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Abstract We construct a broad family of thin-shell worm-
holes with circular symmetry in (2 4+ 1)-dimensional F(R)
theories of gravity, with constant scalar curvature R. We
study the stability of the static configurations under pertur-
bations preserving the symmetry. We present examples of
charged thin-shell wormholes which are asymptotically anti-
de Sitter at both sides of the throat. We show that stable solu-
tions are possible when suitable values of the parameters are
taken.

1 Introduction

Traversable Lorentzian wormholes [1,2] have been widely
studied in the context of General Relativity (GR) and also in
alternative models of gravity. They can represent shortcuts
in the same spacetime or connect two different universes. A
quite interesting feature is the fact that they are singularity-
free gravitational objects; moreover, wormhole throats can
replace black hole singularities in solutions within the frame-
work of some modified gravity theories (see [3,4] and refer-
ences therein).

It is well established that wormhole spacetimes within GR
always require the presence of exotic matter — which violates
at least one of the energy conditions — somewhere. This is not
necessarily the case outside of GR, so it is worth examining
the possible violation of the energy conditions by worm-
holes in different theories of gravity. The so-called thin-shell
wormbholes have drawn the attention of the gravitational com-
munity, since the exotic matter can be reduced to a minimal
amount and be highly confined. In addition to this, the junc-
tion procedure also allows to analyze the wormhole dynamics
by focusing on the thin shell where the two geometries are
joined [5-14]. Mathematically speaking, these wormholes
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are built by cutting and pasting two geometries at the throat
(located at the shell), where the corresponding junction con-
ditions are accomplished; a geodesically complete manifold
is obtained after the matching. This formalism is also applied,
for instance, to study thin layers of matter [15-18] around
vacuum (namely, bubbles) or black holes.

The most straightforward generalization of the Einstein-
Hilbert dynamical action raises by taking an arbitrary func-
tion F (R) of the Ricci scalar R, which is usually named F (R)
gravity [19-21]. This theory, as well as many other alterna-
tives beyond GR, tries to deal with some of the shortcomings
of GR such that the physical meaning of the spacetime sin-
gularities and the phenomena associated to the dark sector of
the matter and the energy content of the Universe. From the
very beginning, F(R) gravity has generated a broad inter-
est; hence, there are many publications in this gravitational
framework. Here, we just mention some papers related to
the study of black holes by considering constant [22-25] and
non-constant [26—28] scalar curvature, branes [29,30], and
traversable wormholes [31-35].

It is well known that the study of thin shells follows in
GR the Darmois—Israel scheme [36,37]; its counterpart in
F(R) gravity is more restrictive [38,39]. Besides the conti-
nuity of the first fundamental form at the matching hyper-
surface, for any nonlinear function F (R) the conditions also
require the continuity of the trace of the extrinsic curvature
and the continuity of the scalar curvature there, with the only
exception of quadratic F'(R), in which the Ricci scalar can be
discontinuous [39]. In this last case, three new contributions
— an external scalar pressure/tension, an external energy flux
vector, and a double layer energy—momentum distribution —
emerge in addition to the standard energy—momentum ten-
sor [39,40]. The theories with the most generic Lagrangian
containing terms quadratic in the curvature [41,42] share the
main attributes with quadratic F'(R). Several works can be
found within F(R) gravity where the thin-shell formalism
is applied to bubbles, layers of matter enclosing black holes
[43—45], and also in the construction of traversable worm-
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holes [46-50]. The peculiar case of pure double layers in the
quadratic F (R) model is studied in Ref. [51]. A related paper
on thin shells within F (R, T') gravity has recently appeared
[52].

The interest of (2 4 1) spacetimes dwells in some of the
features which could throw light on conceptual issues related
to high energy situations [53], present in the context of black
hole singularities, quantum gravity, and string theory. Differ-
ent three-dimensional geometries were investigated over the
years in relation to black holes [54,55] and wormholes [56—
60]. Thin shells of matter [61] as well as thin-shell wormholes
[62-66] were also widely examined. Black hole solutions
with (2 4+ 1) dimensions in F(R) gravity have been found
[67=70]. In the recent article [71], thin shells of matter in
(2 + 1) dimensions within F'(R) theory have been analyzed
in detail and examples of stable configurations under radial
perturbations have been found.

