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A two-parameter family of spherically symmetric, static Lorentzian wormholes is obtained as the general
solution of the equationr5r t50, wherer5Ti j u

iuj , r t5(Ti j 2
1
2 Tgi j )u

iuj , and uiui521. This equation
characterizes a class of spacetimes which are ‘‘self-dual’’~in the sense of electrogravity duality!. The class
includes the Schwarzschild black hole, a family of naked singularities, and a disjoint family of Lorentzian
wormholes, all of which have a vanishing scalar curvature (R50). The properties of these spacetimes are
discussed. Using isotropic coordinates we delineate clearly the domains of parameter space for which worm-
holes, nakedly singular spacetimes and the Schwarzschild black hole can be obtained. A model for the required
‘‘exotic’’ stress-energy is discussed, and the notion of traversability for the wormholes is also examined.
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I. INTRODUCTION

Traversable Lorentzian wormholes have been in vo
ever since Morris, Thorne and Yurtsever~MTY ! @1# came up
with the exciting possibility of constructing time machin
models with these exotic objects. The seminal paper by M
ris and Thorne@2# demonstrated that the matter required
support such spacetimes necessarily violates the null en
condition. This at first made people rather pessimistic ab
their existence in the classical world. Semiclassical calcu
tions based on techniques of quantum fields in curved sp
time, as well as an old theorem due to Epstein, Glaser
Yaffe @3#, raised hopes about the generation of such spa
times through quantum stresses. The Casimir effect was
to use by MTY themselves to justify their introduction
such spacetimes as a means of constructing model time
chines.

In the last twelve years or so there have been innumer
attempts at solving the so-called ‘‘exotic matter problem’’
wormhole physics.~For a detailed account of wormhol
physics up to 1995 see the book by Visser@4#. For a slightly
later survey see@5#.! Alternative theories of gravity@6#,
evolving ~dynamic, time-dependent! wormhole spacetimes
@7–9# with varying definitions of the throat have been trie
out as possible avenues of resolution.

Despite multiple efforts, all these spacetimes still rem
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in the domain of fiction. At times, their simplicity makes u
believe that they just might exist in nature though we a
very far from actually seeing them in the real world of a
trophysics. ~For attempts towards astrophysical cons
quences see@10#.!

This paper does not set out to solve the exotic ma
problem. On the contrary, it does have exotic matter as
source once again. The obvious query would therefore b
what is actually new? The first novelty is related to t
method of construction. Generally, a wormhole is co
structed by imposing the geometrical requirement on spa
time that there exists a throat but no horizon. This is howe
not couched in terms of an equation restricting the stre
energy.

Perhaps for the first time, we are proposing a spec
restriction on the form of the stress-energy that, when so
ing the Einstein equations, automatically leads to a clas
wormhole solutions. The characterization we have in m
for our class of static self-dual wormholes is

r5r t50, ~1!

wherer andr t are respectively the energy density measu
by a static observer and the convergence density felt b
timelike congruence.~Applying both of these conditions
plus the Einstein equations, impliesR50.! It is remarkable
that the general solution@11# of this equation automatically
incorporates the basic characteristics of a Lorentzian wo
hole. A generic wormhole spacetime is anad hocconstruc-
tion and hence no equation would be able to encompas
wormhole spacetimes. Equation~1! indicates that space i
empty relative to timelike particles as they encounter neit
©2002 The American Physical Society04-1
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energy density nor geodesic convergence. This, in turn, le
to the fact that the general spacetime will be a modificat
of the Schwarzschild solution, which would be contained
the general solution of Eq.~1! as a special case. Portions
the general solution space are interpreted as wormhole sp
times with the throat given by the well known Schwarzsch
radius, which no longer defines the horizon. Indeed Eq.~1!
uniquely characterizes a class of ‘‘self-dual’’ static wormho
spacetimes which contains the Schwarzschild solution.
notion of duality we have in mind involves the interchan
of the active and passive electric parts of the Riemann te
~termed aselectrogravity duality!. This duality, which leaves
the vacuum Einstein equation invariant, was defined by
of the present authors in@12#. Electrogravity duality essen
tially implies the interchange of the Ricci and Einstein te
sors. For vanishing Ricci scalar, these two tensors bec
equal and the corresponding solutions could therefore
called self-dual in this sense. Under the duality transform
tion, r andr t are interchanged indicating invariance of E
~1!. Since energy densities vanish and yet the spacetim
not entirely empty, the matter distribution would natura
have to be exotic~violating all the energy conditions@4#!.
Physically, the existence of such spacetimes might
doubted because of this violation of the weak and null ene
conditions. Analogous to the spatial-Schwarzschild wor
hole, for which g00521 and g115(122m/r )21, these
spacetimes have zero energy density but nonzero press
The spatial-Schwarzschild wormhole is one specific parti
lar solution of the equationsr50, r t50, while here we
exhibit the most general solution@11#.

