Eur. Phys. J. C (2016) 76:250
DOI 10.1140/epjc/s10052-016-4085-x

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Generalisation for regular black holes on general relativity to

f(R) gravity

Manuel E. Rodrigues'-2-2, Jiilio C. Fabris®> ", Ednaldo L. B. Junior?, Glauber T. Marques*¢
! Faculdade de Ciéncias Exatas e Tecnologia, Universidade Federal do Para Campus Universitario de Abaetetuba, CEP 68440-000 Abaetetuba,

Par4, Brazil

2 Faculdade de Fisica, PPGF, Universidade Federal do Pard, 66075-110 Belém, Pard, Brazil

3 Faculdade de Engenharia da Computacéo, Universidade Federal do Para, Campus Universitdrio de Tucurui, CEP 68464-000 Tucurui, Para, Brazil
4 Universidade Federal Rural da Amazonia ICIBE - LASIC, Av. Presidente Tancredo Neves 2501, CEP 66077-901 Belém, PA, Brazil

5 Universidade Federal do Espirito Santo, CEP 29075-910 Vitéria, ES, Brazil

6 National Research Nuclear University MEPhI, Kashirskoe sh. 31, Moscow 115409, Russia

Received: 6 January 2016 / Accepted: 14 April 2016 / Published online: 2 May 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract In this paper, we determine regular black hole
solutions using a very general f (R) theory, coupled to a non-
linear electromagnetic field given by a Lagrangian LNgp.
The functions f(R) and Lngp are in principle left unspec-
ified. Instead, the model is constructed through a choice of
the mass function M (r) presented in the metric coefficients.
Solutions which have a regular behaviour of the geometric
invariants are found. These solutions have two horizons, the
event horizon and the Cauchy horizon. All energy condi-
tions are satisfied in the whole space-time, except the strong
energy condition (SEC), which is violated near the Cauchy
horizon. We present also a new theorem related to the energy
conditions in f (R) gravity, re-obtaining the well-known con-
ditions in the context of general relativity when the geometry
of the solution is the same.

1 Introduction

The present stage of accelerate expansion of the universe
seems to be well established from the analysis of observa-
tional data. Besides the supernova Ia data [ 1-3], the data from
the observation of the anisotropy of the cosmic microwave
background radiation (CMB) [4,5], the baryonic acoustic
oscillations [6—11], large scale structures [12—14], weak lens-
ing [15] and the differential age of old galaxies (H (z0) [16—
21] give strong evidence for the present accelerated expan-
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sion phase. Since gravity is attractive, the cosmic acceleration
expansion requires some new form of exotic matter, which
leads to a violation of the strong energy condition (SEC)
[22-24], as far as general relativity (GR) is considered. This
exotic component is dubbed dark energy.

The most popular, and most simple, candidate for dark
energy is the cosmological constant. Interpreted as a mani-
festation of the quantum vacuum energy, the cosmological
constant faces, however, a huge discrepancy between the
observed value and the predicted one. The exact value of
this discrepancy depends on many details, but in general it
amounts to many dozen orders of magnitude [25].

The incertitude about the dynamical origin of the observed
accelerated expansion led to many speculations about pos-
sible extensions of GR in such way that the accelerated
expansion could be obtained without the introduction of dark
energy. In this sense, one of these possible extensions is to
generalise the Einstein—Hilbert action including non-linear
geometric terms. One of these proposals is the class of f(R)
theories [26-30], where the non-linear terms are combina-
tions of the Ricci scalar R. Such theories may give very
good results at cosmological scales but must be comple-
mented with a screening mechanism in order not to spoil
the achievements of GR at scales of the solar system [31].
There is a long list of other possible, and generally more
complex, modifications of GR [32-61].

Another problem concerning the applications of GR to
concrete problems is the presence of singularities, as that pre-
dicted in the primordial universe and in the end of the life of
some massive stars. The presence of such singularities seems
to point to the limit of application of GR, requiring perhaps to
consider quantum effects in the strong gravitational regime.
Some other possibility to cure this singularity problem, yet
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in the context of a classical theory, is to consider as source
of the gravitational equations matter fields that may lead to
violation of at least some of the energy conditions. Examples
are given by non-linear gauge fields, like the electromagnetic
field. Non-linear electromagnetism [64] has been conceived
originally to cure singularity problems in Maxwell theory.
In theories of gravity, the electromagnetic field appears as
one of the sources of the structure of the space-time. In such
a context, some success in avoiding singularities has been
obtained in implementing such an extension of the classical
Maxwell field [65-88].

