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US movie 1997

Why Wormhole?
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Morris-Thorne’s “Traversable” wormhole

M.S. Morris and K.S. Thorne, Am. J. Phys. 56 (1988) 395
M.S. Morris, K.S. Thorne, and U. Yurtsever, PRL 61 (1988) 3182

H.G. Ellis, J. Math. Phys. 14 (1973) 104
(G. Clément, Am. J. Phys. 57 (1989) 967)

Desired properties of traversable WHs

1. Spherically symmetric and Static ⇒ M. Visser, PRD 39(89) 3182 & NPB 328 (89) 203

2. Einstein gravity

3. Asymptotically flat

4. No horizon for travel through

5. Tidal gravitational forces should be small for traveler

6. Traveler should cross it in a finite and reasonably small proper time

7. Must have a physically reasonable stress-energy tensor
⇒ Weak Energy Condition is violated at the WH throat.
⇒ (Null EC is also violated in general cases.)

8. Should be perturbatively stable

9. Should be possible to assemble

“Ellis (Morris-Thorne) wormhole”



Interstellar (2014)
https://www.youtube.com/watch?v=qZZ9jRan9eo

Executive Producer:  Kip  Thorne



Interstellar (2014) Executive Producer:  Kip  Thorne
https://www.youtube.com/watch?v=qZZ9jRan9eo
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BH & WH are interconvertible?
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Black Hole Wormhole
Locally 
defined 

by 

Achronal (spatial/null) 
outer TH 
⇨ 1-way traversable

Temporal (timelike) 
outer THs 
⇨ 2-way traversable

Einstein 
eqs.

Positive energy density  
normal matter (or 
vacuum)

Negative energy density  
“exotic” matter

Appear-
ance occur naturally

Unlikely to occur 
naturally. 
but constructible??
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Dynamics in Gauss-Bonnet gravity?
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Fate of Morris-Thorne (Ellis) wormhole?

• “Dynamical wormhole” defined by local trapping horizon

• spherically symmetric, both normal/ghost KG field

• apply dual-null formulation in order to seek horizons

• Numerical simulation

ghost/normal Klein-Gordon fields

Tµν = Tµν(ψ) + Tµν(φ) =
[

ψ,µψ,ν − gµν

(
1

2
(∇ψ)2 + V1(ψ)

)]

︸ ︷︷ ︸
normal

+
[

−φ,µφ,ν − gµν

(

−1

2
(∇φ)2 + V2(φ)

)]

︸ ︷︷ ︸
ghost

ψ =
dV1(ψ)

dψ
, φ =

dV2(φ)

dφ
. (Hereafter, we set V1(ψ) = 0, V2(φ) = 0)

Part I   Wormhole dynamics in 4-dim GR



Initial data on x+ = 0, x− = 0 slices and on S

Generally, we have to set :

(Ω, f,ϑ±,φ,ψ) on S: x+ = x− = 0

(ν±,℘±,π±) on Σ±: x∓ = 0, x± ≥ 0

Grid Structure for Numerical Evolution

xplusxminus

wormhole throat

S



dual-null formulation, spherically symmetric spacetime (4D)

• The spherically symmetric line-element:

ds2 = −2e−fdx+dx− + r2dS2, where r = r(x+, x−), f = f(x+, x−), · · ·

• To obtain a system accurate near ℑ±, we introduce the conformal factor Ω = 1/r . We also define

first-order variables, the conformally rescaled momenta

expansions ϑ± = 2∂±r = −2Ω−2∂±Ω (θ± = 2r−1∂±r) (1)

inaffinities ν± = ∂±f (2)

momenta of φ ℘± = r∂±φ = Ω−1∂±φ (3)

momenta of ψ π± = r∂±ψ = Ω−1∂±ψ (4)

The set of equations (remember the identity: ∂+∂− = ∂−∂+):

∂±ϑ± = −ν±ϑ± − 2Ωπ2
± + 2Ω℘2

±, (5)

∂±ϑ∓ = −Ω(ϑ+ϑ−/2 + e−f), (6)

∂±ν∓ = −Ω2(ϑ+ϑ−/2 + e−f − 2π+π− + 2℘+℘−), (7)

∂±℘∓ = −Ωϑ∓℘±/2, (8)

∂±π∓ = −Ωϑ∓π±/2. (9)



Initial data on x+ = 0, x− = 0 slices and on S

Generally, we have to set :

(Ω, f,ϑ±,φ,ψ) on S: x+ = x− = 0

(ν±,℘±,π±) on Σ±: x∓ = 0, x± ≥ 0

Grid Structure for Numerical Evolution

xplusxminus

wormhole throat

S



Ghost pulse input -- Bifurcation of the horizons（4d)



more negative field 
-> throat expansion

less negative field 
-> throat shrink

wormhole configurations (4dim. GR)



Bifurcation of the horizons  
-- go to a Black Hole or Inflationary expansion



Normal pulse (a traveller) input -- Forming a Black Hole



Travel through a Wormhole  
                 -- with Maintenance Operations!



