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SOME ASPECTS OF EXACT STATIC SPHERICALLY SYMMETRIC SOLUTION
OF EINSTEIN’S FIELD EQUATIONS WITH SPECIFIED EQUATION OF
STATE

ABHISHEK KUMAR SINGH

ABSTRACT. In this paper we have obtained some exact static spherical solu-
tion of Einstein’s field equation with cosmological constant A = 0 and equa-
tion of state p = p (taking suitable choice of g1; and g44). We have taken
el =1r,ef =1r"', and e = Ir7/5 (where [ is a constant), which help to in-
vestigate the value of e®. Many previously known solutions are contained here
in as a particular case. Various physical and geometrical properties have been
studied.

1. INTRODUCTION

Mathematical analysis dealing with limits and related theories, such as dif-
ferentiation, integration, measure, relativity and analytic functions. Analysis
may be distinguished from geometry; however, it can be applied to any space
of mathematical objects that has a specific distance between objects (a met-
ric space). The vast majority of relativity, classical mechanics, and quantum
mechanics is based on applied analysis and differential equations in particular.
These important differential equations include Einstein’s field equations, metric
equations and the Newton’s second law. Hence mathematical analysis is also a
major factor in study of relativity and other branches of science.
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The present analysis deals with the exact solutions of the Einstein’s field equa-
tions for the perfect fluid with variable gravitational and cosmological “con-
stants” for a spatially homogeneous and anisotropic cosmological model. The
Einstein’s field equation has two parameters; the cosmological constants A and
the gravitational constant G. Cosmological models with a cosmological con-
stant are currently serious candidates to describe the dynamics of the Universe
(Saha [16]). The rise of interest in the theory of General Relativity as a tool for
studying the evolution and behaviour of various cosmological models has been
rapid expensive. Since the early 1920’s to the present, the Einstein’s theory of rel-
ativity has been used extensively as a tool in the prediction and modelling of the
cosmos. One reason for the prominence of modern relativity is its success in pre-
dicting the behaviour of large scale phenomena where gravitation plays a dom-
inant role (Dicke [6], Feinstein [7]). Various researcher in theory of relativity
have focused their mind to the study of solution of Einstein’s field equation with
cosmological constant A = 0 and equation of state p = p. Solution of Einstein’s
field equation of state p = p have been obtained by various authors e.g., Lete-
lier [12], Letelier and Tabensky [13], Tabensky, R., et.al. [20] and Yadav [27].
Singh and Yadav [18] have also discussed the static fluid sphere with the equa-
tion of the state p = p. Further study in the line has been done by Yadav and
Saini [26], which is more general than one due to Singh and Yadav [18]. Also
in this case the relative mass m of a particle in the gravitational field related to
its proper mass m studied by Narlikar [14]. Schwarzschild considered the per-
fect fluid spheres with homogeneous density and isotropic pressure in general
relativity and obtained the solutions of relativistic field equations. Tolman [22]
developed a mathematical method for solving Einstein’s field equations applied
to static fluid spheres in such a manner as to provide explicit solutions in terms
of known analytic functions. A number of new solutions were thus obtained and
the properties of three of them were examined in detail.

No stationary in homogeneous solutions to Einstein’s equations for an irrota-
tional perfect fluid have featured equations of state p = p (Letelier [12], Letelier
and Tabensky [13] and Singh and Yadav [18]). Solutions to Einstein’s equa-
tions with a simple equations of state have been found in various cases, e.g. for
p + 3p = constant (Whittaker [25]) for p = 3p (Klein [9]); for p = p+ con-
stant (Buchdahl and Land [4], Allnutt [1]) and for p = (1 + a),/p + ap (Buch-
dahl [2]). But if one takes, e.g. polytrophic fluid sphere p = apH% (Klein [10],
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Tooper [23], Buchdahl [3]), one soon has to use numerical methods. Yadav and
Saini [26] have also studied the static fluid sphere with equation of state p = p
(i.e. stiff matter). Davidson [5] has presented a solution a non stationary ana-
log to the case when p = %p. Tolman [22], Thomas E Kiess [21], Karmer [11],
Singh. et.al. [17], Raychaudhari [15], A.K. Singh et. al. [19], Walecka [24],
Kandalkar [8], Yadav, et.al. [28], Singh [30], Fuloria [31] are some of the au-
thors who have studied various aspects of interacting fields in the framework
of Einstein’s field equations for the perfect fluid with specified equation of state
and general relativity.

