Published by Institute of Physics Publishing for SISSA/ISAS Received: April 17, 2002 Accepted: April 25, 2002

Rolling tachyon

Ashoke Sen

Harish-Chandra Research Institute, Chhatnag Road Jhusi, Allahabad 211019, India, and Department of Physics, Penn State University University Park, PA 16802, USA E-mail: asen@thwgs.cern.ch, sen@mri.ernet.in

Abstract: We discuss construction of classical time dependent solutions in open string (field) theory, describing the motion of the tachyon on unstable D-branes. Despite the fact that the string field theory action contains infinite number of time derivatives, and hence it is not a priori clear how to set up the initial value problem, the theory contains a family of time dependent solutions characterized by the initial position and velocity of the tachyon field. We write down the world-sheet action of the boundary conformal field theories associated with these solutions and study the corresponding boundary states. For D-branes in bosonic string theory, the energy momentum tensor of the system evolves asymptotically towards a finite limit if we push the tachyon in the direction in which the potential has a local minimum, but hits a singularity if we push it in the direction where the potential is unbounded from below.

Keywords: Tachyon Condensation, D-branes, String Field Theory.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep042002048 /jhep042002048 .pdf

Contents

1. Introduction 1

2. Time dependent solutions of open string field equations 2

3. Conformal field theory description 6

4. Boundary state 7

5. Effective field theory analysis 11

6. Conclusion 13

1. Introduction

Much work has been devoted to the study of tachyon potential and various classical solutions in string field theory on an unstable D-brane system [1, 2]. However most of the solutions studied so far have been time independent solutions representing either the tachyon vacuum or static D-branes of lower dimension. Recently Gutperle and Strominger considered the process of production and decay of unstable branes, and proposed that the corresponding solution can be described as a space-like D-brane [3].

There are many issues associated with the decay of unstable branes in string theory. We shall study the classical decay process, namely, what happens if we displace the tachyon a little bit away from its maximum and let it roll according to its equations of motion. Although this is a natural question in any scalar field theory around the maximum of the potential, it is not obvious if this is a sensible question in string field theory. The string field theory action contains infinite number of time derivatives, and hence a priori the initial value problem is not well-defined. Nevertheless, we shall show that it is possible to construct a family of classical solutions of the string field theory equations of motion characterized by the initial position and velocity of the tachyon field. The construction is similar in spirit to that of [3] in that we get it by Wick rotation of a known solution, but the details are very different.

Another issue in the study of tachyon condensation is the nature of the time evolved configuration. In studying the classical decay of an unstable soliton in a field theory (e.g. domain wall in ϕ^3 theory [4]), one can displace the field configuration from its original value and let it evolve in time. For simplicity we can restrict to deformations which do not depend on the coordinates along the brane, — in terms of fields living on the brane this corresponds to constant field configuration. Typically in such a case the tachyonic field on the brane couples to various other fields, including those which are not localised on the brane and hence

– 1 – describes bulk modes. As a result even if the initial configuration contains only tachyonic deformation, with the energy density stored fully inside the tachyon field, as the system evolves in time the energy gets distributed among all the modes, including the infinite number of fields on the brane describing the bulk modes. In a generic case, if we wait long enough then eventually most of the energy is transfered to the bulk modes, and we can interprete this process as the result of the decay of the unstable brane into classical radiation.

In open string field theory, this issue is much more complicated. Unlike in an ordinary field theory, in this case we do not expect any conventional bulk modes, since there are no physical open string modes away from the original D-brane [5, 6, 7]. Nevertheless one might expect that there are non-Fock space excitations of open string field configuration describing closed string excitations [8]–[11], and that the decay process transfers the energy of the original brane to these closed string excitations. We shall argue that this is not what happens in classical open string field theory. Instead, during the classical time evolution of the open string field describing the decay, the energy density resides in the plane of the original brane. This situation is similar to that in the case of toy models of tachyon condensation [12] where again there are no bulk modes and the energy density does not dissipate [15]. We also find that the energy momentum tensor of the system evolves smoothly towards an asymptotic configuration instead of undergoing oscillation about the minimum of some effective potential. It is not clear how to reconcile this with the result from boundary string field theory that the minimum of the tachyon potential is at a finite distance away from the maximum [13, 14].

One of the results that follows from the general analysis of this paper is that for D-branes in bosonic string theory, there is a qualitative difference between pushing the tachyon on the side of the maximum where there is a local minimum and the side where the potential is unbounded from below. In the boundary conformal field theory description, the former corresponds to adding a positive definite boundary term to the world-sheet action whereas the latter corresponds to adding a negative definite term. In the boundary state description, the former corresponds to a boundary state with smooth time evolution, while the latter hits a singularity at a finite time.

The rest of the paper is organised as follows. In section 2 we show the existence of a two parameter family of time dependent solutions, labelled by the initial position and velocity of the tachyon field, describing the rolling of the tachyon field on an unstable Dbrane. In section 3 we construct the action of the boundary conformal field theory (BCFT) describing these solutions and in section 4 we explore the nature of the corresponding boundary states. In section 5 we study the decay process using an effective field theory. We conclude in section 6 with a few additional comments.