The basic behaviors has been confirmed by 
  A Doroshkevich, J Hansen, I Novikov, A Shatskiy, IJMPD 18 (2009) 1665 
  J A Gonzalez, F S Guzman & O Sarbach, CQG 26 (2009) 015010, 015011 
  J A Gonzalez, F S Guzman & O Sarbach, PRD80 (2009) 024023 
  O Sarbach & T Zannias, PRD 81 (2010) 047502

Summary of Part I 
Dynamics of Ellis (Morris-Thorne) traversible WH

WH is Unstable
(A) with positive energy pulse ---> BH 

(B) with negative energy pulse ---> Inflationary expansion 

(C) can be maintained by sophisticated operations

---> confirms duality conjecture between BH and WH. 

---> provides a mechanism for enlarging a quantum WH 
      to macroscopic size 

---> a round-trip is available for our hero/heroine

HS & Hayward, PRD66 (2002) 044005



observation?
The Astrophysical Journal, 725:787–793, 2010 December 10 doi:10.1088/0004-637X/725/1/787
C⃝ 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

GRAVITATIONAL MICROLENSING BY THE ELLIS WORMHOLE
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ABSTRACT

A method to calculate light curves of the gravitational microlensing of the Ellis wormhole is derived in the
weak-field limit. In this limit, lensing by the wormhole produces one image outside the Einstein ring and another
image inside. The weak-field hypothesis is a good approximation in Galactic lensing if the throat radius is less
than 1011 km. The light curves calculated have gutters of approximately 4% immediately outside the Einstein
ring crossing times. The magnification of the Ellis wormhole lensing is generally less than that of Schwarzschild
lensing. The optical depths and event rates are calculated for the Galactic bulge and Large Magellanic Cloud
fields according to bound and unbound hypotheses. If the wormholes have throat radii between 100 and 107 km,
are bound to the galaxy, and have a number density that is approximately that of ordinary stars, detection can
be achieved by reanalyzing past data. If the wormholes are unbound, detection using past data is impossible.

Key words: gravitational lensing: micro

Online-only material: color figures

1. INTRODUCTION

A solution of the Einstein equation that connects distant points
of space–time was introduced by Einstein & Rosen (1935).
This “Einstein–Rosen bridge” was the first solution to later
be referred to as a wormhole. Initially, this type of solution
was just a trivial or teaching example of mathematical physics.
However, Morris & Thorne (1988) proved that some wormholes
are “traversable,” i.e., space and time travel can be achieved
by passing through the wormholes. They also showed that the
existence of a wormhole requires exotic matter that violates
the null energy condition. Although they are very exotic, the
existence of wormholes has not been ruled out in theory. Inspired
by the Morris–Thorne paper, there have been a number of
theoretical works (see Visser 1995; Lobo 2008, and references
therein) on wormholes. The curious properties of wormholes,
such as time travel, energy conditions, space–time foams,
and growth of a wormhole in an accelerating universe, have
been studied. Although there have been enthusiastic theoretical
studies, studies searching for real evidence of the existence of
wormholes are scarce. Only a few attempts have been made to
show the existence or nonexistence of wormholes.

A possible observational method that has been proposed to
detect or exclude the existence of wormholes is the application
of optical gravitational lensing. The gravitational lensing of
wormholes was pioneered by Cramer et al. (1995), who inferred
that some wormholes show “negative-mass” lensing. They
showed that the light curve of the negative-mass lensing event
of a distant star has singular double peaks. Several authors
subsequently conducted theoretical studies on detectability
(Safonova et al. 2002; Bogdanov & Cherepashchuk 2008).
Another gravitational lensing method employing gamma rays
was proposed by Torres et al. (1998), who postulated that the
singular negative-mass lensing of distant active galactic nuclei
causes a sharp spike of gamma rays and may be observed
as double-peaked gamma-ray bursts. They analyzed BASTE
data and set a limit for the density of the negative-mass
objects.