Furthermore, on rewriting the line element in terms
isotropic coordinates we realize the existence of all th
classes of spherically symmetric spacetimes—namely
black holes, the wormholes and the nakedly singu
geometries—all within the framework of our general so
tion. This happens through the understanding of the natur
the spacetime for different domains of the two parameterk
and l defined below. A detailed discussion on this is i
cluded too.

The following section~II ! deals with all the above men
tioned aspects ofR50 spacetimes. In the last section~III !
we offer our conclusions and remarks. We choose the me
signature as (2111) and setc51 unless otherwise stated

II. RÄ0 CHARACTERIZATION OF LORENTZIAN
WORMHOLES

The Lorentzian wormhole,a la Morris and Thorne, is
defined through the specification of two arbitrary functio
b(r ) andf(r ) which appear in the following generic versio
of a spherically symmetric, static line element:

ds252e2f(r )dt21
dr 2

12
b~r !

r

1r 2~du21sin2u dw2!. ~2!

The properties ofb(r ) andf(r ) which ‘‘make’’ a wormhole
are @2,4#:
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~a! A no-horizoncondition→e2f has no zeros.@The func-
tion f(r ) is called the red-shift function.#

~b! A wormhole shape condition→b(r 5b0)5b0; with
b(r )/r<1(;r>b0). @b(r ) is called the wormhole shap
function.#

~c! Asymptotic flatness:b(r )/r→0 asr→`.
These features provide a minimum set of conditio

which lead, through an analysis of the embedding of
spacelike slice in a Euclidean space, to a geometry featu
two asymptotic regions connected by a bridge. Topologica
different configurations where we only have one asympto
region was the origin of the name ‘‘wormhole’’ in the man
ner of Wheeler. It is well known@2,4# that these conditions
lead to the requirement that the stress-energy which supp
the wormhole violates the null energy condition~and even
the averaged null energy condition! @8,9#.

Amongst examples, the simplest is of course the spa
Schwarzschild wormhole defined by the choicef50 and
b(r )52m. The horizon is~by fiat! gotten rid of simply by
choosingg00521 and the wormhole shape is retained
choosingb(r )52m. This geometry would of course be con
tained in the general solution of Eq.~1!. Many other ex-
amples can be constructed. There is no general principl
such to generate these wormholes—one might just ‘‘tail
make’’ them according to ones taste. If we demand that
wormhole spacetime must contain the Schwarzschild sp
time, Eq.~1! completely and uniquely characterizes it.

A. General solution

In order to make a wormhole, we have to specify or d
termine two functions. Generally one of them is chosenby
fiat while the other is determined by implementing som
physical condition. In this paper, we have proposed Eq.~1!
as the equation for wormhole, which would implyR50, and
place a constraint on the wormhole shape function. Alter
tively, we could choose the shape function and solve foR
50. The R50 constraint will be a condition onb(r ) and
f(r ) and its derivatives. In an earlier paper@13# f(r ) was
chosen and an appropriateb(r ) ~satisfying wormhole condi-
tions! was obtained as a solution to theR50 constraint.
Here, we do the opposite, first demandr50 and then solve
for R50, which would determine bothf and b. Interest-
ingly, the most general solution of Eq.~1! automatically in-
corporates the requirement of existence of a throat with
horizon. This is thus a natural characterization of a Loren
ian wormhole.

Defining the diagonal energy momentum tensor com
nents asT005r(r ), T115t(r ) and T225T335p(r ) and us-
ing the Einstein equations with the assumption of the l
element given above we find that

r~r !5
1

8pG

b8

r 2
; ~3!

t~r !5
1

8pG F2
b

r 3
12

f8

r S 12
b

r D G ; ~4!
4-2
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R50 SPACETIMES AND SELF-DUAL LORENTZIAN WORMHOLES PHYSICAL REVIEW D 65 064004
p~r !5
1

8pG H S 12
b~r !

r D Ff92
b8r 2b

2r ~r 2b!
f8

1f821
f8

r
2

b8r 2b

2r 2~r 2b!
G J . ~5!

