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Abstract: In this paper, we found new exact solutions toEhestein- Maxwell system of equations within thenfrework of
MIT Bag Model considering a particular form for theasure of anisotropy and a gravitational potentidch depends on an
adjustable parameter The first class of solutions has a singularityhia center. The second class of solutions is aggulthe
stellar interior. Variables as the energy densiaglial pressure, tangential pressure, electrid fiatensity and the metric
functions are written in terms of elementary antineminal functions. We show that the form cho$enthe gravitational
potential and the anisotropy allows obtain physjcatceptable solutions with any value of the a@jole parameter.

Keywor ds. Gravitational Potential, Adjustable Parameter, imsMaxwell System, MIT Bag Model, Energy Density,

Measure of Anisotropy

1. Introduction

One of the fundamental problems in the generalrthed
relativity is finding exact solutions of the Einistefield
equations [1,2]. Some solutions found
applications in astrophysics, cosmology and mocenty in
the developments inspired by string theory [2]. fé&int
mathematical formulations that allow to solve E#ists field
equations have been used to describe the behadvodnjexcts
submitted to strong gravitational fields known asutnon
stars, quasars and white dwarfs [3,4,5].

describing a star with uniform density, Tolman {igveloped
a method to find solutions of static spheres ofdfland
Oppenheimer and Volkoff [8] used Tolman's solutidos
study the gravitational balance of neutron stais.isl
important to mention Chandrasekhar's contributiidg in

fundamentahe model production of white dwarfs in presence of

relativistic effects and the works of Baade and ckyi[12]
who propose the concept of neutron stars and fgeat
astronomic dense objects known as supernovas.

The physics of ultrahigh densities is not well urstizod
and many of the strange stars studies have beéormped
within the framework of the MIT bag model [13]. this

From the development of Einstein’s theory of geineranodel, the strange matter equation of state hasmales

relativity, the description of compact objects hHasen a
central issue in relativistic astrophysics in thestl few
decades [2,6]. Recent experimental observationbinary
pulsars [6] suggest that could be quark stars. edigtence
of quark stars in hydrostatic equilibrium was fibst Itoh [7]
in a seminal treatment. Recently, the study ofngfeastars
consisting of quark matter has stimulated muchréstesince
could represent the most energetically favouraltdge sof
baryon matter.

In the construction of the first theoretical modei§
relativistic stars are important the works of Sctesahild [8],
Tolman [9] and Oppenheimer and Volkoff
Schwarzschild [8] found analytical solutions thdlowed

[10].

linear form given byp:%(p—4B) where p is the energy

density, p is the isotropic pressure and B is thg tonstant.
However, theoretical works of realistic stellar ratsd[14-17]

it has been suggested that superdense matter may be

anisotropic, at least in some density ranges. Kistence of
anisotropy within a star can be explained by thesence of a
solid core, phase transitions, a type lll superdfla pion
condensation [18] or another physical phenomenasulch
systems, the radial pressure is different from tdregential
pressure. This generalization has been very usdteistudy
of the balance and collapse of compact sphereg2].9-
Many researchers have used a great
mathematical techniques to try to obtain exacttsmis for

variety of
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quark stars within the framework of MIT bag modghce it 1-Z )
has been demonstrated by Komathiraj and Mahard], [13 X C 2C
Maharaj et al. [23], Sunzu et al. [24], Malaver ]j25
Thirukkanesh and Maharaj [26] and Thirukkanesh Radel y
[27]. Feroze and Siddiqui [28] and Malaver [29] soler a 42;‘7 Cc 2C ®)
quadratic equation of state for the matter distidou and

specify particular forms for the gravitational putial and . . .

electric field intensity. Mafa Takisa and Mahars30] sz Y+ (az+2x2) Y+ 2= L 4
obtained new exact solutions to the Einstein-Maksxstem y y c

of equations with a polytropic equation of state.

Thirukkanesh and Ragel [31] have obtained particula o= E(XE +E)z )
models of anisotropic fluids with polytropic equmtiof state X

which are consistent with the reported experimental
observations. More recently, Malaver [31,32] getestanew
exact solutions to the Einstein-Maxwell system aeisng  E is electric field intensity 0 is the charge densit p,
Van der Waals modified equation of state with antheut g the tangential pressure and dot denote diffatimn with
polytropical exponent. Maharaj et al. [23] foundwodels respect to x.

by specifying a particular form for one of the gtational We can replace the system of fields equations thighbag
potentials and the measure of anisotropy. Mak ldatko  equation of state by the system

[33] found a relativistic model of strange quarérswith the

(@)

Where p is the energy densit p, is the radial pressure,

suppositions of spherical symmetry and conformadlirigj p=3p+4B (6)
vector.

