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Existence of Reissner-Nordstrom type black holes in f(R) gravity
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Physics Department, Eastern Mediterranean University, G. Magusa north Cyprus, Mersin 10 Turkey.

We investigate the existence of Reissner-Nordstrom (RN) type black holes in f(R) gravity. Our
emphasis is to derive, in the presence of electrostatic source, the necessary conditions which provide
such static, spherically symmetric (SSS) black holes available in f(R) gravity. We also study the
thermodynamics of the black hole solution.
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I. INTRODUCTION

Due to a number of valid reasons f(R) gravity attracted much interest during the recent decade as an extension
/ modification of Einstein’s general relativity [1-6] (for some review works see |7-10]). Here R stands for the Ricci
scalar, the simplest among much complicated ones and f(R) is an analytic function of R. Herein we wish to look at
f(R) gravity from a different angle which was introduced by Bergliaffa and Nunes in their novel paper |11, 12]. Since
the black hole solutions in Einstein’s f(R) = R, theory has already built enough prominence and play the leading role
it should be wise to seek for similar solutions in the more general f(R) theories. This approach concerns directly the
existence problem of black holes and it’s associated necessary conditions for analog objects in the latter. The existence
conditions may simply be dubbed as the ” near-horizon test” in order to highlight the event horizon of a black hole as a
physical reality. It is well-known that physically when the observer approaches the event horizon he / she feels nothing
unusual except strong gravity, so this mathematically must reflect analytically on the event horizon. The analytic

expansion of a metric function, say f(r), is developed in series of the form f(r) = f(ro)+f'(ro) (r — 70)+O ((r - ro)z)

where r¢ is the event horizon and (r — r9) stands naturally small. When these developed series are substituted back
into the Einstein equations they will give conditions of zeroth,first and higher orders. These are precisely what
we call the necessary conditions for the existence of certain / analog black hole types. To our amazement these
necessary conditions emerge rather restrictive so that we can’t propose arbitrarily any polynomial forms of f(R) as
the representative black holes. For instance,what are the necessary conditions in order that it will admit Schwarzschild-
like black hole solutions? This particular problem without external sources has already been considered and it’s found
that the possible f(R) must be of the form f(R) = ay/R+ 3, in which « and j are constants |11, [12]. An analytic
expansion reveals that the first term retains the Einstein-Hillbert term with the addition of higher orders in R which
seems to be the payoff in the enterprise of f(R) theory. Any f(R) theory is known to create it’s own source from
the inherent non-linearity of the theory. Beside these, however, additional external sources may be considered (some
examples of f(R) black hole with charge are given in [13-19]), which makes the principal aim of the present paper. We
consider an external static electric field as source and adopt the Reissner-Nordstrom (RN)-type black hole within f(R)
gravity. Expectedly, the results for necessary conditions for the existence of a RN black hole are more complicated than
the case of a Schwarzschild black hole. In this process we obtain an infinite series representation for the near-horizon
behavior of our metric functions. The exact determination of the constant coefficients in the series is theoretically
possible, at least in the leading orders. The addition of further external sources beside electromagnetism will naturally
make the problem more complicated. An equally simple case is the extremal RN black hole which is also considered
in our study.

The paper is organized as follows. Section II investigates the necessary conditions for the existence of a RN-type
black hole in f(R) gravity. Thermodynamics, and in particular the first law for such black holes are presented in
Section III. Section IV is devoted to an extremal RN-type black hole. The paper is completed with Concluding
Remarks, which appears in Section V.
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II. ANALOG RN BLACK HOLES IN f(R) GRAVITY

The proper action in f(R) gravity coupled minimally with Maxwell source in 4—dimensions is given by

s fo (i)

in which f(R) is a real function of the Ricci scalar R, F = 1F,,, F* is the Maxwell invariant and x = 87G where
G is the Newton’s constant. Our choice of the spacetime is a RN-type black hole solution whose line element can be
written as

2M  Q? dr?
ds® = —e2® (1 AL e ) di* + " 1% (d6° + sin® 0d?) (2)
rooor? (1 _2M oy Q_Q)

where M and @Q are two real constants which indicate the mass and the charge of the black hole respectively. Also

® = & (r) is an unknown real function which is well behaved everywhere and dies off at large r. The matter source

which we shall consider in our consideration is a Maxwell electric field whose two-forms is given by
F=FE(r)dtAdr (3)

where E (r) is the electric field. Following the line element (2) one finds the dual-Maxwell field as

*F = —F(r) e®r?sinfdf A do (4)
and in turn the Maxwell equation
d*F =0 (5)
implies
q _
E(r)= 3¢ ¢ (6)

in which the integration constant ¢ is to be identified with ). Varying the action with respect to g,, provides the
field equations