In this paper we have obtained some exact static spherically symmetric so-
lution of Einstein field equation for the static fluid sphere with cosmological
constant A = 0 and equation of state p = p. It has been obtained taking suitable
choice of ¢;; and gy (e.g.- ¢ = Ir", e = Ir"' e = Ir7/> (where [ is a con-
stants). For different values of n we get many previously known solutions. To
overcome the difficulty of infinite density at the centre, it is assumed that dis-
tribution has a core of radius ry and constant density p, which is surrounded by
the fluid with the specified equation of state. Many previously known solutions
are contained here in as a particular case. This paper has eight sections. First
section is introduction. Second and third section deals about field equations and
its solutions with different cases. Fourth section discusses about solution for the
perfect fluid core. Finally, in fifth, sixth, seventh and eighth section we dealt
about discussion, applications, future prospects and limitations of found results
respectively.

2. FIELD EQUATIONS
We consider the static spherically symmetric metric given by
2.1 ds® = ePdt? — e®dr? — r2df? — r? sin? Odyp,

where o and ( are functions of r only. Taking cosmological constant A into
account, we obtain the field equations

N i i
(2.2) R; — §R5j + /\5j = —8rTj}.
For A =0, (2.2) gives
T i
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For the metric (2.1) in [22],
! 1 1
8T} = e (é + —) — =

r o2

—87Ty = —8nT}

. g o 5/2 B —a
—° ( > 1 1Ty
i o (a1 1
—87TT4 =€ ? — ﬁ + T—Q,

where a prime denotes differentiation with respect to r.

Through the investigation, we set velocity of light C' and gravitational con-
stant GG to be unity. A Zeldovich fluid can be regarded as a perfect fluid having
the energy momentum tensor

T]? = (p+ p)u'u; — 5;-]).
Specified by the equation of state

we use co-moving co-ordinates so that

w=u’=u>=0 and u*=e"2.

N1

The non-vanishing components of the energy momentum tensor are
T'=T; =T =—-p and T, =p.

We can then write the field equations:

(2.4) 8rp =€ <67/ + %) - %

r T

2 T

8mp=e“ <

! 1 1
(2.5) 8rp=e° (g — —> + —.

r 72 72

ﬂ_/l B Oé/ﬁ/ 5/2 ﬂ/ _ O/)
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3. SoOLUTION OF THE FIELD EQUATIONS

Using equations (2.3), (2.4) and (2.5), we have

_ 5 1 1 B o 1 1
3.1 [ B (i R
3.1 ¢ ( r + r2 72 c r o or? + 72
From (3.1) we see that if 5 is known, « can be obtained, so we choose
Case I:

(3.2) e? = Ir™  (where [ is a constant)

Using (3.2), equation (3.1) goes to the-
2
(3.3) 4oy nt
dr r

Put (7 = ™) in the equation (3.3) is reduced to
d n+2 2

e ¢ =

2
o

—T + T=—.
dr r r
This is linear differential equation whose solution is given by
2 N C
Cn42 gt
Or,
2 C
3. o _
(3.4) e —— t o
Case II:
(3.5) e =1
Using (3.5), in equation (3.1) we get
d ., n+1__, 2
—e =+ e =-.
dr r r

Put (7 = =) in the equation (3.3) is reduced to
d n+1 2
_I_

ar’ r
Solution of this is linear differential equation is given by
2 C
Cn+1 + pntl’
Or,
2 C

—Q

n+1+r"+1'
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From Case I, we get a generalized value of ¢e=* in (3.4) and hence

B kr*

-k kC

(where k = n + 2,n = power of » and C'= integral constant). Hence, using the
equation (3.4), the metric (2.1) yields:

2 N C
n4+2  prt2

(3.6) e

—1
(3.7) ds® = lr"dt® — ( ) dr® — r*(d6? + sin? 0.dy?).