In Ref. [62] both proposals of extensions of the usual grav-
itational and gauge field theories were considered. In that
paper, the emphasis was on the study of black hole con-
figurations. A very general form of this theory, mixing the
f(R) theory and the non-linear electromagnetic Lagrangian
LNED, has been considered. A static, spherically symmetric
space-time has been used. Particularly, solutions with hori-
zon (thus, candidates to represent a black hole) were found,
but without the singularity existing in the usual black hole
solutions of GR. This singularity-free black hole solutions
imply the violation of the SEC only in certain regions of the
space-time. However, the other energy conditions are gen-
erally satisfied. We remember that the energy conditions are
directly connected with the existence of singularities in GR
theory [22-24].

In the present paper, we revisit the problem treated in Ref.
[62], and we show that new non-singular solutions are pos-
sible. This new solutions emerge from a specific, but very
appealing, choice of the mass function M (r), which will be
properly defined later. The mass function we will use was
constructed in Ref. [63], with GR theory coupled to a non-
linear electromagnetic field, in order to satisfy some require-
ments, like to avoid violation of the weak energy condi-
tion (WEC) and to have the Reissner—Nordstrom asymptotic
limit: the mass function M (r) given in Ref. [63] is the most
general functional form satisfying the WEC in GR. As found
for other mass functions in Ref. [62], the employment of the
mass function of Ref. [63] in our general context implies
that the violation of SEC occurs only in a limited region of
the space-time, the other energy conditions being satisfied
in the entire space-time. We will prove a new theorem for
the energy conditions for f(R) gravity according to which
we must recover the same conditions of GR when the same
geometry is simultaneously a solution for the equations of
GR and f(R) gravity.

This paper is organised as follows. In the next section, the
equations of motion are written down. In Sect. 3, we deter-
mine the new non-singular solutions and analyse the fate of
the energy conditions for these solutions. The final conclu-
sions are presented in Sect. 4. In the Appendix, it is shown
explicitly that the solutions found here are asymptotically
regular.

@ Springer

2 The equations of motion in f(R) gravity

S (R) gravity is defined by the action
Srry = /d4X«/—g [f(R) + 2K2£m], (1

where g stands for the determinant of the metric g,,,, f(R)
is a given function of the Ricci scalar R, L, represents
the Lagrangian density of the matter and other fields, and
k% = 871G /c*, with G and ¢ being the Newton gravitational
constant and the speed of light, respectively.

There are two main approaches for this theory, the first
one supposing the dynamical fields are the metric and the
matter field, known as the metric formalism, and the second
one, called the Palatini formalism, for which the dynamical
fields are the metric, the matter field, but with the Levi-Civita
connection independent of the metric. In the following we
will use the first approach.

Applying the variational principle in terms of the metric
to the action (1), we find the following field equations:
JRRY, — %&'ff + (840 — g"PVgV,) fr = k2OM,, (2
where fr=df(R)/dR, R", is the Ricci tensor, V,, stands for
the covariant derivative, [] = g,V Vg is the d’ Alembertian,
and ©,, is the matter energy—momentum tensor.

In the present work, we will analyse the coupling of
the f(R) gravity with a non-linear electrodynamic theory
(NED), given by L, = Lngp(F), where F = (1/4)F*Y
F,v, and with F,,, being the Maxwell tensor, and Lxgp (F)
isan arbitrary function of F'. A similar structure was exploited
in Ref. [62]. We will first review the methodology employed
in that reference, which will be applied in the present paper
in order to find new regular black hole solutions.

Considering the NED coupling, the energy—momentum
tensor for matter in (2) is given by

_ 0LNep(F) F

0", = 8}/ LNED oF

K Foa. 3
In the particular case of the Maxwell Lagrangian Lngp = F,
the energy—momentum tensor of the linear Maxwell electro-
dynamics is re-obtained.

Defining the Maxwell tensor in terms of the four-potential
Fuy = 0,A) — 0,A,, the variation of the functional (1)
with respect to the potential can be performed, leading to the
generalised Maxwell equation,

Vo [F*Lr] =08, [vV—¢F"Lr] =0, 4)

where ,CF = aENED/aF-

We then consider a spherically symmetric and static space-
time, whose line element, in Schwarzschild coordinates,
reads
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ds? = O dr? — PO gr? — 42 [d92 + sin? 9d¢2] o)
where a(r) and b(r) are arbitrary functions of the radial coor-
dinate r. We will consider the particular case where there is
only electric field, the components connected with the mag-
netic field of the Maxwell tensor Fj,, being zero. Impos-
ing spherical symmetry, through the Killing vectors and the
equation L Feb (t,r,0,¢) =0, we can show that the only
non-null component of the Maxwell tensor is 10)189,90].
The generalised Maxwell equation (4) for v = 0 is
Flo(r) —[a(r)+b(r)]/2£ ), (6)
where g € )i is an integration constant representing the elec-
tric charge of the source.