1
FRy = 5f9u = VuVoF + g0 0F = kT, (7)
where F = 4 OF = -0, (v=g0" (%)) and V'VuF = g* [Fju0 — T Fon] . We obtain
a1
or=o% 0, (V=497 0, F). ®)

dR ~ =g "

VIV = 59“9““9 ot F, (9)
VTVTF — g’r‘TF// _ gTTF:TF/, (10)

1
VAV, F =VVyF = 29999"999 F (11)

in which a prime denotes derivative with respect to r. Also in Eq. (7) the stress-energy tensor T; reads as

T = —4— (Fo! — Fun ™), (12)



which after considering the line element (2) and the Maxwell field (3) together with (6), one finds
y_ 1 Q7
T = —<rdiag[~1,~1,1,1]. (13)

We note that another dependent equation is the vanishing trace condition
FR—-2f+30F =0, (14)
which is obtained after knowing 7' = T/ = 0. The trace equation may be used to simplify the field equations and
therefore Eq. (7) becomes
1
FRY — 155 (FR-0OF)—- V!V, F =kT}. (15)

From the metric given in (2) one finds the event horizon at r = ro = M + /M2 — Q2 or consequently

g+ @’

M =
27”0

, (16)

as the ADM mass. Based on the near horizon test introduced in Ref. |11, [12] we expand all the unknown functions
about the horizon. This would lead to the expansions

R(r) = Ro+ By (r —ro) + 5B (r = ro)* + 0 (r = r0)°) (a7
1 2 3

@ (1) = @0+ @ (r = 10) + 38 (r =10)° + O ((r —10)*) (18)

F:Fo—i-Fé(r—ro)—l-% ¢ (=m0 + 0 ((r=r0)*), (19)

in which the sub zero implies the corresponding quantity evaluated at the horizon. After some manipulation, the
field equations would develop as series in different orders of (r — ry) . In the zeroth order one finds two independent
equations

ford — (EoRl + 3%, Fy) rd + Q% (EoR), + 3B} Fy) ro + 2Q* (Fy — 1) = 0, (20)

forg — 2r8 Eg Ry + 2Q*ro Eo Rl — 2Q* (Fy — 1) = 0, (21)
together with

Ry = w' (22)

To
The first order equations admit another pair of equations

FoRyrg + [(29F — 5%() Fo — 3®(Eo R — 3Ho R + 4fo — 3EoRy| 1§ — 2 (BE0RY + 5®(Fp) + (23)
[(—2®F + 5%() Fo + 30, EoRjy + 3Ho R + 3E0R)] Q*r¢ + 6Q°EgRf) + 49(F,Q* = 0,

1
FoRgyrg +4 ( fo— EoRy — HoR§ + 5(1)6E0R6> ro — 2 (®oFo + 3EoRg) g+ (24)
(AEo Ry — 20, Eo R}, + 4HoR{) Q*rg + 294 FyQ> = 0

together with

R (50f — 20F) 5 — 2®(r¢ + (2Q*@F — 5Q*®Y) ro + 8Q*®f,
0 — ) . (25)

To



In these equations F = g% = ﬁ and H = 3 R3 = % and a sub ”0” implies the value at the horizon. From these

equations we find the possible solutions for the unknown coefficients. The following are the results:

P = Bre+ Bae” + O (%) (26)
S A 0
po 30008 -QY  2r0(d = QY B +2(8 —4Q%) 5 510 (B =9 B 5 (2 (29)

To To
in which € = r — 1o, 81, By are constants and
6Q? 8ro (7"3 Q2)2 B% -2 (7"3 - QQ) (Q2 + 57"8) B1 — 5o (7"3 - Q2)2 B2
81683 (13 — Q%)% B2 + 200 (13 — Q2) (513 — 23Q2) By + 513 (13 — Q)7 By + 24Q°

Let us note that &y remains unknown, but since it can be absorbed into the redefinition of time it can be set as
@y = 0. What we have here are some complicated relations between the forms of f, F' and R in terms of 3, and (3,
which are arbitrary. In the zeroth order the conditions on any f(R) can be written as

fo=-

(30)

| 6Q? 8ro (12 — Q2)° 82 — 2 (12 — Q2) (Q* + 5r3) By — 510 (12 — Q2)° B,

fley = (31)
S 16r2 (12 — Q%)% B2 + 210 (12 — Q) (512 — 23Q2) B, + 512 (r2 — Q)7 By + 24Q*
and

forg — 6Q*
F| = . 32
TS Br rF- @)- @) .

