)}
(B = 1)2{2VBw + 3(ty — 1) (1 + w)V/E(B — D) Agw}

Since, from equations (3.7), it can be seen that the value of scale factor is obtained in
terms of the mass of the star (M), while all the physical and geometrical quantities from
equations (3.4)-(3.11) are obtained by using the value of scale factor a(t). Therefore, we
obtain the solution of EFE for particular masses and radii of stars. By estimating the
model parameter 3, one can discuss the dynamics of a collapsing system.

(3.11)

4 Apparent horizon and singularity analysis

A spacetime singularity is a breakdown in spacetime, either in its geometry or in some
other basic physical structure. In the gravitational collapse process, the spacetime
singularity emerges when the physical parameter such as energy density (p) or geometrical
parameter such as Kretschmann scalar curvature (K) or both become divergent. The
development of trapped surfaces in spacetime as a result of the gravitational collapse
process will determine whether the singularity is a black hole (BH) or a naked singularity
(NS). A naked singularity is a singularity without boundary, while the formation of BH
is identified by the development of an apparent horizon. Black holes are regions of
spacetime from which nothing, not even light, can escape. The gravitational attraction
of a typical black hole is so intense that one would have to travel faster than light
to escape its pull. Initially, no portion of spacetime is trapped when a star begins
to collapse owing to the effect of its own gravity, but as collapse progresses, density (p)
becomes divergent and trapped surfaces start to emerge. In the BH scenario, an apparent
horizon is formed before the formation of a spacetime singularity. On the development
of apparent horizons, we have

RoR g% = (ra)* —1=0 (4.1)

We also assume that the collapsing star is not initially trapped at (¢g, 7o), then we
should have
R o R 59| (10,m) = (roa(to))* =1 <0 (4.2)

By using the value of a(t) from equ.(3.7) in the above equ.(4.1) we have the equation for
the development of the apparent horizon

(-53%) T s — )1+ )5 — )} (-2t

6Mw 3
(AW =161y — 6137 - 1)w}> =1 (3)

The time at which a spacetime singularity forms is the time when energy density and
Kretschmann curvature diverge (p — 00, — c0) at a finite time given as

2w
e = o ) AR (G = 1) (4.4

The geometrical radius of apparent horizon surface is
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6Mw(f —1) )

Raig=1,,a(t =r (
AH AH (AH) AH AO(kTiH —|—67’(3)(1 —ﬂ)w)

<1 — \2/3(1 +w)y/ (B — DkwAo(t,, — tO)) o (4.5)

The mass of the collapsing star on the apparent horizon region is

| Mr3 w
Mar = m(t = 2 Ehars AH
AH m( AHvrAH) Ao(ﬁ_l){kril{_6r8(ﬁ_1)w}
e 27/3 2= GhoTo)
(e VT2
(B — DAow (B — DAow

(4.6)

from equ.(4.3) one can obtain the time (t4z) at which apparent horizon is developed
given as

t ! [2 g‘((ﬁJ:l))UJrW)ﬁ:; ;Eﬂ;w)+ﬁmﬂ (] + )(5 1)
= 3B(1+w)—1-3 3(1+w)—1-3 w —
AT 1+ w0)/3k(B — Dhgw

V3{kAw(B — 1)}to + 2w + town/31/R(5 — l)on}

3(B—1

1,3B=1) -2
4 ranME)EFD | ooty | ot (wﬂ_ﬁ)> A
(B =11 +w) k(B — 1) Agw

12T A e e

— w 0 3 3 3 w)—1—3
———————{kryyg —6r5(8 — Nw } 4.7
| e b — 635 - 1) (4.7
by assuming initial coordinate (t9,79) = (1,1), k = 1, A = —1 and with the use of

equ.(4.4) and equ.(4.7) we obtain

tam
te

-1

2w w 4(B—D(1+w) 2(B—w+Bw) 3

=1+ > [ — /W2 —T-3w3B(I+w) 3 =T-3w+38(1+w) (] —3)2 4
( (I+w/3e(i=0)) L01+w) Ve =

(1=8)(+w)

{12w(1*ﬂ)}m 1 1 o ey gy ) 5
30+ (B 1) <8+48w(1—6)> +1+wm} (48)