In this paper, we use the junction conditions in F(R)
gravity to construct circular thin-shell wormholes in (2 + 1)
dimensions. The scalar curvature R is assumed to be con-
stant. We analyze the stability of the static configurations
under perturbations that preserve the symmetry. We consider
examples of anti-de Sitter spacetimes with a conformally
invariant Maxwell field as a source. In Sects. 2 and 3, we
introduce the general formalism, while in Sect. 4 we show the
examples. Finally, in Sect. 5 we discuss the results obtained.
We adopt units such that c = G = 1, with ¢ the speed of
light and G the gravitational constant.

2 Junction formalism in (2 + 1)-dimensional F (R)
gravity

The junction formalism allows the construction of a mani-
fold M as the result of the union of two parts M and M
through a hypersurface X, which corresponds to a bound-
ary hypersurface when the matter content vanishes or to a
thin shell of matter otherwise. We begin with a brief review
of this formalism within F (R) theories in order to apply it
to a manifold M with (2+1) dimensions, so that the hyper-
surface ¥ is one-dimensional. We denote the first funda-
mental form (also known as induced metric) on X by & ;113
and the second fundamental form (or extrinsic curvature)
by K llwz where the superscripts label each part of M. The
jump of any quantity Y across the hypersurface ¥ is defined
by [Y] = (Y? — T1)|y. The matching between M; and
M at %, should fulfill the so-called junction conditions.
In F(R) gravity [39], the continuity of the first fundamen-
tal form inherited from both M ; is required as in General
Relativity

] = 0, ()
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but when F””(R) # 0 (where the prime means the derivative
with respect to R) one has also to demand two additional
conditions [39]: the continuity of the trace of the second
fundamental form,

[K",]=0, ©)
and the continuity of the scalar curvature
[R] = 0. (3)

In this case, the dynamical equations at the joining hypersur-
face, with S, the energy—momentum tensor at X, read

kSuy = —F'(R2)[K ]+ F"(Rx)[n” V) Ry,
ntS,, =0, )

where x = 87 and V denotes the covariant derivative. When
F”"(R) = 0, which corresponds to quadratic F(R) = R —
2 A+a R? gravity, the continuity of the scalar curvature, given
by Eq. (3), is no longer required. Now, the field equations at
Y. take the form [39-41]

KSuv = _[K;w] + 2a([nyVyR]huv - [RKMV])s
I’ZMSMV =0. 5)

However, in the quadratic case, the energy—momentum ten-
sor is not the only matter contribution at X, itis also necessary
to take into account three other ones (for more details, see
[39—41]): an external energy flux vector 7,

kT, = —2aV,[R], n"T, =0, (©)

with V the intrinsic covariant derivative on (2, hyy); an
external scalar pressure or tension 7-

kT =2a[R]IK”,; @)
and a two-covariant symmetric tensor distribution 7,
kT = Vy (2a[Rlhn? 8%), ®)

with 8% denoting the Dirac delta with support on X, having
aresemblance with the dipole distributions in classical elec-
trodynamics [39-41]. These extra contributions are required
in order to obtain a well defined energy—momentum tensor
with null divergence, which is necessary for local conserva-
tion. When R has a null jump at X, all these extra contribu-
tions vanish and there is an ordinary thin shell if S,,, # 0.
The typical scenario in quadratic F'(R) corresponds to the
existence of a double layer besides a thin shell at the joining
hypersurface.

3 Wormbholes with a circular throat: construction and
stability

We are interested in metrics with circular symmetry that,
adopting the time 71 2, the radial » > 0, and the angular
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0 < 0 < 27 coordinates, have the form
ds* = —A1(ndt} 5 + Ay (1) dr? + r?de?, )

where the subscripts label the regions at the two sides of
the matching hypersurface X, defined as a circle with radius
a. We take the outer region r > a of each geometry in
order to define the manifolds M >. The whole manifold
M = M U M, represents a thin-shell wormhole, with the
throat at X, where the flare-out condition is satisfied. The
radius of the throat is taken large enough to avoid the pres-
ence of event horizons —if the original manifolds have them —,
in order to obtain a traversable wormhole. In M we adopt the
coordinates X ‘]",2 = (11,2, 1, 6), while on £ we use the coor-
dinates &' = (z, #), with T the proper time. We let the radius
a(t) be a function of 7, and we denote its derivative with
respect to T by an overdot. The proper time should be the same
atboth sides of ¥, thendty »/dt = /A1 .2(a) + a2/ A1 2(a),
in which the free signs are fixed by requiring that the times
t12 and t all run into the future. The first fundamental form
at each side of the shell is given by