A. Examples of f(R) = R and f(R) = R®
For instance, in the case of R gravity we have fo = Ry and F' = 1. The latter yields

2 _ N2 — 9202

(81 (15 — Q%)) 70 — 2Q _ (33)

2(Byro (r§ — Q%) — Q2)

or consequently 8; = 0. Having 5, = 0 implies

_ 2
fo=Ro— —6;? oo (16— @ ) o _ 0 (34)

Ty 5rg (rd — Qz) By +24Q%

which clearly leads to 8, = 0. Therefore f(R) = R satisfies our general conditions with 8, = 0 = §,. Next we test
the case of f(R) = R? for which the above conditions become

R = _6Q? 810 (13 = Q%)° 81 — 2 (13 — Q%) (Q® +513) By — Bro (13 — Q2) B2 (35)

81602 (12 — Q2)7 B2 + 270 (r2 — Q) (512 — 23Q2) B, + 512 (12 — Q%)° B, + 24Q"

and

Ry = Rgrg — 6Q° .
280 = 5B (2 —Q2) — QP)

(36)



These two conditions admit

14Q +2/4Q2 — 21 (37)

AT - @)

and
By = (38)
-4Q { [Q% (20Q% — 11r8) + 1513 (r§ — 2Q)] VAQ2 — 2rf + Q [20Q? (2Q* — 3r3) +r§ (13 (2r3 + 45) — 32Q?)] }
153 (3 - Q2)° (24 - @2) — Q/1Q7 — 217

which are only acceptable if 4Q% — 2r¢ > 0. Specifically, once the equality holds one has

" =202 (39)
while from (16) we have
ré —2Mro + Q* = 0. (40)
These together become
i
ré — 2Mro + ?0 =0 (41)
or
1
M=ry+ 370 (42)

Also in this case we find

2
ﬁl = g'f‘o (7‘8 — Q2)7 (43)
g _ B A 15 )
T2’

and fo = RO = 1 while FO = 2.
These examples can further be extended to cover more general polynomial forms of f(R) to justify the validity of
our existence conditions, however, we shall be satisfied with an extremal-RN example in the following section.

B. Extremal RN-type black hole

An interesting case which can be considered here is the case for M = @Q in (2). This will make the extremal RN-type
black hole with the line element

r

bo\” dr’
ds? = 2% (1 - _0) dt* + (17:2 +r%(d6* + sin” 0dp?) (45)

in which by = Q. Taking this into account would lead from the general equations

2
R_6ﬁ26—@(2ﬁ+ )e2+ﬁ2(93ﬁ +716+ ) P10 (Y, (46)
T To TO TO

g & 4 70

3 578% 49
f:6%e—T—§<3ﬁ TO>2 %( 5 + ﬁ+TO)63+O(e4), (47)

O 4 To



_ df i ﬁ 2 2 362 3ﬁ 1 3 4
F_(_dR)_l—i_Be_g(ﬁ—i_E)E +B<T+E+%)6 "1‘0(6) (48)
and
B B 8Y » 7368° 138 1) , 4
¢_¢O+Be—§(5ﬁ+%>e+ﬁ(120+60T0+%)e+0(e) (49)

in which § is an arbitrary, non-zero constant and € = ( 0) - As before, we absorb ®( into time. It is remarkable

r—r
observe that R is zero at the horizon and so is f, but ( v R) = 1. This is an indication that a proper candidate for
such an f(R) is of the form

f(R) = R+ asR? + asR® + asR* + ... (50)

in which the constant coefficients a; can be determined, using above conditions. For instance, if we restrict ourselves

up to the third order we get f(R) ~ R+ %R2 + 78 (%To + %) R3. One can easily check that this form of f(R)

satisfies all the conditions given above up to the second order. Subsequent implication of the results found above is
that f (R) ~ R”. Here any v can not satisfy the conditions without choosing 8 = 0, which is the case of v = 1 or GR.

Another example which at least satisfies the above conditions up to first order is f (R) = %.

IIT. THERMODYNAMICS OF THE ANALOG BLACK HOLE

After having the solution one may be curious about the thermodynamical properties of the solution. This is doable
in exact form because of the metric function which is known about the horizon. First of all the horizon will remain
as r = rg and the Hawking temperature is found by

o)
orJtt

T:
H 47

_qgen L <1 - Q_Q) (51)

47 r3

=70
in which TI({RN) implies RN Hawking temperature. The form of Entropy is given by

S = %F =nraFy (52)

T=T0

in which A|,_, = 47rd is the surface area of the black hole at the horizon and F |,—r, = Fo. We note that Ty and
S are both exact. Having Ty and S one may find the heat capacity of the black hole

c=7(57), = e
Q
in which
I=12Q°(r§ —Q*)1I (54)
where
5y () — Q) By — 4Q%ro) By + 16357 (1§ — Q*) +4Q%r 57 (Trg — 23Q%) + 2Q2<24Q4—mﬂ1( 522%3%3@%59@4))
1=

2
(13 (13— Q)" (58, + 168%) + 210 (13 — Q2) (513 — 23Q2) B, +24Q"
(55)
We comment that Z in the RN limit (i.e., 8, — 0) becomes unit as expected. Let us note also that the form of
C, is exact. In order to study the thermodynamics of the extremal solution we use the general results found in the
non-extremal RN type solution. One easily finds that Ty = 0, and C; = 0.



