Published by Institute of Physics Publishing for SISSA/ISAS Received: October 9, 2002 Accepted: November 24, 2002

Decay of unstable D-branes with electric field

Partha Mukhopadhyay^a and Ashoke Sen^{ab}

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

Abstract: Using the techniques of two dimensional conformal field theory we construct time dependent classical solutions in open string theory describing the decay of an unstable D-brane in the presence of background electric field, and explicitly evaluate the time dependence of the energy momentum tensor and the fundamental string charge density associated with this solution. The final decay product can be interpreted as a combination of stretched fundamental strings and tachyon matter.

Keywords: Tachyon Condensation, D-branes.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep112002047 /jhep112002047 .pdf

Contents

1. Introduction and summary 1

2. Target space analysis 4

3. Boundary conformal field theory analysis 9 3.1 The boundary conformal field theory 9 3.2 Compactification and enhancement of SU(2) symmetries 12 3.3 The boundary state in the compactified theory 12 3.4 Boundary state in the deformed theory 15 3.5 Sources from boundary state 16

4. Generalisation to superstrings 18

5. Effective field theory 21

A. Divergence of the boundary state in the e → 1, ~λ → 1/2 limit 24

1. Introduction and summary

It has been noticed in various works [1]–[6] that switching on an electric field on the worldvolume of a D-brane leads to various new physical effects which are absent in the magnetic case [1, 7, 8]. In particular, unlike the magnetic case the strength of the electric field can not be increased beyond a critical value keeping the open string theory stable. The solutions carrying electric flux [9]–[12] are particularly interesting in the tachyon vacuum of an unstable D-brane [13, 14], since in this vacuum the full Poincare invariance of the bulk is expected to be restored and all the perturbative degrees of freedom are unphysical [15]. It was shown in [11] that although the effective action proposed in [16] vanishes at the tachyon vacuum, the system admits a well-defined hamiltonian description, and has classical solutions describing electric flux tubes carrying fundamental string charge. The classical dynamics of these flux tubes is described by Nambu-Goto action, and possesses the full Poincare invariance of the bulk [11, 12].

A related development in the study of tachyon dynamics has been the construction of time dependent classical solutions representing the decay of an unstable D-brane as the tachyon rolls down towards the minimum of the potential [17]–[21].^1 The solution

1See [22] for the study of time dependent solutions representing rolling of tachyons in p-adic string theory, ref. [23] for a time dependent solution in cubic string field theory, [24] for related cosmological applications and [25] for other related works including discussions in the context of background independent string field theory. Earlier attempts at cosmology involving rolling tachyon were made in [26].

– 1 – is constructed by perturbing the boundary conformal field theory (BCFT) describing the original D-brane by an exactly marginal deformation. The strength ~λ of the perturbation labels the initial value of the tachyon T . The perturbed BCFT carries all the information about this one parameter family of rolling tachyon solutions labelled by the initial position of T . For example the corresponding boundary state gives information about the time evolution of various closed string sources, e.g. the energy-momentum tensor. In particular, it was shown in [19] that if we displace the tachyon towards the (local) minimum of the potential and let it roll, the system asymptotically evolves to a pressure-less gas with nonzero energy density confined in the initial D-brane world-volume. It was also shown that at ~λ = 1/2, which corresponds to placing the tachyon at the minimum of the potential, the energy-momentum tensor vanishes at all time as conjectured [13, 14].^2

Given these results, we can ask: how does the energy momentum tensor (and other closed string sources) evolve with time for the rolling tachyon solution in the presence of electric flux? In this paper we answer this question by constructing a two parameter family of time dependent solutions, labelled by the initial electric field e and the initial value ~λ of the tachyon. We find, first of all, that the solution carries fundamental string charge as expected. At arbitrary values of ~λ and the electric field e (below the critical limit), the energy-momentum tensor T_{μν} of the solution splits into a sum of contribution from two sources, — the rolling tachyon, and a uniform density of fundamental strings [28], localised on the initial location of the brane, and stretched along the direction of the electric field. The contribution to T_{μν} from the fundamental string charge remains constant in time, whereas the rolling tachyon contribution has the same form as that in the absence of electric field, except for a change in the overall normalisation and a time dilation which depends on the strength of the electric field. Since the time evolution of the rolling tachyon contribution gets affected by the value of the electric field, it shows that the two systems are coupled together. In a suitable limit where the initial value of the tachyon approaches the minimum of the potential (~λ → 1/2 ) and the background electric field goes to its critical value (e → 1), the contribution from the rolling tachyon drops out, leaving behind only the time independent fundamental string contribution.^3 This coincides with the source terms discussed in [28]. However our analysis also shows that this source has divergent components for the higher massive closed string states. The physical significance of this divergence has not been investigated in this work. However, since fundamental string configurations are valid configurations in string theory, our results can be turned around to conclude that divergent higher level contribution to a boundary state does not necessarily imply a singularity of the configuration that it describes. (Different aspects of higher level contribution to the boundary state associated with rolling tachyon configuration have been discussed in [29].)

We carry out our analysis in two different ways. In the first approach discussed in section 2 we assume the existence of a space-time effective field theory for the tachyon, possibly containing infinite number of higher derivative terms, and use the results of [8] to

2For early studies of open string tachyon dynamics, see [27].

3This implies that the electric flux solution obtained this way is a stationary solution.