There have been several recent works (Shatskii 2004; Perlick
2004; Nandi et al. 2006; Rahaman et al. 2007; Dey & Sen

2008) on the gravitational lensing of wormholes as structures
of space–time. Such studies are expected to unveil lensing
properties directly from the space–time structure. One study
(Dey & Sen 2008) calculated the deflection angle of light due to
the Ellis wormhole, whose asymptotic mass at infinity is zero.
The massless wormhole is particularly interesting because it is
expected to have unique gravitational lensing effects. The Ellis
wormhole is expressed by the line element

ds2 = dt2 − dr2 − (r2 + a2)(dθ2 + sin2(θ )dφ2), (1)

where a is the throat radius of the wormhole. This type of worm-
hole was first introduced by Ellis (1973) as a massless scalar
field. Later, Morris & Thorne (1988) studied this wormhole and
proved it to be traversable. The dynamical features were stud-
ied by Shinkai & Hayward (2002), who showed that Gaussian
perturbation causes either explosion to an inflationary universe
or collapse to a black hole. Das & Kar (2005) showed that the
tachyon condensate can be a source for the Ellis geometry.

In this paper, we derive the light curve of lensing by the
Ellis wormhole and discuss its detectability. In Section 2, we
discuss gravitational lensing by the Ellis wormhole in the weak-
field limit. The light curves of wormhole events are discussed
in Section 3. The validity of the weak-field limit is discussed
in Section 4. The optical depth and event rate are discussed in
Section 5. The results are summarized in Section 6.

2. GRAVITATIONAL LENSING

Magnification of the apparent brightness of a distant star by
the gravitational lensing effect of another star was predicted by
Einstein (1936). This kind of lensing effect is called “microlens-
ing” because the images produced by the gravitational lensing
are very close to each other and are difficult for the observer
to resolve. The only observable effect is the changing appar-
ent brightness of the source star. This effect was discovered in
1993 (Udalski et al. 1993; Alcock et al. 1993; Aubourg et al.
1993) and has been used to detect astronomical objects that do
not emit observable signals (such as visible light, radio waves,
and X-rays) or are too faint to observe. Microlensing has suc-
cessfully been applied to detect extrasolar planets (Bond et al.

787

Abe, APJ 725 (2010) 787.



‣ general relativity, n-dimension 

‣ static, spherical sym., asymptotically flat 

‣ Basic equations
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(1) Exact Solution : Basic eqns.
 Part 2   WH in higher-dim. (1) Exact Solution 

Torii & HS, PRD88 (2013) 064027



‣ regularity at the throat (　　　)

Basics eqns. �2
nC

2 = (n� 2)(n� 3)a2(n�3)

★ from the scaling rulethroat radius
a = 1 f0 = 1R0 = 0, f = f0, f 0 = 0, � = 0

R = a

‣ Exact solution 

f � 1

⇥ =
�

(n� 2)(n� 3)
�n

an�3

�
1

R(r)n�2
dr

r(R) = �mBz

�
�m,

1
2

�
�
�

��[1�m]
�[m(n� 4)]

m =
1

2(n� 3)
, z = Rm Incomplete Beta func.Bz(p, q) :=

� z

0
tp�1(1� t)q�1dt

★ in another metric form: V. Dzhunushaliev+, 2013

Solution
 Part 2   WH in higher-dim. (1) Exact Solution 

r = 0
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expansion is 0

★ In the           limit

trapping horizon

★ large curvature near the throat.  
★ scalar field goes steep if n is large. 

Configurations
‣ configurations 

 Part 2   WH in higher-dim. (1) Exact Solution 



‣ metric 

‣ linear perturabation 

‣ master equation 

metric

ds2
n = −f(t, r)e−2δ(t,r)dt2 + f(t, r)−1dr2 + R(t, r)2hijdxidxj (1)
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—————————-
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★ potential  W

W becomes negative!

static solution

★      ：Gauge invariant in spherical sym.  1

(2) Linear Stability: Master eqn.
Torii & HS, PRD88 (2013) 064027

 Part 2   WH in higher-dim. (2) Linear Stability 



‣ exist negative mode

n �2

4 �1.39705243371511
5 �2.98495893027790
6 �4.68662054299460
7 �6.46258414126318
8 �8.28975936306259
9 �10.1535530451867
10 �12.0442650147438
11 �13.9552091676647
20 �31.5751101285105
50 �91.3457759137153
100 � 191.283017729717

