Published by Institute of Physics Publishing for SISSA/ISAS Received: June 9, 2003 Revised: July 15, 2003 Accepted: September 1, 2003

String fluid, tachyon matter, and domain walls

O-Kab Kwon^{ab} and Piljin Yi^b

aBK21 Physics Research Division and Institute of Basic Science Sungkyunkwan University, Suwon, Korea bSchool of Physics, Korea Institute for Advanced Study 207-43, Cheongryangri-Dong, Dongdaemun-Gu, Seoul 130-012, Korea E-mail: okwon@newton.skku.ac.kr, piljin@kias.re.kr

Abstract: We study classical dynamics of an open string tachyon T of unstable Dp-brane coupled to the gauge field A_μ. In the vacuum with vanishing potential, V = 0, two fluid-like degrees of freedom, string fluid and tachyon matter, survive the tachyon condensation. We offer general analysis of the associated hamiltonian dynamics in arbitrary background. The canonical field equations are organized into two sets, fluid equations of motion augmented by an integrability condition. We show that a large class of motionless and degenerate family of classical solutions exist and represent arbitrary transverse distribution of tachyon matter and flux lines. We further test their stability by perturbing the fluid equation up to the second order.

Second half of this note considers possibility of V ≠ 0 in the dynamics. We incorporate V in the hamiltonian equation of motion and consider interaction between domain walls and string fluid. During initial phase of tachyon condensation, topological defect at T = 0 is shown to attract nearby and parallel flux lines. The final state is fundamental strings absorbed and spread in some singular D(p−1) brane soliton. When string fluid is transverse to the domain wall, the latter is known to turn into a smooth solution. We point out that a minimal solution of this sort exists and saturates a BPS energy bound of fundamental string ending on a D(p − 1) brane.

Keywords: Tachyon Condensation, D-branes.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep092003003 /jhep092003003 .pdf

Contents

1. String fluid and tachyon 2

2. Fluid equation, integrability condition, and classical solutions 4 2.1 Fluid equations 5 2.2 Integrability conditions 6 2.3 “Static” solutions 7

3. Tachyon matter in general background 8

4. String fluid coupled to tachyon matter 11 4.1 Generalities: case of an unstable D2-brane 11 4.2 Fluid equations in flat space 12 4.3 Fluid equations in curved space 13 4.4 Integrability 14

5. Stability analysis of classical solutions 15 5.1 First order 16 5.2 Second order: low frequency limit 17 5.3 Second order: case of interlocked distribution of the two fluid 18

6. Hamiltonian dynamics with potential V 19 6.1 Canonical field equations with V 19 6.2 Flux motion near domain wall formation 21 6.3 Confined flux strings are exceptional and rare final state 23

7. BPS limit and strings orthogonal to D(p − 1) branes 23 7.1 Smooth domain walls threaded by string fluid 24 7.2 A minimal solution and BPS energy 25

8. Summary 25

A. S-dual formulation of V = 0 limit 27

B. Canonical field equation with V = 0 28

C. Second order perturbation equations 30

– 1 –

1. String fluid and tachyon

Decay of unstable D-branes [1] have served as useful laboratories of understanding off-shell structure of string theory. After several years of intense study, we seem to have fairly good idea how lower dimensional, stable D-branes are formed out of decaying unstable D-branes. They arises as topological defects, familiar in ordinary field theories, although solutions tends to be a bit singular than usual [2, 3, 4]. Among very well understood are how the relevant space-time Ramond-Ramond charges are generated via winding numbers and topology of gauge bundles [5].

One of reasons that we should anticipate lower dimensional D-branes to emerge at the end of day is the charge conservation. Stable D-branes carry Ramond-Ramond gauge charge [6], which can be absorbed in unstable D-brane and transmutes into world-volume gauge field configurations [7]. Charge conservation in the space-time begs for a mechanism for recovering these conserved quantum numbers, and the only objects that can carry such charge after the unstable brane annihilate itself, would be the stable D-branes themselves. Thus, we must somehow be able to reproduce the D-branes within the dynamics of unstable D-branes.

One would expect the same logic should apply to fundamental strings [8, 9], say, to infinitely long semiclassical ones at least. Yet, emergence of fundamental strings has proved a much more challenging problem. Some tantalizing hints have been accumulating via study of low energy effective action of D-brane decay, nevertheless, and in this note, we will give a comprehensive review of the classical low energy dynamics with a commonly employed effective action, conceived by many authors, and study various aspects with a view toward formation of fundamental string. The form of the lagrangian we will study is of the form [10]–[16], −V (T ) √ − Det(η + F + ∇X^I ∇X^I + ∇T ∇T ) , (1.1)

where the tachyon T appears inside the determinant on equal footing as the transverse scalars X^I . V (T ) is everywhere nonnegative and has a runaway behavior [17, 18, 19]. That is V (T ) vanishes exponentially at T = ±∞. For first half of this note, we will consider V = 0 strictly. Latter part of the note will incorporate V ≠ 0 and compute its effect near domain wall formation.

The earliest evidence that this low energy field theory is quite unconventional came in ref. [9], which considered pure gauge dynamics in decay of unstable D2-brane. They found that the electric flux lines become free in that no transverse pressure is present and also that the tension density of the flux lines obeys a BPS-like property which would be normally seen in fundamental string. This degenerate behavior of flux lines were later found to persist in higher dimensional case as well [20], once V (T ) is taken to vanish.

This pressureless collection of flux lines were dubbed “string fluid,” in obvious reference to the fact that they carry fundamental string charges. This fluid-like behavior had been also noticed previously, in the context of a strong coupling limit of Born-Infeld system [21, 22, 23]. One outstanding question is whether and how properly quantized fundamental string emerges from this string fluid. Tantalizingly similarities already exist between string

– 2 – fluid and classical fundamental string raising hope that via some confinement mechanism we may recover fundamental string from decay of unstable D-branes. Classical properties of string fluid are studied in detail in ref. [20].

It turns out such fluid-like behavior is not limited to the gauge sector but extends to the tachyon. When the final state is static and homogeneous, an on-shell condition reads [20, 24, 25] 1 = E_iE_i + Ṫ^2 , (1.2)

where E_i = F_{0i} are components of the field strength. Energy density of any motionless state is composed of two components H_{motionless} = √ π^iπ^i + π^2_T , (1.3)

where π^i is the conserved electric flux, such that ∇_iπ^i = 0, while π_T is the canonical momenta of T . The kinematics are such that we have a relationship, π_i π_T = E_i Ṫ . (1.4)

Pure string fluid emerges when Ṫ = 0 = π_T , while the other limit ⃗E = 0 involves energy density composed solely of π_T . In the latter limit, all energy is carried by dust-like matter, known as tachyon matter [26, 27].

One of less understood aspects of the combined system of string fluid and the tachyon matter is how the two components interact with each other [25, 28, 29, 37] This system was addressed comprehensively and without any approximation, in ref. [25]. Among explained are the origin of the pressureless nature of these fluid, and also exact hamiltonian, canonical field equations, and energy-momentum tensor are written down. The combined fluid shows character of 1+1 dimensional system with variable “speed of light”, which depends on the composition of the two fluid. Although exact “static” solutions were found, generic aspect of the dynamics has been poorly understood. In this note, we will address this issue and try to understand how one fluid component react to the presence of the other.

We provide a comprehensive analysis of the classical dynamics in the hamiltonian formulation, taking into account possible coupling to background metric. One purpose is to clarify the relation between the fluid equation of motions and the hamiltonian equation of motion. Previously, the former has been derived from combination of the latter and the energy-momentum conservation. In this note, we will describe in what sense solution to the fluid equation gives solutions to the field equations. Sections 2, 3, and 4 are devoted to this.

In particular, this allows us a rather sweeping characterization of all static (meaning that physical momenta vanishes identically) classical solutions and shows their rather huge degeneracy. After isolating such static solutions, we test their stability by perturbing the fluid system in section 5. Perturbation up to 2nd order is performed, which looks pretty involved, and we argue that all physical effect from such perturbation may be understood as a consequence of continuity of the fluid and lacks any destabilizing interaction.

– 3 –

In fact, the aggregation of energy density and flux lines turns out to be tied to formation of domain walls, instead. In section 6, we extend the hamiltonian dynamics formulation to include possibility V ≠ 0. We show that the domain-wall tends to attract nearby and parallel flux lines via a short range attraction. The effective range of this attraction is given by region with finite V , and collapses as stable D(p − 1) branes form. However, once the domain wall formation is complete, the range of attractive interaction become arbitrarily small, and such aggregation of (parallel) string fluid is no longer favored.^1 In section 7, we consider another configuration involving string fluid and domain wall, where the former lies orthogonal to the latter. Smooth solutions of this kind were recently written down, and here we reproduce them from our hamiltonian description above. In particular, we show that a minimal solution exists and saturate BPS bound which is normally associated with 1/4 BPS configuration of fundamental string(s) ending on or passing through a D-brane. We close with a summary.

2. Fluid equation, integrability condition, and classical solutions

Fluid equation for V = 0 was first written down in ref. [20]. The main purpose there was to understand gauge dynamics, but the analysis did deal with possibility of turning on transverse scalars and also dynamical T provided that the kinetic term of the latter shows up on equal footing as transverse scalars X^I . This is precisely the lagrangian in question. Furthermore, any scalar whose kinetic term appears this way can be treated as if it is a component of gauge field along some hidden direction, and manipulations for gauge field carries over almost verbatim. Because of this, the result carries over immediately to the system of string fluid coupled to tachyon matter. In this section, we will rewrite the result with tachyon field explicitly expressed, and consider its implications. In section 3 and 4, we will elevate this to the general background with curved metric.