– 2 – write the sources for the massless closed string fields in presence of the background electric field in terms of the sources in absence of the background electric field. This does not require knowledge of the explicit form of the effective action, and is done by the following steps:

1. Using the results of [8] we first rewrite the action at a nonzero background electric field e using the open string metric and the non-commutative ∗ product. This relates a solution in the presence of background electric field to a solution in the non-commutative theory with zero background electric field. The dependence of the solution on e in the non-commutative theory comes only through the ∗ product and the open string metric.

2. Now if we look for a solution which depends only on one space-time direction in the non-commutative theory with zero background electric field, then one can immediately relate this to a solution in commutative theory with zero background field, since non-commutativity does not play any role if the configuration depends on only one direction. This allows us to relate a solution in the non-commutative theory, and hence in the commutative theory with background electric field e, to a solution in the commutative theory with vanishing background electric field. In the latter theory, the dependence of the solution on e comes from the dependence of the open string metric on e.

3. The solution in commutative theory with zero background field and non-trivial (constant) open string metric can be further related to the solution in trivial open string metric background by a linear coordinate transformation that takes the open string metric to the trivial metric.

This allows us to construct a solution in the theory with background electric field and trivial metric in terms of a solution in the theory with zero background electric field and trivial metric. The sources, evaluated at this pair of solutions in the two different theories can also be related by using their tensorial property under this coordinate transformation. Using this and the chain rule of differentiation one can then write down the sources derived from the lagrangian with a non-zero background electric field and trivial metric in terms of the sources derived from the lagrangian with zero background electric field and trivial metric. Since the sources in absence of the background field are already known [19], this gives the sources in the presence of the background electric field.

Our second approach discussed in section 3 is to directly analyse the BCFT corresponding to the rolling tachyon solution coupled to the background electric field. We construct this BCFT by adding appropriate perturbation to the BCFT describing the unstable Dbrane with a constant background electric field. In [18], the perturbation associated with the rolling tachyon solution was identified from the spatially homogeneous solution to the linearised equation of motion for the tachyon in string field theory. Proceeding along the same line, we first find the solution to the linearised equation of motion in presence of the background electric field, and use it to identify the rolling tachyon perturbation in

– 3 – presence of background field. Having identified the relevant BCFT we analyse it following the approach of [17, 18], namely Wick-rotate the time direction to go to a theory with all spatial directions. The resulting theory without the perturbation term is equivalent to the standard magnetic BCFT analysed in [1, 2, 30, 8] with an imaginary magnetic field. We do all the explicit analysis with a real magnetic field and at the end recover results in the original electric theory by performing the inverse Wick-rotation and an analytic continuation which makes the magnetic field imaginary. We study the perturbation describing the rolling tachyon in this magnetic BCFT and argue, using the idea of locality of boundary operators introduced in [32], that this deformation is exactly marginal. This gives a two parameter family of BCFT’s labelled by the background electric field e and the strength ~λ of the deformation. We then construct the boundary state associated with these BCFT’s by generalising the construction given in [30]–[33] to the present case. Once the boundary state is known, we can extract the massless closed string sources from this boundary state [34, 35, 36]. These reproduce the results obtained through the target space analysis of section 2. The new information that one gets from the boundary state analysis is the divergence of the boundary state for the higher level terms in the limit ~λ → 1/2, e → 1 discussed earlier. The divergence is demonstrated by performing an explicit computation of the terms at the next higher level.

All the above discussions have been made in the case of bosonic string theory. We generalise the analysis to the superstrings in section 4. We have computed only the massless sources by generalising the analysis of [19]. Although we have not computed the full boundary state or performed any computation at the next higher level, one might expect to see similar divergences in the ~λ → 1/2, e → 1 limit in this case also.

In section 5 we discuss a candidate low energy world-volume effective action following [16, 37, 38, 19, 20] which reproduces the results for the sources of massless closed string fields. We also discuss its coupling to the supergravity fields including the massless RR backgrounds.

2. Target space analysis

We denote by S(T ; g_{μν} , b_{μν} ) the effective action describing the dynamics of the tachyon field on a Dp-brane in the presence of constant background closed string metric g_{μν} and anti-symmetric tensor field b_{μν} . By the result of [8], this effective action is equivalent to another action:^4 S(T ; g_{μν} , b_{μν} ) = √ det(g + b)

det G

S_Θ(T ; G_{μν} , b_{μν} = 0) , (2.1)

where S_Θ is related to S by the replacement of all products by ∗-products with noncommutativity parameter Θ, and G_{μν} is the open string metric. The inverse G^{μν} of G_{μν} and Θ^{μν} are given in terms of g_{μν} and b_{μν} by the relations: G^{μν} = [ (g + b)^{−1} ]_{μν} S , Θ^{μν} = [ (g + b)^{−1} ]_{μν} A , (2.2)

4We have absorbed factors of 2π into the definition of bμν and Θμν compared to [8] in order to simplify various formulæ.

– 4 – where the subscripts S and A denote the symmetric and anti-symmetric parts of the corresponding matrices respectively. In general the fields T appearing on the two sides of (2.1) are related by a field redefinition, but for the configurations we shall be considering where the tachyon depends only on the time coordinate, this field redefinition is identity.