~Note thatt as defined above is simply the radial press
pr , and differs by a minus sign from the conventions
@2,4#. The symbolp is simply the transverse pressurept .!
Implementing the conditionr5r t ~or, equivalentlyR5T
50) we find the following equation:

j81j21S 2

r
2

b8r 2b

2r ~r 2b! D j5
b8

r ~r 2b!
, ~6!

wherej5f8 and the prime denotes a derivative with resp
to r. Given b(r ) we can solve the above equation to obta
f. We note that the above equation~with a given b) is a
nonlinear, first-order ordinary differential equation which
known in mathematics as a Riccati equation. This equatio
covariant under fractional linear transformations of the
pendent variable@SL~2,R! symmetry#. In principle Eq. ~6!
can be thought of as the ‘‘master’’ differential equation f
all spherically symmetric, staticR50 spacetimes, example
of which include the Schwarzschild and the Reissn
Nordstrom geometries.

Now solving for r50 clearly givesb5constant52m.
Then Eq.~6! simplifies to

j81j21
j

r S 2r 23m

r 22m D50. ~7!

It admits the most general solution given by

g0052S k1lA12
2m

r D 2

, ~8!

wherek andl are constants of integration.
Clearly the Schwarzschild geometry is the special so

tion for which Ri j 50, to which the general solution reduce
when k50. This shows that the Schwarzschild solution
contained in the above general solution. It also contains
spatial-Schwarzschild wormhole withg00521 whenl50.
The solution then admits no horizon but there is a wormh
throat atr 52m. We thus have a Lorentzian wormhole.

The components of the energy momentum tensor for
geometry turn out to be

r50; ~9!

t52
1

8pGF 2mk

r 3S k1lA12
2m

r
D G ; ~10!
06400
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1

8pGF mk

r 3S k1lA12
2m

r
D G . ~11!

The weak (r>0,r1t>0,r1p>0) and null (r1t>0,r
1p>0) energy conditions are both violated. We note th
the stress energy given above satisfiesr1t522p; which
obviously follows fromR50⇒T50. The violation of the
energy condition stems from the violation of the inequal
r1t>0. The extent of the violation, caused by the 1/r 3

behavior of the relevant quantity, is large in the vicinity
the throat. One does have a control parameterk, which, can
be chosen to be very small in order to restrict the amoun
violation.

The complete line element for the geometry discus
above is

ds252S k1lA12
2m

r D 2

dt21
dr 2

122m/r

1r 2~du21sin2u dw2!. ~12!

Of course we could also consider the line element be
~obtained by replacingl by 2l), which also hasR50:

ds252S k2lA12
2m

r D 2

dt21
dr 2

122m/r

1r 2~du21sin2udw2!. ~13!

Note that these metrics only make sense~by construction! for
r>2m. So to really make the wormhole explicit we nee
two coordinate patches,r 1P(2m,`), and r 2P(2m,`),
which we then have to sew together atr 52m. ~And in this
particular case the geometry is smooth across the junc
provided we pick the1 root on one side and the2 root on
the other side, in which case there is no thin shell contri
tion at the junction.! This is not particularly obvious, and to
make this a little clearer, it is convenient to go to isotrop
coordinates, defined by

r 5 r̄ S 11
m

2r̄
D 2

. ~14!

Since the space part of the metric for the general solu
@Eq. ~12! or Eq. ~13!# is identical to the space part of th
Schwarzschild geometry we can use exactly the same tr
formation for going from curvature coordinates to isotrop
coordinates as was used for Schwarzschild itself. Then
easy to see that

ds252H k1lF12m/2r̄

11m/2r̄
G J 2

dt21S 11
m

2r̄
D 4

3@dr̄ 21 r̄ 2~du21sin2u dw2!#. ~15!