2. Time dependent solutions of open string field equations

In order to find a time dependent solution of the open string field equations, we can make a consistent truncation of the equations of motion restricting the fields to a universal subspace as follows. We shall assume that the original D-brane configuration is described by a unitary matter BCFT of central charge 25, together with a free scalar field representing

– 2 – the time coordinate X^0, and the ghost BCFT. Following the arguments of [2, 5] it is easy to show that if we restrict the open string field to the subspace of the full BCFT created from the vacuum by various operators associated with the scalar field X^0, the Virasoro generators of the c = 25 BCFT, and the ghost oscillators, then the equations of motion of the fields outside the subspace are automatically satisfied. Thus this provides a consistent truncation of the string field theory equations of motion, and we can look for the classical solutions describing time evolution of the brane within this subspace. Furthermore the action restricted to this subspace is universal, independent of the choice of the c = 25 BCFT. This shows that the solution describing the decay of an unstable D-brane is universal, independent of which D-brane or spatial background we begin with.

Let us first consider the linearized equations of motion of string field theory where we ignore the coupling between various fields. In this case we can treat the tachyon as an ordinary scalar field of negative mass^2. For definiteness let us focus on the bosonic string theory, where in α^′ = 1 unit the tachyon has mass^2 = −1. In this case, for small deformations the solution for the tachyon field will have the form

T (x^0) = Ae^{x0} + Be^{−x0} , (2.1)

where A and B are constants determined by the initial condition:

T (0) = λ , ∂T ∂x^0 | | x^0=0

= u . (2.2)

We shall for simplicity take u = 0. Also, we shall take λ > 0, so that T rolls towards the extremum of the action representing the tachyon vacuum, which is at a positive value of T [1]. This gives

A = B = 1 2 λ . (2.3)

Hence T (x^0) = λ cosh(x^0) . (2.4)

As long as λ is small and x^0 is not too large, we expect the linearized approximation to be valid, and the above represents the expected evolution of the tachyon field. The question now is: can we modify the above solution in a systematic manner to take into account the effect of the interaction? We can begin by trying to construct a solution of the equations of motion:

Q_B |Ψ⟩ + |Ψ ∗ Ψ⟩ = 0 , (2.5)

as an expansion in λ: |Ψ⟩ = ∑ n λ^n|χ^{(n)}⟩ . (2.6)

The leading term is given by:

|χ^{(1)}⟩ = c_1|0⟩_g ⊗ cosh(X^0(0))|0⟩_m . (2.7)

– 3 –

The subscripts g and m refer to ghost and matter sectors, respectively. We can construct the higher order terms in the solution in Siegel gauge

b_0|Ψ⟩ = 0 , (2.8)

by choosing: |χ^{(n)}⟩ = − b_0 L_0 n−1∑ m=1 | |χ_{(m)} ∗ χ_{(n−m)}⟩ . (2.9)

This gives a way to construct the nth order term in terms of lower order terms. However this procedure breaks down if b_0 ∑_{n−1} m=1 |χ^{(m)} ∗ χ^{(n−m)}⟩ contains a state with zero L_0 eigenvalue.

This is related to the question of whether the matter sector vertex operator cosh(X^0) is exactly marginal. In this case, however, the marginality of this operator follows from the result in the Wick rotated theory where we replace X^0 by iX. X is now a free scalar field describing a unitary conformal field theory of c = 1. Under this rotation cosh(X^0) gets transformed to cos(X), and this is known to represent an exactly marginal deformation in this Wick rotated theory [16, 17, 18]. This shows that the original operator cosh(X^0) is also exactly marginal, and we do not encounter any obstruction in solving eq. (2.9) in a power series expansion in the parameter λ. (If the coordinate x were compactified on a circle of critical radius R = 1, the perturbation by cos(X) would create a single codimension 1 D-brane on the circle. However since the direction x is non-compact, this perturbation creates an array of codimension 1 D-branes in the Wick rotated theory, seperated by an interval of 2π.)

More explicitly we can proceed as follows. In the Wick rotated theory, the solution of the string field theory equations of motion for different values of the parameter λ can be constructed explicitly using level truncation [7]. We can simply take this solution and make an inverse Wick rotation X → −iX^0 to generate a time dependent solution. One must of course make sure that Wick rotation of the solution preserves the reality condition, but this can be seen to be true as follows.^1 The solution of ref. [7] is invariant under the twist transformation (under which a string field component picks up a phase of (−1)^l where l denotes the level of the oscillators used to create the associated state from the zero momentum tachyon state c_1|0⟩) as well as the transformation X → −X. Thus it can be expressed as linear combination of states, each of which only involves even total powers of the oscillator α_{−n} of X and momentum k along the X direction, and hence remains real under the inverse Wick rotation k → ik_0, α → −iα^0. Thus a real field configuration remains real after the inverse Wick rotation.

This shows the existence of a one parameter family of time dependent solutions, characterized by the marginal deformation parameter λ. A more general solution, labelled by two parameters, can be constructed by simply time-translating the original solution, and the two parameters can be interpreted as the initial position and velocity of the tachyon field. Thus we see that despite the non-locality of the string field theory action, it does admit time dependent solutions labelled by initial position and velocity of the tachyon

1See [19] for a detailed discussion on reality condition on string field.

– 4 – field, as expected of an ordinary field theory with two derivative actions. However, since for all these solutions the tachyon comes to rest near the maximum of the potential at a certain instant of time, the total energy of each of these solutions is less than that of the unstable D-brane. Solutions for which the total energy is larger than that of the unstable D-brane can be constructed by beginning with T (x^0) = u sinh x^0 and then iterating this using eq. (2.9). The marginality of the operator sinh(X^0) again follows from the marginality of the operator sin(X) in the Wick rotated theory. Since under Wick rotation u sinh x^0 becomes iu sin x, and hence T becomes imaginary, the time dependent solution is not related to any physical solution in the Wick rotated theory. But the marginality of the operator sin(X) [16, 17, 18] would guarantee the existence of a complex solution in the Wick rotated theory whose leading term involves T (x) = iu sin(x). Under inverse Wick rotation this gives a real solution in the original theory as a formal power series expansion in u.