The main idea is to deal with the dynamics from the hamiltonian viewpoint. Let us introduce extended gauge field A_M = (A_μ, A_T ) so that A_T ≡ T . Then the lagrangian of tachyon coupled to a gauge field may be written succinctly as [30] −V (T ) √ − det(η_{MN} + F_{MN} ) , (2.1)

where F_{MN} is the field strength associate with A_M with the understanding that ∂_T ≡ 0. Since we will be using hamiltonian formulation we will be separating out time direction from the “spatial” ones. For the latter we will use subscript m = 1, . . . , p, T and i = 1, . . . , p. Using Legendre transformation, we obtain the following hamiltonian of this system

H = H − A_0∂_iπ^i , (2.2)

where H = √ π^mπ^m + P_mP_m + V^2 det(δ_{mn} + F_{mn}) . (2.3)

1We must caution readers that this effect is unrelated to usual attraction between D-branes and parallel fundamental string. The latter arises from exchange of closed strings between the two objects, and thus is normally associated with open string one-loop. The net effect is the same, nevertheless, so such a tendency to form bound state of a D(p − 1) and fundamental strings is not too surprising.

– 4 –

Here π^m is the canonical conjugate momenta, defined as ∂L/∂Ȧ_m, while P_m ≡ π^nF_{mn}. P_i with i = 1, 2, . . . , p correspond to the conserved momenta associated with the translational symmetry.

In section 2 through section 5, we will consider the limit, V = 0, which represent the final stage of tachyon condensation where tachyon T is rolling away to ∞ everywhere. The hamiltonian (in temporal gauge) is exceedingly simple, and has H = √ π^mπ^m + P_mP_m . (2.4) Note that despite the vanishing lagrangian as V → 0, the hamiltonian remains finite. 2.1 Fluid equations Half of the canonical equation of motion

π̇^m = − δ δA_m ∫ dx^p H , (2.5)

combined with conservation of energy momentum gives immediately the following fluid equations [20] ∂_0n^m + v^i∂_in^m = n^i∂_iv^m , ∂_0v^m + v^i∂_iv^m = n^i∂_in^m , (2.6) where the vector fields n and v are defined as π = Hn , P = Hv , (2.7) which satisfies the constraints n^mn^m + v^mv^m = 1 , n^mv^m = 0 . (2.8) The evolution of the energy density H is then determined via, ∂_0H + ∂_i ( Hv^i ) = 0 , (2.9) and finally π^i must satisfy Gauss’s constraint, ∂_iπ^i = 0 . (2.10) The Noether momenta P_i has the following simple expression P_i = −F_{ij} π^j − ∂_iT π_T = π_mF_{mi} . (2.11) The last component of the vector P , P_T , is not really a conserved momenta since T -th direction is a mere mathematical device of convenience. It is nevertheless computed by pretending T -th direction exists as a translationally invariant spatial direction, and thus given by the combination P_T ≡ ∂_iT π^i = π_mF_{mT} . (2.12)

– 5 –

Most of quantities here have simple physical interpretation. π^i is nothing but conserved electric flux, while π_T is the tachyon matter density. H and P_i are conserved energy and momentum density, respectively. The last quantity P_T measure inhomogeneity of tachyon T along the flux direction. The fact that this appears in the hamiltonian separately implies a rather anisotropic behavior the system.

2.2 Integrability conditions Although fluid equations are self-contained, a solution may not give automatically a solution to the original field equations. This is because that the fluid variables above are naturally formed from canonical variables and does not produce elementary fields A_m directly. A further set of first-order equations must be solved. These arise from

Ȧ_n = δ δπ^n ∫ dx^p H , (2.13)

and are exactly half of the hamiltonian equations of motion.

These equations are intimately related to the fact that the determinant part of the lagrangian vanishes. The hamiltonian with V kept is such that H = √ π_mC_{mn}π_n + O(V^2) , (2.14)

for some matrix C independent of π_m. Then the lagrangian is L = Ȧ_mπ_m − H = π_m ( δ δπ^m ∫ H ) − H = O(V^2) . (2.15)

On the other hand the lagrangian is of the form −V √ − det(· · ·) , (2.16)

so the on-shell value of lagrangian must be such that √ − det(· · ·) ∼ V → 0 , (2.17)

which is precisely the condition that generalizes,

1 − Ṫ^2 − E_iE_i → 0 , (2.18)

of the homogeneously rolling tachyon.

In any case, these equations can be expressed as an algebraic equation for the field strength associated with elementary fields A_q in terms of fluid variables, H, n, v;

E_m = n_m + F_{mn}v_n , (2.19)

where E_m = F_{0p}. This, combined with the Bianchi identity

Ḟ_{mn} = ∂_mE_n − ∂_nE_m , (2.20)

gives an evolution equation for F_{mn}.

– 6 –

On the surface, thus, it may seem that we have split the system into two steps; solve the first-order fluid equation and then solve another first order equations for elementary fields in the background of H, n, and v. However, there is one subtlety here. The two fluid variables v and n are algebraically related as

v_m = n_nF_{nm} , (2.21)

and there is a logical possibility that one may not find such F_{mn} as a solution. Only if there is a solution F_{mn} consistent with (2.21), the solution to fluid equation would be acceptable.

In the simplest case of pure tachyon, this integrability condition appears in a particularly simple manner. The only elementary field is A_T = T in that case, and we have n_i = 0. Then (2.21) states that v_i = −∂_iT n_T = ∓ ∂_iT √ 1 + (∂_iT )^2

, (2.22)

while (2.19) gives, Ṫ = (1 + (∂_iT )^2) n_T = ± √ 1 + (∂_iT )^2 . (2.23)

In this case the integrability condition may be imposed as a familiar local condition on the fluid system as ∂_i ( v_j n_T ) − ∂_j ( v_i n_T ) = 0 . (2.24)

In section 3, we will further consider the pure tachyon case and reformulate these conditions in a manifestly relativistic manner.

2.3 “Static” solutions

Let us characterize all static solutions. By “static” we mean absence of physical momentum, P_i = 0, and this immediately constrains us to look for configurations with v_i = 0. One of the algebraic constraint then implies that n^T v_T = 0. This can be achieved by v_T = 0 in addition to v_i = 0, and if we choose this,^2 fluid equation collapse to

∂_0H = 0 , (2.25) ∂_0n^m = 0 , (2.26) and n^i∂_in^m = 0 , (2.27) ∂_i ( Hn^i ) = 0 . (2.28)

Because of (2.27), flux lines should be straight, and we may as well associate its direction with x^1 while denoting the remaining p−1 directions by x^{2,3,...,p}. The most general “static”

2The other choice of nT = 0 leads to a different class of solution that involves domain walls [31, 32, 33]. Since 0 ≠ vT = ni∂iT implies nonvanishing gradient of T along the flux direction, such a configuration will gave T = 0 somewhere along the flux line direction. The final state would corresponds to a domain wall threaded by a transverse string fluid. Because of this, one can no longer restrict to V → 0 limit, and one must solve for the full equation of motion. See section 7 for this class of solutions.

– 7 – solutions (with v_T = 0) to the fluid equations are time-independent and x^1-independent distribution of flux π^1 and tachyon matter π^T . By construction the same property holds for H. Then, all “static” classical solutions are characterized by the following two arbitrary and independent (nonnegative) functions^3 π^1(x^2, x^3, . . . , x^p) , (2.29) π^T (x^2, x^3, . . . , x^p) , (2.30) together with the choice of x^1 direction or equivalently the choice of the electric flux direction. The energy density is H(x^2, . . . , x^p) = √ (π^1(x^2, x^3, . . . , x^p))^2 + (π^T (x^2, x^3, . . . , x^p))^2 . (2.31) In section 5, we will analyze classical stability of this large family of static solutions.

We still need to test whether this “static” solution satisfies all the integrability condition. Namely, we need to find a gauge field, A_m, solving (2.19), such that (2.21) holds. Since ⃗v = 0 by construction, we have E_m = n_m = π_m H , (2.32)

which has a solution in the temporal gauge A_0 = 0 A_m = tn_m(x^2, . . . , x^p) . (2.33) Then the magnetic field is −F_{1j} = F_{j 1} = t∂_j n_1 , −F_{T j} = F_{jT} = t∂_j n_T , for j = 2, 3, . . . , p. All other components vanish. Testing whether this gives back a vanishing v via v_m = n_nF_{nm}, we find v_1 = 0 , v_j = −F_{j 1}n_1 − F_{j T} n_T = −t∂_j ( n^2_1 + n^2_T 2 ) = 0 , v_T = 0 . (2.34) Thus our “static” solution is integrable and thus acceptable as a solution to the original field equations.

3. Tachyon matter in general background The tachyon effective action on an unstable Dp brane in general gravity background is given by S = − ∫ d^{p+1}xV (T ) √ −g √ 1 + g^{μν} ∂_μT ∂_ν T , (3.1)

3An exceptional case is when π^i also happens to vanish; π^T could then be an arbitrary function of x^{1,2,3,...,p}.

– 8 – where g ≡ det g_{μν} and V (T ) is the tachyon potential, and we defined the general metric as

ds^2 = g_{μν} dx^μdx^ν = −N^2dt^2 + h_{ij} (dx^i + L^idt)(dx^j + L^jdt)

= g^{μν} ∂_μ∂_ν = − 1 N^2

(∂_t − L^i∂_i)^2 + h^{ij} ∂_i∂_j , (1 ≤ i, j ≤ p) . (3.2)

This general metric is determined by the lapse function N, shift vector L^i, and spatial metric h_{ij} of the p-dimensional hyper-surface at a given time slice. Using this general metric (3.2), we can rewrite the action (3.1) as S = ∫ dt ∫ d^px L , L = −V (T )N √ h √ X̃ , (3.3)

with h ≡ det h_{ij}, g = −N^2h and X̃ ≡ 1 + g^{μν} ∂_μT ∂_ν T = 1 − 1 N^2

(Ṫ − L^i∂_iT )^2 + h^{ij} ∂_iT ∂_j T , (3.4)

where the doted notation denotes time derivative.^4 Then the hamiltonian is obtained by H = πṪ − L = πṪ + V (T )N √ h √ X̃ = N √ π^2 + (π∂_iT )h^{ij} (π∂_iT ) + V^2h(1 + h^{ij} ∂_iT ∂_j T ) + πL^i∂_iT , (3.5)

in which we have defined the conjugate momentum as π ≡ ∂L ∂Ṫ = √ hV N √ X̃ (Ṫ − L^i∂_iT ) . (3.6)

After tachyon condensation, i.e., in V → 0 limit, the hamiltonian equations are given by Ṫ = ∂H ∂π = N √ 1 + h^{ij} ∂_iT ∂_j T + L^i∂_iT , (3.7) π̇ = − ∂H ∂T = ∂_i ( Nπh^{ij} ∂_j T √ 1 + h^{kl}∂_kT ∂_lT ) + ∂_i(πL^i) . (3.8)

Let us consider the following Lorentz invariant matter density μ ≡ p^α∂_αT √ −g = V √ X̃ ( 1 N^2

(Ṫ − L^i∂_iT )^2 − h^{ij} ∂_iT ∂_jT )

= V √ X̃ , (3.9)

4Ref. [35] also has some discussion on formulation of Born-Infled theory with vanishing tension in general background, with emphasis on constraint algebra.