The equations of motion for the f(R) gravity coupled
to a NED are then found by using the line element (5), the
energy—momentum (3), with the only non-null component
given by (6), and the field equations (2):

d? fr dfr
4r [4 dr? +2[4_ b] dr

+[ra b —2ra" —r(d)* —4a ]fR + Zrebf}

6]2
=-—x2[£NED4-—Z£;1}, )

d/fr

e—h

4r[z[4+r]

+ [(4 +ra)b —2ra’ — r(a/)z] SR+ 2"gbf}

q2
—i2 [ENED + r—4£;1j| , (8)

d[z 2d Ir
2r2 dr?
dfr

+[r? (@ — =B+ 2= (0 —d)

120" — D1fx + r2e”f} = —k2LNED. )

where the prime (") stands for the total derivative with respect
to the radial coordinate r.

In the next section, we will use an algebraic methodology
to solve these equations and to obtain new regular solutions.

3 New generalisations for regular black holes on GR to
f(R) gravity

We will simplify the equations of motion in such a way that
a new class of solution can be determined. Subtracting Eq.
(8) from Eq. (7) we have

e? d2fR dfr / N
7[2]" dr2 —(d—+2f)(a +b)i|—0 (10)

We have now a second order differential equation, with vari-
able coefficients, given in terms of the function fr. This
equation does not have an analytical solution in general and
we must choose a given restriction in order to solve it. There
are two obvious possibilities. The first one corresponds to
choosing the quasi-global system of coordinates

b(ry = —a(r). an

This is an additional requirement to the metric functions since
the coordinate system has already been fixed. However, the
fact that the functions f(R) and Lngp are, for the moment,
arbitrary ensures the possibility to impose such a new con-
dition, as will be verified later. In GR, when the spherical
symmetry is fixed, implying ®00 = ®11, the identity (11)
comes out directly. But, in f(R) gravity this does not hap-
pen, and an extra condition must be imposed to simplify the
equations of motion.

The second choice is b(r) # —a(r), which does not lead
to a solution of the equations of motion unless there is the
relation b(r) = —a(r) + by (r), with by (r) given in such a
way that an analytical solution can be determined for (10).
An example is given in Ref. [93].

The determination of new solutions for the f(R) gravity,
in the case with spherical symmetry, has been studied also in
Refs. [94-98].

Imposing the quasi-global coordinate condition for (10),
we obtain

d?
TR g, (12)
dr?
Integrating this expression,
Sr(r) = cir + co, (13)

where the integration constants cq, ¢ € N appear. Here, we
must make the following observations. First, for the particular
case c; = 0, co = 1, GR is recovered, since the integration
of (13) with respect to R leads to f(R) = R. Second, if the
line element (5) is considered, the Ricci scalar becomes

’
_ b " / ’ a 2 2 2
R=c¢ [a +(a—b)<3+;>+r—2i|—r—2

a " !/ a/ 2 2 2

In order to have a better description of the new regular
black hole solutions, it is useful to define

2M(r)

r

) =1-— (15)
where M (r) is the mass function, which for the regular solu-
tions satisfies the condition lim,_.o[M (r)/r] = 0. The mass
function M (r) must coincide with the ADM mass m in the
spatial infinity limit, where the radial coordinate r goes to
infinity.

@ Springer
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Inserting (15) and (11) in (14), the curvature scalar can be
rewritten as

2
R(r) = —r—z[rM”(r) +2M' ()], (16)

which, for a given M (r) model, may allow one to invert Eq.
(16), to obtain r(R). After integration of (13) it leads to

f(R) = coR + c1 /r(R)dR . (17)

It is also possible to obtain f(R) from the expression
fr = (df/dr)(dR/dr)~". After integration and using (16)
we obtain

dR
) dr.
dr

f(F)Z/fR(r) (18)

Now, we use the methodology presented in [62] to solve the
equations of motion. Taking Eqs. (11), (15), (13) and (18),
we can solve Egs. (7)—(9) to obtain Lngp and Lf as

1 2
LD = —555 [r F(r) + deoM'(r) + 201r] , (19)

