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Abstract. We shortly outline the principal results concerning the reparamet-
rization-invariant world-volume Lagrangian formulation oflightlike brane dy-
namics and its impact as a source for gravity and (nonlinear) electromagnetism
in black hole and wormhole physics.
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1 Introduction

Extended objects (strings and p-branes) are of primary importance for the con-
struction of self-consistent unified modern theory of fundamental forces in Na-
ture [1]. In a series of recent papers of ours [2–4] we have proposed for the
first time in the literature a systematic world-volume Lagrangian description
and studied in detail the physical properties of a new class of brane theories
called lightlike branes(LL-branes), which are qualitatively distinct from the
standard Nambu-Goto type brane models which describe intrinsically massive
world-volume modes.

As it is well known,LL-branes(also callednull-branes) are of substantial in-
terest in general relativity as they describe impulsive lightlike signals arising
in various violent astrophysical events,e.g., final explosion in cataclysmic pro-
cesses such as supernovae and collision of neutron stars.LL-branesalso play
important role in the description of various other physically important cosmo-
logical and astrophysical phenomena such as the “membrane paradigm” of black
hole physics and the thin-wall approach to domain walls coupled to gravity. For
a detailed account, see [5]. More recently they became significant also in the
context of modern non-perturbative string theory [6].
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Here we will shortly describe some of our principal results concerning the
physics ofLL-branesand their implications in black hole and wormhole physics,
and cosmology:

(a) Horizon “straddling” effect: the dynamics ofLL-branesrequires the bulk
space-time geometry to possess one or more horizons, for instance, to be
of black hole type, and it dictates thatLL-branesautomatically occupy
(one of these) horizon(s).

(b) LL-branesare natural candidates for matter and charged sources of “thin-
shell” traversable wormholes of various types (one- or multi-“throat”
“tube-like”, rotating etc.) [2].

(c) LL-branesnaturally produce regular black holes, i.e., black holes free of
“inside” (below the inner horizon) physical space-time singularities [3].

(d) LL-branestrigger spontaneous compactification of space-time, as well as
compactification/decompactification transitions [4].

(e) LL-branesare consistent matter sources for lightlike braneworlds [7].

(f) LL-branesproduce new wormhole “universes” exhibitingcharge-hiding
andcharge-confiningeffects [8], physically analogous to the quark con-
finement mechanism in quantum chromodynamics.

2 Gravity and Nonlinear Gauge Fields Coupled to LL-Brane
Sources

In Refs. [2–4, 7, 8] we proposed and extensively studied a manifestly
reparametrization invariant world-volume Lagrangian action of LL-branes:

SLL[q] = −1

2

∫
dp+1σ Tb

p−1
2

0

√−γ
[
γabḡab − b0(p− 1)

]
, (1)

ḡab ≡ gab −
1

T 2
(∂au+ qAa)(∂bu+ qAb) , Aa ≡ ∂aXµAµ . (2)

Here and below the following notations are used:

• γab is the intrinsic world-volume Riemannian metric; gab =
∂aX

µGµν(X)∂bX
ν is the inducedmetric on the world-volume, which

becomessingular on-shell (manifestation of the lightlike nature);b0 is
world-volume “cosmological constant”;

• Xµ(σ) are thep-brane embedding coordinates in theD-dimensional bulk
space-time with Riemannian metricGµν(x) (µ, ν = 0, 1, . . . ,D − 1);
(σ) ≡ (σ0 ≡ τ, σi) with i = 1, . . . , p; ∂a ≡ ∂

∂σa .
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• u is auxiliary world-volume scalar field defining the lightlike direction of
the induced metric;

• T is dynamical (variable)brane tension;

• q – the coupling to bulk spacetime gauge fieldAµ is LL-brane surface
charge density.

The on-shell singularity,i.e., the lightlike property of the induced metricgab,
directly follows from the equations of motion resulting from (1):

gab
(
ḡbc(∂cu+ qAc)

)
= 0 . (3)

Now, the full action of gravity and (nonlinear) gauge fields interacting self-
consistently withLL-branesreads (we specialize toD = 4 space-time dimen-
sions and use units with the Newton constantGN = 1):

S =

∫
d4x
√
−G
[R(G)− 2Λ0

16π
+ L(F 2)

]
+

N∑

k=1

SLL[q(k)] , (4)

where the superscript(k) indicates thek-th LL-brane. HereR(G) = GµνRµν
andRµν denote the Riemannian scalar curvature and the Ricci tensorof the
bulk space-time geometry.L(F 2) is the Lagrangian of a remarkable non-
standard nonlinear electrodynamics containingsquare rootof ordinary Maxwell
Lagrangian [10]:

L(F 2) = −1

4
F 2 − f0

2

√
−F 2 , F 2 ≡ FµκFνλGµνGκλ . (5)

This is an explicit realization of ‘t Hooft’s proposal (in flat space-time) forin-
frared charge confinement[11] (see also next talk [12] at this congress).