– 9 – where we define p^α ≡ ∂L ∂(∂_αT ) , (3.10)

so that p^0 = π_T . In the last step of the above equation, we used the eq. (3.7).

Using the equations (3.7), (3.8), we obtain

∇_μ(μ∇^μT ) = 1 √ −g ∂_μ(μ √ −gg^{μν} ∂_ν T ) = 1 √ −g ∂_0 [ μ √ −g ( − 1 N^2 Ṫ + L^i N^2 ∂_iT )]

+ 1 √ −g ∂_i [ μ √ −g ( L^i N^2 Ṫ + h^{ij} ∂_j T − L^iL^j N^2 ∂_j T )]

= 1 √ −g [ −∂_0π + ∂_i(πL^i) + ∂_i ( N √ hV √ X̃ h^{ij} ∂_jT )] = 0 . (3.11)

We used the eq. (3.8) in the last step of the eq. (3.11). Then the energy momentum conservation implies that

0 = ∇^μT_{μν} = ∇^μ ( V √ X̃ ∂_μT ∂_ν T )

= μ∂_μT ∇^μ∂_ν T . (3.12)

All of these have a rather obvious interpretation once we identify μ as the invariant matter density and −∂_μT as the velocity field U_μ [34]. Equations (3.11) and (3.12) then implies,

∇_α (μU^α) = 0 , (3.13) U^α∇_αU^μ = 0 , (3.14)

which are nothing but the continuity equation and the geodesic equation for dust. These are the two fluid equation for case of pure tachyon.

If we were treating the density μ and velocity field U_μ as elementary quantities, the fluid equations (3.14) must be augmented by an integrability condition

∇_μU_ν − ∇_ν U_μ = 0 , (3.15)

to make contact with the original field theory. This of course gives U_μ = −∂_μT for some function T , and we would interpret this T as the original tachyon of the system. Also recoverable from the field equations is the fact that

U_μU^μ = −1 , (3.16)

which is a kinematical constraint, saying that the velocity field U_μ = −∂_μT arises from affine parameterization of the geodesics. Obviously it does not affect motion of the tachyon matter, and simply gives how T should be solved for, given any particular set of trajectories of tachyon matter.

Thus the tachyon matter in the tachyon condensation limit corresponds with an ideal (rotationless) fluid, moving freely along geodesics, with the trajectory being affine-parame-terized. In particular, this implies that the tachyon matter clusters under the gravitational interactions just as ordinary matter does.

– 10 –

4. String fluid coupled to tachyon matter

Here we repeat the above analysis with gauge field included. The fluid equation for string fluid were first written in ref. [20], and here we show their completeness again in that all nontrivial dynamical information can be recovered just from solving the fluid equations. The effective action for tachyon coupled to abelian gauge field on Dp-brane can be written by S = ∫ d^{p+1}xL , (4.1) L = −V (T ) √ −X with

X ≡ det(g_{μν} + ∂_μT ∂_ν T + F_{μν} ) , (μ, ν = 0, 1, . . . , p) , (4.2) F = ∂_μA_ν − ∂_ν A_μ ,

where g_{μν} is defined in eq. (3.2).

In calculating the determinant in eq. (4.2), it is convenient to consider the tachyon field T as (p + 1)-component of the gauge field, as we already used in section 2. The metric is also extended to include a flat fictitious direction x^T . Then the eq. (4.2) can be rewritten by

X = det(g_{MN} + F_{MN} ) , (M, N = 0, 1, . . . , p, T ) , (4.3)

where F_{μT} = ∂_μT since ∂_T = 0. Using Legendre transformation, we obtain the following hamiltonian of this system H = N √ π^mh_{mn}π^n + P_mh^{mn}P_n + V^2 det(X_{mn}) − P_mL^m − A_0∂_iπ^i , (4.4)

where π^m ≡ δL/δȦ_m, P_m ≡ π^nF_{nm}. Canonical field equations for this system can be found in ref. [25], and in the following we will reexpress these in terms of fluid-like variables and also generalize it to include nontrivial background metric.

4.1 Generalities: case of an unstable D2-brane

Our purpose in this paper is to understand the interaction between tachyon matter and electric flux line. To accomplish this purpose, we concentrate on the simplest case, D2- brane. We believe that the tachyon condensation on D2-brane contains all nontrivial characteristics of the interaction of tachyon and flux in general Dp-brane decay. The determinant in eq. (4.2) on D2-brane system is given by X = g ( 1 + 1 2 F^2 − 1 16 (F^∗F )^2 ) = gX̃ , (4.5)

with

F^2 = F_{MN} F^{MN} , F^∗F = F^∗_{MN} F^{MN} , F^{∗MN} = 1 2 √ −g ϵ^{MNP Q}F_{P Q} , (4.6)

– 11 – where M, N = 0, 1, 2, T and ϵ^{MNP Q} is the Levi-Civita symbol and we choose ϵ_{012T} = 1, ϵ^{012T} = −1. Energy-momentum tensor T_{μν} is^5 T_{μν} ≡ − 2 √ −g δS δg^{μν} = − V √ X̃ C^S_{μν} g , (4.7)

where C^S_{MN} is the symmetric part of the cofactor C_{MN} for X_{MN} = g_{MN} + F_{MN} which is given by C^{MN} = g ( g^{MN} (1 + 1 2 F^2) + F^{MN} + F^{MP} F_P^N − 1 4 F^{∗MN} (F^∗F ) ) . (4.8)

Equation of motion for the gauge field A_M and conservation of energy-momentum are expressed by ∇_μ ( V √ X̃ C^{μN}_A g ) = 0 , (4.9)

∇_μ ( V √ X̃ C^{μν}_S g ) = 0 , (4.10)

where C^{MN}_A is the anti-symmetric part of the cofactor in eq. (4.8). Conjugate momentum for gauge field and conserved Noether momentum which is induced by invariance of the spatial translation are given by

π^m = V √ X̃ C^{0m}_A √ −g , P_i = V √ X̃ C^{0m}_A √ −g F_{mi} . (4.11)

In the next sections, we will do that in tachyon condensation limit in flat and curved space.

4.2 Fluid equations in flat space In flat space metric η_{MN} = diag(−1, 1, 1, 1), the hamiltonian density (2.2) in tachyon condensation limit (V = 0) is given by H = √ ⃗π^2 + ( ⃗B × ⃗π)^2 = V √ X̃ (1 + ⃗B^2) , (4.12)

where we use A_0 = 0 gauge and define E_m ≡ F_{0m}, B_m ≡ ϵ_{mnl}F_{nl} and thus

X̃ = 1 + ⃗B^2 − ⃗E^2 − ( ⃗E · ⃗B)^2 = 0 , (4.13)

with an explicit expression

⃗E = (E_1, E_2, Ṫ ) , ⃗B = (∂_2T, −∂_1T, B) . (4.14)

With this, we find

π_m = V √ X̃ ( E_m + B_m( ⃗E · ⃗B) ) , P_m = ( ⃗B × ⃗π)_m = V √ X̃ ϵ_{mnl}B_nE_l , (4.15)

5Bear in mind that, since we artificially introduced x^T direction, there is no conserved momentum associated with this direction.

– 12 – and under the condition (4.13), V √ X̃ C^{mn}_A = P_mπ_n − π_mP_n H , V √ X̃ C^{ij}_S = P_iP_j − π_iπ_j H . (4.16)

Equations of motion gives ⃗∂ · (H⃗n) = 0 , (4.17) ˙⃗n + (⃗v · ⃗∂)⃗n = (⃗n · ⃗∂)⃗v , (4.18) when augmented with the energy conservation, Ḣ + ⃗∂ · (H⃗v) = 0 . (4.19)

The momentum conservation may be written as ˙⃗v + (⃗v · ⃗∂)⃗v = (⃗n · ⃗∂)⃗n , (4.20) where energy conservation is taken into account. Actually, the last component of (4.20) does not arise from the conservation law, since no such conservation law exists for P_T . Rather it is a linearly dependent equation that may be derived from the rest. However, we include this time evolution equation for v_T for notational convenience.

As already described in section 2, the vectors ⃗n and ⃗v are defined as ⃗n ≡ ⃗π H , ⃗v ≡ ⃗P H . (4.21)

The two vectors, ⃗n and ⃗v satisfy the constraints

n^2 + v^2 = 1 , ⃗n · ⃗v = 0 . (4.22)

Thus, the dynamics produces a set of self-contained first-order fluid equations for H and ⃗n and ⃗v. Although these equations are more natural in hamiltonian formulation, we stick to lagrangian formulation because the latter is more susceptible to incorporation of curved background.

4.3 Fluid equations in curved space In the tachyon condensation limit (V = 0), the hamiltonian in curved space is written by H = N √ π^mh_{mn}π^n + P_mh^{mn}P_n − L^mP_m , (4.23)

where we use A_0 = 0 gauge and the X is defined in eq. (4.3) and to ensure the finiteness of hamiltonian density we have to set X = 0. After some calculation, we obtain the following two relations which is similar to the flat space case V √ X̃ C^{mn}_A = = P^mπ^n − π^mP^n T^{00} , V √ X̃ C^{mn}_S = = P^mP^n − π^mπ^n T^{00}

, (4.24)

– 13 – where T^{00} is the (00)-component of the energy-momentum tensor defined in eq. (4.7), and we define the upper indexed P^i as

P^m ≡ g^{m0}π^nF_{n0} + g^{mn}P_n . (4.25)

Using the relation in eq. (4.24), we can rewrite the equation of motion which is expressed in eqs. (4.9) as follows : ∇_i ( π^i √ −g ) = 0 , (ν = 0 case) ,

∇_0 ( π^i √ −g ) + ∇_j ( P^iπ^j − P^j π^i √ −gH ) = 0 , (ν = i case) , (4.26)

where H ≡ √ −g T^{00} = 1 N √ h √ π^mh_{mn}π^n + P_mh^{mn}P_n . (4.27)

And the conservation of energy-momentum (4.10) is given by

∇_0 ( H √ −g ) + ∇_i P^i √ −g = 0 (ν = 0 case) ,

∇_0 ( P^i √ −g ) + ∇_j ( P^iP^j − π^iπ^j √ −gH ) = 0 (ν = i case) . (4.28)

This is an analog of (4.17)–(4.20) in curved spacetime.

