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Abstract This paper is designed for heavy pulsars com-
ing from the Neutron Star Interior Composition Explorer.
The research model is describe by Einstein field equations
for anisotropic fluid configuration with spherical symme-
try. As per present perceptiveness, modified non-linear Van
der Waals equation of state is used to relate physical vari-
ables. The continuity of inner and outer matter is obtained
by comparing inner spacetime to outer Schwarzschild met-
ric. The physical viability of this model is evaluated and fur-
ther it is compared with observational data of pulsars PSR
J0348+0432, PSR J0740+6620 and PSR J0030+0451. The
model fulfils all physical and mathematical characteristics
of the dense structure studies. It offers the factual proofs car-
ried by evolution of celestial configurations. The working
model presented here is physically viable and shows stable
behaviour.

1 Introduction

In galaxies, dust and gas clouds having uneven distribution
of matter assembled in shape of stars. Nuclear fusions of
these energetic objects along with always present gravity
results into celestial doom, which cause formation of hot
and dense objects. Chandrasekhar [1] evaluated stellar for-
mation of compact dense objects. Oppenheimer and Volkoff
[2] reviewed the celestial object in the phase of high pres-
sure inside of star with the help of a cold Fermi gas equa-
tion of state (EoS). Wentzel [3] governed the relationship
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between density dispensation and magnetic field of dense
object. Kumar et al. [4] presented the static celestial equi-
librium configuration of dense objects by means of simple
transformation. Kumar and Bharti [5] discussed the history
of dense matter and worked on modeling of dense stars. Alho
et al. [6] explained that stellar dense objects, which are com-
monly taken as self gravitating objects are viable, radially sta-
ble and symmetrical. Astashenok et al. [7] studied compact
objects involving dark energy and dark matter by applying
EoS compatible for cosmological examinations.

Candelas [8] talked over vacuum polarization caused
through gravity in outer area of Schwarzschild black hole to
understand the Unruh vacuum, where visible observable val-
ues are finite. According to general relativity (GR), 4D is the
outer spacetime of spherical non rotating star, which defines
unique line element that is known as Schwarzschild metric.
Candelas and Howard [9] studied the Hartle-Hawking vac-
uum for external zone of Schwarzschild space-time. They
also provided the algebraic and rational estimated data of
this model. Schwarzschild [10] delivered the fundamental
answers of queries related to Schwarzschild. The answers
given by him are realistic and uniform in entire space-
time. Leon [11] presented celestial models with two differ-
ent outer metric cases of Schwarzschild vacuum and non-
Schwarzschild vacuum. Crater [12] calculated the Einstein
field Equation in purpose of clarifying the Schwarzschild
metric as vacuum state. Cataldo [13] used Schwarzschild
metric to compute conventional derivation of Einstein Equa-
tion and Schwarzschild radius to find vacuum field. Weinstein
[14] investigated the main participation of Schwarzschild in
GR by obtaining inner and outer keys of compact stars by
Schwarzschild metric.

Van der Waals (vdW) EoS captivated the interest of
researchers due to its modest and adaptable properties.
Malaver [15] expended the study of anisotropic dense realis-
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tic stars to solve Einstein-Maxwell system of equations with
vdw EoS and inquired its charged density singularity. Jantsch
et al. [16] tested the characteristics of general cosmological
fluid space with vdw EoS. Further, posterior parametric val-
ues are used for vdw EoS as reported by asymptotic attitude
of physical parameters. Kontogeorgis et al. [17] elaborated
the history of vdw EoS and the emphasise on the need of
why vdw EoS is necessary. Fleming [18] explained that how
vdw EoS is related to torque shifting, which orderly made all
the motion uniform in quantum field frame. Errehymy et al.
[19] solved problems by choosing modifies vdw EoS in non-
linear state and find exact realistic solutions for model. Ditta
et al. [20] focused on dense objects related to electric field
and plotted models in f(Q) gravity with vds EoS in modi-
fied state. Mustafa et al. [21] researched Einstein field equa-
tions as revised matter source with the intention of achieving
results of Wormhole.