Using the procedure suggested by Komathiraj andavégh p_ .,y _ 1, B
[13] and Maharaj et al. [23] in the present wornle have c ¢ y 24 ¢ ™

generated a new class for charged anisotropic maifté
the bag equation of state in static spherically regtnic
spacetime and a gravitational potential y(x) of &iar
[25,34] that depends on an adjustable paramet&ve have
obtained some new classes of static sphericallyrsstnical
models of charged matter considering a particutamffor p=p +A 9)
the measure of anisotropy where the variation of th

parameten. modifies the radial pressure, tangential pressure, 4xCZ § . g -
energy density and the electric field intensityhef compact A= f’fc (2x2 + 62 ); +C [2[2 + gj +
objects. The models of Malaver [25] and Komathiaad

Maharaj [13] for isotropic pressure are recoversdsecial

cases. This article is organized as follows, inti§ac2, we o = 2,|==—(E + xE) (11)
present Einstein’s field equations. In Section 3 hese X

particular choices for the gravitational potengiét) and the The equations (6), (7), (8), (9), (10) and (11) gme the
anisotropy that allows solving the field equaticarsd we gravitational behavior of a charged quark star. hantity
have obtained new models for charged anisotropitemadn is called the measure of anisotropy.

Section 4, a physical analysis of the new solutiagns
performed. Finally in Section 5, we conclude.

-3z Y-1z7_8 (g

Z -1

=] (o)

A=p-p

3. New Exact Solutionswith Anisotropy

2. Einstein Field Equatlons Using the method suggested by Komathiraj and Mahara

Consider a spherically symmetric four dimensionzice [13], it is possible to o_btain a exact .solutiontlmé Einstein-
time whose line element is given in Schwarzschild/axwell system. In this paper, motivated by Malaj2s],
coordinates by we take the particular form of the gravitationateyuial

ds? = —e2Odt? + e20dr 2 + r2(d6? + sin6dp?) (1) y = (a+ ax)? (12)

Using the transformations, _ o2 , " and Whlere ais f’;l r(.eal constant a ¢y |s. zfm adjustable parfameter.
This potential is regular at the origin and welhbeed in the

A22(x)= g2 With arbitrary constants A and C, suggesteqnierior of the sphere. Substitution of (12) in \lows to

by Durgapal and Bannerji [35], the Einstein fielguations ©btain the equation of the first order
as givenin (1) are
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b’ + hvams o [1_%8 X)(az +2aax + a?x)+ A 13) We have considered the particular cases gen/2,1.
z= For the casta=12, the equation (13) can be written as
8x%aa +6x°a” + 2xa’ 8x%aa + 6x°a’? + 2xa’ a=1/2 q (13)
i i i 2B 1
We specify the measure of anisotropy of the follmyvi 2 v 7xa+al [1— e xj[az tax+ g xzj +x+1
form: z+-4 z= 5 (15)
4x%a+=x® + 2xa? 4x%a + > X3 +2xa?
A=x"+1 (14)

. . Integrating (15), we obtain
a is the adjustable parameter.

1 (x+4a)cix —2—98 X —@ ~(24°B-6a0¢ —g (482 ~za’C-C)x

Z09=1
b2 (3428 goc e

(16)

Z(x) allows generate the following analytical madel

e = Az(a+%x)4 17)

e = C(x+2a)*(3x + 2a)
(x +4a)C/x - %B x* - @ x* - (24a°B - 6aC)x* - g (4Ba® -32°C - C)x (18)

8a®C +8aC

) (x+4a)Cyx —2—98 %_@Ls—c) x ~(246°B-6aC)x’

(x+2a)" @x+ 2a)(a+% X) —%(lGBa” ~120C - AC)x+8a°C +8aC

p=

I (x+4a) . 8., (3@8B-3C) , (,00n 16
. c&+72& C- By (48B-1220)x , B

- 2
2x+2af 3+ 2a) +4a’C +gC (19)

9CKRAY X +448Cx/x -1 BX —%zasx‘ —@6#5)8 -48@°BX —%Esoa“Bx

+% +20x + 380300 + 8470 #1200 +10450x+ 22830+ 325C X + 626C
(x+2af(3x+2af’| 7 7 3

+64°C

. (x+4a)CVx —2—98 X —@Ls_c) X (24628 -6aC)¢

n =
(x+ 2a)2(3><+2a)(a+% X) —é(lEBas ~122C - AC)x+8a°C +8aC

I (x+4a) . 8, (368B-3C) , (000 16
) c&+72& C- Y- (48B-122C)x , B

~ Ax+2a)(3x+2a) (20)