The form of fluid equations take particularly simple form when the shift vectors happen to vanish, L^i = 0 and N is constant. This would be the case when we are considering a cosmological scenario, for instance. With this, ∇_0 effectively collapses to (1/N)∂_t, and the eqs. (4.26), (4.28) are summarized by

⃗∇^′ · (H⃗ñ) = 0 , (4.29) Ḣ + ⃗∇^′ · (H⃗ṽ) = 0 , (4.30) ˙⃗ñ + (⃗ṽ · ⃗∇′)⃗ñ = (⃗ñ · ⃗∇′)⃗ṽ , (4.31) ˙⃗ṽ + (⃗ṽ · ⃗∇′)⃗ṽ = (⃗ñ · ⃗∇′)⃗ñ , (4.32) where ⃗∇^′ = (∇^′_1, ∇^′_2, 0) is the covariant derivative defined for the spatial part of the metric, h_{mn}, and the dot represent the time derivative (1/N)∂_t. We have also defined ñ^m ≡ π^m H , ṽ^m ≡ h^{mn}P_n H , (4.33)

with constraints ñ^2 + ṽ^2 = 1 , ⃗ñ · ⃗ṽ = 0 . (4.34)

4.4 Integrability

Since the quantities that enter the definition of H, ⃗n, and ⃗v, are naturally canonical variables, solving the first-order fluid equation will not generate the elementary fields T and A_μ directly. For these, we have to solve for another set of first order differential equations.

– 14 –

We could have derived the above fluid equation from the canonical formulation, and if we did so, half of the canonical equations would remain unused and simply relate conjugate momenta to time-derivative of elementary fields. At least when we make use of energymomentum conservation directly. In terms of the above variables, the remaining equations may be written as ⃗E = ⃗n − ⃗B × ⃗v . (4.35) This determines the evolution of the “magnetic field” ⃗B via Bianchi identity as ˙⃗B = ⃗∂ × ⃗n − ⃗∂ × ( ⃗B × ⃗v) . (4.36) Thus, ⃗B may be solved for after ⃗v and ⃗n are determined. When this is done, ⃗E is also determined via (4.35).

However, since ⃗B enters the fluid degrees of freedom via the identity, ⃗v = ⃗B × ⃗n , (4.37) we need to make sure that this does not further restrict solutions to the fluid equations alone. A priori, it is unclear whether for all solutions to the fluid equations we can find ⃗B such that it solves the evolution equation and is consistent with this algebraic constraint as well. Only if such a ⃗B exist for the solution to the fluid equation, we can say that the solution is physical.

In the curved background these integrability conditions are expressed as

E_m = 1 N √ h (h_{mn}ñ^n + F_{mn}ṽ^n) − F_{mn}L^n , (4.38)

h_{mn}ṽ^n = F_{mn}ñ^n. (4.39)

plus the Bianchi identity Ḟ_{mn} = ∂_mE_n − ∂_mE_n . (4.40)

5. Stability analysis of classical solutions

In this section, we perform stability analysis of “static” solutions of section 2. Because of lack of transverse pressure, dimensionality of the unstable D-brane does not really matter, so we will confine our analysis to the case of unstable D2-brane. The authors of ref. [36] recently debated against the assertion that the degeneracy implies stability. Here we demonstrate the stability explicitly by solving dynamical equations of motion, and thereby invalidate the criticism.

Two cartesian coordinates are denoted as x and y. We will solve the eq. (4.17)– (4.20) in flat space using perturbation theory. The eqs. (4.18), (4.20) may be conveniently rewritten as ˙⃗a − (⃗b · ⃗∂)⃗a = 0 , ˙⃗b + (⃗a · ⃗∂)⃗b = 0 , (5.1) where we define ⃗a ≡ ⃗n + ⃗v , ⃗b ≡ ⃗n − ⃗v . (5.2)

– 15 –

The constraints (4.22) become a^2 = 1 , b^2 = 1 . (5.3) Let us then consider the following small fluctuations around the background fields ⃗a_0, ⃗b_0 which is given by the “static” classical solutions given in section 2. This means that ⃗a_0 = ⃗b_0 = ⃗n_0 with ⃗n_0 = (n_{0x}(y), 0, n_{0T} (y)) . (5.4) Keep in mind here that 0 ≤ (n_{0T} )^2 = 1 − (n_{0x})^2 ≤ 1. 5.1 First order Expanding around such a solution ⃗a = ⃗a_0 + ⃗a^{(1)} + ⃗a^{(2)}, . . . , ⃗b = ⃗b_0 +⃗b^{(1)} +⃗b^{(2)}, . . . , (5.5)

and using the eqs. (5.1), (5.5), we obtain the first order perturbation equations

∂_−⃗a^{(1)} = −

∂_y⃗n^{(0)} 2n_{0x} b^{(1)}_y ,

∂_+⃗b^{(1)} = −

∂_y⃗n^{(0)} 2n_{0x} a^{(1)}_y , (5.6)

where we define x^± ≡ x ± n_{0x}t , ∂_± = ± 1 2n_{0x} (∂_t ± n_{0x}∂_x) .

The y-components of the first order perturbation equations in eq. (5.6) are expressed by two homogeneous first order differential equations ∂_−a^{(1)}_y = 0 , ∂_+b^{(1)}_y = 0 , (5.7) and the solutions are a^{(1)}_y = f(x^+, y) , b^{(1)}_y = f̃(x^−, y) , (5.8) where f(f̃) is an arbitrary function with arguments x^+(x^−) and y.

Substituting the solutions for a^{(1)}_y and b^{(1)}_y into the x-components of the eq. (5.6), we get ∂_−a^{(1)}_x = −

∂_y⃗n^{(0)} 2n_{0x} f̃(x^−, y) , ∂_+b^{(1)}_x = −∂^y⃗n^{(0)} 2n_{0x} f(x^+, y) , (5.9) and the solutions are

a^{(1)}_x = g(x^+, y) − n^′_{0x} 2n_{0x} F̃ (x^−, y) , b^{(1)}_x = g̃(x^−, y) − n^{′0x} 2n_{0x} F (x^+, y) , (5.10)

where g and g̃ are arbitrary functions, n^′_{0x} ≡ ∂_yn_{0x}, and we define F (x^+, y) ≡ ∫_x+ dw f(w, y) , F̃ (x^−, y) ≡ ∫_x− dw f̃(w, y) . (5.11)

– 16 –

Using eq. (5.9), we obtain free wave equations, ∂_+∂_−a^{(1)}_x (b^{(1)}_x ) = 0, i.e., ( ∂^2_t − n_{0x}^2∂^2_x ) n^{(1)}_x = 0 , ( ∂^2_t − n_{0x}^2∂^2_x ) v^{(1)}_x = 0 , (5.12)

this means that there are propagating modes along background flux line [25, 37] and no net effects which deforms the distribution of the background flux line and tachyon matter in the first other perturbation.

5.2 Second order: low frequency limit Now let us consider the second order perturbation of the eq. (5.1). General formalisms for the second order perturbation are analyzed in appendix C. As a meaningful choice for the solution of the first order perturbation equations to investigate the second order ones, we consider the following configurations

f(x^+, y) = u(y) + c(x^+, y) , (5.13) f̃(x^−, y) = −u(y) + c̃(x^−, y) , (5.14)

g(x^+, y) = − n^′_{0x} 2n_{0x} u(y)x^+ + d(x^+, y) , (5.15) g̃(x^−, y) = n^′_{0x} 2n_{0x} u(y)x^− + d̃(x^−, y) , (5.16)

where c(c̃) and d(d̃) are arbitrary oscillatory functions. In other words, we allow a net velocity u(y) along y-direction in the first order perturbation.

Since the second order perturbation is pretty involved, let us take some simplifying limit. We could for instance consider taking a very low frequency limit. After all, if there is a confining or dispersive effect, it should show up here. In the current general setup, we may achieve this by taking the limit f^{(m,n)} osc (x^±, y) → 0 , (5.17)

where f_{osc} represent oscillatory piece and m, n are arbitrary positive integers. We use the notation, A^{(m,n)}(x, y) ≡ ∂^{m+n} ∂x^m∂y^n A(x, y) . (5.18)

In addition, we average over characteristic time-scale of the oscillatory pieces, meaning that we are mainly interested in net effect rather than exact time evolution of the system. We achieve this by averaging the equation over time where in effect we set ⟨f_{osc}⟩ ≡ lim_{L→∞} 1 L ∫ L_2 −^L_2 dw f_{osc}(w, y) → 0 . (5.19) In this limit, the eqs. (C.12)–(C.15) are reduced to

(∂^2_t − n_{0x}^2∂^2_x)n^{(2)}_x = 2uu^′n^′_{0x} + u^2n^{′′}_{0x} , (5.20) (∂^2_t − n_{0x}^2∂^2_x)v^{(2)}_x = 0 , (5.21) (∂^2_t − n_{0x}^2∂^2_x)n^{(2)}_y = 0 , (5.22) (∂^2_t − n_{0x}^2∂^2_x)v^{(2)}_y = 0 . (5.23)

– 17 –

Left-hand-sides has the Klein-Gordon kinetic operator for an one-dimensional system with “speed of light” equal to √ 1 − n^2_{0T} = |n_{0x}|. This is identical to the first order case, and implies that small fluctuation would move freely up and down along the flux lines, provided that there is no term on the right hand side.