The story begins 50 years ago, when researchers get
awareness of pulsars. A radio object that is pulsating named
as neutron star. This discovery get attention in field of funda-
mental physics, GR, particle physics, and many other areas
of physics. Lattimer and Prakash [22] described ideal astro-
physics for proofing theories of compact neutron object as
hyperon- dominated matter, superconductivity with critical
temperatures and deconfined quark matter. Damour [23] rep-
resented relativistic gravity for binary pulsars and gave satis-
fying results of strong-field regime. Burnell and Jocelyn [24]
talked about coincidental finding of pulsars and try to grow
our knowledge about these compact dense matter objects.
Mann [25] worked on hidden secrets of universes dark objects
such as neutron-star to make people understand this natural
phenomena. Zhang et al. [26] defined neutron star revolving
in high magnetic field while dealing with machine learning.
Reardon et al. [27] observed powerful binary neutron stars
and listed features of these binary radio pulsars in 3D orbits.
Farrell et al. [28] presented study on different phases neu-
tron stars, tidal deformability, pulsar glitches, the equation
of state, fast pulsars, and strange quark matter stars.

Anisotropic fluid plays a vital role in composition of self
gravitating compact stars. In some cases anisotropic fluid
is considered to be physically attached with inner struc-
ture of neutron stars and dense objects. Herrera et al. [29]
used specific EoS to find adiabatic index for anisotropic
shpere having various grades of anisotropy. Herrera et al.
[30] examined the effects of one-parameter set of conformal
motions considering anisotropic matter distribution and cal-
culated analytical solutions of the Einstein equations. The
reasons for appearance of anisotropy in highly dense sys-
tems are the (a) presence of magnetic field; (b) fusion of
monotonic gases, electrons, molecular and ionized hydro-
gen, which forms anisotropic fluid; (c) anisotropic velocity
dispensation in collision-less system; (d) slow revolving sys-
tem; (e) effects of radiation flow going in and out in the cloud.

@ Springer

Herrera and Santos [31] answered the questions that arise
about existence of anisotropy and what are the basic prop-
erties, which shows anisotropic system is different from the
isotropic system?. Which is further differentiated by the rela-
tionship between radial and tangential pressure as p, # p:
in anisotropic fluid and p, = p; in isotropic fluid. Hernan-
dez and Nunez [32] unveiled the possibility to earn reliable
anisotropic symmetric configurations appearing out of den-
sity contour and EoS. Maurya and Gupta [33] exhibited a new
class of restrained anisotropic high-dense objects by means
of charged fluid dispensation where anisotropy parameter
reaches 0. Sah and Chandra [34] shaded light on electrically
independent anisotropic static fluid in solving relativistic Ein-
stein’s field equations that are non negative finite. Boonserm
et al. [35] argued on unsuccessful mimicking of relativis-
tic anisotropic sphere by appropriate linear mixture of theo-
retically enchanting and easy traditional matter. Tello-Ortiz
et al. [36] derived analytic Einstein’s field equations with
anisotropic fluid distribution to accomplish embedding class
framework by applying Karmarkar’s condition. Herrera [37]
founded that destructive fluxes, nonuniform energy densities
and shear in fluid flow all work to abandon the isotropic con-
figuration and create anisotropy in pressure. Cadoni et al.
[38] used anisotropic fluid to explain dark energy world. He
clarified his work with the explanation of baryonic substance,
dark world and the relationship between them in absence of
dark matter. Naidu et al. [39] talked over the association of
anisotropic fluid causing firm electromagnetic fields which
further provide thermodynamics to dense objects.

“Explorer Mission of Opportunity” that was carried out by
NASA presented the work on “Neutron star Interior Compo-
sition Explorer” (NICER). The NICER involves the survey
on topics like unusual gravitational field, electromagnetic,
and nuclear-physics surroundings illustrated by neutron stars.
Gendreau et al. [40] suggested that NICER will explain the
strange matter state of dense neutron objects with high val-
ues of density and pressure. Gendreau et al. [41] pointed the
importance of NICER in chapter C, “Design and Develop-
mentv” and executed the NICER’s fundamental subsystems,
outlines the accomplishment that was effectively activated.
Bogdanov et al. [42] showed new momentum and spectral
evaluation of two dense stars taken as pulsars in X-rays stated
by knowledge of NICER. Yunes et al. [43] focused on core
part of quark matter by gathering information of NICER.
Devarshi et al. [44] collected facts from NICER to deal with
relativistic ray-tracking of thermal X-ray photons emitting
from neutron stars.