2
Lp = —Kzil—z[(clr Feo)rM"(r) = (2co + c1r)M'(r)
“BeM@) +eir] (20)

The solution above satisfies the equations of motion. How-
ever, its consistency can be verified through the Lagrangian
density Lngp and its derivative with respect to F, Lr. By
definition, we have

_a/:NED ar _8£NED oF - (21)
aF ar dF  or ar ’

oL
L= JENED

To perform such a verification we must remember that F =
(1/HF*F,, = —(1/2)e*P[F19()]?, and that the only
non-null component of the Maxwell tensor, for this symme-
try, is obtained from Eqgs. (11), (15) and (20), which, consid-
ering (6), leads to

1
FIO0) = = [3c1M(r) T 2co + e1r)M'(r)

—rler + o+ M1} . (22)

Now, using Egs. (11), (13), (15), (16), (18)—(20) and (22),
it is possible to verify that the constraint (21) is satisfied.
Hence, the solution is consistent.

In order to perform an analysis of the physical properties
of this class of solutions, we must take into account the energy
condition relations for the f(R) theory. Following the results
of Refs. [91,92], Eq. (2) is rewritten as

1 _ 1
Ry — -guwR = fR 1[’(2@;/.11 + Eg;w (f —RfR)

2
— (g0 = V) fr] =T, (23)

@ Springer

where T,L(Sff) is the effective energy—momentum tensor, and

the perfect fluid content is identified by the relations ’Too(eff) =

e, ,]-ll(eff) _ _p}geff)’ 7-22(eff) _ 7—33(eff) _ _ p[(eff)’ where
(eff) (eff)

p© p and p;®" are the energy density, radial and
tangential pressures, respectively. The explicit expressions
for the energy—momentum tensor can be found in Ref. [62].
With these expressions, the energy conditions for the f(R)
theory can be written as

NEC »(r) = p© 4 p5 > 0, (24)
SEC(r) = peetry + p™ +2pF™ > 0, (25)
WEC) 2(r) = p© + p&P > 0, (26)
DEC (r) = p* > 0, 27)
DEC, 3(r) = p© — pP > 0, (28)

where, in view of the identity WEC3 () = DEC (r), one of
the conditions was not written.

We call to attention that the effective energy—momentum
tensor in (23) is equal to the Einstein tensor, which is in the
left hand side of that equation. This means that the energy
conditions are related only to the type of geometry for which
the solution is written, and they can be the same for two
different theories as, in the present case, for GR and f(R)
gravity. We can then state the following theorem.

Teorema Given a solution of Egs. (7)—(9) of the f(R) grav-
ity, described by S1 = {a(r), b(r), f(R), LNED, Flo(r)}, if
there exists a solution in GR S» = {a(r), b(r), Lyep, F'°
(r)}, then the energy conditions (24)—(28) are identical for
S and S».

Proof 1If S1 = {a(r), b(r), f(R), Lxep, F'°(r)} is a solu-
tion of the equations of motion (7)—(9) then it can be rewrit-
ten as in (23), where we have the expression G, (a, b) =
K27',f§ff). If there exists a similar solution of GR for the geo-
metric part, it can take the form G, (a, b) = KzTﬁR . Using
these identities we have the equivalence ’Z;f?,ff) = Tg)R,
which models the energy—momentum tensor for a perfect
fluid, implying that the energy conditions must be the same
for the two solutions. O

We will verify this theorem for the new solutions we will
write down later.

In the next subsection, we will use a specific model for
the general mass function M (r), coming from GR, in order
to obtain a generalisation of this class of solutions.

3.1 New regular black hole solutions

As it has been shown in Ref. [62], there is no model for the
mass function M (r) that leads to a generalisation of a solu-
tion of GR to the f(R) gravity theory, with a function f(R)
containing non-linear terms. Physically, our motivation is to
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generalise a given GR model where at most the SEC energy
condition is the only one to be violated. Using the energy con-
dition theorem of the previous section, we can determine the
most general mass function M (r) which satisfies the WEC in
f(R) gravity, asin Ref. [63]. We will use a model obtained by
integration of the general mass function satisfying the WEC
given by [63], which reads

m*r3 3@/ a)T (b1 /ar)
q°  T3a;Hribr —3)/ay]

3 by a+3 6T (4/ay) m o\
XF | —; —; e = —r :
ay ap  a C(a; HI'[(a1 +3)/a114

(29)

M) =

where 7 F1[ky; ka; k3; z] is the Gauss hypergeometric func-
tion.