+4a2C+i31C

9CRY X +448Cx/x -1 BX —%Zasx‘ _gﬁasza -48G°BX —%Oa“sx

4 +g—73 cxé +§6ac>? +84°CX +12CX +10413Cx+2?48a0x+ 322°C\/x +64'C

(x+2a)(3x+2a)f
+64°C+9X' X + 48 X +88DC X +64x xa® +1 6% x + 9 + 48 +8&2¢

| +64°x+16a"
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- 1 Ax+da)cyx -2 :{m;sc) X ~(722B-18C)%
- 1
O+ 22" @x+22)(@+- 0| - (1eBa? —1212C—4C)x+ 240°C+240C
1 acyxe dxrde) o B, 436@B-XC) -(144°B-36C)x-1688"
~ 2x+2a) (3x+2a) 2x ~ 3 !
2
| +128C+4C _ 1)
27CR/X +132CK/x ~3BX —5’22;:12 aBx 8i88a BX ~1440°BX ~56G'Bx
++ +27 030 + 198,058 1+ 25220, +360% +312°Cxc+ 24@Cx+ 965C X +1921'C
(x+2af (3x+2af"| 7 7
+1920C +36Bx’ +192BX +352°BX’ + 256°Bx+64Ba’
L 6Cx° +28aCx? +40a’Cx — 2(x + 4a)C/x + g Bx* + (24aB - 2€) x®
E2=

2
X(x+2a)"(3x+ 2a)| (45425 12aC )x? + g (4Ba® -3a?C - C)x-8aC

1 6(x+4a)cf—ng3 _(r2aB-6C) o - (144228 - 36aC)x?
1
C(x+2a)’ (3x+ a)(a 5 xj - (32Ba® - 24a% - 8C)x + 48a°C + 48aC
+4a)C |, 46 3(160 32
cx+ XA 46, +(aB+C}x - 4(2a%B - 3aC x + 2 Ba®
) 1 20x 9 7\ 73 4 ) 3 (22)
2
(x+2a)*(3x+2a)| | , - ’%C
9Cx?x + 44aCx/x - 2Bx° - 198%apyt + I oyt - 10982y, 380 0y
63 7 7 7
+ - 1 ~| —240Ba’x’ +84a”Cx” +12Cx” +104a°Cx + @aCx +32Ca’/x - 128 Ba’x
(x+2a)*(3x + 2a) 3 3
+64a°C +64a°C

The metric for this model is

4

4@ = - Az(a W1 x] 42+ C(x+2a)(3x+2a)
2

(x+4a)Cy/x —g BX’ —(1%37_(:)% - d4a’B-aC?

e + ic‘(d92+ sirfode? ) (23)

4c

—g (4Ba® - 32°C —C)x +8a°C +8aC

With 5=1, the eq. (13) becomes

1-—x|la“+2ax + x° )+ x+1
_[ C j( ) (24)

N 21x? +14xa + a®
8x%a+6x°+2xa? 8x%a +6x° +2xa’

Integrating (24 ), we obtain



10 Manuel Malaver: New Analytical Solutions fou&k Stars with Charged Anisotropic Matter

415x° + 63ax” + 21x° +105a°X + 35x + 35ax +105a° +105a)

318x+a)’(3x+a)| - 2B

Z(x) = 2Bx
C

25
(35%® +135ax? +18%°X +105a°) (29

With the equation (25 ), we can generate the exaalytical model

e = A’(a+x)* (26)

2 = 315(x+a)’(3x +a)
[d15%° +63ax? + 21x? +105a%x + 35x + 35ax +105a° +105a)

—%(35% +135ax? +189a’x +105a° ) |

(27)

g 15¢ +63ax? +21x? +1052x +35¢+35ax+105° +10% )
P,

) 31%x+a)’(3x+a) —4—(8:)((35(3 +135° +18%°X+105°)

. 1 28BX° —13%x* +81GBX* + 756 Bx-37&Cx-126x—313°C
63(x+a)’(3x+a)| ~105 +21&°B-108C

(28)
1 {lOlEBX4 +342@BX +4158°Bx’ + 210@&°Bx—45Cx° —~18RCX —633X2:I

31%x+a)’(3x+a)| ~315m°Cx-10%x-108Cx—-315H°C -315C+318Ba*
1 {me“ —45Cx3 +27@BxX +37&%BX? ~18BCX —63CK2 —31&20x—10&x}

" 21qx+a) (3x+a)’ | +213°Bx-10%Cx-31%a® ~315C

c g 15¢ +63ax° +21x? +105°x+35x+35ax+105° +10% )

P 31dxra) (3x+a) —%‘(35% +135 +18%B°x+10%° )