On average, there is no net force on the second order fluctuation, generated from the first order fluctuation, except the right hand side of (5.20). However, this term represents a rather trivial effect. u(y) ≠ 0 implies that the entire configuration is drifting along y direction. Since the flux lines and tachyon matter are distributed nontrivially along y direction, this motion will generate time-dependent change of ⃗n. To see what effect it has, we need to solve for v^{(2)} induced by u(y) first. For x-independent perturbation, we have ˙⃗v + (⃗v · ⃗∂)⃗v = 0 , (5.24) which gives v^{(1)}_y (y, t) + v^{(2)}_y (y, t) = u(y) − u(y)u^′(y)t . (5.25)

With this velocity field, we may ask how ⃗n(y, t) drifts with time. If the only physical effect is the drift, the ⃗n(y, t) will be identical to ⃗n(ỹ, 0) = ⃗n(y) where

y = ỹ + ∫_t 0 ds v_y(f(s), s) , (5.26) with f(s) is the y-trajectory between f(0) = ỹ and f(t) = y due to the velocity field v_y(y, t). Despite somewhat involved formulae so far, the relationship between y and ỹ is deceptively simple, y = ỹ + u(ỹ)t + O(t^3) , (5.27)

or equivalently ỹ = y − u(y)t + u(y)u^′(y)t^2 + O(t^3) . (5.28)

Thus we find simple drift of the configuration along y-direction gives, ⃗n(y, t) = ⃗n(ỹ) = ⃗n(y) − t (u(y)∂_y⃗n(y)) + t^2 2 ( 2u(y)u^′(y)∂_y⃗n(y) + u(y)^2∂^2_y ⃗n(y) ) , (5.29)

up to 2nd order in time t. Thus the nontrivial term on the right hand side of (5.20) simply represent this drift effect.^6

5.3 Second order: case of interlocked distribution of the two fluid

One large subset of classical solutions we could consider in more detail is those with n_{0x} constant. Since n_{0x} is the ratio between the flux energy density and the total energy density, such a solution corresponds to an arbitrary distribution of the energy density

6We could have started perturbation after suppressing oscillatory pieces completely, instead of averaging over it, to see such drift effect. If we did that, we would have found exactly (5.29) as the solution.

– 18 – along y direction, while maintaining the ratio π_{0x}/π_{0T} fixed. In this case, all terms with derivative on n_{0x} die away, so we have

∂_+∂_−a^{(2)}_x = − 1 2n_{0x} f̃g^{(1,1)} − 1 2n_{0x} g̃g^{(2,0)} , (5.30)

∂_+∂_−b^{(2)}_x = − 1 2n_{0x} fg̃^{(1,1)} − 1 2n_{0x} gg̃^{(2,0)} , (5.31)

∂_+∂_−a^{(2)}_y = − 1 2n_{0x} f̃f^{(1,1)} − 1 2n_{0x} g̃f^{(2,0)} , (5.32)

∂_+∂_−b^{(2)}_y = − 1 2n_{0x} ff̃^{(1,1)} − 1 2n_{0x} gf̃^{(2,0)} . (5.33)

Since we saw the effect of u(y) is an overall drift of the system along y direction, we could safely turn it off in the first order perturbation, f, g, f̃, and g̃. Then the first two are oscillatory function of x^+ while the latter two are oscillatory functions of x^−. All terms on the right hand side are of the form,

h(x^+) × h̃(x^−) , (5.34)

for a pair of some oscillatory functions h and h̃. Such combination of force terms on the right hand side cannot generate a net effect, when averaged over time, since the resonance effect cannot occur. The right hand sides will drive some oscillation of a and b and do not lead to any instability.

Thus, we conclude that this large class of classical solutions are all stable under perturbation and any possible fluctuations move freely along a direction set by electric flux lines. The origin of this one-dimensional behavior was previously explained in terms of collapse of an effective-causal-structure. We again emphasize that the integrability condition can at most restrict acceptable solution to the fluid equations, so stability under the latter is sufficient to argue the stability under the full field equation.

6. Hamiltonian dynamics with potential V

Much of what we studied above concern a region where tachyon rolls to one side of potential. For example we are imagining that T → ∞ everywhere. In this section, we take into account possibility of V ≠ 0 in the dynamics. The formulation here should serve useful tool for understanding initial stage of tachyon condensation.

6.1 Canonical field equations with V Let us consider the dynamics with V ≠ 0 somewhere. For simplicity, we will consider unstable D2 brane case again, with all transverse scalars suppressed. Recall that we are using the notation introduced in section 2, where a fictitious direction x^T is employed and T is treated as if it is a component of the gauge field along x^T . For more details we refers the reader to eqs. (4.14), (4.15).

Half of the hamiltonian equations of motion ⃗E = 1 H (⃗π − ⃗B × ⃗P ) , (6.1)

– 19 –

Figure 1: A prototypical form of the potential V (T ) as function of T , V (T ) = 1/coshT [16, 37, 38, 39, 40]. We will use this potential for plot of the time evolution of flux later in this section.

generates the evolution equation for ⃗B = (∂_yT, −∂_xT, B) when combined with the Bianchi identity ˙⃗B = ⃗∂ × ⃗E . (6.2) It is important to note that the energy density H has a V^2 term inside the square root, H = √ ⃗π^2 + ⃗P^2 + V^2(1 + ⃗B^2) . (6.3)

The other half gives evolution equations for electric flux π_{x,y} and conjugate momentum for tachyon π_T ,

π̇_i + ∂_j ( π_iP_j − π_j P_i + V^2F_{ij} H ) = 0 , (6.4)

π̇_T + ∂_j ( π_T P_j − π_jP_T − V^2∂_j T H ) = − V V^′(1 + ⃗B^2) H (6.5) with V^′ ≡ ∂V /∂T and F_{ij} = Bϵ_{ij}. These evolution equations should be consistent with energy-momentum conservation which now takes the modified form Ḣ + ∂_iP_i = 0 , (6.6)

Ṗ_i + ∂_j ( P^iP^j − π^iπ^j − V^2(δ^{ij} + B^iB^j) H ) = 0 , (6.7)

which is almost identical to the previous case except for V^2 terms. We use the following facts which are the flat metric version of eq. (4.7),

T^{00} = V √ X̃ C^{00}_S = H ,

T^{0i} = V √ X̃ C^{0i}_S = P^i ,

T^{ik} = V √ X̃ C^{ik}_S = P^iP^k − π^iπ^k − V^2(δ^{ik} + B^iB^k) H .

– 20 –

In all of above equations, it is quite clear that the fluid-like behavior of V = 0 regime will be ruined by the potential, and its effect is of order V^2.

6.2 Flux motion near domain wall formation

In tachyon condensation, V ≠ 0 can survive the decay process if there is a topological defect. In case of single unstable Dp branes, only possible topological defect would be domain walls, separating a region of T = ∞ from that of T = −∞, and at the end of day become D(p − 1) branes in the context of type-II theories. We will concentrate on initial configuration which will lead to a single flat D(p−1) brane. With such initial configuration, we would like to ask how flux behaves where V ≠ 0.

To answer this question, we consider an initial configuration of T such that it has spatial variation along y direction and vanishes at y = 0. In addition we assume static initial condition, so that neither the tachyon matter nor the string fluid has initial velocity. Finally for the sake of simplicity, we further assume a uniform distribution of flux lines, lined up along x direction. This can be summarized by the following initial conditions,

T_0 = T (y) , ⃗π_0 = (π_{0x}, 0, 0) , B = 0 , (6.8)

where π_{0x} is a constant.

Now let us consider evolution of π_i, (i = x, y) as follows,

π_i(t) = π_{i0} + tπ̇_i|_{t=0} + 1 2 t^2π̈_i|_{t=0} + . . . . (6.9)

Under the initial condition (6.8), the first non-trivial variation of the flux appears in π̈_i|_{t=0} term in eq. (6.9), i.e., π̇_i|_{t=0} = 0, and is given by^7 π̈_x = −∂_y ( π_xṖ_y + V^2Ḃ H ) t=0 = [ V^2 H ∂^2_y (π_x H ) − π_x H ∂^2_y ( V^2 H )] t=0 , (6.11)

while π_y is not generated up to this order,

π̇_y = 0 , π̈_y = 0 . (6.12)

Thus, we find the leading order time-variation of flux lines is summarized as

π_x = π^0_x + 1 2 t^2 [ V^2 H ∂^2_y (π_x H ) − π_x H ∂^2_y ( V^2 H )] t=0 + O(t^3) . (6.13)

7Note that at t = 0 the energy density H reduces to √ π^2_x + V^2(1 + (∂yT )^2) ,

while Ḃ = −∂_y ( π_x H ) t=0 , Ṗx = 0 , Ṗy = ∂y ( V^2 H ) t=0 . (6.10)

– 21 –

Figure 2: Plot of π̈_x as function of y, with V (T ) = 1/coshT and T = y. It shows short range attraction of fluxes toward T = 0 during domain wall formation. At late time, T = uy with u → ∞, so the range of the attractive force infinitesimal. The final configuration at u = ∞ corresponds to BPS D(p − 1) brane with some fundamental string flux trapped.

Figure 3: Plot of π̈_x/π_x at y = 0 as a function of π_x/V at y = 0, again at t = 0 with the initial condition T = y.

From this expression, it is not too difficult to show that initially uniform π_x will get redistributed such that flux in the region V ∼ 1 tends to gather toward T = 0. Since this effect is of order V^2, which is exponentially small far away from T = 0 domain walls, the interaction is of short range. The effective range of this attraction is determined by values of V and therefore by the gradient of T along y. With T = uy and in unit where α^′ ∼ 1, the range is roughly δy ∼ 1/u. Thus, the effect is maximal when the tachyon begins to roll and die away quickly as the tachyon condensation progresses; To reach final stationary state, u has to be infinite, as is well known.

To illustrate this effect graphically, we draw two figures. Figure 2 is the plot of π̈_x as function of y, assuming an initially linear gradient of T = y. This clearly shows local attraction of fluxes toward T = 0. Figure 3 is a plot of π̈_x/π_x at y = 0 as a function of π_x/V at y = 0, which shows that the attraction is universal and tends to get weakened when flux energy dominates over the tachyon energy. This effect explains the phenomenon observed in ref. [36] and produces D(p − 1) branes and fundamental strings.