The convenient way to deal with algebraic solutions
describing physical conditions, is to take physical variables
as metric and generating functions. In the derivation of solu-
tions for static symmetric anisotropic fluid distribution the
generating functions are important. Rahman and Visser [45]
introduced an assessable monotone generating function and
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exhibited Goldman-I exact solutions. Lake [46] generated
every regular perfect-fluid solutions of Einstein’s equations
and deal with restricted generating functions to evaluate
physical solutions. Herrera et al. [47] constructed an algo-
rithm and described three known situations involving gen-
erating functions. Thus, the physical solutions of this model
are evaluated by two generating functions (vdu EoS (p;,)
and Z(x)).

2 Spherically symmetric metric tensor with Einstein
field equations

This section presents spherically symmetric model with
anisotropic fluid distribution respecting the raising function
carried out by vdw EoS. Therefore, we initiate with static
symmetric framework, which is given as metric tensor

ds® = "Vdr® — D ar? — r2(do? + sin*0d$?), (1)

where, the above metric is taken in Schwarzschild coordi-
nates x¢ = (¢, r, ¥, ¢). In this v and A both are gravitational
potential that are functions of r, and d Q2 = dv?+sin? ¥d (pz
draws the metric of two sphere.

—8nTij = Gij, 2

here T;; is the energy-momentum tensor and G;; is the Ein-
stein’s tensor for matter distribution. Moreover, the G;; fur-
ther presented as the relationship between Ricci tensor R;;
and ricci scalar R as below

1
Rij = 5 Rgij = Gij» 3

in above expression g;; is the metric tensor. Assuming the
case of matter participation in the dispersion of anisotropy.
By utilizing the whole function, we gain the following equa-
tion of energy-momentum tensor.

Tij = (p + pouiuj — pigij + (pr — p)SiS;, 4

although u' is known as fluid four-speed and S; is the space-
like vector where u’S; = 0. The Eq. (4) offers the elements
of anisotropic 7;; everywhere in the shape of density p, radial
pressure p,, and transverse pressure p;. This shows the sim-
ple metric element of 7;; stated as

Ty =0 if i#). &)

From the Egs. (1) and (4), we calculated Einstein field equa-
tions with 87 G = ¢ = 1, declared as

1da 1 1
o= Je e ©)

rdr r?

1d?> 1/dv\*> ldvdr 1dv 1dr]_,
p’:[iﬁJ“Z(E) ‘ma+55‘55]6 -
®)

The group of Eqs. (6-8) explains the self gravity in
anisotropic stellar configuration. The self-gravitational mass
in the static spherical symmetric star with radius r is,

m(r) = 4w /r ,orzdr, 9
0

Now, by applying transformations [44] subsequent set of
equations are formed.

x=r2 Zx)=et, y=é", (10)

The celestial set of Einstein field equations are (11-13)

p=<1_z>—id—z (an
x Jx dx’
Z—1 Z dy
Pr=< . >+ma, (12)
Z d%y zZ Z Zdylldy 1 dzZ
P’Z[@ﬁ]*[ﬂm‘m}m*ﬁﬁ
(13)
So, the m(r) from Eq. (9) alter to
X
m(x):4rr/0 pxdr, (14)

as function of x in Eq. (14). Compiling the points that a visible
fluid dispensation of matter hoped to satisfy the barotropic
EoS (p, = pr(p)). Implicating this we give thought to the
inner matter dispensation that adhere to altered form of Van
der Waals EoS like this,

Bp
1+yp’

pr=ap® + (15)

For the purpose of effective realization of celestial set of
Egs. (11-13) is defined. In this parameters like «,8 and
y are discussed. The retardation and rapid age are clari-
fied by constants of EoS and are bounded with conditions
o,y — 0, which can restore the dark energy EoS, along
B = pr/p < —1/3. It was already noticed that the perfect
fluid EoS p, = Bp shows an approximation of cosmic era
of static environment, by taking phase changes unimportant
[48]. Accordingly, the altered form of vdw EoS has the bene-
fits of illustrating the changes from matter field controlled by
scalar field except addressing the scalar field. Also, it needs
the explanation from cosmos with little help of components
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and vdw fluid which surely deals with dark energy and mat-
ter regarding as the only fluid. By avoiding the unbounded
parameters [49], the new form of vdw chain was too produc-
tive for broad area of noticed examinations. Conversely, this
kind of vdw EoS [19] is low commercial to notice the exami-
nation, and extra adjustable with complimentary parameters.
As well, its believable to type the stellar set of Egs. (11-13)
in the easy form.