189(* +28Bx° —135x* +81GBX* + 756°Bx—37&Cx—-1268x-31%°C
+;2 -10C+213°B-108C+441@ +315@%*x? +63@3x+1890¢ + 4413
63(x+a)’(3x+a) ) . (29)
+315@“x+63(

1 101Bx* +342@Bx +415&°Bx® +210@°Bx—45Cx* -18RCX* —63x°
31%x+a)’(3x+a) l:—315120x—1052x—10510x—31513C—315&C+3153a4 }

1 70Bx* —450x° +27@BX +378&2Bx? ~18BCx —60x* ~31R*Cx—10%x
21Gx+a)(3x+a)’ L 21&°Bx-10mCx-31Ka’° -318C }

g 15¢ +63ax% +21x? +10%2x +35+35x+10%° +10% )

P 31dx+a) (ax+a) —4—?((35x3+135x2 +18%°X+10%°)

+
63(x+a)’(3x+a)| ~31L +315@°B-315C

1018Bx* +342@Bx’ +415&°Bx’ +210@&°Bx—45Cx® ~18%RCX° —63Lx
-3158°Cx-108x-105%Cx-31%°C-31%C +318a*

1 {840ch3 — 405X +2007@BX? +148682 Bx—1134aCx—37&3x—955a2C}

(30)

: 3
314x+a)’(3x+a)

~ 70Bx* —45Cx® +27@Bx® +378°Bx° —18BCx° —63Cx* —315]°Cx—10%Cx
214x+a)*(3x+a)’ | +21G°Bx-108Cx-31%a’ -315C
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oC 900¢ —2016¢° +126@*x— 63> —105 -105x— 945
Bx

E?=
315(x+a)*(3x+a) —%

(35¢ +135¢ +18%°x+10%°)

[270¢ +378¢ +1134x° +189@2X+630X+63@x+189@° +567@
2Bx

2C

" 314x+a)’(3x+a) (210¢ +81G +1134°x+630°)

[101BX* +342@BX +4158°BX +210@°Bx—450x° ~18RCX 6% —31R°C (31)
| ~10Ex-10%Cx-31%a’ -318aC+3138a’

[28@BX 135 +81@BX +7562Bx—37&Cx—126x~31%a’ —1053+21(Ba3}
-10%C

2

31%x+a)’(3x+a)
_ 1

31%x+a)’(3x+a)
1

" 108x+a)*(3x+a)? | ~10BCx-31Ea° ~31%C

The metric for this model is

ds = -A(a+x)'die+

31%x+a)(3x+a)

70BX* —480x +27GBX +37&°Bx* —18RCx —6x? —31H°Cx—10%x+21G° BX}

2Bx

+10%° +10%) -C

4. Physical Analysis

The presented models constitute another new faofily
solutions for a charged quark star with anisotrqpiessure.
The metric functions can be written in terms ofipaminal
functions, and the variables energy density, pressnd
charge density also are represented analytical.thrcase

a=12, The metric functionse%) and e’ behaves well
inside the star and have a finite value et =a*2 and
2= &

a+l
tangential pressure and the electrical field intgnadmits
singularity at the center x=0 as in the quark stadel of

Sunzu et al. [24]. Whe A=0, we obtain the Malaver model
[25] for isotropic pressure as a special case.

For the solution found wig=1, the functionsea’(r) and
el acquire finite values in the center x = 0 as indhse for

a=12. The energy density, the radial pressure and the

3(5¢ +63¢ + 21 +10%°X + 35 + 35X
(35¢ +1350¢ +18%x+1057)

in x=0 but in the energy density, radial pressure

dx2+lc‘(d92+sir?9dgf) (32)

5. Conclusion

We have generated a new class of exact solutianthéo
Einstein-Maxwell system within the framework of MBag
Model with a particular form for the measure ofsatiopy.
We have studied two new types of analytical sohgio

specifying the form of the gravitational potent y(X) which

depends on an adjustable parameterThe first solution
admits a singularity in the radial pressure, tatigepressure,
energy density and electric field at the centethef stellar
object and the second solution is regular throughbe
interior but present a singularity in the elecfiédd intensity.
The proposed model allows us to recover the salstisith
isotropic pressures as a special case. The methgdnerate
analytical models with anisotropy will depend oe form of

and YX) and A, necessary to determine physically
acceptable solutions.

tangential pressure at the center take the Va'“?—ieferences

2B

_2642°C+1-aC _27a’°C-aC+27C _2B |
- 28’ 6a’ 3
_24a%C +1§C+633 _2B | respectively. Again, there is a

6a 3
singularity in the electrical field as in the quatkr model of
Malaver [34] . For isotropic pressuA=0 and we recover
the Komathiraj and Maharaj model [13] witta=1 as a
especial case.
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