– 22 –

6.3 Confined flux strings are exceptional and rare final state

Some of more recent proposals for fundamental string formation utilizes configurations involving T = 0, which would be center of domain wall separating regions of T → ∞ and of T → −∞ [41, 36, 42]. In the above, we analyzed the classical dynamics in such situations, and gave a quantitative description on aggregation of flux lines near domain walls with T = 0 at the center. We should note here that any such process will involve bound states of fundamental string with D(p − 1) branes as the final product, and the fundamental string flux will be confined to a co-dimension-one hyper-surface rather than a thin, string-like, flux bundle.

We must emphasize here that the real question lies not in whether there are confined flux string but rather how such confined configuration become generic configuration. In fact, classical solution (even with V = 0 everywhere) that behaves exactly like a Nambu- Goto string has been introduced in ref. [20] and further studied in ref. [43]. This classical solution admits infinitely many marginal deformation that disperse the flux lines, which makes it very unlikely configuration to form, to begin with.

Decay processes involving topological defects are intriguing in that it could lead to this Nambu-Goto string by fine-tuning initial configurations. For instance, one could imagine a infinitely long cylinder, R × S^{p−2}, of a domain wall to which nearby electric flux get attached. Depending one details of the initial condition, it is possible to imagine that S^{p−2} part of the cylindrical domain wall collapses after tachyon condensation completes and perhaps push all electric flux on its world-volume to an infinitesimally thin string. Such configuration will also obey a Nambu-Goto dynamics classically [44]. However, the trouble is simply that, in the phase space of this theory, such string-like configurations are very exceptional ones. One must still understand exactly how this huge degeneracy is lifted, be it from higher derivative correction or via some quantum effect [8, 9, 45].

7. BPS limit and strings orthogonal to D(p − 1) branes

Fundamental strings orthogonal to a D(p − 1) brane preserves 1/2 of supersymmetry left unbroken by the D-brane, so the system of such fundamental strings and a D-brane should preserves 1/4 of 32 supersymmetry in spacetime. With the domain wall incorporated into the system, we could ask whether there is such a BPS-like solution involving string fluid transverse to D(p − 1) branes. Generic solutions with right spacetime charges was written down in ref. [31].

This smoothness of the domain wall solution may be contrasted to the singular solutions considered in ref. [4]. This smoothness of the solution caution us against in using singular domain walls in the presence of transverse string fluid. It was recently argued that string fluid would be repelled by D(p − 1) brane, if the former try to impinge upon the latter [44]. This is based on energetics of the string fluid assuming a singular domain wall background. The smoothness of the solution above is generically attributable to the presence of transverse string fluid, which shows that backreaction due to string fluid may be important in some cases.

– 23 –

In this section, we will rediscover these smooth solution via our formulation. In particular, we find that a minimal solution of a sort exists and saturate the right BPS energy bound, expected of fundamental strings orthogonal to a D(p − 1) brane.

7.1 Smooth domain walls threaded by string fluid

When V is included in the analysis, we may consider a different kind of static solutions, involving domain walls. A singular solution of domain wall type has been known [4], but recently it was found that a smooth domain wall solution is possible when we modify the asymptotic boundary condition [31, 32, 33]. Here we will reproduce these solutions within our formalism and study its properties.

For this, we will consider static configurations with P_i = 0 and π_T = 0, and assume a uniform electric flux, π_x. We will achieve P_i = 0 by setting F_{ij} = 0. With this, another allowed quantity is v_T = n_x∂_xT . (7.1)

In such configurations, a useful identity is H = √ (π^2_x + V (T )^2)(1 + (∂_xT )^2) . (7.2)

Then the momentum conservation (6.7) forces

0 = ∂_x ( π^2_x + V (T )^2 H ) = ∂_x ( π^2_x + V (T )^2 1 + (∂_xT )^2) )_{1/2} , (7.3)

which may be rewritten as

C^2 ( π^2_x + V (T )^2 ) = 1 + (∂_xT )^2 (7.4)

for some constant C. Inspection of (6.1) shows that this constant is related to the asymptotic value of E_x → ϵ as (Cπ_x)^2 = ϵ^2.^8 Thus we only need to solve dT dx = ± √ ϵ^2 ( 1 + V (T )^2

π^2_x ) − 1 . (7.5)

There are three generic cases to consider

• If ϵ^2 is larger than or equal to 1, this gives monotonic solution T (x), and represents a single D(p − 1) (or anti-D(p − 1)) brane at T = 0.

• If ϵ^2 is less than 1 but larger than 1/(1 + V (0)^2/π^2_x), this gives an oscillatory T (x) with an infinite array of zeros and represents an alternating array of D(p − 1) and anti-D(p − 1) branes.

• If ϵ^2 is less than 1/(1 + V (0)^2/π^2_x), no solution exists.

In all cases where solutions exist, the configuration is that of smooth domain wall solutions, generically threaded by uniform distribution of flux lines transverse to the domain wall.

8For the present solutions Ex itself is a constant, by the way.

– 24 –

7.2 A minimal solution and BPS energy

Energy density of the above solutions are H = √ (π^2_x + V^2)(1 + (∂_xT )^2) = ϵ |π_x| (π^2_x + V^2) (7.6)

which approaches ϵπ_x asymptotically. We are interested in solution with pure string fluid far away from domain wall, and this forces us to consider ϵ = 1, in particular. This choice is also energetically favored since it represents the lowest energy solution available, given the conserved flux and the single domain wall. As we will see shortly, this case may be regarded as a BPS-saturated solution.

As would be expected from E^2_x = 1, the equation of motion simplifies to dT dx = ± V (T ) π_x (7.7)

whose solution is such that T does approach vacuum at x = ±∞. The energy density also simplifies further for ϵ = 1 as,^9 H = |π_x| + V^2 |π_x| = π_x + V |∂_xT | . (7.8)

The first piece is the BPS energy density associated with the fundamental string charge. The second piece must be associated with the domain wall itself. In fact, integrating over x, this is precisely the tension of the D(p − 1) brane ∫ V ∂_xT dx = ∫_∞ −∞ V dT = τ_{p−1} . (7.9)

The energy of the solution is then precisely sum of two terms, one from tension of the D(p − 1) brane and the other from transverse fundamental string. This gives exactly the BPS energy expected of fundamental string ending on or passing through a D-brane.

Thus at least when we have uniform string fluid threading a D(p − 1)-brane, the string fluid can mimic, quantitatively, behavior of fundamental string ending on D-branes. This may be compared with findings of ref. [44], where it is asserted that string fluid cannot end on D(p−1) brane. The latter is based on a computation where an infinitely thin D(p−1) is taken to be a background and neglects a possible backreaction of the domain wall solution to the presence of string fluid. While the assertion might stand when transverse string flux are well-isolated, this example cautions us to be careful about backreaction of a domain wall.

8. Summary

We have reviewed dynamics of the tachyon coupled to a gauge field. When the tachyon condensation has progressed far so that V → 0, the dynamics is that of two fluids, string

9We are indebted to Chanju Kim on this point.

– 25 – fluid and tachyon matter, as anticipated, but the fluid equation of motion must be augmented by a set of integrability condition, which is necessary if we wish to recover A_μ and T from the fluid variables. We have isolated a large family of static solutions with huge degeneracy and tested their stability.

We further extended the formalism to the case of V ≠ 0 somewhere, and showed that during initial stage of condensation, electric flux lines tends to be attracted toward T = 0. Since T = 0 may survive the condensation process only if there is a domain wall, this initial configuration will lead to a D(p − 1) brane with fundamental string flux spread on it. Interaction between a domain wall and transverse string fluid is more drastic, and the latter thickens the former. We also wrote down such smooth domain wall solution, using the hamiltonian formulation, and discovered that minimal solution of this type saturates a BPS bound of strings ending on D-branes.

One aspect of the V = 0 limit, worth emphasizing, concerns the coupling between the two fluid components. Despite a rather tight coupling between the string fluid and the tachyon matter, as evidenced by the form of the hamiltonian, static distribution of the two fluid components seems pretty much independent of each other. The only real constraint is that static distribution of tachyon matter must be uniform along the string fluid direction. One might have expected that two fluid components come with the same (transverse) distribution, but this is not the case at all. Instead, the tight coupling between the tachyon matter and the string fluid affects the subsequent dynamics in an unexpected way. As is clear from the fluid equation, distribution of string fluid and distribution of tachyon matter evolves in the complete absence of pressure (except for the tension along the string fluid) and is essentially free. That is they simply responds to velocity field of fluid, which is in turn affected by gradient of density of flux direction along the flux lines. Regardless of the details of the latter, however, two fluid shares one and the same velocity field v. This implies that once the relative distribution of the two fluid component is set, the subsequent perturbation moves string fluid and tachyon together in such a manner that keeps this ratio fixed when followed by co-moving observers.

The classical system of tachyon and gauge field turned out to have many intriguing surprises; fluid-like behavior of the perfectly sensible field theory, the drastic reduction of perturbative degrees of freedom, Carollian collapse of effective light-cone, and finally many intriguing classical solutions, static or dynamic, singular or nonsingular. One question that remains murky is whether this classical field theory admits a sensible and practical quantum treatment of its own, regardless of its tie to stringy context, and whether interesting physics arise from a quantization. We feel that this avenue of research deserves more study in future.

Acknowledgments

We thank Chanju Kim, Yoonbai Kim, and Kimyeong Lee for useful conversations. O.K. is supported by Korea Science & Engineering Foundation through Astrophysical Research Center for the Structure and Evolution of the Cosmos (ARCSEC). P.Y. is supported in part by Korea Research Foundation (KRF) Grant KRF-2002-070-C00022.

– 26 –

A. S-dual formulation of V = 0 limit

Ref. [20] discovered a nonvanishing dual lagrangian for pure gauge system, whose equation of motions and Bianchi identity are respectively Bianchi identity and equation motion of the original Born-Infeld system. It is rather clear that dualization procedure works even when scalar fields are present, once we think of the latter as components of the gauge field along some fictitious dimensions.