=2z (16)
y=eé’, (17)
= (50)- 0 18)
x JVx dx’
Z—1 Z dy
Pr=< . >+ma, (19)
pr=prt+ A, (20)
NEL N 23T
2y dx? 4 2/x 4dydx]ydx
14z Z-1 Q21
Jx dx x

by the anisotropic equation (A = p; — p,), we arranged the
next expression

y = expf [%[a—bx+ap2+fi';p]]dx’ (22)

now, by putting values from Eq. (10) into Eq. (1), we write
the following equation,

ds? =exp! [g[a_bwapu‘f%]]dxdt2 — 7z lar?

— r2(d6* + sin*0d¢?). (23)

Thus, the results shows static symmetric anisotropic distri-
bution along particular vdw EoS that is created for specific
gravitational potential Z(x). Then, we put more information
about anisotropic dense object celestial configurations.

3 Realistic results for anisotropic dense celestial form

The group of Einstein field equations that are (16-21), pro-
vided the 6 equations involving free variables p, p,, pr, A,y
and Z. In contrast, the celestial set of equations are not inde-
pendent on the gravitational potential. However, this way
presents the acceptable method to show the integration steps
from Eq. (21) that is the main equation in this work whose
result give the Eq. (22). For this the relation of gravitational
potential Z(x) is stated as

Z =1—ax + bx?, (24)

@ Springer

here, a and b are free real parameters. At x — 0 the Z(x) =
1, this gives the idea of wide range of parametric values for a
and b. This Z(x) is uniform, non negative and non singular at
the center. As well as, it adjusts with celestial inner and fulfills
every conditions to proof fundamental visible achievement.
By putting Eq. (24) into Eq. (22), the following equation is
formed

4 3
dx2 +dyx 2 +d
f(l‘( +dpyx +23‘/;)dx

1—ax+bx .

y =exp (25)

Here P, = a(l + ﬁ), P, = —b(l + %), d =

2a Py Py, dy =20 P\ Pr—b+ gy dy = a+a PR+
BP

T (PP - S0 the realistic model for stellar group of Egs.
(16-21) made up of density, radial pressure and tangential
pressure is given as

e =1—ax+bx>, (26)

4 3

dyx2 +dyx 2 +d3/x
e_v == e)Cpf( l 1—!3(1»17)(2 ’ )dx7 (27)
p = P14+ Px, (28)
Bp

pr=ap’+ 50 (29)
pr=pr+A, 30)

so, by solving Eqs. (21) and (24), the anisotropic factor is
shaped as

A |:1 fax+bx2d2yi|

2y dx?

l—ax+bx* 1—ax+bx*? 1—ax+bx>dy]1dy
[ 4 T 2x 4y E]}E
—a + 2bx

1 —ax+bx*—1
Vx x ’
in this y is defined by Eq. (25).
Here 2 conditions os anisotropy is defined

3D

e A < 0, attractive in nature.
e A > 0, repulsive in nature.

4 Matching requirements for anisotropic dense star
solution

At the celestial star surface, the inner spacetime is fluently
associated to the outer Schwarzschild vacuum (» = Ry). The
relationship between mass M and radius R, of dense object
is Ry > 2M. Under these circumstances, the metric tensor
for the celestial configuration at the junction surface ¥ with
radius r is

2M oM\ !
ds; = —(1——>dt2+—<1——> dri+r2dQ3. (32)

r r
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On the board, the entire mass of star is M. But the below
conditions must be fulfilled at the hypersurface to make sure
of the fluency and regularity of inner spacetime tensor ds”
and outer spacetime dsi at the surface outline.

[ds]s = [ds3]s, [Kij-1z = [Kij+]s, (33)
¢ ler, =€" =g, and ¢ |—g, =e€" =g, (34

plus

862\17 ) (862v+ )
= . (35)
( or /=g, I /=g,

The inner and outer spacetimes are denoted by — and +.
Although, the K;; is the curvature. By 1st fundamental form’s
regularity the [dsz]z = 0. where [Fly = F(r — Rj‘) —
F(r —> R;) = FT(Ry)— F~(Ry). Plus, the sequence give
following equation,

g, (R) =g} (Ry) and g;(Ry) = gt (Ry). (36)