This model is, in general, very complicated. It is possible
to express the solutions in terms of integrals, which may or
may not be analytical. It is more instructive to work with
some particular cases. Let us first take the case where a; = 2
and b; = 4, for which the metric functions (11) and (15) are
given by

=t =1+ — arctan

72g* + 64m2r2  nr

Tq?
(30)

32m?q? 4m |:8mri|

This solution represents a charged, regular black hole,
asymptotically flat, with two horizons: rg (an event horizon)
and r_ (inner or Cauchy horizon). It is possible to verify that
this solution is regular in all space-time by inspecting the
Ricci and Kretschmann scalars, which read

R 16384m*%¢° a1
(w2g% + 64m2r2)3”
K = RP"’ Rygpuy
64m?> 64m2q*r?
- 7,6 { (2q* + 64m2r2)6
x (3r*g® + 2567 2m%g*r? + 20480m*r*)
x(7'[4q8 + 256712m2q4r2 + 28672m*r)

1 8mr 8mr
+— arctan | —= [3 arctan | —
2 7q? 7q?

16mmq?r
(m2g* + 64m?2r2)3

r

><(3714q8 + 512m2712q4r2 + 36864m4r4)] } (32)

These scalars are finite in all space-time. The limits in the ori-
gin of the radial coordinate and in the spatial infinity are given
bylim,_o{R, K} = {—(16384m™*) /(w*¢®), (134217728m?)
/(B38¢1%)} and lim,_, oo {R, K} = {0, 0}.

Equation (31) implies

r(R) — i\/_n2q2+
8m

From (31) it can be verified that R < 0, which must be taken
into account in order to define correctly (33) in the usual limit
0<r <+4o0.

Now, the function f(R) can be obtained inserting (33) in
(17), leading to

16(2rm2)2/3

(—R)173 9

_ c1 25 16(2mrm?2)2/3
f(R)=coR + 8mq37r3/3\/ Tege + 7(—R)1/3
x[1922m®*)'3 (= R)'? + 4(@dn*m*)3 (= R)*? — 283¢* (—R)]

768¢m? _ 16(2rm?%)2/31-172
=y arctan ™! {nq[ —n2¢% + W] . (34)

We can now see clearly that the last two terms that multiply
the constant ¢ generalise the GR solution to f(R) gravity,
including non-linear terms in the Ricci scalar R. In the par-
ticular case where ¢; = 0, GR is recovered.

We perform now a brief analysis of the stability of this
solution. Following the results of [99], a small perturbation
in the Ricci scalar, R=R+ S8R(r, t), leads to the following
equation after taking the trace of Eq. (2):

82
[— — Vz} SR(r,1) = —m%8R(r, 1), mu ~ (35)

9r2 3frr’

where frr = dfr/dR. Hence, the stability condition for a
static spherically symmetric configuration is given by

1
3frR

The second derivative of (34) with respect to R, leads to

my ~ > 0. (36)

22/3 13,2
fRR = (em) g et . (37)

1473373
3R4/3q\/—7r4/3q2+ e

From (36) and (37) this solution turns out to be stable for
c1 > 0.

It is not possible to obtain analytically a functional rela-
tion between the scalar F' and the Lagrangian density £NED.
Hence, using (22), with (29), we obtain

1
mqr?(m2g* + 64m?r?)3

F0) =
x{ — nr[ — 52428800m6q2r3 + ¢y
x <n6q12 + 4096m* 3¢ r2 (2% + 3r2) + 65536m°r*

X (=3q% + 42y + 48m2m* B (g2 + 4r2))]
8

t6cim(n2q* + 64m2r?)3 arctan <i;) } (38)
mq

@ Springer
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F

Fig. 1 Parametric representation {LNgp, F'} of the solution (30), with
q=10,m =80,c0 =1, ¢y =2,k2 =87

Now, LNgD can be obtained through (19):

1 (c 8192m*724°
LNgp(r) = —K—z{—l 1 (co+c1r)

o (7m2g* + 64m2r2)3
2048m*q>
(w2q* + 64m2r2)

3072¢cim*r
722 (72g* + 64m2r2)

384cim? 8mr
+————arctan | — ) ¢. 39)
73g* 742

3 (2co +c17)

Itis possible to represent parametrically a graphic Lngp (F) X
F,where F = (1/4) F"" F,,. This behaviour is displayed in
Fig. 1.