Of course it is quite likely that all these solutions break down at sufficiently large x^0, since the higher order terms in the expansion proportional to cosh(nx^0) or sinh(nx^0) grow with x^0. What we can hope for is that the solution exists at least for a finite range of values of x^0 during which we can use it to follow the time evolution of the string field. Since the expansion of the solution is in powers of λ cosh x^0 (or u sinh x^0), a rough estimate of the region of convergence for small λ is x^0 < ln(1/|λ|) (or x^0 < ln(1/|u|)). Beyond this limit we need to use other methods for studying the system, as will be discussed in sections 3 and 4. In this context we also note that even for x^0 = 0, the solution of [7] can be constructed only for a limited range of λ: |λ| ≤ λ̄ with λ̄ ≃ .45. This amounts to a restriction on the initial displacement of the tachyon field from its equilibrium value.

Before we leave this topic let us remark that the solution obtained this way for a generic λ is not the inverse Wick rotated version of a codimension one lump solution representing a lower-dimensional D-brane. The codimension one lump representing a lower-dimensional D-brane appears for a specific value λ_c of the deformation parameter λ.^2 We shall argue in section 4 that this critical value λ_c corresponds to placing the tachyon at the minimum of its potential in the Wick rotated theory. For other values of λ, — notably for small λ, — the resulting conformal field theory is solvable [16, 17, 18], but cannot be interpreted as a D-brane of one lower dimension. This in turn shows that the time dependent solution for a generic λ should not be thought of as an inverse Wick rotated version of a lowerdimensional D-brane. Furthermore, even for λ = λ_c, the lump solution should be thought to be located not at x = 0, but at x = π where λ cos(x) reaches its minimum. Thus the origin of the x^0 coordinate, where the tachyon begins rolling, does not map under Wick rotation to the location of the lump solution.

We could repeat this construction for describing the decay of an unstable brane or a brane anti-brane pair in type-II string theory. The arguments follow a similar line with the tachyon now having a mass^2 of −1/2 in the α^′ = 1 unit, and hence represented by a solution of the form T (x^0) = λ cosh ( x^0 √ 2 ) , (2.10)

2The relation between λc and λ̄ has not beeen conclusively determined [7].

– 5 – to first order in λ. In the Wick rotated theory the corresponding vertex operator is exactly marginal [20], which guarantees the existence of a solution in string field theory. The complete solution whose first order term is given by (2.10) has the property that the ∂_0T vanishes at x^0 = 0. This reflects the fact that at x^0 = 0, the tachyon field has zero velocity. On the other hand the Wick rotated version of the solution, for which T (x) ∼ λ cos(x/ √ 2) for small λ, should be thought of as an anti-kink located at x = π/ √ 2, and a kink located at x = 3π/ √ 2, i.e. at the points on the circle where the tachyon field itself vanishes. In particular if we increase λ, then for an appropriate value λ_c of λ, it is at these points where the lower-dimensional D-branes are created. Thus we see again that Wick rotation x^0 → ix does not map the origin of the x^0 coordinate, where the tachyon begins rolling, to the location of the soliton solution.

Finally we note that both in the case of bosonic string theory and the superstring theory, we could get other solutions by inverse Wick rotation of the solutions describing lump / kink solutions on a circle of radius other than the critical radius where the deformation is marginal. The interpretation of these solutions is not entirely clear to us; however since at the critical radius they seem to represent the tachyon placed at its minimum, this may be the case for other radii as well.

3. Conformal field theory description

As pointed out already, the procedure outlined in the last section gives us a way to construct time dependent solution of the equations of motion for sufficiently small x^0, describing the initial stage of the brane decay, but does not really allow us to follow the time evolution for large x^0. Thus we need to invoke other methods to analyze the system for large x^0.

One such method would be the techniques of two-dimensional conformal field theory. As discussed already, the Wick rotated solution can be described by a solvable boundary conformal field theory [16, 17, 18], and hence one might try to describe the physics of the solution describing the rolling of the tachyon by analysing the inverse Wick rotation of this solvable conformal field theory. This is described by the world-sheet action: − 1 2π ∫ d^2z∂_zX^0∂_{z̄}X^0 + ~λ ∫ dt cosh X^0(t) , (3.1)

where t parametrizes the boundary of the world-sheet, and the deformation parameter ~λ of conformal field theory is related to the parameter λ appearing in string field theory solution via some functional relation. For small λ, ~λ ≃ λ [7, 21]. We note from eq. (3.1) that for small positive λ (and hence positive ~λ) the boundary term gives a positive contribution to the action. In contrast if we had chosen λ to be negative, the boundary term will be negative, and could destabilize the theory. According to eq. (2.2) this corresponds to pushing the tachyon to the wrong side, where it can roll down all the way to −∞. Presumably this is the instability that is seen in the conformal field theory description.^3

3This qualitative difference between positive and negative values of ~λ is not visible in the Wick rotated theory [22].

– 6 –

For solutions with total energy larger than the brane tension, the cosh(X^0(t)) term in (3.1) is replaced by sinh(X^0(t)) and we see an instability for either sign of ~λ since sinh(X^0(t)) is unbounded from above and below. This is presumably related to the fact that in this case either in the past or in the future the tachyon rolls to the wrong side of the maximum where the potential is unbounded from below.