The equivalence (2.1) implies that if we can construct a classical solution of the equations of motion of S_Θ(T ; G_{μν} , b_{μν} = 0), then we also have a solution of the equations of motion of S(T ; g_{μν} , b_{μν} ). We shall focus on solutions which depend on only the time coordinate; and in this case we can replace the ∗-product by ordinary product. Thus we need to find solutions of the equations of motion of S(T ; G_{μν} , b_{μν} = 0). For constant G_{μν} , these solutions, in turn, can be computed from solutions of the equations of motion of S(T ; η_{μν} , b_{μν} = 0) by a linear transformation on the coordinates that converts the metric η_{μν} to G_{μν} .^5

To be more specific, we shall consider a background of the form:

g_{μν} = η_{μν} , b_{01} = −b_{10} = e , (2.3)

with all other components of b_{μν} being zero. Since a background b_{01} is equivalent to switching on an electric field on the D-brane world-volume, throughout this paper we shall refer to such background as background electric field. Eqs. (2.2) and (2.3) give:

G_{00} = − ( 1 − e^2 ) , G_{11} = ( 1 − e^2 ) , G_{ij} = δ_{ij} for i, j ≥ 2 , Θ^{01} = e (1 − e^2) , (2.4) with all other components of G_{μν} and Θ^{μν} being zero. G_{μν} can be converted to η_{μν} by a rescaling of x^0 and x^1 by √ 1 − e^2. Thus if T = F (x^0) is a solution of the equations of motion of S(T ; η_{μν} , b_{μν} = 0), then T = F ( √ 1 − e^2 x^0) will be a solution of the equations of motion of S(T ; G_{μν} , b_{μν} = 0) and also of S_Θ(T ; G_{μν} , b_{μν} = 0). By the equivalence (2.1), it is then also a solution of the equations of motion of S(T ; g_{μν} , b_{μν} ).

Thus if we knew the solution F (x^0), we could find the solution of the equations of motion of S(T ; g_{μν} , b_{μν} ). In actual practice, however, we do not know the solution F (x^0), but only know the energy momentum tensor associated with this solution [18, 19]. Let us denote this by T^{(0)}_{μν} (x^0):

T^{(0)}_{μν} ( x^0 ) = −2 δS(T = F (x^0); G_{μν} , b_{μν} = 0) δG^{μν} (x) | | |_{Gμν =ημν} . (2.5)

(Throughout this paper we shall omit writing the dependence of various closed string sources on coordinates transverse to the D-brane, which is just a delta function of the transverse coordinates.) Then the energy momentum tensor

~T_{μν} (x^0) = −2(− det G)^{−1/2} δS ( T = F (√ 1 − e^2 x^0 ) ; G_{μν} , b_{μν} = 0 ) δG^{μν} (x) , (2.6)

5Related technique has been used earlier in [39].

– 5 – for G_{μν} given in (2.4), is related to T^{(0)}_{μν} (x^0) by the standard transformation laws under (x^0, x^1) → √ 1 − e^2 (x^0, x^1). This gives

~T_{ab} (x^0) = (1 − e^2) T^{(0)}_{ab} (√ 1 − e^2 x^0 ) , ~T_{ai} ( x^0 ) = √ 1 − e^2 T^{(0)}_{ai} (√ 1 − e^2 x^0 ) , ~T_{ij} (x^0) = T^{(0)}_{ij} (√ 1 − e^2 x^0 ) , for a, b = 0, 1 , i, j ≥ 2 . (2.7)

For the case at hand, we know the explicit form of T^{(0)}_{μν} from the analysis of [18, 19]. For definiteness let us consider the case of bosonic string theory. In this case:

T^{(0)}_{00} = 1 2 T_p ( 1 + cos ( 2π~λ )) , T^{(0)}_{r0} = 0 , T^{(0)}_{rs} = −T_pf ( x^0 ) δ_{rs} , for r, s ≥ 1 . (2.8) Here T_p is the tension of the D-p-brane, ~λ is a parameter labelling the total energy of the system, and f(x^0) = 1 1 + sin(π~λ)e^{x0} + 1 1 + sin(π~λ)e^{−x0} − 1 . (2.9)

Using eqs. (2.7), (2.8) we get

~T_{00} = (1 − e^2) 1 2 T_p ( 1 + cos ( 2π~λ )) , ~T_{11} = − ( 1 − e^2 ) T_pf (√ 1 − e^2 x^0 ) , ~T_{ij} = −T_pf (√ 1 − e^2 x^0 ) δ_{ij} , for i, j ≥ 2 . (2.10)

The quantities of interest to us are the energy momentum tensor and the source for the antisymmetric tensor field computed from the action S(T ; g_{μν} , b_{μν} ):

T^{μν} (x) = 2 δS(T ; g_{μν} , b_{μν} ) δg_{μν} (x) | | |_{gμν =ημν} , S^{μν} (x) = 2 δS(T ; g_{μν} , b_{μν} ) δb_{μν} (x) | | |_{gμν =ημν} . (2.11) Thus we have δS(T ; g_{μν} , b_{μν} ) = 1 2 ∫ d^{p+1}x [T^{μν} (x)δg_{μν} (x) + S^{μν} (x)δb_{μν} (x)] . (2.12)

We shall now consider space-time independent variations δg_{μν} and δb_{μν} . In this case, eq. (2.1) gives δS(T ; g_{μν} , b_{μν} ) = [ δ (√ det(g+b) det G ) S_Θ(T ; G_{μν} , b_{μν} = 0)+ √ det(g+b) det G δS_Θ(T ; G_{μν} , b_{μν} = 0) ]