Absorbing the constant in the co-ordinates differentials d¢ and putting C' = 0,
the metric (3.7) goes to the form

2
(3.8) ds® = i — P20 1246 4 sin® 0.dy).
Or,
(3.9) ds® = r"dt® — gdr2 — r(d6* + sin® .dp?).

The non-zero components of Reimann-Christoffel curvature tensor Ry, for the
metric [(3.8), (3.9)] are
n+2

SiIl2 6R2424 = R3434 = r" Sil’l2 0= 57“” SiIl2 0= R2323.

We see that Ry, — 0 as r — oo. Hence, it follows that the space time is
asymptotically homaloidal.

For the metric (3.8) the fluid velocity v’ is given by
1

rn/2°

_n
U1:U2203:0;U4:T 2 =

The scalar of expansion © = v s identically zero (i.e. © = 0). The non-

(2

vanishing components of the tensor of rotation w;; is defined by

(3.10) Wij = Vij — Vji
14 — 41 — 2 - 2
The components of the shear tensor ¢;; defined by
1 a1
(311) Jij=§(vij+v3)—§ ij>

with the projection tensor

(312) Hij = Gij — UV;
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n n -2
oo e

(313) 014 = 041 — §T = ET’T.
(Particular Case)
If we choose
(3.14) e =17/,
using (3.14) in equation (3.1) we get:
de ™ 17 2
3.15 —e %= —,
( ) dr + 57“6 r
Substituting 7 = e~, the equation (3.15) reduced to,
dr n 72
ar B
which is a linear differential equation whose solution is given by:
10 C
Or,
o 10 C
€ = 17 + r17/5’
where C' is integration constant.
Hence the metric (2.1) yields
(3.16) ds? = 1hqz — (0 C _1d2 2(d6* + r* sin® 0d
. s°=1r = 1—7+m e —r*(df” + r°sin” 0dyp).

Absorbing the constant / in the co-ordinate differential d¢t and put C' = 0 the
metric (3.16) goes to the form

17
10
The non-zero component of Reimann-christoffel curvature tensor Ry, for the
metric (3.17) is

(3.17) ds? = Ir"/5dt* — —dr? — r2(d6* + r* sin? fdy).

SiIl2 9R2424 = R3434 = ET SiIl2 0 = R2323.

For the metric [(3.17)] the fluid velocity v’ is given by

1
F7/10°

_
U1:U2:’U3:O7’U4:7" 10 =
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In the usual notation, we have the rotation and shear tensor same as equations
(3.10), (3.11), (3.12) and (3.13) which gives results for metric (3.17) as:

—7 _3 =7
@:O,UJ14: —Wy1 = ET 10 — W
and
o =0 — lr_% — L
MU T T 108100

4. SOLUTION FOR THE PERFECT FLUID CORE

Pressure and density for the metric (3.7), (3.8), (3.17) are
n+1 [ 2 C } 1

4.1) 8mp = 8mp = o T

r2 r2 ’

If we consider C' = 0, then equation (4.1) reduces to

n+1 2 1
2 8mp = 81p = B
(4.2) = r? {n + 2} r?
18
(4.3) 8mp = 81p = 55

It follows from ((4.1)-(4.3)) that the density of the distribution tends to infinity
as r tends to zero. In order to get rid of singularity at » = 0 in the density we
visualize that the distribution has a core of radius r, and constant py. The field

inside the core is given by Schwarzchild internal solution
2

(4.4) et =1- 1
2 2
(4.5) ef — {Z—M (1 _ %)]
SM(1-2)-T1
(4.6) Srp = — ( f ) ,
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The continuity condition for the metric (3.7) and [(4.4)-(4.6)] at the bound-
ary gives

2ry *? R?
1/2
2ry ? R

and the density of the core

3 no C
p0_87r7“2 n+2 rpt?)’

which complete the solution for the perfect fluid of radius r, surrounded by con-
sidered fluid. The energy condition 7;;u‘u; > 0 and the Hawking and Penrose

condition .
(Ti; — §gijT)uiuj > 0.
Both reduces to p > 0, which is obviously satisfied.
For different value of n, solution obtained above in case I and case II provide
many previously known solutions. For n = 2 and by suitable adjustment of
constant we get the solution due to Singh and Yadav [18] and Yadav and Saini

[26]. Also, for n = 3, we get solution due to Yadav et. al. [27].