A. First Law of Thermodynamics

Furthermore, in this section, we would like to show that in general, the above solution also satisfies the first law of
thermodynamics. This is somehow a generalization of what was introduced in Ref. |20] to find a higher dimensional
form of the Misner-Sharp (MS) energy [21] and was used in SSS black hole in f(R) gravity in Ref. [22]. To this end
we rewrite the field equation in the following form

v 1 v 1 I
GM = K |:FTH + ETM] 5 (56)
in which GZ is the Einstein tensor,
7= L |yry,r - (OF 1f+1RF 5 (57)
Y Ik 8 2”2 8
and for our later convenience we consider
1
ds* = —e ?*Ud*t + ﬁer + r2d02. (58)
In turn, the ¢t component of the latter field equation would read
1 11 1 1
Gy =k|=T)+ —= |V'VoF — (OF — —f + =RF 59
§=n 3T+ 15 [V Li+a (59)
in which
Ur—-14+U
G) = = : (60)
1
VVoF = 5 (—20'U +U") F' (61)

and OF = 2f — L RF. At the horizon (where the MS energy is introduced) U (ro) = 0, which yields Gf = %,
0
VOV F = LU Fj. A substitution in (40) and calculating everything at the horizon r = rq yields
RU, Fp

1 1
- = =T —U\F, — = RoFy) ) . 62
o 2 ”0+(2 oto 6(f0+ ) 0)> (62)

no

Next, we multiply both sides by the spherical volume element at the horizon i.e. dVpy = Adry to get

FyUj F 1 1
920 Adry = (—20 + =UJF) — = (fo+ ROFO)) Adrg + KT0dVy. (63)
) r§ 2 6
Using % = %d;'rlo.A and some manipulation one finds
Ul d (2rnA 1/ Fy 1
Tr e (TF0> dro = — (% + Ul — 5 (fo+ ROFO)) Adrg + TgdVy (64)

which is nothing but the first law of thermodynamics i.e., TdS = dF + PdV. This is due to the definition which we

have for Hawking temperature T = Z—T‘é, entropy of the black hole S = %FO, the radial pressure P = T = T{ and
the MS energy as

1 E 1
b= _/ (_20 +UpFy — = (fo+ R0F0)> Adrg (65)
K rh 6
in which the integration constant is set to zero [20,123-26] (also for a BH-like solutions see [27]). Here we comment that
—2® ’ ,
all quantities are calculated at the horizon and due to this the Hawking temperature becomes T = % = %.

ro
The above results imply that, using (65) as MS energy, the first law of thermodynamic is satisfied. Once more we
wish to add that our results are exact.



IV. CONCLUDING REMARKS

In this paper we have applied the ”near-horizon test” to the Reissner-Nordstrom (RN)-type black holes in  f(R)
gravity. Necessary conditions, not the sufficient ones that a RN-type black hole exists are derived. These are nothing
but the regularity conditions of the metric functions in the vicinity of the event horizon. Our metric ansatz consists
of a general static, spherically symmetric (SSS) case adopted from the Einstein’s general relativity. We considered
also the extremal case as an analog black hole in f(R) gravity and derived the underlying conditions. Due to their
intricacy we didn’t attempt to solve those equations in general. To the zeroth order, however, they can be obtained
exactly while to the first order approximation is also tractable. Our analysis shows that a closed form of f(R) doesn’t
seem possible: With a given source we can determine f(R) implicitly as an infinite series in (r — ), since R (r) also
is expressed in similar series. This is against the strategy adapted so far, namely, an explicit form of f(R) is assumed
a priori to be tested whether it fits physical requirements. In our opinion, the ”near-horizon test”, introduced in
[11, 12] and developed here further constitutes a more fundamental test than any other arguments in connection with
black holes. We admit that since our necessary conditions for the existence of RN-type black holes are entirely local
they don’t involve the requirements for asymptotic flatness. Stability of such black holes must also be considered

separately when one considers exact solutions. Our test must naturally be supplemented with 4 y R2 > 0 and df > 0,
for stability and no-ghost requirements [28, [29]. We have shown also that the thermodynamic of these analog black
holes can be studied through the Misner-Sharp formalism to verify the validity of the first law. Finally, we remark
that solution for f(R) gravity admitting an electromagnetic field with similar thermodynamics was reported before
[30].
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