The space part of the geometry is invariant under invers
r̄→m2/(4r̄ ).
4-3
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DADHICH, KAR, MUKHERJEE, AND VISSER PHYSICAL REVIEW D65 064004
The advantage of isotropic coordinates is that in alm
all cases a single coordinate patch covers the entire ge
etry, r̄'0 is the second asymptotically flat region. Inde
whenever the geometry is such that it can be interpreted
Lorentzian wormhole then the isotropic coordinate patch
global coordinate patch.„This is not a general result; i
works for the class of geometries in our general solut
@Eqs.~12!, ~13!, or ~15!# because the space part of the met
is identical to Schwarzschild.…

We now have a single global coordinate patch for
~alleged! traversable wormhole, and use it to discuss
properties of the geometry~we always takem.0 since oth-
erwise there is an unavoidable naked singularity in the sp
part of the metric, regardless of the values ofl andk):

~1! The geometry is invariant under simultaneous sign
l→2l,k→2k; it is also invariant under simultaneous in
version r̄→m2/(4r̄ ) and sign reversall→2l ~keepingk
fixed!.

~2! k50,lÞ0 is the Schwarzschild geometry; it is no
traversable.~This is also an example of a case where ev
the isotropic coordinate system does not cover the en
manifold.!

~3! l50,kÞ0 is the spatial-Schwarzschild traversab
wormhole.~And here clearly the isotropic coordinate syste
does cover the entire manifold.!

~4! l50,k50 is singular.
~5! At the throatgtt(r 52m)52k2, so kÞ0 is required

to ensure traversability.
~6! Is there ever a ‘‘horizon’’? This requires a little anal

sis.
A horizon would seem to form ifgtt has a zero, that is if

there is a physically valid solution to

k~11m/2r̄ !1l~12m/2r̄ !50. ~16!

Solving this equation we obtain

r̄ H5
m

2

l2k

l1k
. ~17!

That is, a horizon tries to form~though typically not at the
throat! if

l2k

l1k
.0. ~18!

Unfortunately, this ‘‘would be horizon’’ is actually a nake
singularity. To see this we calculate

t52
128

8pG

kmr̄3

~2r̄ 1m!5~2@k1l# r̄ 1@k2l#m!
; ~19!

p51
64

8pG

kmr̄3

~2r̄ 1m!5~2@k1l# r̄ 1@k2l#m!
; ~20!

and notice that the radial and transverse pressure both
verge asgtt→0. In fact it is better to rewrite the above as
06400
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t52
128

8pG

kmr̄3

~2r̄ 1m!6A2gtt

; ~21!

p51
64

8pG

kmr̄3

~2r̄ 1m!6A2gtt

; ~22!

explicitly showing thatgtt→0 is a naked curvature singula
ity. To reiterate, this curvature singularity forms if

l2k

l1k
.0. ~23!

This occurs if either

l1k.0 and l2k.0; ~24!

or

l1k,0 and l2k,0. ~25!

Outside of these regions the curvature singularity does
form, thegtt component of the metric never goes to zero, a
we have a traversable wormhole.

To summarize: Thek2l plane has the following struc
ture ~let k run up the vertical axis; and definel5Z cosu;
k5Z sinu, see Fig. 1!:

u50 ~the 1l axis!: Schwarzschild spacetime.
uP(0,p/4) naked singularity.
u5p/4 special; see below.
uP(p/4,3p/4) traversable wormhole;
u5p/2 ~the1k axis! is the spatial-Schwarzschild worm

hole.
u53p/4 special; see below.
uP(3p/4,p) naked singularity.
u5p(2l axis): Schwarzschild spacetime.
u.p: repeat the previous diagram in the lower half plan

Let us now look at the two special cases:
u5p/4⇒l5k. The geometry is

FIG. 1. The solution space showing different regions repres
ing naked singularities, wormholes and black holes. Herek
5Z sinu and l5Z cosu. N: Naked singularities; W: Wormholes
SBH: Schwarzschild black hole; SSW: spatial Schwarzsch
wormhole; Sp1,2: Special solutions.
4-4
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ds252H 2k

11m/2r̄
J 2

dt21S 11
m

2r̄
D 4

@dr̄ 21 r̄ 2~du2

1sin2u dw2!#. ~26!

The r̄→0 region is not flat.~Space is asymptotically flat
but spacetime is not sincegtt→0 as r̄→0.!

u53p/4⇒l52k. The geometry is

ds252H km/ r̄

11m/2r̄
J 2

dt21S 11
m

2r̄
D 4

@dr̄ 21 r̄ 2~du2

1sin2u dw2!#. ~27!

The r̄→` region is not flat.~Space is asymptotically flat
but spacetime is not sincegtt→0 as r̄→`.!

Other interesting features are

gtt~ r̄ 5`!52~k1l!2 ~28!

gtt~ r̄ 50!52~k2l!2. ~29!