Accordingly, the Eq. (1) must satisfy the 2nd fundamental
equation K;; for hyper surface. And that is equal to O’Brien
and Synge matching conditions [50]. Here it is discussed that
pr 18 zero at surface where r = ry

pr(R) =0. (37

The celestial form size is calculated from this condition of
> _and ) as inner and outer sectors. The hyper surface
is defined as

ds* = dt? — R2d®? + R?sin® 9d¢>. (38)

The appropriate time outline is 7. In this the outlines’ extrin-
sic curvature ) is

KE LOE ok
ij =

T anind kMg gpi” 39
now, n' is the coordinates of > and n,f is the 4-velocity of
> . The elements of this 4-velocity are gained by coordinates
(y}) of 7+ as below,

d —1,2
+ :t_f

daf df
_ l
M = dyk g"

. k _
Ay dy! with nen” = 1. 40)

The inner and outer sectors with unit normal vectors are

MmN\
n; =10, —€*,0,0] and nj = [o, (1 - —> .0, 0].

r

(41)

Now, by Egs. (1) and (38) in collaborations with the
Schwarzschild vacuum Eq. (32), we obtain

dt N oM\
R (WA
dt |5 r 5

the [r]x = R;. By Eq. (41) the following expressions are
formulated and nonzero of them are written below, K, =

) B _ .

|:U7"vi| . Ky =1 Ky =rsin’, K, = |:rM2:| - K=
. b

r, Ky, =rsin’6, where[K |1z = [K}]s

=1 M 43
‘ —<‘?)- @9

By taking [Kyls = [Kqyls. we get,

2M

VR = R o)

(44)

At the hyper surface, the apropos standard show availability
by Egs. (42-44)

1—2m7!
AR [ — ] =1—aR, +bR?, (45)
S
1—2M
VR [ - ] = y(Ry). (46)
N

5 Graphical representation

In this section, the physical suitability of the celestial star
model results are studied graphically. Currently here dif-
ferent physical aspects of dense star creation are focused
and we developed that the results are physically possi-
ble. The recorded data of 3 dense stars PSRJ0348 +
0432, PSRJ0030 4 0451 and PSRJ0740 + 6620 is mod-
eled to discuss anisotropic reaction along static symmetry
inside spacetime tensor of GR. The figures are plotted by
choosing suitable parametric values after compulsory fac-
tual fixing that are listed below in Tables. The selection of
these parametric values are based on the physically logical
requirements:

e Required standards for density and pressure ele-
ments: Starting with Figs. 1 and 2, its visible that density
pc and pressure p, are repetitively reducing towards the
exterior outline of the celestial configurations, possess-
ing utmost values at the center of dense objects. The p,,
faded at the boundary of every celestial configuration
r = Ry. Along the surface of dense objects, matter den-
sity is continually non negative. The p at the center of

@ Springer
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Fig. 1 Relationship of density

: Radial pressure
and radial pressure w.r.t radial Matter density 3.5
coordinate r. Observations of 3 12 P N 3.0 _ ;22 jgi:i‘g::f
pulsar [ = FSRJI00:0451 ' B i
[ ~—— PSR J0740+6620 2 5 b
10 "
% £20
8 <
-~ 1.5
6 1.0
& 05
V] 2 4 6 8 10 12 14 0
r r
Fig. 2 Relationship of ) Anisot o t
ig. elationship o NISOTropic parameter
transverse pressure and Transverse pressure 8
. . 8 = PSR J0348+0432
anisotropic parameter w.r.t —— PSR J034840432 —— PSR J0030+0451
. . . = PSR J0030+0451 —_— 4+
radial coordinate r. Observations o orsoion PSR J0740+6620
of 3 pulsar 6
i.: 4

(a)
Energy conditions

Fig. 3 Relationship of energy
conditions w.r.t radial

(b)
Energy conditions

; : e = —— PSR J0348+0432 10 — e
coordinate r. Observations of 3 10 | — DSRsea 0 — — PSR J0030+0451
i id li Ly PSR J0740+6620 = ~—— PSR J074046620
pulsar (in a solid lines are of T8 < 8
p(r) + P,(r) and dotted lines = 8
are of p(r) — P-(r)) Q: 6 = 6
= < 4
< 4 Iy
i £, \. e el
= 2 Q
T \\&/
0 oL .
0 0 2 4 6 8 10 12 14

stars is defined as,

pe=pr=0)=a>0. (47)