n
a2 = gl,zaxl,z BX{”Z (10)
ij T owv i j ’
087 08T |
while the second fundamental form is determined by
2yV B
Kl2_ _,12 3°X1 5 rY X7, 09X, (a1
ij 1% PRE af A&l Qg E’
where the unit normals (n”n, = 1), which are chosen to
point from M to M, read’
36 a6 |7 ac
nl? =+ g‘;‘éa s - : (12)
X7o XY 5 X1,

with G(r) = r — a (null at X) and the upper and the lower
signs corresponding to M and M, respectively. On the
hypersurface X, we prefer to work in the orthonormal basis
{ez = er,ey = a~ ey}, which allows an straightforward
interpretation of the results. Then, for the general geometries
(9), the first fundamental form is h;f = diag(—1, 1), the
unit normals are

VA 12

nh? = g (g, YALRD T ) (13)
A1 2(a)

and the only non-null components of the extrinsic curvature

at each side of X result

Al (a) + 24
2 S 1,2

i 2/A12@) + a2

! Note that the unit normal n* to ¥ is well defined without a jump,
but for computational purposes the expressions at both sides of X are
usually given.

K!
T

1.2 1 >
K2 =5 A2@ + (14)
a

from which we calculate their jumps

Kol = Ay@ +2i  Aj(a)+2i
o 2J/Ax@) +a  2JA\(a) +a?
1 1
[Kéé] = ;W—i— ; Aq(a) + a2 (15)

The continuity of the trace of the extrinsic curvature at the
shell, i.e. Eq. (3), gives the following equation

2a + A’2(a) 2a + A’1 (a)
2J/Ar@)+ a2 2\/A((a) + a2
1
+- (VaI@ +@ + VAo +d2) =0, (16)

which, for the static configurations with a shell radius ag,
takes the form

Ayao) | Aja)
2V Az(a0) 24/ Ai(ao)
1
+— (VAT@) + VAz(a0)) = 0. (a7
ao

We now have all the ingredients to find the matter content at
the matching hypersurface and then to perform the stability
analysis of the thin shell. The energy—momentum tensor in
the orthonormal basis has the form §;; = diag(o, p), where
o is the energy density and p = pj; is the transverse pressure.
In what follows, the scalar curvature is constant in each of
the regions at the sides of the throat, then [”V,R] = 0,
which simplifies Eqs. (4) and (5), while the so-called [39]
brane tension A = F”(Rx)[n” V,, R] has a null value at X.

3.1 General F(R) gravity with [R] =0

For an arbitrary non-quadratic F(R) theory of gravity, there
are three junction conditions which must be satisfied, that is
Egs. (1)—(3). Then, for a constant value Ry at both sides of
the throat, from Eq. (4) we obtain the energy density and the
pressure on the shell

2 + Al (a)
., (18
2/A](a)+a2) 4o

(VA +@+Va@+a). 19

__ F(ko) ( 2 + Al(a)

K 2V As(a) + a2

_ F'(Ro)

p:

By using the expression (16), we rewrite the energy density
as

) (\/Az(a)+d2+\/A1(a)+d2)’ (20)

ak

so that we can relate it with the pressure by o — p = 0.
Since the stability analysis is done with respect to the static

@ Springer
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configurations, we show the corresponding expressions of
the energy density and the pressure

oo — F'(Ro) < A (ap) A (ao) ) @1
K 2 Ay (a0) 2 A1(ag) )’
F'(R
po = — L (Ro) <\/A2(ao) + \/AI(GO)) : 22)
apk

Now we have that g — pg = 0. In quadratic F(R), when
[R] = 0 all these equations are also valid with F'(Rg) =
1 4+ 2a Ry, as it can be easily seen from Eq. (5); the extra
contributions proportional to [R] vanish in this case.