When t?—CH < 1, gravitational collapse leads to the formation of a black hole. In this

case, the apparent horizon is developed before the collapse time t.. When ’&;‘—H > 1,
gravitational collapse does not favour the formation of black holes. In this case, an
apparent horizon may be formed after the collapse time t., and we can not detect the
horizon formation, so we cannot predict the formation of a black hole. This will be the
case of the naked singularity.
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5 Estimation of model parameter 8
The surface radius of star is given as

R(t,r) =ra(t)

3 6Mw(B — 1) : V3 SRSy
_T<Ao(k7"3+6r8(lﬁ)w)) (1—2&}(1+W) (B—l)kzon(t—to)>

(5.1)

by assuming initial coordinte (tg,70) = (1,1), w =1, k =1, Ag = —1 and using different
ranges of masses (M) and radii (R) for massive stars (discussed in tablel and table2) in
equ.(5.1) we obtain

L /82(1—B)\?
6F (87(65/8)) =19 for M =82My,R=19R, (5.2)

By solving equ.(5.2), we get 8 = 0.1475 approximately. Similarly, other values of model
parameter § can be evaluated for different masses and radii (Ry < R < 2Rg) given in
table(1) and table(2) for different w.

Table 1: Numerical value of model parameter 5 for estimated masses M and radii Ry of
the massive stars (for w=1)

Massive star My(Mg) Radius of star Ry(Rp) B

5.5 < M <6.5 Ry < R<2R, 0.7352
6.5 <M < 82 Ro < R < 2R 0.4840
82 <M< 9.2 Ry < R<2Rg 0.1475
9.2 <M < 10 Ry < R< 2R, 0.5116
10 <M < 15 Ro < R <2R, 0.6360
M > 15 Ro < R <2Rg 0.9

Table 2: Numerical value of model parameter 8 for estimated masses M and radii Ry of

the massive stars (for w=1)

Massive star My(Mg) Radius of star Ry(Rp) B

35<M<5 Ro < R<2R; 0.15
5<M <59 Ry < R<2Rg 0.87
59<M <7 Ry < R<2R, 0.33
T<M<T5 Ro < R<2R, 0.53
75 <M < 10 Ro < R<2R, 0.050
M > 10 Ro < R <2R 0.944

6 Dynamics of collapsing model

6.1 w =1 (Stiff matter)

In the general theory of relativity,‘stiff matter’ is described by the relation p = p, where
p is the fluid’s pressure and p is its total energy density. It can also be described by
a massless scalar field. For an understanding of this perfect fluid, one has to examine
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the variation of energy density with scale factor a(t). In this case, the energy density is
proportional to %, whereas in the case of a radiative perfect fluid, the energy density is
proportional to % These findings suggest that our universe may have gone through a
period where stiff matter dominated instead of radiation fluid. Due to its importance,
many researchers have considered the presence of stiff matter in FRW cosmological
models, and its importance was first recognised by Zeldovich[40]. Now in our model, we
consider the case of stiff matter (w=1)[30][41] and get the value of scale factor, energy
density, and other physical and geometrical parameters as:

_ 6M(5 - 1) s S
)= (Ao(kr3 +6rg(1 — B))) <1 —/3(B = DkAo(t — to)) (6.1)

0.8 -

0.6 -

Scale factor a(t)

04

0.2 -

00| s 1

1.0 1.2 1.4 1.6 1.8 2.0

t

Figure 1: Collapsing configuration: The scale factor a(t) given in equ.(6.1) is plotted
with respect to time coordinate ¢ for six values of model parameter 5 given in table 1

0= (6.2)
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Figure 2: Collapsing configuration: The expansion scalar () given in equ.(6.2) is plotted
with respect to time coordinate ¢ for six values of model parameter 3 given in table 1

3Ay
(V3 =3(t — to)VEA (B — 1))?
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Figure 3: The energy density (p) given in equ.(6.3) is plotted with time coordinate ¢ for
six values of model parameter 8 given in table(1), with initial coordinate (¢g,ro) = (1,1)

- 12k2A3(5 — 125 +95%)
K= (B — 1)2(\/§+3(t0—t) kAO(ﬁ— 1))4 (6.4)
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Figure 4: The Kretschmann curvature (K) given in equ.(6.4) is plotted with time
coordinate t for six values of model parameter 3 given in table(1), with initial coordinate

(o, 70) = (1, 1)

In fig(1), we show the behaviour of scale factor a(t) with time coordinate ¢ for some
estimated value of model parameter 5. In the same way, we display the behaviour of
expansion scalar (O), energy density (p), and Kretschmann curvature (K) with time
coordinate ¢ for some estimated value of model parameter 8 in fig(2), fig(3), and fig(4),
respectively. We see that the nature of all these graphs heavily depends on the model
parameters. The singularity formation allows for 0 < § < 1. When 8 > 1, we will not
find a feasible solution for the current model.