The prescription for the dualization process is to introduce a new gauge field C and its field strength, G = dC such that K ≡ π_m dt ∧ dx^m + 1 2 K_{mn}dx^m ∧ dx^n = ∗G . (A.1) Momentum π_m is canonical conjugate momenta of A_m = (A_1, . . . , A_p, T ). K_{mn} are defined as K_{mn} = δH δF_{mn} . (A.2)

Finally, the Hodge-dual operator ∗ here is defined with respect to the “volume form” dt ∧ dx^1 ∧ dx^2 ∧ · · · ∧ dx^p ∧ dx^T . (A.3) With this, the Legendre transformation of the hamiltonian gives a dual lagrangian as a function of the dual field strength G,

L^′ = √ −K^2 2 = √ G^2 2 . (A.4)

One crucial point here is that the Legendre transformation that leads to L^′ is not reversible. Thus, to obtain truly dual lagrangian, one must introduce constraints on the dual side.

As explained in ref. [20], this does not complete the dualization process due to the fact that the original hamiltonian is quite degenerate. That is, part of F_{mn} which has no inner product with π_m never enters the hamiltonian. Because of this, inverse Laplace transform of L^′ does not give us back H. This problem is curable by adding constraints,

K ∧ K = 0 . (A.5)

Thus the correct dual lagrangian may be written as √ G^2 2 + ⟨λ, ∗G ∧ ∗G⟩ (A.6) with a Lagrange multiplier field λ. This is where the pure gauge dynamics maps to that of ref. [46], which attempted to write a field theory that produces string-like degrees of freedom classically.

– 27 –

B. Canonical field equation with V = 0 The tachyon effective action with gauge field is given by S = ∫ d^{p+1}x L , (B.1)

where L = −V (T ) √ −X , X_{μν} ≡ g_{μν} + F_{μν} + ∂_μT ∂_ν T , X ≡ det X_{μν} . (B.2)

Then the determinant X can be expressed as

X = X_{00} det(X_{ij} ) − X_{0i}D^{ij} X_{j0} , (B.3)

where the matrix D is transpose of the cofactor for matrix (X)_{ij} and the components of matrix (X)_{μν} are written by

X_{00} = −N^2 + h_{ij} L^iL^j + Ṫ^2 , X_{0i} = E^+_i , X_{i0} = −E^−_i , X_{ij} = h_{ij} + F_{ij} + ∂_iT ∂_jT with E^±_i ≡ F_{0i} ± Ṫ ∂_iT ± L^jh_{ji} . (B.4) Let us denote the hamiltonian using canonical variables to describe the dynamics of the system by hamiltonian equations. Then conjugate momenta are given by π^i ≡ ∂L ∂Ȧ_i = V √ −X E^+_j D^{ji} + D^{ij}E^−_j 2 , (B.5) π_T ≡ ∂L ∂Ṫ = V √ −X ( Ṫ det X_{ij} − E^{+j} D^{ji}∂^iT − ∂^iT D^{ij}E^{−j} 2 ) , (B.6)

where π^i (π_T ) is conjugate to A_i (T ), and π^i satisfies the Gauss constraint ∂_iπ^i = 0. The hamiltonian is obtained by the following Legendre transformation

H = π^iE_i + π_T Ṫ − L + π^i∂_iA_0 . (B.7)

From now on, let us use matrix notation for simplicity. Then the quantities which we have defined are denoted by in matrix forms in temporal gauge A_0 = 0,

X = X_{00} det X_{ij} + E^+DE^− , (B.8) π = V √ −X E^+D + DE^− 2 , (B.9)

– 28 – π_T = V √ −X ( Ṫ det X_{ij} − E^+D∂T − ∂T DE^− 2 ) , (B.10) H = V √ −X ( E^+DE + EDE^− 2 + Ṫ^2 det X_{ij} − E^+D∂T Ṫ − Ṫ ∂T DE^− 2 − X )

= V √ −X ( (N^2 − LhL) det X_{ij} + E^+DhL − LhDE^− 2 ) , (B.11)

where all matrix indices are i, j, k = 1, . . . , p. Let us define a matrix for convenience in calculations X̄ = h + F + ∂T ∂T , (B.12)

which has properties DX̄ = X̄D = det X_{ij} I , (B.13)

where I is p × p unit matrix. Then we obtain the following relations

πX̄π = πhπ + (π∂T )^2 , (B.14) F π + ∂T π_T = V √ −X ( Ṫ ∂T det X_{ij} − E^+ − E^− 2 det X_{ij} + E^+Dh − hDE^− 2 ) . Using the relations in eq. (B.14), we find √ πhπ + π^2_T + (F π + ∂T π_T )h^{−1}(F π + ∂T π_T ) + (π∂T )^2 + V^2 det X_{ij} = V √ −X N det X_{ij} , (B.15) where the matrix h^{−1} has components (h^{−1})_{ij} = h^{ij} . Now we can rewrite the hamiltonian representation using canonical variables as H = V √ −X N^2 det X_{ij} − πF L + π_T ∂L = N √ πhπ + π^2_T + (F π + ∂T π_T )h^{−1}(F π + ∂T π_T ) + (π∂T )^2 + V^2 det X_{ij} − −πF L + π_T ∂T L , (B.16) where we used the relation E^+DLh − LhDE^− = 2 ( LhL det X_{ij} − √ −X V πF L + √ −X V π_T ∂T L ) . (B.17)

Then the hamiltonian equations in V = 0 limit are given by Ṫ = ∂H ∂π_T = N √ Y ( π_T (1 + ∂T h^{−1}∂T ) + ∂T h^{−1}F π ) + ∂T L , (B.18)

π̇_T = − ∂H ∂T = ∂_i [ N √ Y ( π^i(π∂T ) + π_T h^{ij} (F_{jk}π^k + ∂_j T π_T ) )] + ∂_i(π_T L^i) , (B.19) Ȧ_i = ∂H ∂π^i = N √ Y ( hπ + ∂T (π∂T ) − F h^{−1}(F π + ∂T π_T ) ) i − (F L)_i , (B.20)

π̇^i = − ∂H ∂A_i = ∂_j ( N √ Y (π^ih^{jk} − π^j h^{ik})(F π + ∂T π_T )_k ) − ∂_j(π^j L^i − π^iL^j) , (B.21)

where Y ≡ πhπ + π^2_T + (F π + ∂T π_T )h^{−1}(F π + ∂T π_T ) + (π∂T )^2.

– 29 –

C. Second order perturbation equations

General perturbation equations for eqs. (5.1), (5.3) are given by,

∂_−⃗a^{(n)} = −

∂_y⃗n^{(0)} 2n_{0x} b^{(n)}_y − 1 2n_{0x} n−1∑ i=1 (⃗b^{(n−i)} · ⃗∂)⃗a^{(i)} , (C.1)

∂_+⃗b^{(n)} = −

∂_y⃗n^{(0)} 2n_{0x} a^{(n)}_y − 1 2n_{0x} n−1∑ i=1 (⃗a^{(n−i)} · ⃗∂)⃗b^{(i)} , (C.2)

2⃗n^{(0)} · ⃗a^{(n)} = − n−1∑ i=1 ⃗a^{(i)} · ⃗a^{(n−i)} , (C.3)

2⃗n^{(0)} ·⃗b^{(n)} = − n−1∑ i=1 ⃗b^{(i)} ·⃗b^{(n−i)} . (C.4) Now let us consider the second order perturbation equations. The y-components of the second order perturbation equations in eqs. (C.1), (C.2) are written by

∂_−a^{(2)}_y = − 1 2n_{0x} (⃗b^{(1)} · ⃗∂)a^{(1)}_y = ( − 1 2n_{0x} g̃ + n^′_{0x} (2n_{0x})^2 F ) f^{(1,0)} − n^′_{0x} 2n_{0x} tf̃f^{(1,0)} − 1 2n_{0x} f̃f^{(0,1)} , (C.5)

∂_+b^{(2)}_y = − 1 2n_{0x} (⃗a^{(1)} · ⃗∂)b^{(1)}_y = ( − 1 2n_{0x} g + n^′_{0x} (2n_{0x})^2 F̃ ) f̃^{(1,0)} + n^{′0x} 2n_{0x} tff̃^{(1,0)} − 1 2n_{0x} ff̃^{(0,1)} , (C.6)

where we used the results of the first order perturbation (5.8) and (5.10). Then we obtain the solutions of these inhomogeneous first order differential equations,

a^{(2)}_y = h(x^+, y) − ( 1 2n_{0x} G̃ + n^{′0x} 2n_{0x} t ( F + F̃ ) + n^′_{0x} (2n_{0x})^2 F̃ ) f^{(1,0)} − 1 2n_{0x} F̃ f^{(0,1)} , (C.7)

b^{(2)}_y = h̃(x^−, y) − ( 1 2n_{0x} G − n^′_{0x} 2n_{0x} t ( F + F̃ ) + n^′_{0x} (2n_{0x})^2 F ) f̃^{(1,0)} − 1 2n_{0x} F f̃^{(0,1)} , (C.8)

where h and h̃ are arbitrary functions and we define, G(x^+, y) ≡ ∫_x+ dw g(w, y) , G̃(x^−, y) ≡ ∫_x− dw g̃(w, y) , F(x^+, y) ≡ ∫_x+ dw F (w, y) , F̃(x^−, y) ≡ ∫_x− dw F̃ (w, y) . (C.9) Using the eqs. (5.8), (5.10), (C.7), we can obtain the second order perturbation equations for the x-components of the eqs. (C.1), (C.2) as follows:

∂_−a^{(2)}_x = − 1 2n_{0x} ( b^{(2)}_y n^′_{0x} + (⃗b^{(1)} · ⃗∂)a^{(1)}_x ) − = − n^′_{0x} 2n_{0x} h̃ + n^{′0x} (2n_{0x})^2

F f̃^{(0,1)} + ( − 1 2n_{0x} g̃ + ∂_yn_{0x} (2n_{0x})^2 F − n^′_{0x} 2n_{0x} tf̃ ) g^{(1,0)} +

– 30 –

+ ( n^′_{0x} (2n_{0x})^2 G + (n^′_{0x})^2 (2n_{0x})^3 F − (n^′_{0x})^2 (2n_{0x})^2 t ( F + F̃ )) f̃^{(1,0)} + + ( n^′_{0x} (2n_{0x})^2 g̃ − (n^′_{0x})^2 (2n_{0x})^3 F − 1 2n_{0x} g^{(0,1)} + n^′_{0x} (2n_{0x})^2