3.2 Quadratic F(R) gravity with [R] # 0

As it is was stated in Sect. 2, the particular case of quadratic
F(R) gravity is less restricted: the condition about the conti-
nuity of the scalar curvature (3) is no longer necessary, so we
can take constant values R; # R; at the sides of the throat.
Then, we get from the dynamical equations (5) for this case

1~|—2aR2< 20 + Aly(a) )
o =

K 2/ A2(a) + a2

1—|—2aR1< 20 + A (a) ) 03
K 2/A1(a) + a2
_ 1+42aR, VAz(a) +a?
- K a
_1+420R, (,/Al(a)ﬂ'ﬂ) o
K a ’

The energy—-momentum tensor should be completed by
the extra contributions. Namely, the external scalar pres-
sure/tension

T_ 20R» <

+
2/ As(a) + a2 a
T —
2 + A (a) +w/A1(a)+a>’ 05)

2R
K 2/ A(a) + a? a

from which we obtain the relation 0 — p = 7; while the
external energy flux vector results 7, = 0 and the two-
covariant symmetric tensor distribution 7, is proportional
to (2a[R]/«)[R]h,,. The static values of the energy density
and the pressure read

K

2+ Ay(a)  JAry@) + a?)

o 1+2aR2( Al (ap) ) 1—|—2aR1< A (ao) )
0Tk 2JA(ag) i« 2/A (@)’
(26)

_ 142aR (VAz(a0)\ 1+42aR; (VAi(ao)
po= K ap K ap ’
27)

@ Springer

the extra contributions adopt the form

7 = ke ( Aylao) «/W)
k \24/Az(a0) ao

A (ao) VA (ao)> (28)

+20[R1 ( n
K 24/ A1 (ap) aop

which satisfies og — pg = 7Zp; while ’2;(0) = 0 and ’TM(S) is

proportional to (2a[R]/«)h ..

3.3 Stability

In order to analyze the stability of the static circular throats,
we employ the standard potential analogy method. By using
i = (1/2)d(a*)/da, we can rewrite Eq. (16) to obtain
the equivalent equation az’(a) + z(a) = 0 where z =
VAs(a) + a2 +/Aj(a) + a2, which represent a differential
equation for @2 in terms of an effective potential 4> = —V (a)
given by

a? (Ay(a) — Az(a))?
4a3 (VA (a0) + Az (ao))2
@} (VA (@) + VA2 (@)’

4a?
+A1(a) -; Az(a).

Vi) = —

(29)

Since V(ap) = 0 and V'(ag) = 0, the stability of the con-
figurations under radial perturbations is determined by the
positive sign of V" (ag), which reads

3 (VAT @) + VA3 @)
2a(2)
(VAT @) — VA3 (@)’
Za(z)
(Ao — Aya)’
2 (VAT @) + Az @)’
2 (Ai(ao) — Az(ap)) (A (a0) — A)(ap))
ao (VAT @) + A2 (@)’
_ (Ai(ao) — Az(ao)) (A7 (ap) — AY(ap))
2 (VAT @) + VA2 (@)”
N A (aop) -; A% (aop) .

V' (ap) = —

(30)

Now we are in position to explore some concrete examples.
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4 Anti-de Sitter thin-shell wormholes with charge

In F(R) = R+ f(R) gravity? coupled to nonlinear electro-
dynamics, the (2 + 1)-dimensional action reads

1

I _F, B’
= —— | dxJ/=g (R+ f(R) + (~FusF**)') . (D)

with s an arbitrary positive nonlinearity parameter (s 7# 1/2)
and Fog F*? the Maxwell invariant, where F,, = 9,A, —
dy A, is the electromagnetic tensor field, being A, the gauge
potential. The corresponding energy—momentum tensor has

theform T}, = 1/(4m) [—sFuy F, ' (—Fop FOPY =1 — (1/4) g0

(=FupF apys ] In the case with s = 3/4, the conformally
invariant Maxwell field as a source is obtained [67], having
a traceless 7). The field equations in the metric formalism
are

1
R+ f'(R) — Eg’”(R + f(R))

+(g;wvyvy - Vp,vu)f/(R) =8 Ty, (32)
9, («/—gF“”(—FaﬁFaﬂ)_l/“) = 0. (33)

By considering a constant scalar curvature Ry, these field
equations have a solution of the form (9), with the metric
function [67]

2\3/4 2
(ZQ ) T RO’ (34)

2+ f'(Ro) 7 6

being M the mass and Q the charge. The only non-null inde-
pendent component of the electromagnetic field is F; =
Q/ r2. When Q = 0, the well-known vacuum static BTZ
geometry [54,55] of General Relativity is obtained, which is
also a solution in F(R) gravity [68] with constant scalar cur-
vature. The spacetime is asymptotically anti-de Sitter since
it requires that Rp < 0. The geometry has a curvature sin-
gularity at r = 0O because the Kretschmann scalar diverges
there [67]. The trace of the field equations