In this case the development of apparent horizon is given as

23k;—hh{&”ﬁw%(_U%@%w_wmﬁ+%3Mﬁ—UM+4+

381

Mz;@jﬁﬁ% < Ao
-1 (B-1

by assuming initial coordintes (tg,79) = (1,1), w =1, k =1, Ay = —1 and with the use
of equ.(4.4) and equ.(4.7) we obtain

tam 1 ! 1 Js-p 128 3 1 RS -
2= () [P0 -y
-8

(1 15) {28;(_66B1) }SBZ} (6.6)

We observe from equ.(6.6) that the value 242 < 1 for the value of 8 given in table[1], it

.o c . .
means for assumed masses and radii of stars t a4y < t., so we get the horizon formation
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before the singularity formation, and this leads to the formation of black holes.
The mass of the collapsing star in this case on the apparent horizon region is

3
1 1 MT
Mag =mlt, .7, ) =12"T1"D AH

Ao(B = D{kr, —6r5(8 - 1)}

1

1 (G 23 BEGED)
(- k(ﬂ—l)Ao) - q rol=) o7

B—1)Ao

4
3.0

Mass of star 2

10

1.0

3.0

Figure 5: The mass function (Map) given in equ.(6.7) is plotted with time coordinate
t radial coordinate r and for f = 0.91 (corresponding to M = 15Mg) with initial
coordinate (to,79)= (1,1), for all six values of model parameter § given in table(1) we
will find the same configuration

6.2 w:%(Radiation fluid)

The Eos for ultra-relativistic ‘radiation’ is w = % In this case, spacetime is dominated
by radiation-induced pressure. In the case of a radiative perfect fluid, the energy density
is proportional to %.In cosmology, for expanding the universe, the energy density of
radiation decreases more quickly than the volume expansion because its wavelength is
red-shifted, whereas in collapsing scenerio expansion, the scalar decreases with time
and the energy density becomes divergent. Now in our model, we consider the case of
radiation fluid (w = %)[29] and get the value of scale factor, energy density, and other
physical and geometrical parameters as:

0= (i) (1-2/0-Die-0) "7 ©8)
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Figure 6: Collapsing configuration: The scale factor a(t) given in equ.(6.8) is plotted
with respect to time coordinate ¢ for six value of model parameter 5 given in table 2
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Figure 7: Collapsing configuration: The expansion scalar () given in equ.(6.9) is plotted
with respect to time coordinate ¢ for six values of model parameter 5 given in table 2
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Figure 8: The energy density (p) given in equ.(6.10) is plotted with time coordinate ¢ for
six values of model parameter § given in table(2), with initial coordinate (to,70) = (1, 1)
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Figure 9: The Kretschmann curvature () given in equ.(6.12) is plotted with time
coordinate t for six values of model parameter 3 given in table(2), with initial coordinate

(t07T0) = (17 1)

In fig(6), we display the behaviour of scale factor a(t) with time coordinate ¢ for some
estimated values of model parameter 5. In the same way, we display the behaviour of
the expansion scalar (0), energy density (p), and Kretschmann curvature (K) with time
coordinate t for some estimated values of the model parameter § in fig(7), fig(8), and
fig(9) respectively. We see that the nature of all these graphs heavily depends on the
model parameters. The singularity formation allows for 0 < § < 1. When 5 > 1, we will
not find a feasible solution for the considered model.