= [ δ (√ det(g+b) det G ) S(T ; G_{μν} , b_{μν} = 0)+ √ det(g+b)

det G δS(T ; G_{μν} , b_{μν} = 0) ] , (2.13)

where in the last line we have made use of the fact that for T dependent on only the x^0 coordinate we can ignore the Θ dependence of the action. Eq. (2.6) gives: δS(T ; G_{μν} , b_{μν} = 0) = − 1 2 ∫ d^{p+1}x ~T_{μν} (x)δG^{μν} , (2.14)

– 6 – where, using (2.2) we have,

δG^{00} = − ( 1 − e^2 )_{−2} ( δg_{00} + 2eδb_{01} − e^2δg_{11} ) , δG^{11} = − ( 1 − e^2 )_{−2} ( δg_{11} − 2eδb_{01} − e^2δg_{00} ) , δG^{ij} = −δg_{ij} , for i, j ≥ 2 , δ (√ det(g + b)

det G ) = 1 2 ( 1 − e^2 )_{−3/2} ( e^2δg_{00} − e^2δg_{11} + 2eδb_{01} ) . (2.15)

In order to evaluate the right hand side of (2.13), we also need to compute S(T ; G_{μν} , b_{μν} = 0) for the solution T = F ( √ 1 − e^2x^0). This is done as follows. Let us consider a space-time independent variation δG_{22} of G_{22} with all other δG_{μν} = 0. In this case, for the background of the form considered here, the only contribution to δS(T ; G_{μν} , b_{μν} = 0) will come from the overall multiplicative factor of √ − det G in the lagrangian density. Thus we have:

δS(T ; G_{μν} , b_{μν} = 0) = 1 2 δG_{22}S(T ; G_{μν} , b_{μν} = 0) , (2.16)

since G^{22} = 1. On other hand eq. (2.6) gives δS(T ; G_{μν} , b_{μν} = 0) = − 1 2 ∫ d^{p+1}x(− det G)^{1/2}δG^{22} ~T_{22} = 1 2 ∫ d^{p+1}x(− det G)^{1/2}δG_{22} ~T_{22} ,

(2.17) since δG_{22} = −δG^{22}. Comparing (2.16) and (2.17) we get

S(T ; G_{μν} , b_{μν} = 0) = ∫ d^{p+1}x(− det G)^{1/2} ~T_{22} . (2.18)

Eqs. (2.12)–(2.15), and (2.18) now give: δS(T ; g_{μν} , b_{μν} ) ≡ 1 2 ∫ d^{p+1}x[T^{μν} δg_{μν} +S^{μν} δb_{μν} ] = 1 2 ∫ d^{p+1}x [ δg_{00} {( 1−e^2 )_{−3/2} ~ T_{00}−e^2 ( 1−e^2 )_{−3/2} ~ T_{11}+e^2 ( 1−e^2 )_{−1/2} ~ T_{22} } + +δg_{11} {( 1−e^2 )_{−3/2} ~ T_{11}−e^2 ( 1−e^2 )_{−3/2} ~ T_{00}−e^2 ( 1−e^2 )_{−1/2} ~ T_{22} } + +2eδb_{01} {( 1 − e^2 )_{−3/2} ~ T_{00}− ( 1−e^2 )_{−3/2} ~ T_{11}+ ( 1−e^2 )_{−1/2} ~ T_{22} } + + ( 1−e^2 )_{1/2} ~ T_{ij} δg_{ij} ] . (2.19)

Since δg_{μν} and δb_{μν} are arbitrary constants, from (2.19) we can compute space-time integrals of T_{μν} and S_{μν} . If we assume that the relation holds also for the integrands, then we get T_{00} = T^{00} = [ 1 2 e^2 ( 1−e^2 )_{−1/2} T_p ( 1+ cos ( 2π~λ )) ] + { 1 2 ( 1−e^2 )_{1/2} T_p ( 1+ cos ( 2π~λ ))} , T_{11} = T^{11} = − [ 1 2 e^2(1 − e^2)^{−1/2}T_p ( 1+ cos ( 2π~λ )) ] − { ( 1−e^2 )_{1/2} T_pf (√ 1−e^2 x^0 )} , T_{ij} = T^{ij} = − { ( 1 − e^2 )_{1/2} T_pf (√ 1 − e^2 x^0 ) δ_{ij} } , S_{01} = −S^{01} = − [ 1 2 e ( 1 − e^2 )_{−1/2} T_p ( 1 + cos ( 2π~λ )) ] . (2.20)

– 7 –

Note that in defining S_{01} we have taken into account the fact that δS receives contribution from^1_2 S^{01}δb_{01} as well as^1_2 S^{10}δb_{10}.

We now need to examine to what extent it is justified to equate the integrands in (2.19) to arrive at (2.20). First of all, note that the dependence of T_{μν} and S_{μν} on the spatial coordinates is trivial (independent of the tangential directions, and proportional to a delta function involving the transverse coordinates which is understood in (2.20)). Thus the only question is if we can equate the integrands under the x^0 integral. Since T_{0μ} and S_{0μ} are time independent due to their conservation laws, the answers for these quantities given in (2.20) are certainly valid. As for the other quantities, we note that the detailed time dependence of these quantities depends to a large extent on the precise off-shell definition of the metric since we need to compute the change in the action under a local variation of the metric and anti-symmetric tensor field. As a result, these quantities can be changed by changing the definition of the off-shell continuation of the metric e.g. by redefining the off-shell vertex operator by a conformal transformation. Thus the expressions given in (2.20) are equally good choices to any other expressions consistent with the integrated equation (2.19). Nevertheless, we shall see in later sections that the boundary state analysis, which comes with a precise convention for coupling of off-shell closed string states to a D-brane, leads to the same expressions for the time evolution of the various sources as given in (2.20).