5. DISCUSSION

In this chapter we have obtained some exact static spherical solution of Ein-
stein’s field equation with cosmological constant A = 0 and equation of state
p = p. We have shown that when cosmological constant A = 0, then in the
absence of electromagnetic field pressure and density become equal and con-
versely if pressure and density are equal there is no electromagnetic field. Our

/5 which investigate a generalized

assumption is ¢/ = Ir",ef = Ir"1 ef = Ir
value of e“. It describe several important cases, e.g.- relativistic model, fluid ve-
locity, rotation, shear tensor, scalar of expansion. It also helpful to investigates

solution for the perfect fluid core.
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6. APPLICATIONS

(i) In this paper we get a generalized value of ¢* and metric. Now we can
easily obtained the metric for any given value of n, where n is the power
of r.
(ii) It helpful to investigates solution for the perfect fluid core.
(iii) To study of staler body and radiation.
(iv) To study of casual limit for ideal gas has also for p = p and relativistic
model, fluid velocity, rotation, shear tensor, scalar of expansion.

7. FUTURE PROSPECTS
The investigation on this topic can be further taken up in different directions:

- This topic has been a proliferation of works on higher dimensional space
times both in localized and cosmological domains.

- It is important in a natural way to make a search for exact solutions of
theories of gravitation for different types of distributions of matter and
for different type of symmetries of space time.

- This also helpful to provide the idea about study of physical situation at
the early stages of the formation of the universe.

8. LIMITATION

If we consider n = —2 for equations (3.6), then the value of e(~* is undefined
and e“ become a constant value.

ACKNOWLEDGEMENT

We are grateful to Prof. Sri Ram, Department of Mathematics IIT-BHU, Prof.
R.B.S. Yadav, Department of Mathematics Magadh University, Bodh-Gaya and
anonymous reviewers for helping us to improve the paper.



[1]

[2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

EXACT STATIC SPHERICALLY SYMMETRIC SOLUTION OF EINSTEIN’S FIELD EQUATIONS 9107

REFERENCES

J.A. ALLNUTT: Exact Solution of Einstein’s Field Equation, edited by D. Kramer, H. Stephani,
E. Hert, and M. Mac.Callum, Cambridge Univ. Press, Cambridge, 227 (1980).

H.A. BUCHADAHL: A Relativistic Fluid Sphere Resembling the Emden Polytrope of index 5,
Astrophysical Journal, 140 (1964), 1512.

H.A. BUCHADAHL: General- Relativistic Fluid Spheres. III. a Static Gaseous Model, Astro-
physical Journal, 147 (1967), 310.

H.A. BUCHADAHL, W.J. LAND: The Relativistic Incompressible Sphere, J. Australian Math
Soc., 8(1) (1968), 6-16.

W. DAVIDSON: A big-bang cylindrically symmetric radiation universe, J. Math. Phys., 32(6)
(1991), 1560-1561.

| R.H. DICKE: Mach’s Principle And Invariance Under Transformation of Units, Phys. Rev.,
125 (1962), 2163.

A. FEINSTEIN, J.M.M. SENOVILLA: A New Inhomogeneous cosmological Perfect Fluid
Solution with P = £, Class Quantum Gravt., 6(6) (1989), L89.

S.P. KANDALKAR, P.P. KHADE, S.P. GAWANDE: Homogeneous Bianchi Type I Cosmolog-
ical Model Filled With Viscous Fluid With Varying Lambda, Rom. Journ. Phys., 54 (2009),
195-205.

