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Abstract. The Tolman-Oppenheimer-Volkoff (TOV) equation determines the structure
of a spherically symmetric body of isotropic material in equilibrium, in general
relativity (GR). It is widely used in the study of properties of compact stars. In case of
charged compact stars, an extended TOV equation was found first by Bekenstein in
1971.

We aim to use, the f(R) theory of gravity, one among several proposed extended
theories of gravity to find an equivalent equation to TOV equation, and use it to study
electrically charged compact stars. We assume that the charge density is proportional to
the energy density of the star and we choose the polytropic equation of state to describe
the state of the charged star. We perform a detailed numerical study using Maple 2016,
and our results are compared to those found in the literature in the framework of GR.

1. Introduction

Recent observations show that the universe is expanding at an accelerating rate. GR doesn’t predict
this to happen. Moreover other shortcomings of this theory emerged in cosmology at infrared and
ultraviolet scales. To cure these problems, two general ways have been taken: introducing a new type
of energy or modifying the theory of gravity. Here, we use f(R) gravity, a modification of GR to

study electrically charged compact stars [1]. To test alternative theories of gravity like f (R) gravity,

we generally study compact stars. These objects are well studied in the literature. For charged compact
stars, an extended TOV equation was found first by Bekenstein, in 1971 [2], then followed by other
authors [3], [4] and [5]. In this paper, we review the study of compact charged spheres made of a
charged perfect fluid with a polytropic equation of state as studied in the literature [5]. The charge
density is chosen to be proportional to the energy density. The study is performed by solving the
extended Tolman-Oppenheimer-Volkoff equation (TOV), which describes the hydrostatic equilibrium,
in GR. The goal that we want to reach is to apply f(R) gravity to the results found for the polytropic

charged stars and then analyses the effect that would appear in adding that correction. We choose the
quadratic correction

f(R):R+%ﬂR2 (1)

to the Hilbert-Einstein action, because it is the simplest case and it has shown consistence results for
some cosmological phenomena. f is called the parameter of quadratic corrections.
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This paper is organized as follows: first we briefly review the ETG in section 2 and then in section 3
we describe the equations governing the charged compact stars, an equation of state of polytropic form
and a charge density are defined. We plotted new graphs for the mass- radius characteristic for a fixed
polytropic exponent and different charge fractions in [5]. In section 4, we derive the modified
extended TOV equation in f (R) gravity. Finally we conclude.

2. The Extended Theory of Gravity (ETG)
The f(R)theory of gravity is one type of ETG which consists in modifying the Einstein-Hilbert

action by replacing the Ricci scalar R by a generic function of it, taking it to higher orders in R:

L=-gf(R) )

In this formalism we write the action as:

A:jd“xﬁ[f(R)mLm] 3)

where L is the minimally coupled ordinary matter Lagrangian density and X =87zG is a constant

with G being the Newtonian constant. Variation with respect to the metric tensor yields the field
equations [1]:

1
F(R)RW —ng f(R)+ g/wDF(R)—VﬂVvF(R) =XT, 4)
The trace of the field equations is:
F(R)R-2f(R)+30F(R)=XT (5)
-1 ¢ Y -9 Lm
Where F (R ) = af (R) .Here, T, = ! ( ) is the the energy-momentum tensor of matter,

dR N =

T is the trace, R, is the Ricci tensor, ¢, the metric tensors and [ is the d’Alembert operator.

v v
3. Polytropic Charged Spheres
Compact stars are well suited to test Alternative Theories of Gravity (like f(R) gravity) by studying

their formation and evolution across time. In fact these objects are well studied in the literature:
Chandrasekhar found a mass limit for white dwarfs in Newtonian gravitation, whereas Tolman,
Oppenheimer and Volkoff found a mass limit for neutron stars, a more compact objects in relativistic
gravitation. Regarding charged compact stars, it was Bekenstein who, first, studied their stability. By
making an ansatz, that the interior of the stars are composed of radiation and perfect fluid, he found
the extended TOV equation which tends, in Newtonian limit, to the well known hydrostatic equation
of equilibrium in the case of uncharged star. In this work we consider charged compact stars and study
their properties in the framework of f(R) gravity. To do so we must compare our found results with

those found in the literature in case of GR. We will follow the work given in reference [5]. In fact,
before proceeding to use f(R) gravity, we have first derived all the results found by Arbanil et al., in

reference [5] and studied the mass-radius characteristic for other values of parameters involved in the
same reference.

