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Thin-shell wormholes with a generalized Chaplygin gas
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In this article, spherically symmetric thin-shell wormholes supported by a generalized Chaplygin gas
are constructed and their stability under perturbations preserving the symmetry is studied. Wormholes
with charge and with a cosmological constant are analyzed and the results are compared with those
obtained for the original Chaplygin gas, which was considered in a previous work. For some values of the
parameters, one stable configuration is also present and a new extra unstable solution is found.
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I. INTRODUCTION

Traversable Lorentzian wormholes [1] are solutions of
the equations of gravitation representing geometries which
have a throat that connects two regions of the same uni-
verse or two separate universes [ 1,2]. For static wormholes,
the throat is a minimal area surface satisfying a flare-out
condition [3]. In the context of the general relativity theory
of gravitation, wormholes must be threaded by exotic
matter that violates the null energy condition [1-4]. The
amount of exotic matter needed around the throat can be
made arbitrarily small by an appropriate choice of the
geometry of the wormhole [5], although it may be at the
expense of large stresses at the throat [6,7].

Thin-shell wormholes are mathematically constructed
by cutting and pasting two manifolds [2,8] to form a new
one, which is geodesically complete and it has a shell
placed in the joining surface. The exotic matter required
for their existence can be located at the shell, with normal
matter outside this surface. Stability studies of thin-shell
wormholes under perturbations preserving the original
symmetries have been carried out in several works. A
linearized stability analysis of a thin-shell wormhole
made by joining two Schwarzschild geometries was done
in Ref. [9]. The same method was applied to wormholes
constructed using branes with negative tensions [10], and
to transparent spherically symmetric thin shells and worm-
holes [11]. Later, it was extended to Reissner-Nordstrom
thin-shell wormholes [12], and to wormholes with a cos-
mological constant [13]. Dynamical thin-shell wormholes
were considered in Ref. [14]. The stability and energy
conditions for five-dimensional thin-shell wormholes
with spherical symmetry in Einstein-Maxwell theory
with a Gauss-Bonnet term were studied in Ref. [15], while
thin-shell wormholes in dilaton gravity were analyzed in
Refs. [6,16]. Thin-shell wormholes associated with cosmic
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strings have been treated in Refs. [17]. Other recent related
articles can be found in Ref. [18].

Observational data suggest an accelerated expansion of
the Universe [19], which within general relativity implies
that the strong energy condition should be violated. Several
models for the matter leading to this scenario have been
proposed [20]. One of them is the Chaplygin gas [21], a
perfect fluid with an equation of state of the form pp =
—A, where A is a positive constant. The Chaplygin gas has
the property that the squared sound velocity is always
positive, even in the case of exotic matter. Although it
was introduced for phenomenological reasons, not related
with cosmology [22], this equation of state can be obtained
from string theory [23]. Models of exotic matter of interest
in cosmology have already been considered in wormhole
construction. Wormholes supported by phantom energy,
with equation of state p = wp, where w < —1, have
been analyzed by several authors [24]. A generalized
Chaplygin gas, with an equation of state pp® = —A which
has two parameters A > 0 and 0 < @ = 1, has been used in
Ref. [25] as the exotic matter supporting a wormhole of the
Morris-Thorne type [1]; there, the wormhole metric was
matched to an exterior vacuum metric to keep the exotic
matter within a finite region of space. Instead, in a thin-
shell wormhole the exotic matter can be restricted from the
beginning to the shell located at the joining surface, as was
previously done for the original Chaplygin gas (¢ = 1) in
Ref. [26]. Recently, other authors [27] have also considered
wormholes with a Chaplygin gas. The purpose of the
present work is the study of spherically symmetric thin-
shell wormholes with matter in the form of a generalized
Chaplygin gas. In Sec. II, the equations that give the
possible radii of wormholes and determine their stability
for a general class of geometries are obtained. In Secs. III
and IV, the formalism is applied to Reissner-Nordstrom
wormholes and to wormholes with a cosmological con-
stant, respectively. Finally, in Sec. V, the conclusions of
this work are summarized. Units such that c = G = 1 are
adopted.
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II. GENERAL EQUATIONS
We start from the spherically symmetric metric
ds®> = —f(r)dt* + f(r)~'dr* + h(r)(d6* + sin’0d ?),
(1

where r > 0 is the radial coordinate, 0 = § = wmand 0 =
¢ < 277 are the angular coordinates, 4(r) is always positive
and f(r) is a positive function from a given radius. We take
a radius a, greater than the event horizon radius r;, if the
geometry (1) has any, to avoid the presence of horizons and
singularities. We cut two identical copies of the region with
r=a:

M= ={X*=(tr0 ¢)/r=al 2)
and we paste them at the hypersurface
3=3*={X/F(r)=r—a=0} 3)

to create a new manifold M = Mt UM~ . If h'(a) >0
(condition of flare-out), this construction creates a geodesi-
cally complete manifold representing a wormhole with two
regions connected by a throat of radius a, where the surface
of minimal area is located. On this manifold it is possible to

define a new radial coordinate = * [’ {/1/f(r)dr that
represents the proper radial distance to the throat, which is
situated at / = 0 (the plus and minus signs correspond,
respectively, to M and 2M 7). On the wormhole throat 3.,
which is a synchronous timelike hypersurface, we define
coordinates & = (7, 0, ¢), with 7 the proper time on the
shell. We use the Darmois-Israel formalism [28] and we let
the throat radius be a function of time a(7). The second
fundamental forms (or extrinsic curvature) associated with
the two sides of the shell are given by

a?X” axX« axP
Ki = —ns — l"’)’ -0 )| , 4
z ”Y<a§la§f “ag o) |y @
where n;, are the unit normals (n?n, = 1) to % in M:
oF oF |-12090F
T =+ |gaB ) 5
"y 9X* 9XP aX7 )
Adopting  the orthonormal basis {e; = e, ¢; =
a 'ey e, = (asing)'e,}, we obtain
I 10 =
Kgé_K¢¢_i2h(a) f(a) + a2, (6)
and
"(a) + 2d
ke, = 5 S0+ 20 -

Wi +
where a prime and the dot represent, respectively, the
derivatives with respect to r and 7. With the definitions
(K] = Kfj - Kl_] K =ulK;;] = [Kl’:] and introducing
the surface stress-energy tensor S;; = diag(o, ps py)s
where o is the surface energy density and py, p, are the
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transverse pressures, we have from the Einstein equations
on the shell (or Lanczos equations):

- [K;;] + Kg;]c = 8775;;, (8)
that
Vfla) + a* W(a)
o=- , )
41 h(a)
and
o Vi) + a>r2i + f'(a) N h'(a)
p=r=re = e i )

(10)

The negative sign in Eq. (9) plus the flare-out condition
h'(a) > 0 implies that o < 0, indicating that the matter at
the throat is exotic. We adopt a generalized Chaplygin gas
as the exotic matter in the shell 3. For this gas, the pressure
has opposite sign to the energy density, resulting in a
positive pressure. Then, the equation of state for the exotic
matter at the throat can be written in the form

A
P =1 (11)
||

where A >0 and 0 < o = 1 are constants. When a = 1
the Chaplygin gas equation of state p = —A/o is recov-
ered. Replacing Egs. (9) and (10) in Eq. (11), we obtain the
differential equation that should be satisfied by the throat
radius of thin-shell wormholes threaded by exotic matter
with the equation of state of a generalized Chaplygin gas:

{[2d + f(a)lh(a) + [f(a) + a*]W'(a)}[h'(a)]*
— 2A[47h(a)]*  [f(a) + a*]P~®/2 = 0. (12)

In particular, for static wormholes, the surface energy
density and pressure are given by

_flap) W(ap)

70~ 47 h(ay)’ (13)
and
_ Vf(ao) f/(ao) h/(ao)
Po= "8 I:f(ao) * h(ap) ] (14

From Eq. (12), the static solutions, if they exist, have a
throat radius a, that should fulfill the equation

Lf"(ap)h(ag) + flag)h'(ag)][h'(ap)]*
— 2A[4mh(ag)1* ' [f(ag)' /2 =0, (15)

with the condition ay > r;, if the original metric has an
event horizon. The existence of static solutions depends on
the explicit form of the function f. The method developed
in Ref. [26] to study the stability of the static solutions
under perturbations preserving the symmetry in the case of
the Chaplygin gas is rather cumbersome to be extended to