★ In all dimensions, we found negative modes.

eigenvalues of negative mode eigenfunction of negative mode

★ Higher dimension, instability appears in short time scale

 Ellis’s wormhole is unstable

Unstable!
 Part 2   WH in higher-dim. (2) Linear Stability 



(3) Numerical Evolution
HS & Torii, in preparation

x

+
x

�

⌃0

Evolution

 Part 2   WH in higher-dim. (3) Numerical Evolution 



Dynamics in Gauss-Bonnet gravity?
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evolution equations (1)



evolution equations (2)



initial data
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positive energy input --> BH formation
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ghost pulse (positive amp.) input 

negative energy input --> throat inflates
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（Maeda & Nozawa, 2008）

‣ BH mass（Misner-Sharp mass）

existence of minimum mass

4-d

6-d

5-d

existence of the minimum mass of BH
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  Part 3. Wormhole in Gauss-Bonnet gravity
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throat inflates

  5d GR vs Gauss-Bonnet       instability appears

BH formation

�GB > 0
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wormhole configurations (5dim. GaussBonnet)
�GB > 0
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  6d 7d Gauss-Bonnet       instability appears easily

�GB > 0
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 Thin-shell wormhole
‣ Poisson & Visser, PRD52 (1995) 7318

singular shell

Schwarzschild

Schwarzschild
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pressure

surface density

Two Schwarzschild spacetimes are 
connected by a singular thin shell 
using the Israel’s junction condition.

★ They defined the parameter β0, which 
corresponds to the sound velocity in the 
shell.

★ They found the parameter regions where 
the solution is stable.

Sound speed is faster than the light 
speed or become imaginary.

★ “There is no guarantee that β0 actually is the speed of sound because the matter 
is exotic (negative energy)!”

  Part 5. In Search of Stable Wormholes : Previous approaches



 

 

  Part 5. In Search of Stable Wormholes : Previous approaches

(peculiar) EOS

‣ Kanti, Kleihaus and Kunz, (PRL107 (2011) 271101)

★No exotic matter and linearly stable !  
★However, they fix the throat radius.

The stability analysis is insufficient.

dilatonic Einstein-Gauss-Bonnet theory

‣ Bronnikov, et al (Grav. Cosmol. 19 (2013) 269, arXiv:1312.6929) 

★In 4-dim. GR. perfect fluid and source free electro-magnetic field.  
★The pressure of the fluid is zero for the static solution. However, if we 
perturb it, the pressure appears !   

★However, the matter field must satisfy a certain EOS. This is the key!!

Does the matter behaves like this?

stable wormhole



‣ general relativity, n-dimensions
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It is assumed to be a constant curvature space with 
curvature   .k

massless scalar field

 (ghost)

R is the area radius.

r
R

radial 
coordinate

area radius

‣ static spacetime

‣ Λ = 0 
‣ 4-dim：Ellis wormhole (1973) 
‣ n-dim：Torii & HS (2013)

Wormhole in GR with Λ
  Part 5. In Search of Stable Wormholes : with cosmological constant



‣ Einstein equations and the Klein-Gordon equation
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,The Klein-Gordon equation can be integrated, and the 

scalar field is obtained by integrating the metric functions.

integration 
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The Einstein 
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n

2
�⇤02,

(i, j)
f 00

2
+ (n� 3)f

✓
R00

R
+

f 0R0

fR
+

n� 4

2

R02

R2

◆
� (n� 3)(n� 4)k

2R2
=

⇥2
n

2
�f⇤02.

(KG)
1

Rn�2

�
Rn�2f⇤0�0 = 0.

equations
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‣ regularity condition (+ symmetry) at the throat r = 0

throat radius R = a

R� = 0

f = f0

f � = 0

� = 0shift symmetry

We also assume the mirror symmetry at the 
throat. We can extend the solution to non-
symmetric one.

mirror sym.

‣ Asymptotically AdS 

boundary conditions
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and

② �2
nC

2 = f0
h
(n� 2)(n� 3)ka2(n�3)�2�a2(n�2)

i
‣ At the throat, Einstein equation ② becomes

� <
(n� 2)(n� 3)

2a2
k.∴

‣ For the positive c.c., k is positive and the cosmological horizon should appear. 