O. KLEIN: Meson Field And Nuclear Interaction, Math Astron Fysik., A34 (1947), 19.

O. KLEIN: Normal Variation in Multiple Precordial Leads, Arkiv. Fysik., 7 (1953), 487.

D. KRAMER: Cylindrically symmetric static perfect fluids, Class Quantum Gravit., 5(2)
(1988), 393.

P.S. LETELIER: Self Gravitating Fluids With Cylindrical Symmetry, J. Math. Phys., 16(7)
(1975), 1488-1490.

P.S. LETELIER, R.S. TABENSKY: Cylindrical Self-gravitating Fluids with Pressure Equal to
Energy density, IL Nuovo Cimento., 28(2) (1975), 407-414.

V.V. NARLIKAR: Relative mass. In general relativity, Curr. Sci., 37 (1968), 281.

A.K. RAYCHAUDHARI: Theoretical Cosmology, Clarendon Press, 987 (1979), 456.

B. SAHA, H. AMIRHASCHI, A. PRADHAN: Two-fluid Scenario for Dark Energy Models in
an FRW Universe-revisited, Astrophys. Space Sci., 342(1) (2012), 257-267.

K.P. SINGH, ABDUSSATTAR: Perfect Fluid Surrounded by a Frozen Photon Field, Indian J.
Pure Appl. Math., 4(4) (1973), 468-472.

T. SINGH, R.B.S. YADAV: A Note on Spherical Symmetric Self Gravitating Fluids With
Pressure Equal to Density, J. Math. Phys. Sci., 15(3) (1981), 283-289.

A.K. SINGH, V. KUMAR, M. KUMAR, R.B.S. YADAV : An Exact Static Solution of Ein-
stein’s Field Equations Using Cosmological Constant With Equation of State p = p, Acta
Ciencia Indica (Pragati Publication), 40(03) (2014), 435-440.

R. TABENSKY, A.H. TAUB: Plane Symmetric Self-gravitating Fluids with Pressure Equal to
Energy density, Commun. Math. Phys., 29(1) (1973), 61-67.



9108

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A.K. SINGH

T.E. KIESS: Exact Solution to Einstein’s Field Equations For Perfect Spherically Symmetric
Static Fluids, Class. Quantum grav., A26(2) (2009), 11.

R.C. TOLMAN: Static Solutions of Einstein’s Field Equations For Spheres of Fluid, Phys. Rev.,
54(4) (1939), 364.

R.F. TOOPER: General Relativistic Polytropic Fluid Spheres, J. Astrophys., 140 (1964),
434-459.

J.D. WALECKA: A Theory of Highly Condensed Matter, Ann. Phys. (N.Y.), 83(2) (1974),
491-529.

J.M. WHITTKER: An Interior Solution In General Relativity, Proc. Roy Soc. London A.,
306(1448) (1968), 1-3.

R.B.S. YADAV, S.L. SAINI: Static Spherically- Symmetric Perfect Fluids with Pressure Equal
to Energy density, Astrophysics and Space Science., 186 (1991), 331-336.

R.B.S. YADAV ET AL.: Exact Static Spherically Symmetric Solution of Einstein Field Equa-
tion, Acta Ciencia Indica., 33(2) (2007), 185.

A.K. YADAV, A. PRADHAN, A. SINGH: Bulk Viscous LRS Bianchi I Universe With Variable
G and Decaying A, Astrophys. Space Sci., 337 (2012), 379-385.

YA.B. ZELDOVICH, I.D. NOVIKOV: Relativistic Astrophy., 2: The Structure and Evolution
of The Universe, The University of Chicago Press, Chicago, I (1971), 459.

K.N. SINGH, P. BHAR, M. LAISHRAM, F. RAHAMAN: A Generalized Class One Static
Solution, Heliyon, 5(8) (2019), art.id. e01929.

P. FULORIA: A New Generalised Solution to Generate Anisotropic Compact Star Models in
The Karmarkar Space-time Manifold, The European Physical Journal A, Springer, 54(10)
(2018), art.id.179.

DEPARTMENT OF MATHEMATICS

MAGADH UNIVERSITY

ADDRESS BODH GAYA-824234, BIHAR, INDIA.
Email address: dr.aksingh2909@gmail. com