044033-2



THIN-SHELL WORMHOLES WITH A GENERALIZED ...

the generalized Chaplygin gas. Here we follow the stan-
dard “potential” approach [both methods were shown
equivalent for the metric given by Eq. (1) in the case of a
linearized equation of state [16]]. From Eqs. (9) and (10), it
is easy to check the energy conservation equation:

—(Uﬂl) +pdﬂ

{IW (@)} — 2h(a)h"(a)}
% avfla) + a®

) (16)

where A = 417h(a) is the area of the wormhole throat. In
Eq. (16), the first term on the left-hand side represents the
internal energy change of the throat and the second the
work done by the internal forces of the throat, while the
right-hand side represents a flux. If [h/(a)]? —
2h(a)h’(a) = 0, the flux term is zero and Eq. (16) takes
the form of a simple conservation equation. This occurs
when h(a) = C(a + D)> (C>0 and D constants) or
h(a) = C (this case is unphysical, since there is no throat)
[16]. It is straightforward to see that Eq. (16) can be written
in the form

h(a)o + W(a)a(o + p) = —{[W(a)]*
ao
2h'(a)’

= 2h(a)h"(a)}

a7

which, using that o’ = ¢/a, gives

h(a)o' + h'(a)(o + p) + {{W (@) = 2h(a)h"(a)}
ag

X @ (18)

The pressure p is a function of o given by the equation of
state; thus Eq. (18) is a first order differential that can be
recast in the form o’/(a) = F(a, o(a)), for which a unique
solution with a given initial condition always exists, pro-
vided that F has continuous partial derivatives. Then,
Eq. (18) can be formally integrated to obtain o(a), so
replacing o(a) in Eq. (9) and regrouping terms, the dy-
namics of the wormhole throat is completely determined
by a single equation:

2= —V(a), 19)

with

V(a) = - 1677'2[ ha) 0'(61)]2. (20)

h'(a)

A Taylor expansion to second order of the potential V(a)
around the static solution yields

fla)

V(@) = Viag) + Vagha = a) + 2 (a — ay?
+ 0(a — ay)’. 1)

From Eq. (20) the first derivative of V(a) is
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/ @) — 32w 0(a) Q[ = el (@)
Vi) = fa) = Rrol@ il 1 - T Jota)
h(a) ,
el 22)
which using Eq. (18) takes the form
V'(a) = f'(a) + 167%0(a) h’(( ))[O'(a) +2p(a)]. (23)
The second derivative of the potential is
V'(a) = f"(a)
m? h(a)a’a —Ma’a
w16 e @+ (1 oy )]
< [ota) + 2p(@] + D ol (@) + 20/}
(24)

From  Eq. (11)  we  have that p'(a) =
Aalo(a)|"* 'o'(a) = ap(a)o’(a)/|o(a)l, then o'(a) +
2p'(a) = o'(a)[1 + 2ap(a)/|o(a)l], and using Eq. (18)
again, we obtain

Vi (a) = f"(a) - 872{[0(61) +2p(@)f + 20(a)

X [(% — %)a(a) + p(a)]
x[1+2%%%ﬂ. 25)

Using Egs. (13) and (14), it is not difficult to see that
V(ag) = V'(ay) = 0, so the potential is

V(a) = 3V"(ap)(a — ap)* + O[(a — ap)*], (26)
with

Vl/(ao) _ f//(ao) + (a B 1)”’(00)]2

2f(llo)
(1 - a)(ay) . ah'(ap)],
+| 2h(ag) | ilay) Jr@
Wiag)  (H(ap)\?
a0~ (itay) e e

The wormhole is stable under radial perturbations if and
only if V/(ay) > 0.