That is, time runs at different rates in the two asympto
regions. If we try to reconnect the other side of the wormh
back to our own universe we get a ‘‘locally static’’ wormho
in the sense of Frolov@14# and Novikov@15#.

B. Matter fields

We now move on briefly to the generation of the stre
energy for the two-parameter asymptotically flat wormh
in 311 dimensions.~The two parameters arem andk.! As is
well known, the energy-momentum tensor which acts a
source for the Schwarzschild spacetime with a global mo
pole can be generated through a triplet of scalar fieldsfa

self-interacting via a Higgs potential@16#. The Lagrangian
for this is

Lscalar5
1

2
gmn]mfa]nfa1

1

4
z~fafa2h2!2. ~30!

Choosing a monopole-like field configurationfa

5h f (r )xa/r we can generate the required stress energy
the region away from the core of the monopole@where
f (r )[1#. Motivated by this model with a triplet of scala
fields, we make an attempt to generate onlyt andp without
making any contribution tor as required by the Einstei
tensor for the line element of the general wormhole d
cussed in the previous subsection~II A !. To this end, we
introduce a Lagrangian with a tripletca given by

Lscalar5
1

2
gmn]mca]nca1

1

6
s~caca!3. ~31!

Assuming a general metric of the form

ds252B~r !dt21A~r !dr 21r 2~du21sin2u dw2!, ~32!
06400
c
e

s

a
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and ca5g0(r )xa/r we obtain the differential equation fo
the functiong0(r ):

1

A
g091F 2

Ar
1

1

2B S B

AD 8Gg082
2g0

r 2
2sg0

550. ~33!

With g0(r )5a/Ar the above equation results in a constra
on the parametersa ands: sa4529/4, to leading order in
1/r .

The components of the energy momentum tensor are

r5T005
1

8pG Fg08
2

2A
1

g0
2

r 2
1

s

6
g0

6G ; ~34!

t5T115
1

8pG Fg08
2

2A
2

g0
2

r 2
2

s

6
g0

6G ; ~35!

p5T225T335
1

8pG F2
g08

2

2A
2

s

6
g0

6G . ~36!

Assuming that in the asymptotic regionA(r )→1 andg0(r )
→a/Ar we get

r'
3a2

32pGr3
; t'2

a2

16pGr3
; p'

a2

32pGr3
. ~37!

From the Einstein tensor for the wormhole, takingr large, we
obtain the exact resultr50 and the approximations

t'2
1

8pG F 2mk

~l1k!r 3G ; p'
1

8pG F mk

~l1k!r 3G .

~38!

Of course, the above stress-energy does not match with
one generated from the scalar field. To match things we
an exoticdust distribution given by

rd52
1

8pG

3a2

4r 3
; td5pd50. ~39!

Notice that this stress energy explicitly violates the ene
conditions. The scalar field with a sextic interaction im
mersed in this dust distribution can give rise to the ma
stress energy required for our wormhole, in the larger limit.

For all parameters to exactly match we would require

a2

4
5

mk

l1k
. ~40!

Thus, in the larger region one can obtain the stresses wh
generate the metric by using the above scalar field mo
immersed in a dust distribution of negative energy densi

In closing this section we remind the reader that vio
tions of the energy conditions, though certainly present
wormhole spacetimes, cannot be used~given our current un-
derstanding of physics! to automatically rule out wormhole
4-5
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geometries. Indeed over the last few years the catalogu
physical situations in which the energy conditions are kno
to be violated has been growing@17#. There are quite reason
able looking classical systems~non-minimally coupled scala
fields! for which all the energy conditions~including the null
energy condition! are violated; and which lead to wormho
geometries@18,19#. In certain branches of physics, most n
tably braneworld scenarios based on some form of
Randall-Sundrum ansatz, violations of the energy conditi
are now so ubiquitous as to be completely mainstream@20#.
Attitudes regarding the energy conditions are changing,
their violation~even their classical violation! is no longer the
anathema it has been in the past.

C. Traversability

In the asymptotically flat (311)-dimensional spacetim
discussed in subsection~II A ! we have three parameters: th
mass parameter m~or, in dimensionful units 2GM/c2) and
the two wormhole parametersk ~this gets rid of the horizon
and ‘‘makes’’ the geometry a wormhole! andl. In order to
obtain values for each of these or appropriate ratios, we
the well-known traversability constraints discussed by M
ris and Thorne@2#.