In this case the development of apparent horizon is given as

! {23852113‘% 3T 41 (B — 1){k(B — 1)Ao} + tor/k(B — 1)hAo + 2} +
4/3%(8 = Dho ’ e ‘
1-8 = (M%TAH)Z%%P 20428 [ A, ! R s -
23(1-25) | —— _83T—A {krd g — 2ra(B8 — 1 =0
( k(ﬁ—])Ao) 5_1 <(ﬂ_1) { TAH TO(B )})
(6.13)
by assuming initial coordintes (to,79) = (1,1), w = %, k = 1, Ao = —1 and with the use

of equ.(4.4) and equ.(4.7) we obtain

8(1—8) 1428 k 1

tan 1 “[1
=11 P — —276F—3 312B—6(] — JE
te <+2\/1—5> 4 (1-5) +2\/1—5
2(1—-p8)

<43(ﬂ__2%225w“7)(1 _5)—1+4—“m> 6373 ] (6.14)

as above discussion in the case of w = 1 we get the same result in this case. We observe
from equ.(6.14) that the value Y42 < 1 for value of § given in table[2], it means for

c

[T

+
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assumed masses and radii of stars tqg < t., so we get the horizon formation before
the singularity formation and this leads the formation of black hole. The mass of the
collapsing star in this case on the apparent horizon region is

3
3 Mr
= 22t AH

Ao(B = D{kr3,, —2r5(8 — 1)}

Man = m(tAH7rAH)

3
2=

1 EES 2
( - m> {_ NZCEDIY + 4(t — o) (6.15)

0.3
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Figure 10: The mass function (Mg ) given in equ.(6.7) is plotted with time coordinate
t radial coordinate r and for f = 0.94 (corresponding to M = 10Mg) with initial
coordinate (to,79)= (1,1), for all six values of model parameter § given in table(2) we
will find the same configuration

7 Conclusion remarks

In this work, we have discussed the spherically symmetric homogeneous gravitational
collapse of massive stars and their final fate. We have considered the interior of the star
as FLRW spacetime, and the exterior region of the star is assumed to be Schwartzchild-
de Sitter /anti-de Sitter. Since the dynamical character of the cosmological constant A
is preferred in the recent cosmological model instead of the constant behaviour of the
cosmological constant, we have used the A parametrisation to get the exact solution of
field equations. We have considered the model A = %B@z to obtain the solution of field
equations and examine the evolution of scale factor a(t) in the presence of a variable
cosmological constant. In addition, we have used junction conditions to obtain the exact
solution of EFE’s in terms of the mass of the star (M). We have discussed the two cases
of gravitational collapse: the first is the case of stiff matter (w=1), and the other is the
case of radiation fluid (w = %) with their collapsing configuration. In order to assess the
graphical representation of our result, we have considered different ranges of masses and
radii of stars to estimate the numerical value of the model parameter 5 and observed
that the nature of a collapsing star completely depends on this parameter 5. The values
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of 0 < 8 < 1 favour the formation of black holes, while for 5 > 1, we will not favour
the formation of black holes as we could not find a feasible solution for our model, i.e.,
not favour the formation of black holes. We have studied the collapsing configuration
through a graphical representation of the model as follows:

e The expansion scalar © is negatively increasing with time coordinate t, showing that
collapsing phenomena occur and motion of collapsing fluids towards the core of the star
fig. [2) fig.(7)] .

e The scale factor a(t) takes the finite value for given masses of considered stars and is
monotonically decreasing in nature [fig.(1) fig.(6)].

e The graphical representation of energy density (p) [fig.(3), Fig.(8)], and Kretschmann
curvature (K) [fig.(4), fig.(9)] shows that both take positive and finite values for considered
masses of stars. Both are increasing in nature, and at a finite time t., both become
divergent, which shows singularity formation.

e The graph of the mass function shows that it is regular, finite, and decreasing with
time ¢ and radial coordinate r [(fig.(5), fig.(10)].

The development of an apparent horizon for a collapsing star has been studied in
equations (6.5, 6.13). Also, the mass (Mag) of a collapsing star in the apparent horizon
region for both stiff matter and radiation fluid has been calculated in equations (6.7,
6.15). To predict whether a black hole is formed or not, we have calculated the quantity
t;‘—CH in both cases and observed that for the estimated value of model parameter 3, the
value t;‘—H < 1 in both cases considered suggested that the apparent horizon developed
before the time ., and as blackholes must be hidden behind the apparent horizon, both

cases (stiff matter and radiation fluid) lead to the formation of Blackholes.
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