④

④ k = 1

① ③ �0 ! 1, R00 ! 1 at r = rC

‣ For the negative c.c.,

k = 1, 0

k = �1 ④ a >

s
(n� 2)(n� 3)

2|�| .

f = 0 at r = rC

The spacetime becomes singular!

There is no regular wormhole solution for positive cosmological constant.

there is no constraint for              .

Throat radius has the lower limit.

exist exist

exist

exist

� = 0 � > 0 � < 0

k = 1

k = �1

k = 0 ×
×

×
×
×

existence of solutions
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‣ metric ansatzmetric

ds2
n = −f(t, r)e−2δ(t,r)dt2 + f(t, r)−1dr2 + R(t, r)2hijdxidxj (1)

(t, t) : (r, r) : (t, r) : (2)

—————————-
Einstein equations

R′′
1 − (n − 3)R−2n∗4

0 R1 + R′
0δ

′
1 − 2

√
n − 3
n − 2

R−n+3
0 φ′

1 = ω2R1 (3)

(n − 3)f1 + R′
0R0f

′
1 + 2R0R

′′
1 + 2(n − 3)R′

0RR′
1 − 2

√
n − 3
n − 2

R−n+4
0 φ′

1 = 0 (4)

(n − 3)f1 + R0R
′
0f

′
1 + 2vR−n+4

0 φ′
1 − 2R0R

′
0δ

′
1 (5)

+2(n − 3)R′
0R

′
1 + 2(n − 3)R−2n+5

0 R1 = −2ω2R0R1 (6)

Rn
0R′

0f1 + 2Rn
0R′

1 − 2

√
n − 3
n − 2

R3
0φ

′
1 = 0 (7)

—————————-

f1 =
2

R′
0

(
−R′

1 +

√
n − 3
n − 2

R−n+3
0 φ′

1

)
(8)

—————————-
(r, r)

R′′
1 − (n − 3)R−2(n−2)

0 R1 − 2

√
n − 3
n − 2

R−n+3
0 φ′

1 + R′
0δ

′
1 = ω2R1 (9)

—————————-
KG equation

Rn+1
0 R′2

0 φ′′
1 + AR′

0φ
′
1 − 2(n − 2)(n − 3)R−n+9

0 φ1 (10)

+
√

(n − 2)(n − 3)
[
−2R3

0R
′
0R

′′
1 + AR2

0R
′
1 + (n − 2)R0R

′3
0 R1

]
(11)

+
√

(n − 2)(n − 3)R3
0R

′2
0 δ′1 = −ω2Rn+1

0 R′2
0 φ1 (12)

A = (n − 2) + (n − 4)R−2(n−3)
0 (13)

1

metric

ds2
n = −f(t, r)e−2δ(t,r)dt2 + f(t, r)−1dr2 + R(t, r)2hijdxidxj (1)

f = f0(r) + f1(r)eiωt, R = R0(r) + R1(r)eiωt, (2)

δ = δ0(r) + δ1(r)eiωt, φ = φ0(r) + φ1(r)eiωt. (3)

(t, t) : (r, r) : (t, r) : (4)

—————————-
Einstein equations

R′′
1 − (n − 3)R−2n∗4

0 R1 + R′
0δ

′
1 − 2

√
n − 3
n − 2

R−n+3
0 φ′

1 = ω2R1 (5)

(n − 3)f1 + R′
0R0f

′
1 + 2R0R

′′
1 + 2(n − 3)R′

0RR′
1 − 2

√
n − 3
n − 2

R−n+4
0 φ′

1 = 0 (6)

(n − 3)f1 + R0R
′
0f

′
1 + 2vR−n+4

0 φ′
1 − 2R0R

′
0δ

′
1 (7)

+2(n − 3)R′
0R

′
1 + 2(n − 3)R−2n+5

0 R1 = −2ω2R0R1 (8)

Rn
0R′

0f1 + 2Rn
0R′

1 − 2

√
n − 3
n − 2

R3
0φ

′
1 = 0 (9)

—————————-

f1 =
2

R′
0

(
−R′

1 +

√
n − 3
n − 2

R−n+3
0 φ′

1

)
(10)

—————————-
(r, r)

R′′
1 − (n − 3)R−2(n−2)

0 R1 − 2

√
n − 3
n − 2

R−n+3
0 φ′

1 + R′
0δ

′
1 = ω2R1 (11)