III. REISSNER-NORDSTROM WORMHOLES

The Reissner-Norsdtrom geometry, which represents a
spherically symmetric charged object, have metric func-
tions

2M Q2

fr)=1——+= h(r) = r?, (28)

where M is the mass and Q is the charge. For 0 < |Q| < M
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this geometry has two horizons with radii

SV v

where the minus sign corresponds to the inner one and the
plus sign to the outer event horizon. When |Q| = M, the
two horizons merge into one; if |Q| > M, no horizons are
present and there is a naked singularity in r; = 0. If Q = 0,
the Schwarzschild geometry is obtained, which has a hori-
zon with radius r;, = 2M. The thin-shell wormholes con-
structed from the Reissner-Norsdtrom metric consist of a
charged surface of exotic matter (the throat) with an elec-
tric field in vacuum outside it. When |Q| = M the throat
radius aq should be taken greater than r, = r, so that the
manifold M has no horizons. If |Q| > M, the condition
ag >0 removes the naked singularity. By replacing
Eq. (28) in Egs. (13) and (14), the energy density and
pressure at the throat are obtained:

(29)

€{=(1+ a)al + M(3 + 4a)al — [20%a + 3M?(1 + a)lay + MQ*(1 + 2a)}
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'Ja% - 2Mao + Q2
o) = —

, 30
27a} 0

and
do - M
47m0\/a% - 2May + Q?

3D

Po =

The throat radius should satisfy the equation

ay—M —2AQ2m)* a1 (a3 — 2May + 0Y)1-a0/2 =,
(32)

If & = 1 the equation is cubic and it can be solved analyti-
cally (see Ref. [26]) to obtain a, while for other values of
« it should be solved numerically. For the stability analysis
of the solutions, we obtain from Eqgs. (27) and (28) the
second derivative of the potential, which is

FIG. 1.

horizon radius of the original manifold.

V'(ay) = (33)
30,2 _ 2
aylay — 2May + Q°)
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Reissner-Nordstrém wormholes supported by a generalized Chaplygin gas with & = 0.2: the solid curves represent the static
solutions with throat radius a, which are stable under radial perturbations for given parameters A, M, and Q, and the dotted curves
represent those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than the
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The solutions of Eq. (32) correspond to stable wormholes if
replaced in Eq. (33) they satisfy V"(a,) > 0. The calcula-
tions were done with standard software and the results for
representative values of the parameters are shown in
Figs. 1-3. When 0 < a < 1 we can summarize the results
of Figs. 1 and 2 as follows:

D

2

3)

When 0 < |Q| < 1 and |Q| is not very close to 1, for
any value of AM®"! there is always one unstable
solution. The throat radius ay/M decreases with
AM®*! and tends to the horizon radius r,/M of
the original manifold for large values of AM*!,

If |Q| < 1 and |Q| is very close to 1, for small values
of AM®*! there is one unstable solution. For inter-
mediate values of AM®*! there are three solutions:
the larger and the smaller ones are unstable and the
middle one is stable. For large values of AM*™"!
there is one unstable solution, which is very close
to the horizon of the original manifold.

When |Q| > 1, for small values of AM**! there are
two solutions: the larger one is unstable and the
smaller one is stable, while for large values of
AM®*! there are no solutions.

4.0 — T T T

35F ]

3.0¢

25F ]

NS

05F 1

0.002  0.004 0.006  0.008

0.0
0.000 0.010
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AM

40 —— , ,

35
191

. —=0.999
3.0¢ - M B

25F ]

20 . ]
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05F 1

0.0 . . . .
0.000  0.002  0.004 0.006 0.008 0.010

a+l

AM

N

NS
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The case a =1 corresponds to the Chaplygin gas
studied in detail in a previous work [26]. For comparison,
the results are shown in Fig. 3. We see that

6]

2

3

We

When 0 = |Q| < 1 and |Q] is not very close to 1, for
small values of AM“*! there is always one unstable
solution. The throat radius a,/M decreases with
AM®*! and it cuts to the horizon radius r,/M of
the original manifold for a finite value of AM atl 5o
there are no solutions for large values of AM“*!,
If |Q] < 1and |Q] is very close to 1, for small values
of AM®*! there is one unstable solution. For inter-
mediate values of AM®*! there are two solutions:
the larger one is unstable and the smaller one is
stable. For large values of AM®*! there are no
solutions.

When |Q| > 1, for small values of AM**! there are
two solutions: the larger one is unstable and the
smaller one is stable, while for large values of
AM®*! there are no solutions.

see that the main difference between the cases 0 <

a < 1and @ = 1 is that in the former case there is an extra
unstable solution for some values of the parameters.
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FIG. 2. Reissner-Nordstrom wormholes supported by a generalized Chaplygin gas with & = 0.6: the solid curves represent the static
solutions with throat radius a, which are stable under radial perturbations for given parameters A, M, and Q, and the dotted curves
represent those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than the
horizon radius of the original manifold.
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FIG. 3. Reissner-Nordstrom wormholes supported by a Chaplygin gas (@ = 1): the solid curves represent the static solutions with
throat radius a, which are stable under radial perturbations for given parameters A, M, and Q, and the dotted curves represent those
unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than the horizon radius of
the original manifold.