3 Charge-Confinement via “Tube-Like” Wormhole

The general scheme to construct “lightlike thin-shell” wormholes of static
“spherically-symmetric” type (in Eddington-Finkelsteincoordinatesdt = dv −
dη
A(η) and “radial”-like coordinateη ∈ (−∞,+∞)):

ds2 = −A(η)dv2 + 2dvdη + C(η)hij(θ)dθ
idθj , Fvη = Fvη(η) , (6)

−∞ < η <∞ , A(η
(k)
0 ) = 0 for η

(1)
0 < . . . < η

(N)
0 (7)

is as follows (cf. Section 5 in Ref. [8]):

(1) Take “vacuum” solutions of Einstein and (nonlinear) Maxwell equations
resulting from (4) (i.e., without the delta-functionLL-branecontributions)
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in each space-time region (separate “universe”) given by
(
−∞ < η <

η
(1)
0

)
, . . . ,

(
η
(N)
0 < η <∞

)
with common horizon(s) atη = η

(k)
0 (k =

1, . . . , N ).

(2) Eachk-th LL-braneautomatically locates itself on the horizon atη = η
(k)
0

– intrinsic property ofLL-branedynamics defined by the action (1).

(3) Match discontinuities of the derivatives of the metric and the gauge field
strength across each horizon atη = η

(k)
0 using the explicit expressions for

the LL-brane stress-energy tensor and charge current density systemati-
cally derived from the action (4) with (1).

Let us now consider the gravity/nonlinear-gauge-field system coupled to two
oppositely chargedLL-branes, i.e., N = 2 and q1 = −q2 ≡ q in (4). We
obtain a particularly interesting “two-throat” wormhole-type solution exhibiting
a QCD-like charge confinement effect. The total space-time manifold consists
of three “universes” with different geometry glued together at their common
horizons occupied by the two oppositely chargedLL-branes:

(i) “Left-most” non-compact “universe” comprising the exterior region of
a new kind of non-standardSchwarzschild-de-Sitter-type black hole,
with additionalconstant vacuum radial electric field~Evac, beyond the
Schwarzschild-type horizonr0 for the “radial-like” η-coordinate interval

−∞ < η < −η0 ≡ −
[
4π
(√

2f0| ~E| − ~E2
)

+ Λ0

]− 1
2

, where (using

notations as in (6)):

A(η) = 1− 2m

r0 − η0 − η
− Λeff

3
(r0 − η0 − η)2 , (8)

C(η) = (r0 − η0 − η)2 , |Fvη(η)| ≡ | ~Evac| =
f0√
2
< | ~E| . (9)

Here~E is the constant electric field in the “middle” “tube-like” “universe”
(ii) (Eq. (12) below);Λeff ≡ Λ0 + 2πf2

0 in (8) is dynamically gener-
ated/shiftedcosmological constant, which is non-vanishing even in the
absence of the “bare” cosmological constantΛ0. Let us stress thatcon-
stant vacuum radial electric fieldssuch as in (9)do notexist as solutions of
ordinary Maxwell electrodynamics on generic non-compact space-times –
the former are due exclusively to the nonlinear “square-root” term in (5).

(ii) “Middle” “tube-like” “universe” of Levi-Civita-Bertotti-Robinson type
[9] with geometrydS2×S2 (dS2 denotes two-dimensional de Sitter space;
S2 – sphere with constant radiusr0), comprising the finite extent (w.r.t.η-
coordinate) region between the two horizons ofdS2 atη = ±η0 occupied
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by the twoLL-braneswith charges±q:

−η0 < η < η0 ≡
[
4π
(√

2f0| ~E| − ~E2
)

+ Λ0

]− 1
2

, (10)

where the metric coefficients and electric field are:

A(η) = 1−
[
4π
(√

2f0| ~E| − ~E2
)

+ Λ0

]
η2 , A(±η0) = 0 , (11)

C(η) = r20 =
1

4π ~E2 + Λ0

, | ~E| = |q|+ f0√
2

= const . (12)

(iii) “Right-most” non-compact “universe” of the same typeas (i) above for
the “radial-like” η-coordinate intervalη0 < η < ∞ (η0 as in (10)). Its
metric is given by Eq. (8) upon changing−η → η and the elecric field is
the same as in (9).

The equations for the electric field (second relations in (9)and (12)) have pro-
found consequences:

• The “left-most” and “right-most” non-compact “universes”are two iden-
tical copies of theelectrically neutralexterior region of Schwarzschild-
de-Sitter black hole beyond the Schwarzschild horizon. They both carry

a constant vacuum radial electric field with magnitude| ~E| = f0√
2

point-

ing inbound/outbound w.r.t. pertinent horizon. The corresponding electric
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Figure 1: Shape oft = const andθ = π/2 slice of charge-confining wormhole
geometry. The whole electric flux is confined within the middle cylindric tube.
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displacement field~D =
(
1− f0√

2| ~E|

)
~E = 0, so there isno electric flux

there.

• The whole electric flux produced by the two chargedLL-braneswith op-
posite charges±q at the boundaries of the above non-compact “universes”
is confinedwithin the finite-extent “tube-like” middle “universe” of Levi-
Civitta-Robinson-Bertotti type with geometrydS2 × S2, where the con-

stant electric field is| ~E| =
f0√
2

+ |q| with associated non-zero electric

displacement field| ~D| = |q| . This isQCD-like confinement.

Thecharge-confiningwormhole geometry is visualized in Figure “1.

To conclude let us emphasize that the existence of charge-confining “thin-shell”
wormholes is entirely due to the combined effect of the exceptional properties
of LL-branedynamics and the “square-root” nonlinear electrodynamics.
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