3.1. The equations of equilibrium

The Einstein-Maxwell equations in the presence of charged matter are, with (¥ =87)

G,, =-84T,, (6)

uv T
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V,F" =47)" (7)

where 2,v =0..3 are the Greek indices, J“ is the electric current density and T ,, stands for the energy

momentum tensor, which, in the present study is written as [6]:
T,=E,+M, (®)

where M is the energy-momentum tensor of a perfect fluid given by:

M, =(p+p)uu,+pg,, ©)

14

p is the energy density, p is the pressure and U, is the fluid’s four velocity.

E,, is the electromagnetic energy-momentum tensor given by:

1 1 p
E/“’:E(F;FW_ZQ#VF%F}/ j (10)

where the Faraday-Maxwell strength tensor is:
F.,=V,A -VA, (11)

with V  representing the covariant derivative, and A, the electromagnetic gauge field. In addition, the

electric current density is written as:
3 = put (12)

where p, is the electric charge density.

To describe a static fluid distribution with spherically symmetric, we have to write the metric as:
ds” =—B(r)dt’ + A(r)dr’ +r*(d6’ +sin6°dg’ ) (13)

so that the metric functions A(r)and B(r)depend only on r (t, 1, 0, go) are the Schwarzschild-like
coordinates. The electric field being static spherically symmetric, so the only nonzero components of
the Maxwell strength tensor are F"(r)=~-F"(r), with F"(r)a function of the radial coordinate r
alone. Thus, the only non-vanishing component of the Maxwell equations is:

dc:j—(rr):47rr2pe(r) A(T) (13)

where g (r)=r’,/A(r)F"(r)is the total electric charge inside a sphere of radial coordinate r .

3.2. The extended Tolman-Oppenheimer-Volkoff (TOV) equation
Following reference [5], the non-zero Einstein equations derived there, are

d 1 q(r)
a(rA-1)=1—87zr2 P (15)
2
Ld—B+l=l+87zr2[p—L@] (16)
AB dr A 87 r

By using the Bianchi identities, V T =0, we have the conservation equation:
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dBr) _ B(r) ( q(r) do(r) _2dp(r>) an

dr  p(n)+p)\ 2zr* dr dr
A new quantity m (r) representing the mass inside the shell of radial coordinate ris defined [6] such
that:

a(r)=A(r) 1= 210, () (18)

Replacing equations (14) and (19) into the Einstein equation (16), we get the extended TOV equation
initially found by Bekenstein [1] and was widely used in the literature since then:

dp _ m q q _-
Ez—(p+ p)a 1[4npr+r—2—r—3j+pe(r—2a 2 (19)

3.2.1. Equation of state:
The equations above are not sufficient to determine the parameters needed to completely describe the

compact charged star, namely ¢(r), A(r), m(r), p.(r), p(r) and p(r). We need two more equations;

e one is the equation of state providing a relationship between energy density and pressure.
Namely we chose a polytropic equation of state of the form:

p=awp’ (20)
where @ is a constant and y is the polytropic exponent.

e The second equation is given by assuming a proportionality relation between the energy ensity
and the charge density:

P =0p (21)
where « is the charge fraction which is dimensionless in geometric units.