IV. WORMHOLES WITH A COSMOLOGICAL 3M when AM? = 1/9. The cosmological horizon radius

CONSTANT 3 is a continuous and decreasing function of A, with
r8 — +00 when A — 0%, and 7% = 3M when AM? =
1/9. If A = 0, the Schwarzschild geometry with horizon
radius r;, =2M is obtained. When A <0, ie., the

The vacuum solution of the Einstein equations with a
cosmological constant has metric functions

_ 2M A 5 5 Schwarzschild—anti—de Sitter case, the event horizon is
f(r)—l_T_gr, h(r) =r?, (34) placed at
where M is the mass and A is the cosmological constant. If 1 — (=3JTAIM + 1 + 9| A|M2)2/3
AM? > 1/9 the function f(r) is always negative, so we rpds = ( Al 1Al 2) s 37)
take AM?=1/9. When 0<AM?=1/9, ie. the VIAI(=3VIAIM + V1 + 9IA[M?)

Schwarzschild—de Sitter case, the geometry has two hori-

> The horizon radius 2% is a continuous and increasing
zons, which are placed at

function of A, with values in the interval 0 < r, <2M,
1 s — — as _, —
dS:—1+i\/§—(1+i\/§)(—3\/—/{M+i/1—9AM2)2/3 with % = 0 when A — —co and r§} 2M when A

ry vyl , 07. Thin-shell wormholes constructed from Eq. (34) have a
2VA(=3VAM + iV1 = 9AM)Y throat of exotic matter and vacuum with a cosmological

(35) constant outside it. If 0 < AM? < 1/9 the wormhole throat
radius should be taken in the range 45 < gy < 35, and if

s 1+ (—3VAM + iv/1 — 9AM?)?/3 36) AM? = 1/9 the dcsonstr:jlsction of the wormhole is not pos-
rem = ; . sible, because r%°> = r¥ =3M. If A <0 the wormhole
VA(=3VAM + i1 = 9AM?)'/3 h s

throat radius a, should be greater than r;**. Using
The event horizon radius rgs is a continuous and increasing Egs. (13) and (14), we obtain that the energy density and
function of A, with 745 — 2M when A — 07, and 45 = the pressure at the throat are given by
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2A
L \/—Aag + 3ay — 6M — _ag +ay— M — 2A(27T)a+la(3)'(a+l)/2

, 38 3
2mag/3ag (38)

gy

(A s T o
and ( 5(10 ago ) = u. ( )

—2Aa3 + 3ay — 3M
Po = ¢~ (39)

- 47Ta0\/3a0(—Aa(3) +3ay — 6M)' When a =1 this equation is cubic in a; and it can be
solved analytically [26], while for other values of « it
From Eq. (15), the throat radius a; should satisfy the  should be solved numerically. By replacing Eq. (34) in

equation Eq. (27), we obtain
|

_ 2[—2aAal +3M(—1 + 2a)Aa} + 3(1 + @)ad — 3M(3 + 4a)ay + IM*(1 + @)]

V'(ay) 4D
aj(Aay — 3ay + 6M)
|
The solutions of Eq. (40) correspond to stable wormholes if (1) If A >0, for any value of AM®*! there is always
V"(ay) > 0. The calculations were done with standard one unstable solution. The throat radius ay/M de-
software and the results for representative values of the creases with AM®*! and tends to the horizon radius
parameters are shown in Figs. 4-6. When 0 < o <1 we 3 /M of the original manifold for large values of
can summarize the results of Figs. 4 and 5 as follows: AM®*1, Except for the presence of the cosmological
40 4.0 ; ;
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2.5 i 250 1
o o ‘
— 20f 1 — 20} 1
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0.5F 4 05F ]
0.0 : : : : : 0.0 ‘ : : :
000 005 010 015 020 025 030 00 01 02 03 04 05
AMMI AM(Y+]