—————————-
KG equation

Rn+1
0 R′2

0 φ′′
1 + AR′

0φ
′
1 − 2(n − 2)(n − 3)R−n+9

0 φ1 (12)

+
√

(n − 2)(n − 3)
[
−2R3

0R
′
0R

′′
1 + AR2

0R
′
1 + (n − 2)R0R

′3
0 R1

]
(13)

+
√

(n − 2)(n − 3)R3
0R

′2
0 δ′1 = −ω2Rn+1

0 R′2
0 φ1 (14)

A = (n − 2) + (n − 4)R−2(n−3)
0 (15)

1

linear analysis
In the rest of this section, we examine the linear stability of the higher-dimensional Ellis wormhole.

We consider only the spherically symmetric perturbations.

‣ These functions are expanded.
The variables with 0 are the static solutions.

The variables with 1 are the perturbations.

ω is a frequency.

‣ By taking linear combination, we can find the single master equation. 

gauge invariant under 
spherical symmetry

⇥1 = R
n�2
2

0

⇣
�1 �

�0
0

R0
0

R1

⌘
,

linear stability analysis
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‣ By taking linear combination, we can find the single master equation. 

gauge invariant under 
spherical symmetry

⇥1 = R
n�2
2

0

⇣
�1 �

�0
0

R0
0

R1

⌘
,

diverges at the throat !

The potential is positive definite. ∴ stable 

V (r) =
2C2R�2n+4

0

(n� 2)f0R02
0


(n� 3)k � 2�R2

0

n� 2

�
��f0 +

(n� 2)f0
4R2

0

⇥
2(n� 3)k � (n� 2)f0R

02
0

⇤
.

?
‣ 0-mode solution The mode which changes the throat radius.

The 0-mode diverges at the throat.  
This divergence is canceled by the divergence of the potential function.

 ̄1

�d2�1

dr2⇤
+ V (r)�1 = ⇥2�2

linear analysislinear stability analysis (2)
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・ Operating D+ on the equation and defining                   , .... 

‣ regularize the perturbation equation by the 0-mode 

D�D+⇥1 = ⇤2�1.

�1 = D+ 1

the perturbation equation

‣ We find the regularized equation.

D± = ± d

dr
� 1

�̄1

�̄1

dr�

�d2�1

dr2⇤
+W (r)�1 = �2�1

W (r) = 2f2
0

✓
1

�̄1

d�̄1

dr⇤

◆2

� V (r)
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-20

0

20

40

0 0.5 1 1.5 2

W
r

n = 4
l = 1

a = 1.0

a = 0.2

n = 4, �ads = 1.0

For n = 4 and lads = 1, the potential W is positive definite for a > 1. Hence these 
wormholes are stable !!

linear analysislinear stability analysis (3)
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‣ Solving this equation numerically, we can find a negative mode for a < 0.4. 

★ For n=4 and lads=1, 

eigenvalue of negative mode eigenfunction of the negative mode

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3

不安定　固有モード

a=0.4
a=0.3
a=0.2
a=0.1

!
1

r

n = 4
l = 1

-100

-80

-60

-40

-20

0

0 0.1 0.2 0.3 0.4 0.5

固有値

!
2

a

n = 4
l = 1

a > 0.4 stable

a < 0.4 unstable

linear analysislinear stability analysis (4)
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AdS wormhole evolution

0.2 0.4 0.6 0.8 1.0

0.02

0.04

0.06

0.08

0.10

p+ = p+sol + a exp{�100(x

+ � 0.5)

2}

Ellis WH with negative Λ, n=4 
with pulse (added ghost field momentum)

pulse



more negative field 
-> throat broaden 
  but stay there

less negative field 
-> throat shrink 
but stay there

wormhole configurations (4dim. GR, AdS)



Ellis (Morris-Thorne) traversable WH解　線形摂動 ＆ 時間発展
WH は 不安定である
(A) 正のエネルギーパルス ---> BH 
(B) 負のエネルギーパルス ---> Inflationary expansion 
(C) 頑張ればメンテナンス可能

5,6,7次元 Gauss-Bonnet 項入り発展方程式での時間発展

by J.A.Wheeler

Summary

高次元ほど不安定

負αの GB coupling --> BH collapse 
正αの GB coupling --> Inflationary expansion

宇宙項は，負のときのみ解がありえる
throat半径がAdS半径と同じ程度のorderであれば，安定（っぽい）
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