3.2.2. Numerical analysis:

By using equations (20) and (21), together with the three Einstein equations (15-17) and the Maxwell
equation (14), we get a complete system of equations that we solve numerically, using Maple 2016
software. As the system contains differential equations, we need to define boundary conditions. They
are chosen at the centre of the compact charged star as:

m(r=0)=0, q(r=0)=0, p(r=0)=p,, p(r=0)=p,, p.(r=0)=p,, (22)
At the surface of the star, the pressure is zero, so the radius of the star, denoted R, (to avoid any
confusion with the Ricci scalar R), is found when p(R,)=0 holds.

We used to check all the graphs given in [5] and plotted new graphs for a given polytropic
exponenty =4.5/3 . In figurel we plot the radius of the resulting spheres as a function of the mass,

normalized to the Sun’s mass M, for y=4.5/3, and for few values of the charge fraction. The

considered central energy densities lie in the interval [1013, 102°]kg /m’. We get the following graphs

shown in figure (1) below.
We can see clearly the Oppenheimer-Volkoff mass limit in these figures. Notice that the
Oppenheimer-Volkoff mass limit appears in relativistic gravitation as for neutron stars.
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5 Figure 1. The radius of the resulting spheres as a function of the mass for y =4.5/3, for §
. few values of the charge fraction a. We consider the central energy densities in the range
[10” 10” Jkg /m’.

4. The Extended TOV Equation in f(R) gravity

Now, by using the gravitational field equations (4), we find the following equations that extend those
found in GR in reference [5].

2 2
314 : 4A° d’8 B 2prt —4r’ BAB dB Ar+d—Bd—ArB 4dAB d ?
16A°r°B dr? dr dr dr dr dr

,(dBY | dB dA dA dBY  naro
A (drj Bri+2A (drj 75/1 { (drj 8rAW 16A }(drj +8B°[r (23)
dA dA dB Y o, (dAY , ,| dB
[er +8IA—=—16A }(drj +8B [r ﬂ[drj +2((r +2ﬂ)A—2ﬂ)A }dr
4| o2 pf GA ’ 2(( 2 8Ar’zp—q’A
+16B {r ,B(drj ~(A=1)(A-1)A*((r +ﬁ)A—ﬁ)H_”4

r
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3
S —16A‘OI 5 +48B°p d—B S(rdA—“A]B arpd 5
16r-A°B 6\ dr 5 dr
3 2 2 2
+8r°BAB (dB 4B)d A osar[ 4B g pri 108 STAABTAA
dr dr- dr? 27 dr
2 2 3,2
,BAz(dBj +7Bﬂ( dA—zzA)ArdB+l682 rzﬁ(dAj _AT _9rhA
dr 9 dr 21 dr 27 dr 8 8
—dA—AZ,BJ :4’B (dBj Ar?+2B [rdA—ZAjrdB +8[rdA
dr dr? dr dr 3 dr dr
2 4 3
A B2,6’Ar2d'§‘+47A3(dB Brt+46 rdA—3OA)B/5'A2r3(dB +47B°
6 dr dr dr 23 dr

A{ﬁlg(dAj _64rﬂAdA_4A(Ar+l6ﬂ)}r2(dBj +4g{r3lg[dAj _11
dr 47 dr 47 dr dr 12
*-2B)A-6pB)A°
r*pA (dAj an Ar(Ar 16) (7 -27)A-6/) }B3rd8+192[r3ﬂ
dr dr 12 6 dr

(). (dAJZ_((rz —2ﬂ)A+10ﬂ)A2fdA+/3A3(A+11)(A—1>]B4 4)

dr 3 dr 24 dr 12

8zprt+q’
=r72

4
% 16A3CI ? ‘pri—48B°%p dBAr+5(rdA—4AjB A’r’
16B°A°r dr dr 6\ dr 5

3 2
d’B (dB 4BJd A_36A d’B Bﬂr 116 _8TA
dr’ dr dr’ dr? 29
2 2 2 2
BzCI érzAz(dBj +23(rdA—22AjBArdB+l68 rz(dAj _A
dr dr 29\ dr 21 dr 29 dr 8
2
dA—Azj B,BAr2d I§’+24B2 (dBj Ar’+2B (rdA—zA)rdB+8
dr r dr dar 3 dr
(rdA A] PAr? A —49A° (dBj pri—=s0(r dA—36Aj LA?
dar 6 dr dr