In contrast, for an unstable D-brane in superstring theory the solution describing the rolling of the tachyon is described by a boundary perturbation of the form [20]: ~λ ∫ dt σ_1 ⊗ ψ^0(t) sinh X^0(t) , (3.2)

where σ_1 is the Chan-Paton factor and ψ^0 is the superpartner of X^0. Thus both signs of ~λ are allowed in this case.

We shall not analyze these theories here, but note that since the Wick rotated version of these theories are solvable [16, 17, 18, 20], these theories are likely to be solvable as well. We also note the following point. Since the ~λ-deformation of the original conformal field theory involves only the coordinate X^0, the part of the boundary conformal field theory involving the space-like coordinates remains unchanged under this deformation. In particular the coordinates transverse to the original brane, carrying Dirichlet boundary condition, will continue to carry Dirichlet boundary condition. Thus we would expect that as the configuration evolves in time, the energy density of the system is confined to the plane of the original brane. This can be seen in particular by probing the system by closed string vertex operators; if we take a closed string vertex operator carrying a factor of e^{ik⊥.X⊥} , and compute its one point function on the disk with the boundary perturbation appropriate to the rolling solution, the answer is independent of k_⊥ due to the Dirichlet boundary condition on the coordinates X_⊥, or at most a polynomial in k_⊥ if the closed string vertex operator involves additional explicit factors of k_⊥ and/or ∂X_⊥. In position space this implies that the coupling of the closed strings to the system is proportional to δ(x_⊥) or its derivative, indicating that the time dependent configuration is still firmly localized on the surface x_⊥ = 0. This is in contrast to the generic decay of a soliton in a quantum field theory, where the initial energy of the lump soliton is eventually transfered to the bulk modes which carry the energy away from the brane.

4. Boundary state

We shall now analyze the boundary state associated with the rolling tachyon solution to determine what kind of source it produces for closed strings. We shall restrict our analysis in this section to bosonic string theory.

We consider the rolling tachyon solution in open bosonic string theory associated with the world-sheet action (3.1). As usual we shall attempt to determine the associated boundary state by beginning with the boundary state in the Wick rotated theory and then making an inverse Wick rotation. The boundary state in the Wick rotated theory, described by a free non-compact scalar X with boundary perturbation ~λ ∫ dt cos(X(t)) was analysed

– 7 – in [17]. It is given by: |B⟩ ∝ ∑ j j∑ m=−j D^j_{m,−m}(R)|j; m, m⟩⟩ , (4.1) where the sum over j runs over 0, 1/2, 1, . . ., R is the SU(2) rotation matrix: R = ( cos(π~λ) i sin(π~λ) i sin(π~λ) cos(π~λ) ) , (4.2)

D^j_{m,−m}(R) is the spin j representation matrix of this rotation in the J_z eigenbasis, and |j; m, m⟩⟩ is the Virasoro Ishibashi state [23] built over the primary |j; m, m⟩ in the c = 1 CFT with momentum 2m and conformal weight (j^2, j^2). This primary can be expressed in the form: |j; m, m⟩ = e^{iε(j,m)}O_{j,m}e^{2imX(0)}|0⟩_c , (4.3) where e^{iε(j,m)} is a phase factor, O_{j,m} is a combination of oscillators of total level j^2 − m^2 both in the holomorphic and the anti-holomorphic sector, and |0⟩_c is the SL(2, C ) invariant Fock vacuum for the closed string.

Since the expression is somewhat complicated, we shall focus on the part of the boundary state that does not involve any X oscillators. This requires picking up only the primary states |j; j, j⟩ and |j; −j, −j⟩ in eq. (4.1), whose expressions, according to eq. (4.3), does not involve any oscillators since j^2 − m^2 vanishes. Since

D^j_{,−j} = D^j_{−j,j} = (i sin(~λπ))^{2j} , (4.4)

according to the convention of [17], the oscillator free part of the boundary state is given by:

|B_0⟩ ∝ 1 + ∑ j≠0 ( i sin(~λπ) )_{2j} ( e^{iε(j,j)}e^{2ijX(0)} + e^{iε(j,−j)}e^{−2ijX(0)} ) |0⟩_c . (4.5)

It remains to determine the phase factors e^{iε(j,±j)}. These can be determined by using the result [16, 17, 18] that at the special value of ~λ = 1/2, the system becomes a periodic array of D-branes with Dirichlet boundary condition on X, placed at x = (2n + 1)π. Alternatively, at ~λ = −1/2 the system again becomes a periodic array of D-branes, but now placed at x = 2nπ. (In both cases the D-branes are situated at the minimum of the potential ~λ cos(X).) Thus for these values of ~λ the boundary state |B⟩ must match the known boundary state of the corresponding D-brane system. This gives

e^{iε(j,±j)} = (i)^{2j} , (4.6)

and hence, writing j = n/2, we get

|B_0⟩ ∝ [ 1 + 2 ∞∑ n=1 ( − sin(~λπ) )_n cos(nX(0)) ] |0⟩_c . (4.7)

– 8 –

This shows that the source for the closed string tachyon (and other fields involving arbitrary excitations in the rest of the c = 25 CFT and the ghost CFT but no oscillator excitation in the c = 1 CFT) is proportional to

1 + 2 ∞∑ n=1 ( − sin(~λπ) )_n cos(nx) . (4.8)

We can now make an inverse Wick rotation x → −ix^0 to get the source for the closed string tachyon field (and other fields involving excitations in the c = 25 and ghost CFT) for the rolling open string tachyon solution. This is proportional to:

f(x^0) ≡ 1 + ∞∑ n=1 ( − sin(~λπ) )_n (e^{nx0} + e^{−nx0} ) . (4.9)

This sum can be performed explicitly and gives:

f(x^0) = 1 1 + e^{x0} sin(~λπ) + 1 1 + e^{−x0} sin(~λπ)

− 1 . (4.10)

Note that for positive ~λ (which corresponds to beginning on the side on which the potential has a local minimum) the function f(x^0) is finite for all x^0 and in fact goes to 0 as x^0 → ∞. On the other hand if ~λ is negative, i.e. we begin on the side where the potential is unbounded from below, the function f(x^0) hits a singularity at x^0 = ln(−1/ sin(~λπ)).