After that the pressure at center of celestial dense star

represented in our model is stated as,

pe = pr =0) =aa® > 0. (48)
The above-mentioned data shows that p. and p. are pos-
itive inside celestial star configuration. On the contrary,
at the celestial star boundary the p, > 0 and physically
attainable. Additionally, it can be seen from Figs. 1 and 2
that the anisotropic factor is regularly increasing function
and it remains finite when we goes from center of star to
the boundary. The A is regular at inner and repulsive in
nature.

e The regularity of the extrinsic curvature:
The regularity of extrinsic curvature w.r.t hyper surface

@ Springer

along exterior outline of celestial configuration provides
the following relation
(pr)r:RS =0 (49)
e The non negative energy conditions:
In discussion of energy conditions, the key tools allows us
to study the typical and geodesic spacetime strictly. The
energy conditions are tested by [19]. Which explains the
act of association with gravity, spacetime, timelike and
lightlike curves. While with conditions are Null, Weak,
Strong, Dominant and Trace energy condition
NECifp+ pr = 0,Vk
.WECifp>0,p+ px >0,Vk
.SECifp+pr=0,0+> pr =0,Vk
.DECifp>0,p=£ pr >0,Vk
.TECifp—pr=0,p— > px =0, Vk.
The k = r, t. The positive form of state variables are plot-
ted in Figs. 3 and 4 rapidly attached to the NEC, WEC
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Fig. 4 Relationship of energy
conditions w.r.t radial

coordinate r. Observations of 3 E,: 20
pulsar (in a solid lines are of °I~ ‘\‘\
p(r) + P, (r) and dotted lines =15
£ o(r) — P, 3
are of p(r) — P(r)) 210
<
X 5
=
Q
0

Energy conditions

—— PSRJ0348+0432

Energy conditions

= PSR J0348+0432
—— PSR J0030+0451
~ PSR J0740+6620

[y
o

= PSR J0740+6620

= PSR J0030+0451

P(r)=P(r)=2Pr)
(-]

(2)

Radial sound speed velocity

Fig. 5 Relationship of radial

()
Gravitational mass

and transverse velocity w.r.t 1.6/
radial coordinate r. Observations [ \
of 3 pulsar 14

1.2

N 3
¥ 1.0 :

0.8

0.6

0.4

0

Fig. 6 Relationship of
gravitational mass and Vi, — Vj, —— PSR J0348+0432
w.r.t radial coordinate r. 2.00  — psru00s0s0451

Observations of 3 pulsar ~— PSR J0740+6620

m(r) in [Mo]
o o
o

d
(3

o
° T

and SEC. Where NEC derives that a viewer crossing a
null plan will find the usual matter density as positive. As
claimed by WEC, the matter density obtained by viewer
passing by time-like plot is not varying, positive and con-
nected to SEC. The sketch of flowing tensor assessed by
associated viewer is non negative. The positive develop-
ment attached with DEC and TEC is compatible with
the 4th and 5th conditions, in which the DEC presents
the mass and energy relation that will be unseen to flow
rapid than light. By TEC, the stress-energy tensor out-
line should be compulsorily non negative based on met-
ric conventions. From Figs. 3 and 4, all energy conditions
are strictly tested which give results in non-exotic mat-
ter which fulfills celestial star configuration. Also, this
model is well-behaved and achievable.

e Collapsing ways of anisotropic celestial star stability:
It is hoped that the velocity of sound will be low than
the speed of light inside celestial star. The relation of

square of radial is v2, = ‘2’;’ . The equation of transverse

—— PSR J0348+0432 10
= PSR J0030+0451
= PSR J0740+6620 \

8 10 12 14 0 2 4 6 8

r r

(b)
Transverse sound speed velocity

— PSR J0348+0432
—— PSR J0030+0451
~ PSR J0740+6620

0 2 4 6 8
r r

(b)
Transverse—radial sound velocity

4
2.0 —— PSR J0348+0432
= PSR J0030+0451
/ [

~—— PSR J0740+6620

10 12 14

10 12 14

8 10 12 14 0 2 4 6 8

r r

(b)

velocity of sound is v2, = %' Where both of them must

satisfy the causality conditions like 0 < vszr < 1 and

0< vszt < 1. According to Figs. 5 and 6b we can see
that overall inner of stellar form, the v2, and v?, are low
then speed of light which is equal to 1and this fulfills the
usual conditions. It is noticed that the variation in speed
velocity reduces but causality is not contravene in dense

objects.