The first constraint as mentioned in MT is related to t
acceleration felt by the traveller. Since humans are use
feeling acceleration of ordergE ~earth gravity! we have to
ensure this in the trip. The constraint turns out to be

Ue2F
d~geF!

dl U< gE

c2
'

1

light year
. ~41!

For a traveller moving through the wormhole from one u
verse to another we must also ensure that the tidal fo
which he has to endure should not crush him. Ifv is the
radial velocity of the traveller~whom we assume to be o
height 2 m!, the tidal forces are related to the projections
the Riemann tensor components along the locally Lore
frame moving with the traveller. The constraints as outlin
by MT are given as

uR1010u5US 12
b

r D S 2F91
b8r 2b

2r ~r 2b!
F82F82D U

<
gE

c232 m
[

1

~1010 cm!2
[

1

~105 km!2
; ~42!

uR2020u5U g2

2r 3 F S v
cD 2S b82

b

r D12~r 2b!F8GU
<

gE

c232 m
[

1

~1010 cm!2
[

1

~105 km!2
. ~43!

The above Riemann tensor components are obtained
transforming those in the tetrad~frame! basis attached to th
Schwarzschild coordinate system to those in a local Lore
06400
of
n

e
s

d

se
-

to

-
es

f
tz
d

by

tz

frame moving with a radial velocityv. ~For details see@4#,
pp 137-143.! For our geometry these constraints turn out
be

U 1

n3/2
g

l

kAn1lAn21
U< 2GM/c2

1 light year
; ~44!

U 1

n3

lAn21

kAn1lAn21
U<S 2GM/c2

105 km
D 2

; ~45!

Ug2

2

1

n3 F lAn21

kAn1lAn21
2S v

cD 2GU<S 2GM/c2

105 km
D 2

. ~46!

where n[r /(2m). In particular n>1 ~we are now using
Schwarzschild coordinates andn51 is the throat of the
wormhole!.

Picking values ofn andv we can calculate the acceptab
range of values for the parametersm,k, andl which appear
in the line element. This would determine for us theactual
geometry of a macroscopic traversable wormhole with
any unknown, to-be-determined constants. As an example
choosen51 ~at the throat of the wormhole!. Assumingr
52m[105 km we find thatk/l>108g and g2b2,2, im-
plying b,A2/3. One can obtain similar bounds by assumi
other values for the throat radius.

III. CONCLUSIONS

Let us now summarize the results obtained. We set
with the goal of obtaining wormholes through a certain ge
metric prescription. To this end we proposedr5r t50 as the
characterizing equation on the spacetime~which also implies
R50, i.e.,r5r t , and, equivalently, traceless stress energ!.
The shape functionb(r ) is determined by the conditionr
50. Solving the ensuing differential equation for theR50
condition we obtain the red-shift functionf(r ). The result-
ing line element represents a two-parameter family of geo
etries which contains Lorentzian wormholes, naked sin
larities, and the Schwarzschild black hole. Using isotro
coordinates we subsequently displayed the full structure
the solution space of the relevant equations, discussing
domains ink-l parameter space for which these geometr
arise.

The matter stress energy for theR50 solutions is ob-
tained thereafter through a model with a triplet scalar field
a sextic potential, superimposed upon a dust distribution
negative energy density. Finally the traversability constrai
are written down and analyzed.

Our aim in this paper has been to provide a prescript
for obtaining wormholes. We have proposed one such p
scription which is characterized by the equationr5r t50.
This would implyR50. One can also generalize this furth
and look into the solution space of similar characterizi
equations or relations which yield wormholes and other
lutions. Additionally, instead ofR50 one might want to ob-
tain constant curvature wormholes which belong to the cl
4-6
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of spaces known as Einstein spaces. Future work along t
lines, will, hopefully shed light on these features in grea
detail.

As a punchline, we mention that the equation we prop
implies the curious fact that the Schwarzschild black hole
not as unique as it is believed to be—it is intimately rela
to a host of traversable wormholes; solutions to the differ
tial equationsR50 andr50. We normally discard them on
account of violation of the energy conditions. Alternative
taking a more liberal viewpoint, we might retain them
tentative models awaiting confirmation through future obs
vations. This is particularly pertinent in view of the rece
developments in braneworld physics, where there is
tt

g

,’’

,

nd

n-
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marked change in attitude towards the energy conditio
Attitudes now tend to be more accommodating and liber
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