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Construction and enlargement of dilatonic wormholes by impulsive radiation
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The dynamical behavior of traversable wormholes and black holes under impulsive radiation is studied in an
exactly soluble dilaton gravity model. Simple solutions are presented where a traversable wormhole is con-
structed from a black hole, or the throat of a wormhole is stably enlarged or reduced. These solutions illustrate
the basic operating principles needed to construct similar analytic solutions in full Einstein gravity.
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[. INTRODUCTION large-scale wormholes are unlikely or even impossible. Ac-
tually self-inflating wormholes were recently discovered nu-
Wormholes are tunnels through space-time, linking othersmerically [11], but to date there have been no concrete ex-
wise separated regions of a single universe, or bridges joiramples of stable wormhole enlargement, where the
ing two different universes. Since traversable wormholegvormhole size is controlled.
were introduced by Morris and Thorrjé] as theoretically In Sec. Il we review the static CGHS)] black-hole and
allowable space-times in Einstein gravity, wormholes havéiayward-Kim-Lee(HKL ) [10] wormhole solutions and gen-
been pursued as an attractive research topic inv0|ving th@ralize the dilaton gravity model. We find solutions describ-
possibility of rapid interstellar travel and even time ma-ing the construction of a wormhole from a black hole in Sec.
chines, as reviewed by Vissg?]. The properties of static Ill. In Secs. IV and V, we study processes to change the
Morris-Thorne wormholes have been studied by many authroat radius of the wormhole by controlling impulsive ra-
thors and it is known even in nonstatic situations that adiation, either from one universe or from both universes. The
negative-energy source is necessary for traversable wornfinal section is devoted to summary.
holes to exis{3—6]. Assuming such a source, there are in-
teresting and practical problems of clarifying the dynamical 1l. BLACK HOLES AND WORMHOLES IN DILATON
nature of wormholes, such as how to construct a traversable GRAVITY
\rlwvlj)r:;]rrlotl)iiﬁgg trc])og\;:;, tehr;:ijgﬁ it:e throat enough to enable _The CGHS tvv_o-dimensional dilaton gravif9] is gener-
Not long ago, a unified framework for black holes and&iZzed by the actiori10]
traversable wormholes was propo$&dl indicating that they
are dynamically interconvertible when the trapping horizons f m
locally characterizing therfb,6—§ bifurcate or merge. This S
theory was first concretely confirmed in an exactly soluble 1
model, Callan-Giddings-Harvey-StromingéCGHS two-
dimensional dilaton gravity9] with an additional negative-
energy scalar field to support wormholg0], and then in
standard Einstein gravity numericall{t1]. In seeking ana-
lytic solutions in full Einstein gravity, we have found non-
static solutions to be difficult to obtain, except in the ideali-
zation of impulsive radiation, where the radiation is
concentrated so as to deliver finite energy and momentum i

e‘2¢(R+4(V¢)2+4)\2)—%(Vf)2+ %(Vg)z

whereSis a 2-manifold,x, RandV are the area form, Ricci
scalar and covariant derivative of a Lorentz 2-metricHih
represents a negative cosmological constgnis a scalar
dilaton field, f is a Klein-Gordon field representing matter
andg is a ghost Klein-Gordon field. The last term is added to
the CGHS action in order thatprovides the negative energy
gensities needed to support a traversable wormpbies).

y choosing future-pointing null coordinateg™(,x "), the

an instant. - | : b it
In this paper, we construct some of the simplest models ollme element may be written as
dynamic wormhole processes by employing impulsive radia- ds?= — 2e2°dxt dx— . o)

tion in a generalized dilaton gravity model; specifically,

wormhole construction from a black hole, wormhole Opera-raking the gauge choice= ¢ and transforming the dilaton

tion by energy bal_ance and wormhole reductio_n or enlarg_eﬂe|d & tor=2e 2%, the field equations reduce to a simple
ment. The last point addresses a common belief that, whilg, .y the evolution equations

wormholes are possible or even expected at the Planck scale,

d.d_T=0, (3)
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040l =—ps, (10
9,0 r=—4N\?, (11
aipizoa (12)

where the energy densitips. are now regarded as basic and
FIG. 1. Penrose diagrams ¢feft) a CGHS black hole and need not be derived from Klein-Gordon fields. The evolution