6 Compactness factor and gravitational red-shift

Our stellar stars model explains the compactness factor as
a dimensionless variable u. The u defines the relationship
between mass and radius that is not arbitrarily vast. The com-
pactification factor u of celestial stars for a 4D fluid sphere
must be less then ZTM < g ~ 0.8888 [51]. Hence, it is
admirable to test the gravitational mass function for celes-
tial model given in Eq (14). From Eq. (14) the following

@ Springer
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Fig. 7 Relationship of
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equation of u is formulated as, The total mass function is calculated as
m(x) 3R3 P
u(x) = : (50)  M(pe) = | =505 (54)
Jx 2 \942R?p,

Wherefore, the red-shift in this work is related to u and
asserted as,

1

The geometry of gravitational mass equation m(x), the com-
pactification relation u (x) and the red-shift z(x) are plotted in
Figs. 6a and 7. The graph presents that these 3 equations are
gradually increasing w.r.t coordinate r and positive inside the
dense stars. Also, they all are regular at the center of stars.
When mass function increase, the compactification factor
also increase.

7 Motionless stability and M-R figure

To this point, we initiate by talking about stability of celestial
star structures depending on radial disturbance. The simpli-
fied form of stability rule is given by [52] and mentioned
below,

oM

3 > 0(— stable configuration) (52)
Pe

oM . .

3 < O(— unstable configuration) (53)
Pc

@ Springer

Figure 8a presents the difference of mass w.r.t central density.
This give rise to solutions that extended the central density
and presents its stability. Because of this, the range of p,
favors the mass saturation’s. The increase in value of central
density enhances the stability.

8 Adiabatic index

The specific heat equation which is also called the adiabatic
index (I') is used to test the stability of model in a more
efficient way. Here we used the following expression to check
the reliability of this model.

_ P+ prp

r .
' pr 0p

(55)

Chandrasekhar [53] provided the information that the most
convenient method to evaluate the stability of self gravitating
fluid depends upon the adiabatic index. Bondi [54] mentioned
the stability condition I, > % for newtonian isotropic sphere
and ", = % for neutral stability. From [55] and [56] it can be
seen that the adiabatic index is a sufficient condition to testify
the stability of anisotropic fluid distribution. The stability
results are achieved in Fig. 8b.
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Table 1 Constant values for realistic star PSR J0348 + 0432

PSR b a o B y R [km] M[Mp)

Density (o) 0.002 4.005 0.01 1.22 1 14.85701 2.01700
01 radial pressure (p;) —0.0001 —2.0015 0.070 —0.13711 1 14.857911 2.0170%
Tangential pressure (p;) 0.0000001 —2.0015 0.40 0.13711 1 14.857011 2.0170%
Mass (m) 0.002 0.79 0.01 1.22 1 14.857011 2.0170%
Red-shift (z) —0.0000003 0.00001 0.01 1.22 1 14.857011 2.017900
Comactification factor (u) 0.002 4.005 0.01 1.22 1 14.85011 2.017900
Anisotropy (A) 15.00001; —0.0015 20.40 0.01711 1 14.857011 2.01790
Radial velocity (vy) —0.0001 -3.0015 —0.070 0.22 1 14.8510-1] 2.01400:
Transverse velocity (vy) —0.00001 229 40.90 1.22 1 14.857011 2.017900
Adiabatic index (', —0.008 —3.0015 —0.070 0.001 1 14.857511 2.0170%
Table 2 Constant values for realistic star PSRJ0030 4 0451

PSR b a a B y R [km] MM

Density (p) 0.002 5.0015 0.01 1.22 1 13.427933 2.147909
Radial pressure (p,) —0.0001 —2.9015 0.050 —0.12611 1 13.427933 2.147909
Tangential pressure (p;) 0.0000001 —2.0015 0.30 0.13711 1 13.427933 2.147909
Mass (m) 0.002 0.69 0.01 1.22 1 13.424033 2.1410.00
Red-shift (z) — 0.0000002 0.0000015 0.01 1.22 1 13.427933 2.147940
Comactification factor (u) 0.002 5.0015 0.01 1.22 1 13.427024 2.147019
Anisotropy (A) 0.00001 —0.0015 10.40 0.01711 1 13.427924 2.1470.09
Radial velocity (vs,) —0.0001 ~6.015 —0.050 0.22 1 13.427923 2.147909
Transverse velocity (vs;) — 0.00001 22.92 41.01 1.22 1 13.427923 2.147929
Adiabatic index (I',) —0.006 ~6.015 —0.050 0.0001 1 13.427923 2.147989
Table 3 Constant values for realistic star PSR J0740 + 6620