T_{μν} and S_{μν} given in (2.20) can be interpreted as a sum of the contribution from a configuration of fundamental strings (shown in square bracket) and from rolling tachyon in the absence of electric field (shown in curly brackets). Note however that the evolution of the contribution from rolling tachyon slows down by a factor of √ 1 − e^2 in the presence of fundamental string charge. Thus the two systems do not decouple. We can get pure fundamental string background without any contribution from rolling tachyon by taking the limit e → 1, ~λ → 1 2 , (1 − e^2)^{−1/2} ( 1 + cos ( 2π~λ )) fixed . (2.21)

However, as shown in appendix A, the contribution to the boundary state from higher level closed string states blows up in this limit. The meaning of this divergence is not entirely clear to us.

These results can be generalised to the case of decay of unstable D-p-branes and braneantibrane systems in superstring theories. In fact the final formula for T_{μν} and S_{μν} are given by the same expressions as (2.20), all that changes is the expression for f(x^0). In this case we have [19]

f(x^0) = 1 1 + sin^2(π~λ)e^{√2x0} + 1 1 + sin^2(π~λ)e^{−√2x0}

− 1 . (2.22)

Similarly we can generalise the results to the case where the tachyon begins rolling at the top of the potential with a non-zero velocity so that the total energy of the system is larger than the tension of the brane. This requires a replacement of cos(2π~λ) by cosh(2π~λ) and appropriate replacements for f(x^0) as given in [19].

– 8 –

3. Boundary conformal field theory analysis

It was shown in ref. [18] that in the absence of background electric (or b) field, the class of time dependent solutions describing rolling of a D-p-brane away from the maximum of the tachyon potential is given by perturbing the boundary conformal field theory (BCFT) describing the original D-brane by the operator ~λ ∫ dt cosh(X^0(t)) , (3.1)

where ~λ is a constant parametrising the initial value of the tachyon, and t denotes the coordinate labelling the boundary of the world-sheet. This perturbation was identified in ref. [18] from the spatially homogeneous solution to the linearised equation of motion for the tachyon in string field theory. Such a deformation gives rise to a new BCFT since cosh(X^0) is an exactly marginal operator, and hence generates a solution of the equations of motion of open string theory.

In this section we shall generalise this construction to D-branes in the presence of a background electric field given in eq. (2.3). As discussed in the previous section, the space independent solution for the tachyon in presence of this non-trivial background can simply be obtained by incorporating the coordinate transformation (x^0, x^1) → √ 1 − e^2 (x^0, x^1) into the solution in absence of any background field. This, in turn means that the rolling tachyon solution in the presence of background field configuration b_{01} = e, is generated by the following deformation, ~λ ∫ dt cosh (√ 1 − e^2X^0(t) ) . (3.2)

In the following we shall show that the deformation (3.2) is exactly marginal, and analyse the deformed BCFT. We shall also find the boundary state associated with this BCFT.

3.1 The boundary conformal field theory

In this subsection we shall demonstrate that (3.2) generates an exactly marginal deformation of the BCFT describing the D-brane in the background (2.3). In order to do so we shall show that this represents an exactly marginal deformation in the Wick rotated theory obtained by the replacement X^0 → −iX^0. Under this rotation the closed string metric g_{μν} and the antisymmetric tensor field b_{μν} go to ḡ_{μν} and b̄_{μν} respectively, given by,

ḡ_{μν} = δ_{μν} , b̄_{01} = −b̄_{10} = −ie ≡ ē , (3.3)

with other components of b̄_{μν} being zero. After performing Wick rotation on the worldsheet as well, one gets the following boundary condition: ( ḡ_{μν} ∂_nX^ν + ib̄_{μν} ∂_tX^ν )| |_{∂Σ} = 0 , (3.4)

where ∂_n and ∂_t denote respectively the normal and tangential derivatives at the boundary ∂Σ. For simplicity we have restricted our analysis to the case of D-25-brane, but the

– 9 – generalisation to an arbitrary D-p-brane is straightforward. The boundary conformal field theory at hand is same as the one [8] corresponding to an imaginary B-field b̄_{μν} switched on along spatial Neumann directions. In the following we shall consider the case of a real b̄-field, i.e. a real magnetic field ē in the 0-1 plane, and present all the relevant formulæ in that context. Any given formula can be translated to the one corresponding to an electric field by the analytic continuation, ē → −ie , (3.5) together with an inverse Wick rotation X^0 → iX^0.