The energy conditions can now be verified. Taking explic-
itly the effective density and pressure [62] for our particular
case (30), we find the following expressions for the energy
conditions:

NEC; (r) = WEC;(r) = 0, NECy(r) = WECz(r)

524288m%q¢?r?
= K22t + 64m2r)3” (40)
1 4096m*q>
DEC = —DEC = , DEC
1(r) > 2(r) 2(2g* + 6am2r2)2 3(r)
8192m*n2¢"
= K22t + 6dm2r)3” D
8192 4 2 8 2 2.4
SEC(r) = 92m a7 1@mr)” = m7g7] 42)

k2(w2g* + 64m2r?)3

The energy conditions NEC, WEC and DEC are satisfied in
all space-time. However, the SEC energy condition (42) is
violated for r < [ﬂq2 /(8m)], which, for the values m =
8q,q = 10, represents a region very near the Cauchy hori-
zon (nqz/(Sm) = 0.490874, rcauchy = 0.0419174,ryg =
159.373).

Let us stress the main differences between the GR solution
given by the mass function (29), with a; = 2 and b; = 4,

@ Springer

and our solution for f(R) gravity, obtained for the same
mass function and parameters a; and b1 . The actions for these
theories are completely different: while for GR the geometric
part is given by Sgy = [ d*x/—gR, for the solution we
have determined above we have Syg) = [ d*x/—gf(R),
with f(R) given by (34). The actions corresponding to the
matter and electromagnetic components are also different:
for GR the Lagrangian density behaves asymptotically as
the Reissner—Nordstrom case; for our case we do not have
such a restriction.

Let us show a second analytical example for the general
mass (29). For the values a; = 3 and b1 = 4, using the same
procedure as before, the following functions characterise the
solutions:

. 2m 4>
a(ry — ,—b(r) _ 1 _ = _
e =e =1 p |:1 (q6+8m3r3)'/3j|’R(r)
64m*q® 43
IV T UEN (43)
FlO( ) 256c0m7q2r5 cl
r)= 55— 33537 T 5
k2q(qS + 8m3r3)73 T k2q
| 3m—r s 256m7qu6 B 8m4qzr3
(q() + 8m3r3)7/3 (q() + 8m3r3)4/3
3mg?
@+ 8,113,3)1/3] ’ (44
_ 16m?
T r6(g6 + 8m3r3)14/3
x [3q28 T 112m3¢22 3 4 1856m5¢ 1070
+14336m°q'%r? + 57344m "2 g*r'? — (q° + 8m’ 1)1/ x
x (6% +208m>¢?*r® +2944m°q 41 + 19456m°¢®r°
+49152m'2¢%r 1)
+ (q6 + 8m3r3)2/3 (3q24 + 96m3qlgr3
+1152m°%¢ " %10 + 6144m°¢°r° + 12288m12r12)} (45)
c1
FR) = coR+ e stars (R 2114 24T (mg ) P
_q6(_R)3/7]4/3[3 x 24/7(mq2)12/7(_R)4/7 _ q6R] .
(46)

In spatial infinity, we have lim, _, ; oo {€?®), €?} = {1, 1}
and lim, _, ;oo {R(r), K} = {0, 0}, showing the regularity in
the asymptotical region. When the radial coordinate goes to
zero it is necessary to perform an expansion around » = 0
to analyse the behaviour of the solution in this limit. Taking
e and R(r), (43), K inserting in (45), we find the following
expansions around r = 0:

4
A~ — 16m 2+ 0 <r3)
3¢9 ’

64m*

R(r) ~ — + 0 (),

i to(r)
2048m8

K~ 3412

o0 (r3) . (47)
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Fig. 2 Parametric representation of the density and effective pressures
of the solution (30) (left up panel) and of the solutipn (43) (right
up panel). Also displayed are the fractions w, = pfeﬁ) /o0, =

When r goes to zero, we have lim, _,o{e?®), b} = {1, 1}
and lim,_o{R(r), K} = {—64m*/q°, 2048m®/q'?}, show-
ing the regularity in the origin of the radial coordinate. Hence,
we have shown that the solution (43) corresponds to a regu-
lar black hole in all space-time. This black hole has spherical
symmetry, and it is charged and asymptotically flat.

The stability of the solution can be briefly analysed. Taking
the second derivative of (46) with respect to R, we find

f 211/76]2C1 |: 1 218/7
RR

-2/3
- TR (g2 | m3 (mq2)9/7(—R)3/7] :
(48)

From (48) we see that the stability condition (36) is satisfied
for ¢; > 0, and the solution is stable.