A(r) = —M

3
Ro (14 f'(Ro)) — 5 (Ro+ f(Ro)) =0, (35
allows to define the effective cosmological constant A,
3f(R
Ry = _3f(Ro) 6A,. (36)
2f"(Ro) — 1
We can also define an effective charge by
o) 2\3/4

201+ f'(Ro))’
which can be positive or negative, depending on the sign

of F'(Ry) = 1+ f'(Rp). The effective Newton constant
Geit = G/F'(R) = 1/F'(R) is positive when F'(R) > 0,

2 Here use the nomenclature in which the first term corresponds to
General Relativity.

preventing in this case the graviton to be a ghost [19-21] (see
also Ref. [72]). Note that the sign of Z is fixed by the choice of
the F(R) theory and the value R, while the squared charge
Q? can only modify the absolute value of Z. As usual, the
radii of the horizons are determined by solving A(r) = 0 and
taking the real and positive solutions.? Then, there are three
possible cases:

— If Z > 0, there is only a solution with r;, the radius
of the event horizon; in particular, for Z = 0 (which
corresponds to a quadratic equation) one gets r, =
V/=6M/Ry.

- IfZ. < Z < 0(Z. = (—=2M/3)/—2M/Ry) there are
two solutions, one corresponds to the radius of the event
horizon rj,, and the other to the radius of the inner horizon
ri < rp; when Z = Z. both horizons merge into one.

- If Z < Z,, there are no horizons and the singularity at
the origin is naked.

In the following, we study some examples by taking into
account the metric function (34). We construct static thin-
shell wormholes with radius ag by applying the junction for-
malism, and we analyze their stability under radial perturba-
tions which preserve the symmetry. We also determine the
kind of matter (ordinary or exotic) located at the thin-shell
by checking the weak energy condition (WEC).*

4.1 Wormbhole symmetric across the throat

We proceed with the construction of a thin-shell wormhole
symmetric across the throat, that is, with equal values of the
scalar curvature Ry = Ry = Ry, the mass M| = M, = M,
and the charge Q) = Q> = Q, so that the metric functions,
given by Eq. (34), are the same Aj(r) = Ax(r) = A(r)
in both regions. When Z > Z, = (-2M/3)/—2M /Ry,
the value of the throat radius ag is taken larger than r; in
order to remove the region inside the horizon correspond-
ing to the original geometry, while for Z < Z. any value
ap > 0 removes the naked singularity. The proper matching
at ¥ requires that ag can only take values satisfying Eq. (17).
The energy density op and the pressure pg are obtained by
replacing the metric functions in Egs. (21) and (22), respec-
tively. A configuration is stable under radial perturbations
when the second derivative of the potential evaluated at ag,
obtained by replacing the metric functions and their deriva-
tives in Eq. (30), is positive.

Some representative results are shown in Fig. 1. In all
plots, the meshed zones represent normal matter satisfying
the weak energy condition (exotic matter otherwise) and the

3 For Z # 0 the analytic expressions for the solutions of the cubic
equations are cumbersome, hence it is meaningless to show them here.

4 In the orthonormal basis, it takes the form op > 0 and o + po > 0.

@ Springer
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Fig. 1 Wormbhole with the same value of the scalar curvature Ry, mass
M, and charge Q at the sides of the throat with radius ag, in a gen-

eral F(R) theory. The parameter Z = (292)3/4 / (2 (1 + f/(Ro))) has
the same sign as F'(Ro) = 1 + f’(Ro) (see text). The meshed zones

gray areas have no physical meaning, corresponding to the
removed part of the original manifold. The solid lines corre-
spond to stable static solutions, while the dotted lines to the
unstable ones. In the left plot we have adopted M = 0.5 and
in the right one M = 1. We see that there exist two solutions
made of normal matter for a short range of JIRo|Z, corre-
sponding to negative values of Z thus requiring the presence
of ghost fields. The solution with the largest radius is stable
while the other one is unstable under radial perturbations.
A modification in the value of the mass M only results in a
change of scale, without affecting the qualitative behavior of
the solutions.