The expressions for the effective euclidean open string metric Ḡ and the non-commu-tativity parameter Θ̄ are given by,

Ḡ^{μν} = [( ḡ + b̄ )_{−1}]μν S , Θ̄^{μν} = [( ḡ + b̄ )_{−1}]μν A . (3.6)

It will be convenient for our discussion to introduce the vielbeins of the open and closed string metrics and the corresponding local coordinates. These are defined by the following equations:

Ḡ_{μν} = V^a_μV^a_ν = (V^T V )_{μν} , ḡ_{μν} = v^a_μv^a_ν = (v^T v)_{μν} ,

Z^a = V^a_μX^μ , Y^a = v^a_μX^μ , (3.7)

where a, μ = 0, · · · , 25 and the matrix notation for various quantities has the obvious meaning. For the case under study, we have

ḡ = 1l_{26} , b̄ =

0 ē 0 −ē 0 0 0 0 00_{24}

, (3.8)

Ḡ =

1 + ē^2 0 0 0 1 + ē^2 0 0 0 1l_{24} , Θ̄ = 0 −^ē_{1+ē2} 0 ē 1+ē^2 0 0

0 0 00_{24}

, (3.9)

and we shall choose V = √ 1 + ē^2 0 0 0 √ 1 + ē^2 0 0 0 1l_{24} , v = 1 √ 1+ē^2 ē √ 1+ē^2 0

−^{ē√}_{1+ē2}^{1√}_{1+ē2} 0 0 0 1l_{24}

. (3.10)

The relation between the two local frames is given by,

Z = LY , L = V v^{−1} = 1 −ē 0 ē 1 0 0 0 1l_{24}

. (3.11)

The boundary two point functions [1, 2, 8] of the local coordinates Z^a take the form (α^′ = 1), ⟨Z^a(x)Z^b(y)⟩ = −δ^{ab} log(x − y)^2 + i π Θ̄^{ab}_Z ϵ(x − y) , (3.12)

where, Θ̄_Z = V Θ̄V^T , (3.13)

– 10 – and ϵ(x) is the sign function. Let us now define the following boundary operators,

J^1_Za (x) = cos (Z^a(x)) , J^2_Za (x) = sin (Z^a(x)) , J^3_Za (x) = i 2 ∂Z^a(x) . (3.14)

Using the two point function (3.12) it is straightforward to show that these operators have conformal dimension 1. We shall now argue along the line of ref. [32] that the operator ∫ dt O^{Z0}_{~λ} (t) ≡ ~λ ∫ dt J^1_Z0 (t) = ~λ ∫ dx cos (√ 1 + ē^2 X^0(t) ) , (3.15)

describes an exactly marginal deformation. It was shown in [32] that (3.15) describes an exactly marginal deformation if O^{Z0}_{~λ} is self-local, i.e. in a correlation function involving O^{Z0}_{~λ} (x)O^{Z0}_{~λ} (y), the result for y > x is related to that for y < x by an analytic continuation in the complex y plane, and the result of the analytic continuation does not depend on whether it is done in the upper half plane or the lower half plane. Using the two point function (3.12) it is straightforward to verify that this condition is satisfied.^6 This establishes the exact marginality of the operator cos( √ 1 + ē^2X^0). Making the analytic continuation ē → −ie and the inverse Wick-rotation X^0 → iX^0 we arrive at the original BCFT with a time-like direction where the above marginal operator becomes cosh( √ 1 − e^2X^0). Thus we can perturb the original theory by ~λ ∫ dt cosh( √ 1 − e^2X^0(t)) to generate rolling tachyon solutions in the presence of electric field.

In order to find the energy-momentum tensor associated with this rolling tachyon solution, we need to evaluate the boundary state associated with the deformed BCFT. This can be done by first working with the euclidean theory with real magnetic field ē and then making the replacement X^0 → iX^0, ē → −ie. We shall do this next and show that the result agrees with the ones found in section 2. The construction in the euclidean theory will proceed according to the following steps:

1. First we shall compactify the theory in a specific manner, and construct the boundary state |B¯_b⟩ corresponding to the unperturbed BCFT (~λ = 0) including the background magnetic field with this specific compactification.

2. Then we study the effect of switching on the perturbation ~λ on the boundary state in the compactified theory, and compute the deformed boundary state |B_{b̄,~λ}⟩.

3. Finally we take the decompactification limit by removing all the winding modes in the expression for the boundary state. This gives the deformed boundary state |B^∞_{b̄,~λ}⟩ in the non-compact theory.

6This argument can be easily extended to the case of the arbitrary linear combination O^{Za}_{~λ1,~λ2} = ~λ1J^1_Za + ~λ_2J^2_{Za} . In fact using the notion of mutual locality between two operators introduced in [32] one can show that there exist special values of the magnetic field, namely ē = n, n ∈ Z for which O^{Za}_{~λ1,~λ2} and O^{Zb}_{~λ1,~λ2} , for a ≠ b, become mutually local, and hence any linear combination of them represents a marginal deformation. These correspond to the special conformal points (magic) found in [30] where two cosine perturbations were simultaneously switched on along orthogonal directions in presence of a magnetic field. These special conformal points do not occur in the electric theory due to the fact that the non-commutativity parameter is imaginary in this case.