Another interesting quantity is the (Fourier transform of the) coefficient of the state α^0_{−1}ᾱ^0_{−1}|k^0⟩ in |B⟩, where α^0_n and ᾱ^0_n represent the oscillators associated with the right and the left-moving components of X^0. In the Wick rotated picture, this receives contribution from two sources: a constant term proportional to D^1_{0,0} from the primary state |1; 0, 0⟩, and the secondary states^1_{2j2} L_{−1}L̄_{−1}|j; ±j, ±j⟩ in |j; ±j, ±j⟩⟩. These contributions can be evaluated in a straightforward manner, and after inverse Wick rotation add up to a term proportional to g(x^0) = cos(2~λπ) + 1 − f(x^0) , (4.11)

with f(x^0) defined as in eq. (4.10). Like f(x^0), g(x^0) represents the x^0 dependence of the source for many closed string fields, involving excitation by α^0_{−1}ᾱ^0_{−1} in the X^0 CFT, and arbitrary excitations in the c = 25 CFT and the ghost CFT. In particular the source for different components of the graviton and dilaton fields are given by appropriate linear combinations of f(x^0) and g(x^0).

Since f(x^0) + g(x^0) = cos(2~λπ) + 1 , (4.12) is conserved, it is natural to interprete it as the conserved energy density on the D-brane up to an overall normalization. This interpretation can also be supported by the following observation. For small ~λ, we have

f(x^0) + g(x^0) ≃ 2(1 − ~λ^2π^2) . (4.13)

This should be compared with the initial total energy of the D-brane system when the tachyon field is displaced by a small amount λ ≃ ~λ from its maximum. The tension of the

– 9 –

D-brane is given by 1/(2π^2g^2) [5] where g is the open string coupling constant. On the other hand, from the string field theory action we find that for small displacement ~λ of the tachyon field, the tachyon potential energy is −~λ^2/(2g^2). Thus the total initial energy is given by: 1 2π^2g^2

(1 − ~λ^2π^2) . (4.14)

This is precisely the same as the right-hand side of (4.13) up to a constant of proportionality. This in turn shows that it is correct to interprete f(x^0) + g(x^0) = 1 + cos(2~λπ) as the total energy density of the D-brane system.

We end this section with the following observations:

1. For ~λ = 1/2, total energy vanishes. Also from eq. (4.10) we see that f(x^0) vanishes, indicating that the system does not evolve. This corresponds to placing the tachyon at the minimum of its potential. We also note that at this point the Wick rotated theory represents a periodic array of D-branes with Dirichlet boundary condition on the X coordinate, placed at x = (2n + 1)π.

2. For 0 < ~λ < 1/2 the system evolves, but instead of oscillating about the minimum of the potential, its energy momentum tensor asymptotically approaches the configuration f(x^0) → 0 and g(x^0) → (1 + cos(2π~λ)). It is not clear how to reconcile this result with the result in boundary string field theory that the minimum of the tachyon potential is a finite distance away from the maximum [13, 14].

3. For −1/2 < ~λ < 0, the system evolves towards a singularity. As ~λ approaches −1/2, the time at which the system hits the singularity goes to zero.

4. The set of inequivalent solutions are obtained by taking −1/2 < ~λ ≤ 1/2. In particular ~λ =^1_2 + ϵ gives the same solution as ~λ =^1_2 − ϵ.

5. We have so far analyzed only part of the boundary state. In order to get a complete picture we should also analyze the time evolution of the rest of the boundary state involving higher level states in the X^0 CFT.

6. The analysis can be easily repeated for perturbation by ~λ sinh(X^0). In fact this is related to perturbation by ~λ cosh(X^0) by a replacement ~λ → −i~λ, X^0 → X^0 + iπ/2. Making these replacements in eqs. (4.10) and (4.11) we get

f(x^0) = 1 1 + e^{x0} sinh(~λπ) + 1 1 − e^{−x0} sinh(~λπ)

− 1 , (4.15) and g(x^0) = cosh(2~λπ) + 1 − f(x^0) . (4.16)

Thus the system hits a singularity at positive (negative) value of x^0 for small negative (positive) ~λ. The total energy of the system is now proportional to 1 + cosh(2~λπ). These results are consistent with the interpretation that ~λ represents the time derivative of the tachyon field at the top of the potential.

– 10 –

5. Effective field theory analysis

In this section we shall use an effective field theory to explore the decay of an unstable brane. The idea behind this analysis is as follows. As pointed out in refs. [24]–[31], the effective field theory describing the coupling of the tachyon to the Born-Infeld lagrangian admits electric flux tube solutions whose dynamics is identical to that of fundamental strings. Thus if we begin with a D-brane with a constant electric field switched on along one of its tangential directions, and then allow the tachyon field to roll down, then we would expect that the end product of the decay process will contain fundamental strings lying along the plane of the original brane, together with other decay products. If the other decay products reside in the degrees of freedom far away from the plane of the brane, we would expect that the hamiltonian describing the dynamics of the electric flux tubes will decouple from the hamiltonian describing the rest of the decay products. On the other hand if the other decay products reside in the plane of the brane, then there will not be any such decoupling.