Let us verify now the energy conditions for this case. They
read

NEC, (r) = WEC(r) = 0, NECy(r) = WEC;(r)
. 256m’ ¢%r3
= 2(q 1 8m3r3)13”

(49)

16m*q>
K2(q6 + 8m3r3)as”

1
DEC,(r) = EDECZ(r) =

3t ]
E Pcff(r) E
2r ]
of e — i
R ,/””_cff
~1F p’cff(r)x.' /// P (r) 4
&" ///
2k ’,' /,’ 4
3 —‘---.-—'-';L"/’ L N L L
0.0 0.2 0.4 0.6 0.8 1.0
r
Il Tr e T T —; n
[ eff e -7
L P (v)/p, ff(r) ... PRagid Q)
. // .
0r "> R4 ~
L7 el
- v,
// ,/ Sl
,_f’/ Qr(r)o ~.“~.
-1 = — S
c/ ......
’/
Lt & A
[ S
L Rl
F O/
3g=r=r—' 1 1 N ! 1 |
0.0 0.2 0.4 0.6 0.8 1.0

ff {f ff i ff
P 1o e = (pE 4+ 2 /p €0 and pE /pCH We used
qg=10,m=80,co=1,¢; =2,k =8x

DEC3(r) = 32m'q’ 50
3(7') - Kz(q6 + 8m3r3)7/3 ’ ( )

32 4 2 8 3.3 _ 6
SEC(r) = 22ma”@m7r” —q7) (51)

«2(q6 + 8m3r3)1/3

The conditions NEC, WEC and DEC are satisfied in all space-
time. However, the SEC condition, given by (51), is violated
for r < ¢2%/(2m). For the values m = 8¢q,q = 10, this
violation occurs in a region very near the Cauchy horizon
(q%/(2m) = 0.625, FCauchy = 0.0676869, rg = 159.373).

To complete our analysis, we display in Fig. 2 the
graphics for the density, the radial and tangential effective
pressures for the solutions (30) and (43). We show also
the graphics for the relative fractions of these quantities,
or = P 1o, — P /M, g — (T +
2 /p D and pi /.

It can be seen from Fig. 2 that the radial pressure reveals
always the relation pﬁeﬂ) = —pD for both solutions. The
tangential pressure has this behaviour only very near the ori-
gin of the radial coordinate. For both solutions, there is a
small difference between these two pressures that grows as

@ Springer
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r increases. This fact reveals the anisotropy of the effective
matter content for the theory.

Again the main differences between the solution coming
from GR and our solution are in the geometric and matter
parts of the total action, as commented on before for the first
solution.

4 Conclusion

In this paper, we have investigated the existence of reg-
ular black hole structures for a general f(R) theory,
sourced by non-linear electromagnetic terms expressed by
the Lagrangian Lngp. Our approach follows very closely the
one employed in Ref. [62]: instead of choosing specific forms
for the f(R) and Lngp functions, the approach consists in
expressing the metric in terms of a mass function M (r) and
to choose a mass function that satisfies some requirements.
Specifically, we have used the mass function determined
in Ref. [63]. Such a mass function was constructed, in the
context of GR theory coupled to non-linear electromagnetic
field, in order to satisfy the WEC and to have an asymptotic
Reissner—Nordstrom limit. In fact, the chosen mass function
M (r) is the most general functional form satisfying the WEC
in GR.

Applied to the case of general f(R) and Lngp functions,
the mass function of Ref. [63] leads to regular black hole
solutions which contain two horizons, the event horizon and
the Cauchy horizon. We worked out completely two specific
cases of that mass function, by choosing specific values for
the free parameters in the model developed in Ref. [63]. The
regular character of the solutions is attested by the regular
behaviour of the geometric invariants, like the Ricci scalar
and the Kretschmann scalar. Asymptotically, as expected, the
metric functions reproduces the Reissner—Nordstrém solu-
tion of GR.

The energy conditions are satisfied for the two specific
cases studied here, except for the case of the strong energy
condition (SEC) which is violated in the vicinity of the
Cauchy horizon. Of course, a violation of at least some of the
energy conditions must occur if a regular solution must be
extracted from the original theory. In this case, the violation
is quite mild since it is only the energy condition connected
with the convergence of the geodesics that is violated (SEC),
and even though in a quite restricted region of the whole
space-time.

The stability of the two solutions determined here has been
briefly discussed and it has been shown that the two solutions
obey the stability condition.

Evidently, there are many open issues related to the prob-
lem treated here, like the complete determination of the LNgp
function corresponding to the configurations found, and the
stability problem. We postpone such a new analysis to future
works.