(right) a HKL traversable wormhole. The bold lines represent theequationg(ﬂ), (12) have the general solutions
trapping horizons, constituting the event horizons of the black hole

and the throat of the wormhole. r(xtx ) =ro(x")+r_(x)—4N°xTx", (13
9291 =(0.9)°—(9.)% (6) p=(X"X7)=p(X7). (14)
The fieldr plays a similar role to the areal radius in spherical The constraint$10) are preserved by the evolution equations
symmetry[8,12]. in the ¢+ directions, and so may be reduced to
In vacuum, f=g=0, the general solution to the field
equations i§9] 3+0:re=—ps. (15
r=2m—4nx2xtx- (7) The constraints are manifestly integrable far given initial
data:
where the origin has been fixed. The constaninay be o
interpreted as the mass of the space-time, whose global struc- p+ ONn X" =Xq, (16)
ture has been described previougl2]. For m>0 this de-
scribes the CGHS static black hole, analogous to the (r,d,r,d_r) at x*zxg, X" =Xq (17
Schwarzschild black hole. The Penrose diagram is shown in
Fig. 1 (left pane). for constants, . The data consist of the energy-density pro-
Recently the solutiofl10] files of the left-moving and right-moving radiation, plus

lower-dimensional data for the metric. Then the general pro-
r=a+2\%(x"—x7)?, g=2\(x"—x7), f=0 (8)  cedure is to specify this initial data according to the desired
o ) ] physical situation, integrate the constraifits) for r . ; then
has be_en found, where the origin has again been fixedl. If tne solution follows as Eqs13), (14). Consequently, the
>0, this represents a traversable wormhole, hereafter callegtfect of the radiation is much easier to see than in Einstein
the HKL wormhole, with analogous global structure to agravity, although the model shares various physically impor-

Morris-Thorne wormhole: a throat=a atx” =x", joining  tant features including gravitational collapse to black holes
two regions withr>a, anx®>x" universe and a reflected satisfying cosmic censorshjp.2].

X" <X~ universe, as depicted in Fig.(tight pane).
Thus the model naturally contains both static black holes

. L I1l. CONSTRUCTION OF A WORMHOLE FROM A
and static traversable wormholes. A characteristic feature of

. . . . BLACK HOLE
both cases is the trapping horizons, definedvay Vr =0,
or equivalentlyd, r=0 ord_r =0 [5-§|. In the CGHS black We study how to construct a traversable wormhole from a
hole, they coincide with the event horizons-2m at x~ black hole by irradiating it with negative energy. Although a

=0 andx* =0 respectively. In the HKL wormhole, there is similar idea has been studied previoudl¥0], now we

a double trapping horizonj,r=¢_r=0, at the throatr present a simpler solution involving impulsive radiation,

=a. This illustrates how trapping horizons of different type which is a preliminary to constructing an analytic solution in

may be used to locally define both black holes and wormfour-dimensional Einstein gravity. We consider a CGHS

holes[5]. Also relevant are the locally trapped regions whereblack hole subjected to impulsive negative-energy radiation
Vr-Vr<O0, consisting of future trapped regionsdfr<0  at some positive valug, of the Kruskal-like coordinates™,

or past trapped regions déf.r >0, as occur in black holes or with energy density chosen in order to close up the future
white holes respectively. Locating the trapping horizons andrapped region by merging its trapping horizons, followed by
the locally trapped regions is a key feature of the analysis ofhe constant irradiation needed to maintain the static worm-

dynamic situations. hole:
In the following, we wish to take delta-function profiles ) . ) .
for the radiation energy densities p==—4NXS(X" —Xg) —AN"O(X” —Xo) (18
p+=(0.1)?—(9.9)? (99  where0 is the unit Heaviside step function acthe Dirac