We shall now show that the decoupling of this type does not occur within the analysis based on an effective field theory, leading to the conclusion that the decay products reside in the plane of the brane. We shall begin with a general effective action on the world-volume of the unstable D-brane, involving a set of scalar fields ⃗T , and a U(1) gauge field A_μ. The scalar fields ⃗T include the tachyon, and could also include other scalars like the transverse coordinates of the D-brane. We shall restrict to field configurations which are translationally invariant on the brane, work in the A_0 = 0 gauge, and allow only A_1 to be non zero, thereby allowing a (time dependent) uniform electric field E along the 1 direction given by

E = ∂_0A_1 . (5.1)

We shall also make the simplifying assumption that the lagrangian density depends only on the fields ⃗T , A_μ and their first time derivatives. From the general result of [32, 33, 34] it follows that the theory in the presence of the electric field can be related to the theory in the absence of electric field by rescaling the 00 and the 11 components of the metric, changing the overall normalization of the action, and replacing the ordinary products by Moyal product involving the coordinates x^0 and x^1. Since our field configurations are independent of x^1, the Moyal product is the same as the ordinary product, and we only need to take into account the rescaling of the metric and change in the overall normalization of the action. This gives the general form of the lagrangian density for space-independent field configurations to be: L = √ 1 − E^2f ( 1 √ 1 − E^2 ∂_0 ⃗T , ⃗T ) , (5.2)

where f(∂_0 ⃗T , ⃗T ) denotes the lagrangian density in the absence of the electric field. If we define,

f_i(∂_0 ⃗T , ⃗T ) = ∂f(∂_0 ⃗T , ⃗T ) ∂(∂_0T_i)

, (5.3)

– 11 – then the momenta Π conjugate to A_1 and the momenta P_i conjugate to T_i are given by, respectively, Π = ∂L ∂E = − E √ 1 − E^2 f ( ∂_0 ⃗T √ 1 − E^2 , ⃗T ) + E 1 − E^2

∂_0T_i f_i ( ∂_0 ⃗T √ 1 − E^2 , ⃗T ) ,

P_i = ∂L ∂(∂_0T_i) = f_i ( ∂_0 ⃗T √ 1 − E^2 , ⃗T ) . (5.4)

From this we get ∂_0T_i = √ 1 − E^2 g_i( ⃗P , ⃗T ) , (5.5)

where ⃗g is the inverse function of ⃗f, i.e. g_i ( ⃗f(∂_0 ⃗T , ⃗T ), ⃗T ) = ∂_0T_i . (5.6)

Using eq. (5.5), we can eliminate ∂_0T_i in terms of P_i in the first of eq. (5.4) and get Π = E √ 1 − E^2 h( ⃗P , ⃗T ) , (5.7) where h( ⃗P , ⃗T ) = ( −f ( ⃗g( ⃗P , ⃗T ), ⃗T ) + ⃗P · ⃗g( ⃗P , ⃗T ) ) . (5.8)

This gives E = Π √ Π^2 + ( h( ⃗P , ⃗T ) )_2 . (5.9)

Let us now turn to the construction of the hamiltonian density. This is given by: H( ⃗P , ⃗T ) = Π E + ⃗P · ∂_0 ⃗T − L = √ Π^2 + ( h( ⃗P , ⃗T ) )_2 . (5.10)

This shows that h( ⃗P , ⃗T ) represents the hamiltonian density of the system for E = 0. H is conserved as a result of time translation invariance of the system, and Π is conserved as a result of gauge invariance. Thus from (5.10) we see that h( ⃗P , ⃗T ) is also conserved, and eq. (5.9) then shows that E is conserved as well. We note from eq. (5.10) that due to separate conservation of Π and h, the dynamics of ⃗P and ⃗T in the background of electric flux is related to the dynamics in the absence of the flux by a simple time dilation factor of h/ √ Π^2 + h^2.

Π can be interpreted as the energy stored in the electric flux tube; indeed if during the evolution of the D-brane the excess energy leaves the plane of the brane leaving behind static electric flux tubes in the tachyon vacuum, then the energy stored in the flux tube will be exactly Π [27, 29, 31]. In this case we would expect the hamiltonian describing the dynamics of the flux tube to be nearly decoupled from the hamiltonian describing the dynamics of the “bulk modes”. As seen from (5.10) however, this is not the case; the hamiltonian h( ⃗P , ⃗T ) containing the excess energy of the brane couples strongly to Π. To see this more explicitly, we can compare two situations. First consider the situation where

– 12 – we have an initial condition h( ⃗P , ⃗T ) = 0. This represents a system with electric flux at the minimum of the tachyon potential. In the other case we begin with a system with the same amount of electric flux near the top of the potential well and let it roll down towards the minimum, so that the initial condition sets h to a fixed non-zero constant required to give the correct tension of the brane. If the excess energy of the brane is carried away from the brane during the decay leaving behind static electric flux tubes, then after a sufficiently long time, the dynamics of the flux tube in the two cases should be described effectively by the same hamiltonian. To see if this is the case, we now compare the response of these two systems to small fluctuation of the scalar fields X^i describing transverse coordinates of the brane. This can be done by deforming h from its given value by switching on small amount of momenta P_i conjugate to X^i. Physically, around the tachyon vacuum solution, P_i represents the momentum carried by the flux tube in directions transverse to the original brane [29, 31]. Since h( ⃗P , ⃗T ) is conserved, irrespective of how long we wait, the dependence of H on P_i will be different in the two cases, since we are Taylor expanding a function around two different points. Thus the dynamics of the flux tube continues to depend on the initial energy of the system irrespective of how long we wait. From this we conclude that the excess energy does not get carried away by radiation, but resides in the plane of the brane where it couples strongly to the electric flux tubes.