– 11 –

3.2 Compactification and enhancement of SU(2) symmetries

Following ref. [31, 32] we shall first construct the boundary state in a theory with suitable compactification and then go to its universal cover to get the answer in the non-compact limit. In this subsection, therefore we shall discuss some issues involving compactifications. We want to construct the boundary state corresponding to the marginal deformation given by the operator (3.15). Therefore the compactifications of our interest are the ones that maintain the periodicity of this operator. At the same time, we would like to ensure that in the compactified theory there is an enhanced SU(2)_L × SU(2)_R symmetry in the closed string sector which can be used to organise the boundary state as in [31, 32]. Naively one might think that periodicity of cos(Z^0) would require compactifying Z^0 on a circle of unit radius keeping Z^1 non-compact, i.e. making the identification (Z^0, Z^1) ≡ (Z^0 + 2π, Z^1). However in this case the radius of the compact circle, measured in the closed string metric, is 1/ √ 1 + ē^2, and hence we do not get enhanced SU(2)_L × SU(2)_R gauge symmetry in the closed string sector. The compactification which achieves this is ( Y^0, Y^1 ) ≡ ( Y^0 + 2π, Y^1 ) . (3.16)

From (3.11) we have

Z^0 = Y^0 − ēY^1, Z^1 = ēY^0 + Y^1, Z^μ = Y^μ for μ ≥ 2

→ Y^0 =

Z^0 1 + ē^2 + ēZ^1 1 + ē^2

, Y^1 = − ēZ^0 1 + ē^2 + Z^1 1 + ē^2

. (3.17)

This, together with (3.16) gives ( Z^0, Z^1 ) ≡ ( Z^0 + 2π, Z^1 + 2πē ) . (3.18)

The operator (3.15) is clearly invariant under this transformation. On the other hand since in the Y^μ coordinate system the closed string metric is identity, compactifying Y^0 with period 2π implies that the radius of the circle, measured in closed string metric, is 1. Thus the closed string theory now has enhanced SU(2)_L × SU(2)_R gauge symmetry which can be used to organise the boundary state as in [31, 32]. The left moving currents are given by, J^1_Y 0_L (u) = cos ( 2Y^0_L (u) ) , J^2_Y 0_L (u) = sin ( 2Y^0_L (u) ) , J^3_Y 0_L (u) = i∂Y^0_L (u). (3.19)

Note that all the J^i_{Y 0L} are well defined operators since Y^0 is compactified on a circle of self-dual radius.

3.3 The boundary state in the compactified theory

We shall now construct the boundary state |B¯_b⟩ for an euclidean D25-brane with a magnetic b̄-field turned on, and Y 0 compactified on a circle of unit radius. It can be expressed as,

|B¯_b⟩ = |Bos; b̄⟩ ⊗ |ghost⟩ , (3.20)

– 12 – where |Bos; b̄⟩ and |ghost⟩ represent the bosonic and ghost parts of the boundary state respectively. We have

|ghost⟩|⟩ = exp − ∑ n≥0 (¯ b_{−n}c_{−n} + b_{−n}c̄_{−n} ) (c_0 + c̄_0)c_1c̄_1|0⟩ . (3.21)

where the ghost oscillators have their usual definition. Construction of the bosonic part follows [2, 30]. The closed string overlap condition on the cylinder corresponding to the open string boundary condition (3.4) reads, ( ḡ ∂_τ X + ib̄ ∂_σX ) | |_{τ =0} = 0 . (3.22)

This, in turn, gives rise to the following condition on |B¯_b⟩ in terms of the oscillators σ_n’s and σ̄_n’s of the coordinates Y ,

[σ_n + M_Y σ̄_{−n}] |B¯_b⟩ = 0 , ∀n ∈ Z , (3.23)

where the matrix M_Y is given by,

M_Y =

1−ē^2 1+ē^2 −2ē 1+ē^2 0 2ē 1+ē^2

1−ē^2 1+ē^2 0

0 0 1l_{24}

. (3.24)

Using (3.23) we get,

|Bos; b̄⟩ = N¯_b exp [ − ∞∑ n=1 1 n σ^T_{−n} M_Y σ̄_{−n} ] |Bos; b̄⟩_0 , (3.25)

where |Bos; b̄⟩_0 is the zero mode part of the boundary state. Since we are considering a D25-brane, the normalisation constant is given by [36],

N¯_b = KT_{25} √ det (ḡ + b̄) . (3.26)

Here T_{25} being the D25-brane tension and K is a convention dependent numerical factor independent of b̄. Our final answer for the energy momentum tensor will be independent of the choice of K.

To construct the zero mode part |Bos; b̄⟩_0 let us first also compactify the coordinate Y^1 on a circle of radius R. We shall finally take the R → ∞ limit to get the desired result. Since all the coordinates except for Y^0 and Y^1 are noncompact and satisfy Neumann boundary condition, |Bos; b̄⟩_0 contains only the momentum and winding mode excitations coming from Y^0 and Y^1. If n^{(a)}, w^{(a)} ∈ Z, a = 0, 1 are respectively momentum and winding numbers then the above overlap condition for the zero-modes restricts the eigenvalues appearing in |Bos; b̄⟩_0 in the following way, ( n^{(a)} R^{(a)} + w^{(a)}R^{(a)} ) + M^a_{Y b} ( n^{(b)} R^{(b)} − w^{(b)}R^{(b)} ) = 0 . (3.27)

– 13 –

Using the explicit matrix value for M_Y one reduces the above equation to:

w^{(0)}R^{(0)} = n^{(1)} ēR^{(1)}

, w^{(1)}R^{(1)} = − n^{(0)} ēR^{(0)}

, R^{(0)} = 1, R^{(1)} = R . (3.28)

So we see that only two of the four variables n^{(a)}, w^{(a)} are independent. At a given finite value of R the restriction on ē is given by the flux quantisation law: ēR = a, where a is an integer. This gives n^{(1)} = aw^{(0)}, n^{(0)} = aw^{(1)}. Thus the sum can be taken over integer values of w^{(0)}, w^{(1)} and we have,

|Bos; b̄⟩_0 = ∑ w^{(0)},w^{(1)}∈Z exp [ i ( −ēw^{(1)}R + w^{(0)} ) y^0_L + i ( w^{(1)}R + ēw^{(0)} ) y^1_L +

+ i ( −ēw^{(1)}R − w^{(0)} ) y^0_R + i ( −w^{(1)}R + ēw^{(0)} ) y^1_R ] |0⟩ . (3.29)

The non-compact limit, R → ∞ is obtained by keeping only the w^{(1)} = 0 term in the sum over w^{(1)}. This gives

|Bos; b̄⟩_0 = ∑ m∈Z/2 exp [ −2im ( y^0_L − y^0_R ) − 2imē ( y^1_L + y^1_R )] |0⟩ . (3.30)

Note that in this limit ē can take any real value.