FIG. 4. Wormholes with a cosmological constant, supported by a generalized Chaplygin gas with & = 0.2: the solid curves represent
the static solutions with throat radius a, which are stable under radial perturbations for given parameters A, M, and A, and the dotted
curves represent those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than
the horizon radius or (if A > 0) larger than the cosmological horizon radius of the original manifold.
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FIG. 5. Wormbholes with a cosmological constant, supported by a generalized Chaplygin gas with & = 0.9: the solid curves represent
the static solutions with throat radius a, which are stable under radial perturbations for given parameters A, M, and A, and the dotted
curves represent those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than
the horizon radius or (if A > 0) larger than the cosmological horizon radius of the original manifold.

2

3)

horizon, the results are very similar to the ones
obtained for the Schwarzschild wormholes (A =
0), which were studied in the previous section (un-
charged case).

When A <0 and |A|M? is not large, for any value
of AM*! there is one unstable solution. The throat
radius ay/M decreases with AM**! and tends to the
horizon radius % /M of the original manifold for
large values of AM**1,

If A <0 and |A|M? is large, for small values of
AM®™"! there is one unstable solution. For inter-
mediate values of AM®*! there are three solutions:
the larger and the smaller ones are unstable and the
middle one stable. For large values of AM®*! there
is one unstable solution, which is very close to the

horizon r*95 /M of the original manifold.

The case a =1 corresponds to the Chaplygin gas
wormholes previously studied in Ref. [26]. The results
are shown in Fig. 6 for comparison. We have that

&)

When A >0, for small values of AM®*! there is
always one unstable solution. The throat radius
ay/M decreases with AM®*! and it cuts to the

@)

3)

horizon radius r45/M of the original manifold for
a finite value of AM®*!, so there are no solutions for
large values of AM®*!. Again, except for the pres-
ence of the cosmological horizon, the results are
very similar to the ones obtained for the
Schwarzschild wormholes (A = 0), which were an-
alyzed in the previous section (uncharged case).

If A <0 and |A|M? is not large, for small values of
AM®*! there is always one unstable solution. The
throat radius a,/M decreases with AM®™! and it
cuts to the horizon radius 95/M of the original
manifold for a finite value of AM® ™!, so there are no
solutions for large values of AM* ™!,

When A < 0 and |A|M? is large, for small values of
AM®*! there is one unstable solution. For interme-
diate values of AM®*! there are two solutions: the
larger one is unstable and the smaller one is stable.
For large values of AM®*! there are no solutions.

We can see that the main difference between the cases
0<a <1 and a = 1 is that in the former case there are
values of the parameters for which exist one unstable
additional solution for anti—de Sitter wormholes.
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FIG. 6. Wormholes with a cosmological constant, supported by a Chaplygin gas (a« = 1): the solid curves represent the static
solutions with throat radius a, which are stable under radial perturbations for given parameters A, M, and A, and the dotted curves
represent those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than the
horizon radius or (if A > 0) larger than the cosmological horizon radius of the original manifold.

V. CONCLUSIONS

In this paper, spherically symmetric thin-shell worm-
holes supported by a generalized Chaplygin gas were
theoretically constructed by using the usual cut and paste
procedure for a general class of metrics. Such kind of fluid
has received great attention in cosmology in the last few
years, because it provides a possible explanation for the
accelerated expansion of the Universe, and it has also been
considered in previous wormhole studies. For a general
class of metrics, the equation that determines the possible
radii of the throat for static wormholes was obtained and
the stability of the static configurations under radial per-
turbations was analyzed using the standard potential
method. The energy density and the pressure at the throat
were obtained as functions of the throat radius. Examples
of wormholes made from Reissner-Nordstrom and

Schwarzschild with a cosmological constant metrics were
analyzed in detail and the results were compared with those
obtained in a previous work [26] for the original Chaplygin
gas. It was found that for properly chosen values of the
parameters, stable solutions are also possible when the gas
exponent « is smaller than 1. The main difference when
0 < a <1 is the presence of an extra unstable solution
which appears for some values of the parameters in both
charged and anti—de Sitter wormholes. In the charged case
it happens when the charge |Q] is slightly smaller than the
mass M, while in the anti—de Sitter case for large values of
|A|MZ.
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