6. Conclusion

In this paper we have explored some aspects of time dependent solution in string field theory on an unstable D-brane describing the tachyon rolling away from the maximum of its potential. Due to the presence of higher derivative terms in the string field theory action it is not a priori clear how to construct such solutions. We have shown that it is indeed possible to construct a family of solutions of the string field theory equations of motion labelled by the initial position and velocity of the tachyon field. Furthermore, one can also explicitly write down the boundary conformal field theory action and the boundary state associated with these solutions.

Unlike in the case of decay of an unstable lump solution in a generic field theory, where under a small perturbation the energy of the lump gets converted to the classical radiation moving away from the original position of the lump, in the case of classical decay of a D-brane, the energy is stored in the plane of the original brane. This can be traced to the fact that there are no open string degrees of freedom away from the plane of the D-brane, and hence no classical mode of the string can carry away the energy.

The analysis of the boundary state shows that for D-branes in bosonic string theory, if we push the system towards the minimum of the tachyon potential, its energy momentum tensor evolves smoothly towards an asymptotic configuration. Instead, if we push the system in the other direction in which the potential is unbounded from below, the energy momentum tensor quickly hits a singularity.

Clearly there are many avenues left open for exploration. This includes a detailed study of the boundary states describing the rolling of the tachyon field on unstable D-branes in superstring theories. In the Wick rotated theory this was studied in ref. [35], but since it

– 13 – was expressed in terms of a different set of variables than the Wick rotated coordinate X, it is difficult to use it directly for the present analysis. Another possible approach would be construction of the time dependent solutions in vacuum string field theory [36] along the line of [37]. These studies may turn out to be useful in uncovering the role of tachyon condensation in cosmology.

Acknowledgments

I would like to thank B. Zwiebach for useful discussions. This work was supported in part by a grant from the Eberly College of Science of the Penn State University.

References

[1] V.A. Kostelecky and S. Samuel, On a nonperturbative vacuum for the open bosonic string, Nucl. Phys. B 336 (1990) 263;

A. Sen and B. Zwiebach, Tachyon condensation in string field theory, J. High Energy Phys. 03 (2000) 002 [hep-th/9912249];

N. Moeller and W. Taylor, Level truncation and the tachyon in open bosonic string field theory, Nucl. Phys. B 583 (2000) 105 [hep-th/0002237];

J.A. Harvey and P. Kraus, D-branes as unstable lumps in bosonic open string field theory, J. High Energy Phys. 04 (2000) 012 [hep-th/0002117];

R. de Mello Koch, A. Jevicki, M. Mihailescu and R. Tatar, Lumps and p-branes in open string field theory, Phys. Lett. B 482 (2000) 249 [hep-th/0003031];

R. de Mello Koch and J.P. Rodrigues, Lumps in level truncated open string field theory, Phys. Lett. B 495 (2000) 237 [hep-th/0008053];

N. Moeller, Codimension two lump solutions in string field theory and tachyonic theories,

hep-th/0008101;

H. Hata and S. Shinohara, BRST invariance of the non-perturbative vacuum in bosonic open string field theory, J. High Energy Phys. 09 (2000) 035 [hep-th/0009105]; B. Zwiebach, Trimming the tachyon string field with SU(1, 1), hep-th/0010190; M. Schnabl, Constraints on the tachyon condensate from anomalous symmetries, Phys. Lett. B 504 (2001) 61 [hep-th/0011238];

P. Mukhopadhyay and A. Sen, Test of siegel gauge for the lump solution, J. High Energy Phys. 02 (2001) 017 [hep-th/0101014];

D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, Patterns in open string field theory solutions, J. High Energy Phys. 03 (2002) 003 [hep-th/0201159]; N. Berkovits, The tachyon potential in open Neveu-Schwarz string field theory, J. High Energy Phys. 04 (2000) 022 [hep-th/0001084];

N. Berkovits, A. Sen and B. Zwiebach, Tachyon condensation in superstring field theory, Nucl. Phys. B 587 (2000) 147 [hep-th/0002211];

P.-J. De Smet and J. Raeymaekers, Level four approximation to the tachyon potential in superstring field theory, J. High Energy Phys. 05 (2000) 051 [hep-th/0003220]; A. Iqbal and A. Naqvi, Tachyon condensation on a non-BPS D-brane, hep-th/0004015; I.Y. Aref’eva, A.S. Koshelev, D.M. Belov and P.B. Medvedev, Tachyon condensation in cubic superstring field theory, hep-th/0011117;

Gauge invariance and tachyon condensation in cubic superstring field theory,

hep-th/0107197.

– 14 –

[2] N. Moeller, A. Sen and B. Zwiebach, D-branes as tachyon lumps in string field theory, J.

High Energy Phys. 08 (2000) 039 [hep-th/0005036].

[3] M. Gutperle and A. Strominger, Spacelike branes, J. High Energy Phys. 04 (2002) 018 [hep-th/0202210].

[4] B. Zwiebach, A solvable toy model for tachyon condensation in string field theory, J. High Energy Phys. 09 (2000) 028 [hep-th/0008227].