4.2 Wormbhole asymmetric in the mass and the charge

Now we construct a wormhole with the same value R; =
Ry = Ry of the scalar curvature, but different masses M;
and M», and charges Q; and Q, that can be equal or differ-
ent at the sides of the shell. The metric functions A (r) and
A;(r) are given by Eq. (34), in which we use the definitions

Zis = (29{2)3/4 /2 (1+ £'(Ro))). In order to prevent
the presence of horizons and singularities, we take the radius
of the throat ag larger than the horizon radii r}(ll) and r,(lz) -
when present — of the original manifolds. The solutions with
radius ag have to satisfy the Eq. (17), and the energy density
oo and the pressure pg result by replacing the metric func-
tions in Eqs. (21) and (22), respectively. A configuration is
stable under radial perturbations when the second derivative
of the potential V" (ag), shown in Eq. (30), is positive.

In Fig. 2 we show the most illustrative results. Again, in
all plots the meshed zones represent normal matter (exotic

@ Springer
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VIRo|ao 1.5 e

VIR |Z

represent normal matter (exotic otherwise) and the gray ones have no
physical meaning (see text). Left: M = 0.5; right: M = 1. The solid
lines correspond to the stable configurations while the dotted lines to
the unstable ones

otherwise) and the gray areas have no physical meaning, cor-
responding to the removed parts of the original manifolds.
The solid lines correspond to stable static solutions, while
the dotted lines to the unstable ones. In all plots the values
of the masses are M| = 0.5 and M, = 1, while the rela-
tionship between the charges is Z; = nZ,, with 7 taking the
values 0.4, 0.7, 1, and 1.3, respectively. We can see that in all
cases there exist two solutions made of normal matter for a
short range of negative values of the charge Z,. This means
that solutions are only possible under the presence of ghosts.
Regarding their stability, in all cases the solution with the
smallest radius is unstable, while the one with the largest one
is stable. When the value of 5 increases, the range of Z, for
which the solutions exist becomes smaller. A modification
in the values of the non-null masses M and M, causes a
change of scale without affecting the qualitative behavior of
the solutions.

4.3 Wormbhole asymmetric in the scalar curvature

As a final example, we analyze a thin-shell wormhole
with equal values of the mass M; = M, = M and the
charge Q; = Q> = Q for both regions, but with dif-
ferent values of the scalar curvature Ry # R», so that
we have to work in quadratic F(R). The metric functions
A((r) and Ay(r) are then given by Eq. (34), with R; or
R, as appropriate. For convenience, we define the aver-
age value R4 = (R; + R»)/2, which will be useful in
the presentation of the results. We introduce the parame-
ter Z = (2Q2)3/4/(2 (1 +2aRy,)), which has the same
sign as F'(R4) = 1 4+ 2aR4. With this definition, we have
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Fig. 2 Wormbhole with the same value R of the scalar curvature, but

different values of mass M| # M at the sides of the throat with radius
3/4

ap, in any F(R) theory. The parameters Z; 2 = (29%’2) /F’(Ro),

with Q7 the values of charge, have the same sign as F’(Ry) (see text).

that Z1» = Z(1+2aRy) /(1 +2aR; ). As it was pre-
viously explained in detail, the throat radius ag should be
larger than the radius of any of the horizons r}gl) and r;(lz)
of the original manifolds in order to remove them and the
regions inside, and also satisfy Eq. (17). The energy den-
sity oy, the pressure pg, and the external scalar pressure or
tension 7y are calculated by replacing the metric functions
in Egs. (26), (27), and (28), respectively; while — as shown
above — there is a null external energy flux vector 7,, and
the double layer energy—momentum distribution T,}f,’) is pro-
portional to (2ct[R]/k)h,,. A configuration is stable under
radial perturbations when the second derivative of the poten-
tial, shown in Eq. (30), fulfill the inequality V" (ag) > O.
Some representative results are displayed in Fig. 3. The

styles of the different regions and the lines have the same

']

20¢F

\V IRo|ao 15

1O

0.0 '

-20 -15 -10 -05 00 05 1.0

\ [Ro| Z2

3.0 T

25¢1

201

A [Ro|ao 1.5

05¢f

0.0 '