(delta-function distribution. When differentiating to check
where units have been fixed. To avoid ill-defined squaresolutions, it may be useful to remember that the derivadive
roots of delta functions, the model may be formally general-of the delta function, as a distribution acting on test functions
ized to f, satisfiess’ f=— 6f or (6f)'=0. Of course®’ = 6.
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black hole in full Einstein gravity15]. By the time reverse,
we can also obtain a picture where a wormhole collapses into
a black hole by beaming in impulsive radiation at the mo-
ment of switching off the supporting ghost radiation. In this
case, the horizon radius of the black hole is larger than the
throat radius of the initial wormhole. This reduces to the
sudden collapse cagd0] without the impulsive radiation
andx,=0.

IV. WORMHOLE ENLARGEMENT AND REDUCTION

We are interested in how to create wormholes with throat
large enough for human beings to pass from one universe to
another. It is practically useful if it can be achieved by pro-

FIG. 2. A HKL wormhole is constructed from a CGHS black cesses from our universe only. In this section, we study
hole by irradiating with impulsive negative-energy radiation, repre-wormhole operation by energy balance from one universe
sented by dashed lines. The bold lines represent the trapping hofbnly. We irradiate the wormhole from our universe with im-

zons, light shading indicates past trapped regions and darker shagy|sive radiation of equal positive and negative energy at
ing indicates future trapped regions. The impulses shift the blackyifferent times:

hole trapping horizons suddenly, making them coincide, then
constant non-impulsive radiation supports the resulting wormhole. pi= _4)\2_,325()(+ —Xo) +’325(X+ —X1), (23

Assuming a black hole of massin the initial region, we p_=—4\?,
obtain the solution
o o io 2 . where x;>Xxq, so that the positive-energy impulse follows
r=2m-—4NX"X" +2N (X" =Xg) O (X" —Xo) the negative-energy impulse. Assuming a wormhole of throat
+2)\2(x*2—x3)®(x*—xo). (19 radiusa initially, we obtain the solution

o . _— _ r=a+2\%(x"—x7)2+ B2(x* —x0)O(x"—x
The solution in the final regior™>x, can be recognized as ( A 0O o)

a HKL wormhole(8). In more detail, the trapping horizons —BA(xT—x1)O(xT —xy). (24)
0=0.T =4\’ X" O (X" —Xg)— X" ] (200 The locations of the trapping horizodsr=0 are given by
are located at x*, X" <Xo,
xT=0, X"<Xq, x“=4 X" BIANE Xo<xT <Xy, (25
X+, X+>Xl,
xF=x", XxT>Xq (21
x =x*.

and their radii are

One sees that the wormhole mouthr =0 is shifted out by
22) the negative-energy radiation and back again by the positive-
energy radiation, merging with the unmovédr =0 mouth
to leave a static wormhole again, Fig(I8ft pane). As in the
as depicted in Fig. 2. In this solution, the throat radius previous section, the sudden shift of the wormhole mouth is
=2m—4\2¢ of the wormhole is smaller than the horizon due to the impulsive nature of the radiation. The throat radii
radius 2n of the initial black hole. Thus we requirex3x3  of the initial and final wormholes are
<m in order that a wormhole is constructed. .

The results are similar to the previous solutid®], ex- & X~ <Xo,
cept that here the trapping horizons move discontinuously o= a+ B2(x,—Xo), XT>Xq,
rather than continuously, a well-known property under infini-
tesimally thin mass shellgl3]. This is a general feature of so that the throat of the final state becomes larger than that of
the solutions presented in this article, stemming from the facthe initial state.
that the field equations or Einstein equations refaté. r to On the other hand, ik;<Xq, where the negative-energy
the energy densitiep.., so that delta-functiorp.. causes impulse follows the positive-energy impulse, the throat of
discontinuousi-.r. This is, of course, an idealization of a the final state becomes smaller than that of the initial state,
situation where a concentrated packet of radiation causesig. 3 (right pane). Then we neegd?(xo—Xx;)<a to obtain
swift movement of the trapping horizon. a wormhole rather than a naked singularity. If one thinks of