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

[6] W. Taylor, Mass generation from tachyon condensation for vector fields on D-branes, J. High Energy Phys. 08 (2000) 038 [hep-th/0008033];

H. Hata and S. Teraguchi, Test of the absence of kinetic terms around the tachyon vacuum in cubic string field theory, J. High Energy Phys. 05 (2001) 045 [hep-th/0101162]; I. Ellwood and W. Taylor, Open string field theory without open strings, Phys. Lett. B 512 (2001) 181 [hep-th/0103085];

B. Feng, Y.-H. He and N. Moeller, Testing the uniqueness of the open bosonic string field theory vacuum, hep-th/0103103;

I. Ellwood, B. Feng, Y.-H. He and N. Moeller, The identity string field and the tachyon vacuum, J. High Energy Phys. 07 (2001) 016 [hep-th/0105024].

[7] A. Sen and B. Zwiebach, Large marginal deformations in string field theory, J. High Energy Phys. 10 (2000) 009 [hep-th/0007153].

[8] A. Hashimoto and N. Itzhaki, Observables of string field theory, J. High Energy Phys. 01 (2002) 028 [hep-th/0111092].

[9] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, Ghost structure and closed strings in vacuum string field theory, hep-th/0111129.

[10] A.A. Gerasimov and S.L. Shatashvili, Stringy Higgs mechanism and the fate of open strings, J. High Energy Phys. 01 (2001) 019 [hep-th/0011009].

[11] J. Ambjørn and R.A. Janik, Interpolating between open and closed strings — a BSFT approach, hep-th/0203185.

[12] J.A. Minahan and B. Zwiebach, Field theory models for tachyon and gauge field string dynamics, J. High Energy Phys. 09 (2000) 029 [hep-th/0008231]; Effective tachyon dynamics in superstring theory, J. High Energy Phys. 03 (2001) 038 [hep-th/0009246]; Gauge fields and fermions in tachyon effective field theories, J. High Energy Phys. 02 (2001) 034 [hep-th/0011226].

[13] 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].

[14] 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].

[15] B. Zwiebach, private communications.

[16] C.G. Callan, I.R. Klebanov, A.W.W. Ludwig and J.M. Maldacena, Exact solution of a boundary conformal field theory, Nucl. Phys. B 422 (1994) 417 [hep-th/9402113]; J. Polchinski and L. Thorlacius, Free fermion representation of a boundary conformal field theory, Phys. Rev. D 50 (1994) 622 [hep-th/9404008].

– 15 –

[17] A. Recknagel and V. Schomerus, Boundary deformation theory and moduli spaces of D-branes, Nucl. Phys. B 545 (1999) 233 [hep-th/9811237].

[18] A. Sen, Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105].

[19] M.R. Gaberdiel and B. Zwiebach, Tensor constructions of open string theories, 1.

Foundations, Nucl. Phys. B 505 (1997) 569 [hep-th/9705038].

[20] A. Sen, SO(32) spinors of type-I and other solitons on brane-antibrane pair, J. High Energy Phys. 09 (1998) 023 [hep-th/9808141]; BPS D-branes on non-supersymmetric cycles, J. High Energy Phys. 12 (1998) 021 [hep-th/9812031].

[21] A. Sen, On the background independence of string field theory, Nucl. Phys. B 345 (1990) 551.

[22] J.A. Harvey, D. Kutasov and E.J. Martinec, On the relevance of tachyons, hep-th/0003101.

[23] N. Ishibashi, The boundary and crosscap states in conformal field theories, Mod. Phys. Lett.

A 4 (1989) 251.

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

H. Gustafsson and U. Lindström, A picture of D-branes at strong coupling, 2. Spinning partons, Phys. Lett. B 440 (1998) 43 [hep-th/9807064];

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

[25] P. Yi, Membranes from five-branes and fundamental strings from Dp-branes, Nucl. Phys. B 550 (1999) 214 [hep-th/9901159].

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

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

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

[28] J.A. Harvey, P. Kraus, F. Larsen and E.J. Martinec, D-branes and strings as non-commutative solitons, J. High Energy Phys. 07 (2000) 042 [hep-th/0005031].

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

[30] F. Larsen, Fundamental strings as noncommutative solitons, Int. J. Mod. Phys. A 16 (2001) 650 [hep-th/0010181].

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

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

[32] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys.

09 (1999) 032 [hep-th/9908142].

[33] N. Seiberg, L. Susskind and N. Toumbas, Strings in background electric field, space/time noncommutativity and a new noncritical string theory, J. High Energy Phys. 06 (2000) 021 [hep-th/0005040].

[34] R. Gopakumar, J.M. Maldacena, S. Minwalla and A. Strominger, S-duality and noncommutative gauge theory, J. High Energy Phys. 06 (2000) 036 [hep-th/0005048].

– 16 –

[35] M. Frau, L. Gallot, A. Lerda and P. Strigazzi, Stable non-BPS D-branes in type-I string theory, Nucl. Phys. B 564 (2000) 60 [hep-th/9903123].

[36] L. Rastelli, A. Sen and B. Zwiebach, String field theory around the tachyon vacuum,

hep-th/0012251.

[37] L. Rastelli, A. Sen and B. Zwiebach, Classical solutions in string field theory around the tachyon vacuum, hep-th/0102112; Half strings, projectors and multiple D-branes in vacuum string field theory, J. High Energy Phys. 11 (2001) 035 [hep-th/0105058]; Boundary CFT construction of D-branes in vacuum string field theory, J. High Energy Phys. 11 (2001) 045 [hep-th/0105168];

D.J. Gross and W. Taylor, Split string field theory, 1, J. High Energy Phys. 08 (2001) 009 [hep-th/0105059].

– 17 –