@ Springer
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Appendix: Asymptotic analysis of the new solutions

Let us analyse the regularity of the solutions in the limit
r — o0. The radial coordinate is redefined as x = 1/r.
Hence, r — oo implies x — 0. The metric function e
for the solution (30), behaves in this limit as

)~ 1= 2mx + ¢*x* + 0(x7). (52)

From this behaviour, it is possible to verify that the metric
behaves, up to second order, as in the Reissner—Nordstrom
solution. In this limit we have

1 m3 5
f(R) ~ 7'[2_(]2 |:3861q—4 + O(x )i| . (53)

Hence, the function f(R) becomes asymptotically a con-
stant, which depends on ¢y, which cannot be made zero.
The Lagrangian density Lngp becomes also a constant. We
can verify this by using Eq. (19) for the model (29), which
becomes

192¢e1m® ¢

i 3
ENEDN—W—F-FO(X ). (54)

From this expression, it is possible to verify that the
Lagrangian density becomes also a constant, which is mul-
tiplied, in the action, by 2«2: it is zero in this limit, which is
normal for solutions that are asymptotically flat. Performing
the same analysis for the Lagrangian density given by (20),
we find

2,2

Lr~ -3 4 o). (55)

C1
The component F'° of the electric field (22) approximates
10 3m c1

~ —C] —

k2q k2qx

2
W2y o). (56)
K

+

Note that there is a divergence. But this divergence does not
affect the physical quantities, nor the equations of motion
for this solution. In order to verify this, we will evaluate the
electric energy density. Hence, let us turn attention to other
physical quantities like the electrical energy density (right
side to Eq. (7)), which becomes

192m3
n2q2

~

c1 4 2c1x + 0(x2). (57)
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The electrical energy density goes to a constant in the limit
r — —+o0. On the other hand, the effective electric energy
density is given, in this limit, by

q2
Deft ~ K—2x4 + 0, (58)

which goes asymptotically to zero.
For the solution (30) the left side for first equation of
motion, in the limit » — 400, leads to

3
1926 —5— +2¢1x — 3eyma’ + 0(x). (59)
g

This result shows that the infinite quantity coming from
fr(r) = co + c1r does not affect the equations of motion.
The same happens for the second equation of motion. For the
third equation of motion, we find

3
1926 5 + c1x + 0. (60)
n2q

Hence, the equations of motion are regular in the limit r —
+o0: the equations are consistent since the infinity coming
from fg(r) = co + c1r is compensated by other terms.

Now, we perform a similar asymptotical analysis (r —
~+o00, with x = 1/r) for the second solution given by (43).
In this case,

)~ 1= 2mx +¢*x> + 0(x7), 61)

showing that asymptotically the metric coincides with the
Reissner—Nordstrom case.
The function f(R) for this solution reads

m3
F(R) ~ 24c1q—4 + o). (62)

Again, the function f(R) becomes asymptotically a constant
which depends on ¢, which cannot be made zero. Inspecting
the action, we have f(R) ~ constant or f(R) ~ —2A. On
the other hand, the component F 10 hecomes

c1 3cim 2coq

K2

F1O~ 2+ 0(x3). (63)

Cgrlx | gk?
Hence, the component F'0 diverges in the limit r — 4o0.
But this does not imply the presence of divergences in quanti-
ties like the energy density, among others, nor in the equations
of motion. In fact, the Lagrangian Lxgp becomes

I’l’l3 C1
Lnep ~ —12¢1—— — —x + 0(x), (64)
q°K K
leading to
2,2
K
Ly~ —qc +00Y. (65)
1

For the electrical energy density we find

m’ 2 3
p ~ 12c1— 4+ 2c1x = 3cimx” + O (x7), (66)
q

which is a constant in the limit »r — +o00. For the effective
energy density, we find

- 3q6 640 7) (67)
peii ~ o+ (x7),

which goes to zero in the limit » — +o0.
Let us now verify how the equations of motion behave.
The left hand side of the first one reads in that limit

3
12c1m—4 +2c1x — 3c1mx2 + 0(x3). (68)
q

This shows that the infinity introduced by fr(r) = co +
c1r = ¢o + c1x Y is cancelled and does not contribute to
the equations of motion. The same happens for the second
equation (by symmetry). For the third equation, we find

m3
121 — +c1x + 0(x). (69)
q

Hence, we confirm that a regular behaviour is also verified
for the second solution, since there is no divergence in the
physically relevant quantities, nor in the equations of motion.
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