A recently discovered four-dimensional wormhole solu-the positive-energy impulse as an idealized model of a fast-
tion [14] can be similarly constructed from a Schwarzschildmoving traveller traversing the wormhole, this suggests how

2m, X*<Xg,

rn=
O 2m—an3E, xT>xo,

(26)
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FIG. 3. A HKL wormhole is subjected to a double burst of FIG. 4. Wormhole enlargement by symmetric bursts of impul-
impulsive radiation with equal positive and negative energy. Thesive radiation, keeping the non-impulsive radiation constant. Both
operation shifts one wormhole mouth away from, then back to, itsvormhole mouths are shifted out, then back again, opening and
original position. The shaded regions dleft) past or(right) future closing an expandingpast trappedregion, shaded for a rapid burst
trapped, respectively expanding or contracting, so the wormholéleft) and a slow bursfright).
becomes respectively larger or smaller.

respectively. Then the wormhole is enlargedxif>x,, so
to operate and maintain the wormhole for transport, includthat the negative-energy impulse precedes the positive-
ing the back reaction of the travellgb]. This also demon- energy impulse, as before. The final formation of a static
strates the stability of the wormhole to such dynamic perturwormhole is again dependent on the additional radiation hav-
bations. ing equal and opposite energiesg?. For a slow burst of

In summary, the throat radius of the wormhole can bedurationx; —x,> 82/4\2, the wormhole mouthg..r =0 are
adjusted at will by controlling the energy and timing of im- shifted so that the oppositely moving positive-energy im-
pulses. The example demonstrates the property, followingulses intersect them, while for a rapid burst of duratign

from the second law of wormhole dynami€S], that the  —x,<32/4\?, the mouths enclose the entire middle region
wormhole becomes smalldtarge) after an operation in Xo<X* <X, between the impulses, Fig. 4.

which the wormhole mouths bifurcate to open up a contract- |n full Einstein gravity, we wish to patch together
ing (expanding region of future(pas} trapped surfaces and Schwarzschild, static-wormholgl4] and Vaidya regions.
subsequently merge again. Note that the energig$ of the  However, the four-dimensional analogue of the middle re-
impulsive radiation are equal and opposite, to ensure that thgion in the above example is not known analytically. So for
wormhole mouths merge again, as expected from the firghe second example, we switch off the non-impulsive radia-

law of wormhole dynamic$5]. tion between the impulses and switch it back on afterward:
V. SYMMETRIC WORMHOLE ENLARGEMENT po= —AN20(Xg— X) — BRA(XE —Xo) + a2 S(XE —Xy)
Now we construct solutions to enlarge the throat by beam- —AN20(X* —X,). (30)

ing in impulsive radiation symmetrically from both uni-
verses. We give two solutions, a simple one which is difficultrhan the middle region is vacuum and therefore part of a

to generalize to full Einstein gravity, and a more delicate onecHs white hole. Assuming the initial regiorf <x, to be
which can be so generalized. The first example is a Symmey ) wormhole of throat radius, we find the solution
trized version of that of the previous section:

—a_ 2/vtv— 2 2 + — 2o+ 2
p. = —AN2— B2S(XE —Xg) + BRO(X—Xy). 27) r=a—4N“ (X" X~ +Xg) +4NXo(X" +X7)+2N5(X"T —Xg)

X O (Xxg—XT)+20%(X~ —X0)?0 (Xo— X ") + B2(xT —xo)
Assuming a wormhole with initial throat radias we obtain N - B -
the solution XO (X" =Xg)+ BUX™ = Xg)O(X™ —Xo) = @™ (X" —X1)

XO(XT—X1)—a?(X —X1)O (X —xq)+2N2(xT —x4)?

r=a+2\%(x"—x7)2+ B2(xT —xg) O (X" —X,)
XO(XT—xq)+ 202X —X1)%2O (X —Xy). (31)

+BA(X” = Xp)O(X™ —Xo) = BA(X" —x1)O (X" —Xy)

— B (X" —X1) O (X~ —xy). (28) Now we want the ﬁnal regio_ni >x,tobea HKL Wormho!e
in the usual coordinates, Fig. 5. Then we find the relations

This also describes a HKL wormhol8) in the final region

X*=>Xx,. The initial and final wormhole regions have throats B? a?
d,r=0_r=0 atx*=x", with radii XOZ_R' X1=—m (32
a, Xt<Xo.