PSR b a o B y R [km] M [M@]

Density (o) 0.0001 6.002 0.01 1.22 1 10.55948 1147913
Radial pressure (p;) — 0.0001 — 2.605 0.120 — 021311 1 10.5510:4 1143013
Tangential pressure (p;) 0.0000001 —2.0015 0.40 0.13711 1 10.557948 1147913
Mass (m) 0.002 0.59 0.01 1.22 1 10.557070 L1498
Red-shift (z) —0.000001 0.00002 0.01 1.22 1 10.5579%0 114701
Comactification factor (u) 0.0001 6.002 0.01 1.22 1 10.5570:4 1147013
Anisotropy (A) 0.0000003 —0.0015 12.50 0.2711 1 10.5579%0 114791
Radial velocity (vs,) —0.0001 —3.05 —0.120 0.22 1 10.55941 1147913
Transverse velocity (vy) —0.00001 22.87 40.61 1.22 1 10.5579%0 L1470
Adiabatic index (I',) —0.002 ~3.05 —0.120 0.001 1 10.5594 1147912

9 Conclusions and discussions

The interesting aspects of this wok are based on testing
the possible new well-organized group of anisotropic stars
that results form viable dense static symmetric configura-

tions in place of NSs. With this in mind, we used a modified
form of non linear vdw EoS, which shows the relationship
between radial pressure, density and constants like «, 8 and
y. Together with a gravitational potential (Z(x)) as devel-
oping function over an anisotropic matter dispensation that

@ Springer
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forms the grounds for stellar configurations. This research
work shows uniform, achievable, and stable model inebri-
ated by parameters involved in EoS. An important observa-
tion is that the expected radii for noticed pulsars are effi-
ciently obtained from the continuity of the 2nd fundamental
form with the highly spotted mass and coordinating radii
are attained by fine alteration of parameters extracted from
theory. The graphical results of this study are clearly dis-
cussed. In Figs. 1 and 2a, the p, p, and p; decrease grad-
ually, regular and are non-negative. Figure 2b graphically
shows that anisotropic parameter known as A(r) increase
uniformly. Plus, it can be seen that the anisotropy factor has
lower value close to the center and it starts rising contin-
uously while moving away from the center. The behaviour
of energy conditions show the continuity and stability while
decreasing in Figs. 3 and 4. According to Fig. 5 the square
of radial and transverse sound speed is positively reduc-
ing along x-axis and both are stable. Additionally, the rela-
tionship between them is clearly plotted in Fig. 6b which
shows their increasing behaviour along all 3 pulsars. Fur-
ther, m(r), u(r) and z(r) plotted in Figs. 6a and 7 explained
balanced, regular, positive and increasing behaviour. The
compactification factor u(r) defines the dense objects in
different groups. Now, coming to Fig. 8a of M in [M()]
along p. exhibit steady growing manner. Figure 8b is plot-
ted for adiabatic index that satisfies the given condition Eq.
(55) which shows the stability of our model. All the alge-
braic and graphical study of pulsar PSRJ0348 + 0432,
PSRJ00304-0451 and PSR J0740+4 6620 involving differ-
ent constants (a, b, a, B, y) and parameters displays a well
behaving, positive, uniform and stable model. Table 1 shows
the different parametric values for pulsar P SR.J0348 40432
and taking values of R (km) and [M@] as 14.851’8:H and
2.01‘_"8:83, respectively. For pulsar PSRJ0030 + 0451 the
constant values are listed in Table 2, where R (km) and
[M@] are 13.424_'8%‘2‘ and 2.141‘8:(1)8. Accordingly, Table 3
have parametric values of PSRJ0740 + 6620 by consider-
ing R (km) and [M@] as 10.55f8:3(1) and 1.141’8:{2. Existence
of overhead specified conditions presents a physically ade-
quate anisotropic spherically symmetric model with modified
vdw EoS for three different pulsars coming from interior of
neutron dense objects. In the end, it is important to discuss
that this model accepts every useful graphical and algebraic
information of dense objects. Also give environmental proof
of evaluation of static celestial configuration that is examined
in high density area. This study encourage the testament of
realistic pulsars.
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