F̃^{(0,1)} + + 2 ( n_{0x}(∂^2_y n_{0x}) − (n^′_{0x})^2 ) (2n_{0x})^3

F̃ − (n^{′0x})^2 (2n_{0x})^2 tf̃ ) f̃ , (C.10)

∂_+b^{(2)}_x = − 1 2n_{0x} ( a^{(2)}_y n^′_{0x} + (⃗a^{(1)} · ⃗∂)b^{(1)}_x )

= − n^′_{0x} 2n_{0x} h + n^′_{0x} (2n_{0x})^2

F̃ f^{(0,1)} + ( − 1 2n_{0x} g + ∂_yn_{0x} (2n_{0x})^2 F̃ + n^{′0x} 2n_{0x} tf ) g̃^{(1,0)} + + ( n^′_{0x} (2n_{0x})^2

G̃ + (n^{′0x})^2

(2n_{0x})^3

F̃ + (n^{′0x})^2 (2n_{0x})^2 t ( F + F̃ )) f^{(1,0)} + + ( n^′_{0x} (2n_{0x})^2 g − (n^′_{0x})^2 (2n_{0x})^3 F̃ − 1 2n_{0x} g̃^{(0,1)} + n^′_{0x} (2n_{0x})^2

F^{(0,1)} + + 2 ( n_{0x}(∂^2_y n_{0x}) − (n^′_{0x})^2 ) (2n_{0x})^3 F + (n^′_{0x})^2 (2n_{0x})^2 tf ) f . (C.11)

Using these results, we find

∂_+∂_−a^{(2)}_x = ( n^′_{0x} (2n_{0x})^2 g − (n^′_{0x})^2 (2n_{0x})^3

F̃ − (n^{′0x})^2 (2n_{0x})^2 tf ) f̃^{(1,0)} + + n^′_{0x} (2n_{0x})^2 ff̃^{(0,1)} + n^′_{0x} (2n_{0x})^2

(f − f̃)g^{(1,0)} − 1 2n_{0x} f̃g^{(1,1)} + + ( − 1 2n_{0x} g̃ + n^′_{0x} (2n_{0x})^2 F − n^′_{0x} 2n_{0x} tf̃ ) g^{(2,0)} −

(n^′_{0x})^2 (2n_{0x})^3

(f + f̃)f̃ , (C.12)

∂_+∂_−b^{(2)}_x = ( n^′_{0x} (2n_{0x})^2 g̃ − (n^′_{0x})^2 (2n_{0x})^3 F + (n^′_{0x})^2 (2n_{0x})^2 tf̃ ) f^{(1,0)} + + n^′_{0x} (2n_{0x})^2 f̃f^{(0,1)} − n^{′0x} (2n_{0x})^2

(f − f̃)g̃^{(1,0)} − 1 2n_{0x} fg̃^{(1,1)} + + ( − 1 2n_{0x} g + n^′_{0x} (2n_{0x})^2 F̃ + n^{′0x} 2n_{0x} tf ) g̃^{(2,0)} −

(n^′_{0x})^2 (2n_{0x})^3

(f + f̃)f , (C.13)

∂_+∂_−a^{(2)}_y = n^′_{0x} (2n_{0x})^2

(f − f̃)f^{(1,0)} − 1 2n_{0x} f̃f^{(1,1)} − − ( 1 2n_{0x} g̃ + n^′_{0x} 2n_{0x} tf̃ − n^′_{0x} (2n_{0x})^2 F ) f^{(2,0)} , (C.14)

∂_+∂_−b^{(2)}_y = n^′_{0x} (2n_{0x})^2

(f̃ − f)f̃^{(1,0)} − 1 2n_{0x} ff̃^{(1,1)} − − ( 1 2n_{0x} g − n^′_{0x} 2n_{0x} tf − n^′_{0x} (2n_{0x})^2 F̃ ) f̃^{(2,0)} . (C.15)

References

[1] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170].

– 31 –

[2] P. Kraus and F. Larsen, Boundary string field theory of the DD-bar system, Phys. Rev. D 63 (2001) 106004 [hep-th/0012198].

[3] T. Takayanagi, S. Terashima and T. Uesugi, Brane-antibrane action from boundary string field theory, J. High Energy Phys. 03 (2001) 019 [hep-th/0012210].

[4] A. Sen, Dirac-Born-Infeld action on the tachyon kink and vortex, hep-th/0303057. [5] E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188]. [6] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724 [hep-th/9510017].

[7] A. Strominger, Open p-branes, Phys. Lett. B 383 (1996) 44 [hep-th/9512059]. [8] P. Yi, Membranes from five-branes and fundamental strings from Dp-branes, Nucl. Phys. B 550 (1999) 214 [hep-th/9901159].

[9] O. Bergman, K. Hori and P. Yi, Confinement on the brane, Nucl. Phys. B 580 (2000) 289 [hep-th/0002223].

[10] A. Sen, Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027 [hep-th/9911116].

[11] A. Sen, Supersymmetric world-volume action for non-BPS D-branes, J. High Energy Phys.

10 (1999) 008 [hep-th/9909062].

[12] M.R. Garousi, Tachyon couplings on non-BPS D-branes and Dirac-Born-Infeld action, Nucl.

Phys. B 584 (2000) 284 [hep-th/0003122].

[13] E.A. Bergshoeff, M. de Roo, T.C. de Wit, E. Eyras and S. Panda, T-duality and actions for non-BPS D-branes, J. High Energy Phys. 05 (2000) 009 [hep-th/0003221].

[14] J. Kluson, Proposal for non-BPS D-brane action, Phys. Rev. D 62 (2000) 126003 [hep-th/0004106].

[15] G. Arutyunov, S. Frolov, S. Theisen and A.A. Tseytlin, Tachyon condensation and universality of DBI action, J. High Energy Phys. 02 (2001) 002 [hep-th/0012080].

[16] D. Kutasov and V. Niarchos, Tachyon effective actions in open string theory, Nucl. Phys. B 666 (2003) 56 [hep-th/0304045].

[17] A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103].

[18] D. Kutasov, M. Marino and G.W. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148].

[19] D. Kutasov, M. Marino and G.W. Moore, Remarks on tachyon condensation in superstring field theory, hep-th/0010108.

[20] G.W. Gibbons, K. Hori and P. Yi, String fluid from unstable D-branes, Nucl. Phys. B 596 (2001) 136 [hep-th/0009061].

[21] U. Lindström and R. von Unge, A picture of D-branes at strong coupling, Phys. Lett. B 403 (1997) 233 [hep-th/9704051].

[22] H. Gustafsson and U. Lindström, A picture of D-branes at strong coupling, II. Spinning partons, Phys. Lett. B 440 (1998) 43 [hep-th/9807064].

– 32 –

[23] U. Lindström, M. Zabzine and A. Zheltukhin, Limits of the D-brane action, J. High Energy Phys. 12 (1999) 016 [hep-th/9910159].

[24] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]. [25] G. Gibbons, K. Hashimoto and P. Yi, Tachyon condensates, carrollian contraction of Lorentz group and fundamental strings, J. High Energy Phys. 09 (2002) 061 [hep-th/0209034].

[26] A. Sen, Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265]. [27] A. Sen, Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[28] A. Ishida and S. Uehara, Gauge fields on tachyon matter, Phys. Lett. B 544 (2002) 353 [hep-th/0206102].

[29] T. Mehen and B. Wecht, Gauge fields and scalars in rolling tachyon backgrounds, J. High Energy Phys. 02 (2003) 058 [hep-th/0206212].

[30] G.W. Gibbons, Born-Infeld particles and dirichlet p-branes, Nucl. Phys. B 514 (1998) 603 [hep-th/9709027].

[31] C.-j. Kim, Y.-b. Kim and C.O. Lee, Tachyon kinks, J. High Energy Phys. 05 (2003) 020 [hep-th/0304180].

[32] C. Kim, Y. Kim, O.-K. Kwon and C.O. Lee, Tachyon kinks on unstable Dp-branes,

hep-th/0305092.

[33] P. Brax, J. Mourad and D.A. Steer, Tachyon kinks on non BPS D-branes, hep-th/0304197. [34] A. Sen, Time and tachyon, hep-th/0209122.

[35] U. Lindström and M. Zabzine, Strings at the tachyonic vacuum, J. High Energy Phys. 03 (2001) 014 [hep-th/0101213].

[36] S.-J. Rey and S. Sugimoto, Rolling of modulated tachyon with gauge flux and emergent fundamental string, Phys. Rev. D 68 (2003) 026003 [hep-th/0303133].

[37] C.-j. Kim, H.B. Kim, Y.-b. Kim and O.-K. Kwon, Electromagnetic string fluid in rolling tachyon, J. High Energy Phys. 03 (2003) 008 [hep-th/0301076].

[38] A. Buchel, P. Langfelder and J. Walcher, Does the tachyon matter?, Ann. Phys. (NY) 302 (2002) 78 [hep-th/0207235].

[39] F. Leblond and A.W. Peet, Sd-brane gravity fields and rolling tachyons, J. High Energy Phys.

04 (2003) 048 [hep-th/0303035].

[40] N. Lambert, H. Liu and J. Maldacena, Closed strings from decaying D-branes,

hep-th/0303139.

[41] K. Hashimoto, P.-M. Ho and J.E. Wang, S-brane actions, Phys. Rev. Lett. 90 (2003) 141601 [hep-th/0211090].

[42] K. Hashimoto, P.-M. Ho, S. Nagaoka and J.E. Wang, Time evolution via s-branes, Phys. Rev.

D 68 (2003) 026007 [hep-th/0303172].

[43] A. Sen, Fundamental strings in open string theory at the tachyonic vacuum, J. Math. Phys.

42 (2001) 2844 [hep-th/0010240].

[44] A. Sen, Open and closed strings from unstable D-branes, hep-th/0305011.

– 33 –

[45] M. Kleban, A.E. Lawrence and S.H. Shenker, Closed strings from nothing, Phys. Rev. D 64 (2001) 066002 [hep-th/0012081].

[46] H.B. Nielsen and P. Olesen, Local field theory of the dual string, Nucl. Phys. B 57 (1973) 367.

– 34 –