(29) between the energy and timing of the impulses. This simpli-

o= - . S S . ) )
o la+ 2B%(X1—Xo),  XT>Xq, fies the solution in the initial, middle and final regions:
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Combined with the results from the previous section, we
have confirmed that the radius of the wormhole throat is
enlarged when an expanding region of past trapped surfaces
is opened and closed between the initial and final static
wormholes, by bifurcating and merging the wormhole
mouths, defined as trapping horizons. In addition, the solu-
tion just presented is one of the simplest where the wormhole
is enlarged, in the sense that each relevant region is part of
either a static white hole, a static wormhole or a pure-
radiation region, joined at null boundaries, which is also pos-
sible in full Einstein gravity{15].

VI. SUMMARY

In this paper, we have used an exactly soluble dilaton
gravity model to study wormhole dynamics under impulsive
radiation, finding solutions where a traversable wormhole is
created from a black hole or the throat radius of a wormhole

FIG. 5. Wormhole enlargement process by symmetric bursts ofs enlarged or reduced, the size being controlled by the en-
impulsive radiation, with negative energy followed by positive en-ergy and timing of the impulses. Where the solutions consist
ergy, timed as described in the text. The non-impulsive radiation i$f black-hole, static-wormhole and pure-radiation regions
switched off between the impulses. Then the middle shaded regiomatched along null boundaries, we can succeed in construct-
is vacuum and expanding. ing similar analytic solutions in full Einstein gravity, al-
though the analytical details are much more compleX.

The recipe for enlarging the wormhole is to cause the
wormhole mouths to bifurcate, opening up an expanding re-

at+ 20 (x" —x")?, X=<Xo, gion of past trapped surfaces, and then merge again, by add-
a+4)\2x§—4)\2x*x*, Xo<XT <Xy, ing additional negative energy followed by compensating
r= 2 2 o (33)  positive energy. The general proof involves the first and sec-
a+ 4N (Xg—x7) ond laws of wormhole dynamics and is a future important
+204(x"—x")?, X <x*, work in the unified framework for black-hole and wormhole

dynamics[5]. The second law determines whether the area
which are recognizable as CGHS white-h@l® or HKL  increases or decreases, and the first law quantifies it in terms
wormhole(8) regions. The wormhole throats arexdt=x~  of the energy supplied and work done.
with radii The results in this paper show how to create a traversable
wormhole of human size in principle, if negative-energy
matter can be controlled. Self-inflating wormholes were dis-
covered recently11], but the present solutions are the first to
describe stable wormhole enlargement. Clarifying the dy-
namical behavior of wormholes is a quite attractive subject,
Thus the throat radius of the final wormhole is larger thansince the cosmic shortcuts and time travel usually considered
that of the initial one, again due to the negative-positive enas science fiction are thereby closer to being realized.
ergy ordering of the burst.

Note thatxo<x;<O0, so thata?< 2, meaning that the
positive-energy impulsive radiation does not completely bal-
ance the negative-energy impulsive radiation, since some H.K. was supported in part by grant R01-2000-00015
supporting negative energy has already been removed. Theom KOSEF, S.A.H. by Korea Research Foundation grant
difference a?— %= —4\%(x;—X%o) equals the energy KRF-2001-015-DP0095, and S.W.K. by Korea Research
fi(l)pidxi missing as compared with the static wormhole. Foundation grant KRF-2000-041-D00128.

a, Xi<X0,

ro= . 34
O lat AN (x3—x3),  x<x". 34
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