. (dBj 4982 r (dAj _T2rAdA 48A° ) (dBj _43Bp
dr dr 49 dr 49 dr
2 2 3
i dA 4r-A (dA _4rA %_4A d£_1928 Y dA N
dr 3 ldr 3 dr 3 dr dr

c2pa(da Y AT((r7+28)A+2B)rga (A-1)AY((r2+p)A-13p) (25)
4 [drj - 12 dr 12

B (8zpmr*+q*)

r4



Fourth Algerian Conference on Astronomy and Astrophysics, 2017 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1269 (2019) 012018  doi:10.1088/1742-6596/1269/1/012018

where, to shorten equations and simplify notation, we dropped the function dependence: B (r)=B ,
q(r)=q, and so on.
To obtain the extended TOV equation in f (R) gravity, we should replace the conservation equation

(17) and its derivative with respect to r, into the 00-component of the gravitational field equations (4),
namely the equation (23) and we get:

1
64r°z* (p +pm)

d’p d’q (dqY
A2 _8 8 _2 e 2
4{ { r;r(p+pm)dr2 derr dr q

2
“1og( dp dpmr+47p+4pm P dg. +24r 5[ dp dpm dp7r2 5B
dr dr 5 5 5 dr dr dr 3 )dr

- ! - A(dqj q*>-8q AdP—l(er rmd—A r“;zd—q+16r7
64rz* (p + pm) dr dr dr dr

dp ) rdA dp d’p
(rA(dr] —Zdr(p+pm)dr+dr(p+pm)J 2]A[—8r87z2(p+pm)d .

r

+2qr*z(p +pm)

2

2
+2qrx (p+pm)?j g (gqj q2—10q(rdp+d'0m+4p+m]r37rdq
r

dr dr 5 5 5 dr

2p 4
+24r° (dp dpmjdp BB+ A'B ( 4dpr47[+qdq] B
dr dr 3 )dr 256r12ﬁ4(p+pm) dr dr
7+q

dA

AZB4(—4 P s qj LAl .

ar rjdr, ! _| pB* rz(dAj +8rA
64r’z’ (p +pm) 64r°z* (p +pm) dr

A oar P i gda) [ [ BAY e
dr 1A ( 4dr rrrd drj }r4r3ﬂ(p+pm)[[r ﬁ(dr} +2((r +2ﬁ)A) (26)

—2)A? )( 3? r47z+qggj84}+8{r2ﬂ[z¢j2—(A—l)Az((r2+ﬁ)A—ﬂ)}

=A‘B*(87pr*-q’)

+

Notice that this extended TOV equation in f (R) gravity should be used to study charged compact
stars. We postpone the_discussion of the results to future work.

5. Conclusion

We have studied the effect of electric charge in compact stars assuming that the charge distribution is
proportional to the mass density as is done in reference [2]. We have checked our numerical results
(programs written using Maple 2016) with that found in the literature in case of GR and we further
that work using extended theory of gravity. Next we will use that extended TOV equation to study
charged compact stars and compare the results to those found in case of GR.

References
[1] Capozziello S, De Laurentis M, Odintsov S D and Stabile 2011 Int. Journ. Of Mod. Phys.D 20
413-462.

[2] Bekenstein J D 1971 Phys. Rev. D 4 2185.

[3] Ray S, Espindola A L and Malheiro M 2003 Electrically charged compact stars and formation
of charged black holes, Phys. Rev. D 68 084004.

[4] Ghezzi C 2005 Phys. Rev. D 72 104017.

[5] ArbanilJD YV, LemosJP S and Zanchin V T 2013 Phys. Rev. D 88 084023.