-20 -15 -10 -05 00 05 1.0

vV [ Ro| 2

The solid and dotted lines, and the style of the different zones have the
same meaning as in Fig. 1. In all plots M| = 0.5 and M, = 1. Upper
row, left: Z; = 0.4Z,; upper row, right: Z; = 0.7Z3; lower row, left:
Z| = Zy; lower row, right: Z) = 1.3Z>

meaning explained above. We have taken M = 1 in all plots,
while the values of the scalar curvature are Ry = 0.9Ry4
and R, = 1.1R4 in the upper row, and Ry = 0.8R4 Ry =
1.2R 4 in the lower one. In the left column we have adopted
oaRy = —0.1 for Z > 0 and aR4 = —0.9 for Z < O;
while in the right one the values are ¢ Ry = —0.2for Z > 0
and «Ry = —0.8 for Z < 0. In the plots, we find two
solutions for a short range of negative values of \/|R4|Z, the
one with the largest radius is stable under radial perturbations
while the other is unstable; both of them are made of normal
matter with the presence of ghost fields. We can also see that
the larger the absolute value of the difference between the
scalar curvature Ry and R, across the throat, the smaller the
range of values of \/[R4[Z where these solutions exist. A
similar behavior can be seen when increasing the difference

@ Springer
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Fig. 3 Wormbhole with different values Ry # R; of the scalar curva-
ture, and the same values of mass M and charge Q, at the sides of the
throat with radius ag, only in quadratic F(R) theory. The parameter

Z = 292"/ (2(1 +2aRp)), with Ry = (Ri + R2)/2, has the
same sign as F'(R4) = 1 + 2R, (see text). The solid and dotted

between the values of the theory parameter « at the sides
of the shell, which reduces the range of values of +/[Ra|Z
where the solutions can be found. A variation in the mass M,
not illustrated in the figure for brevity, leads again only to a
scale change.

5 Discussion

In this work, we have presented a wide class of (2+1)-
dimensional thin-shell wormholes with circular symmetry,
within the framework of F(R) theories of gravity with con-
stant scalar curvature R. We have analyzed the matter con-
tent at the throat where the thin shell is located and we have

@ Springer
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lines, and the style of the different zones have the same meaning as in
Fig. 1. In all plots M = 1. Upper row: Rj = 0.9R4 and Ry = 1.1R4;
lower row: R; = 0.8R4 and R» = 1.2R 4. Left column: « R4 = —0.1
forZ > 0and R4 = —0.9 for Z < 0; right column: « R4 = —0.2 for
Z>0andaRy = —-08forZ <0

studied the stability of the static configurations under pertur-
bations preserving the symmetry.

We have considered three examples of wormholes in F (R)
gravity coupled to conformally invariant nonlinear electro-
dynamics, which are asymptotically anti-de Sitter at both
sides of the throat. In the first example, the spacetime is
symmetric across the throat, in the second one is asymmetric
in the mass and the charge, and in the third one — only in
quadratic F(R) — is asymmetric in the scalar curvature. We
have obtained that, in all cases, solutions are present only
for negative values of F’(R), which means that the presence
of ghost fields is always required. In the first example, for
symmetric wormholes with fixed (negative) scalar curvature
Ry, we have found two solutions made of normal matter —
satisfying WEC — for a short range of the squared charge
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Q2. The solution with the largest radius is stable while the
other is unstable under radial perturbations. Any change in
the mass M is reflected as a change of scale conserving the
general behavior of the solutions. In the second example, cor-
responding to the wormhole with the same scalar curvature
Ry at both sides of the shell but asymmetric in the mass and
the charge, we have also found two solutions with normal
matter having the same stability characteristics displayed in
the symmetric case. Adopting M < M», if we increase the
ratio Q% /Q3, the solutions exist for a smaller range of values
of charge. Instead, when we modify the masses (maintain-
ing that M1 < M) we only see a change of scale without
altering the qualitative behavior of the solutions. Finally, in
the third example where the wormhole is only asymmetric in
the scalar curvature, there are two solutions made of normal
matter, with the same stability behavior as in previous exam-
ples. When the absolute value of the difference between the
constant (negative) scalar curvatures R; and R of the two
regions grows, the range of Q> where these solutions exist
becomes smaller. Analogous behavior can be observed when
we decrease the value of the quadratic parameter « of the the-
ory; as it happens with the symmetric case, any change in M
results in a change of scale.

Summarizing, we can say that in our examples of symmet-
ric and asymmetric wormholes across the throat — whether
we consider general theories or only quadratic ones —, a pair
of solutions, made of normal matter but requiring the pres-
ence of ghost fields, exists for a certain set of the parameters
of the theory. We have found that under radial perturbations
one of these solutions is stable while the other is unstable.
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