We now note from eq. (3.24) that M_Y is an orthogonal matrix of determinant one. Then the oscillators, τ̄_n = M_Y σ̄_n = v^{−1}ᾱ_n , n ≠ 0 , (3.31) where α^μ_n, ᾱ^μ_n denote the oscillators of X^μ, obey the same commutation relations as σ̄_n’s and therefore as far as construction of basis states is concerned they are as good as the σ̄_n oscillators. Moreover all the Virasoro oscillators L̄_n’s take the same form in terms of the τ̄ oscillators as in terms of the σ̄ oscillators. Using these facts one can write the state |Bos; b̄⟩ given in (3.25), (3.30) in the following form,

|Bos; b̄⟩ = N¯_b exp [ − ∞∑ n=1 1 n ( σ^0_{−n}τ̄^0_{−n} + σ^1_{−n}τ̄^1_{−n} + 25∑ i=2 α^i_{−n}ᾱ^i_{−n} )] × × ∑ m∈Z/2 exp [ −2im ( y^0_L − y^0_R ) − 2imēy^1 ] |0⟩

= N¯_b ∑ j,m |j, −m, m⟩⟩^{(0)}_{τ̄} ⊗ exp [ − ∞∑ n=1 1 n σ^1_{−n}τ̄^1_{−n} − 2imēy^1 ] |0⟩ ⊗ |N⟩_{c=24} , (3.32)

where

|N⟩_{c=24} = exp − ∑ n≥1,i≥2 1 n α^i_{−n}ᾱ^i_{−n} |0⟩ . (3.33)

The state |j, −m, m⟩⟩^{(0)}_{τ̄} is constructed by following the two steps: construct the Virasoro Ishibashi state |j, −m, m⟩⟩^{(0)} in the representation of SU(2)_Y 0_L ⊗ SU(2)_Y 0_R [31, 32]. Then replace the σ̄ oscillators by the corresponding τ̄ oscillators on the right part of the states appearing in the expansion of |j, −m, m⟩⟩^{(0)}.

– 14 –

3.4 Boundary state in the deformed theory

We shall now turn to the boundary state corresponding to the deformation of the conformal field theory by the boundary operator, ∫ dt O^{Z0}_{~λ} (t) = ~λ ∫ dt cos ( Z^0(t) ) . (3.34)

Using the boundary condition (3.23) we can show that on the boundary Z^0(t) = 2Y^0_L (t). This allows us to replace cos(Z^0(t)) in (3.34) by cos(2Y^0_L (t)) = J^1_{Y 0L} (t). Now, if |B_{b̄,~λ}⟩ denotes the boundary state in the presence of this perturbation, then, given any closed string vertex operator ϕ_c of ghost number 3, the one point function of ϕ_c on a unit disk in the perturbed BCFT is given by ⟨B_{b̄,~λ}|ϕ_c⟩. Thus we have:^7 ⟨B_{b̄,~λ}|ϕ_c⟩ = ⟨B¯_b| exp [ 2πi~λ Q^1_Y 0_L ] |ϕ_c⟩ , (3.35)

where the operators Q^i_{Y 0L} ’s are the SU(2)_L charges in the closed string theory given by,

Q^i_Y 0_L = ∮ du 2πi J^i_Y 0_L (u) . (3.36)

This gives: |B_{b̄,λ̃}⟩ = exp [ −2πi~λ Q^1_Y 0_L ] |B¯_b⟩ = N¯_b ∑ j,m exp [ −2πiλ̃Q^1_Y 0_L ] |j, −m, m⟩⟩^{(0)}_{τ̄} ⊗ exp [ − ∑ n>0 1 n σ^1_{−n}τ̄^1_{−n} − 2imēy^1 ] |0⟩ ⊗ ⊗|N⟩_{c=24} ⊗ |ghost⟩,

= N¯_b ∑ j,m,m^′ D^j_{m′,−m}|j, m^′, m⟩⟩^{(0)}_{τ̄} ⊗ exp [ − ∑ n>0 1 n σ^1_{−n}τ̄^1_{−n} − 2imēy^1 ] |0⟩ ⊗ ⊗|N⟩_{c=24} ⊗ |ghost⟩ , (3.37)

where D^j_{m′,m} is simply the spin j representation matrix of the operator exp(−2πi~λQ^1_{Y 0L} ). The values of these matrix elements can be obtained by using the formula given in ref. [32] with the j =^1_2 representation matrix given in ref. [18]. Notice that the left parts of all the states appearing in the expansion of |j, m^′, m⟩⟩^{(0)}_{τ̄} transform in the same and well defined way under SU(2)_Y 0_L while the right parts of the states do not obey simple transformation rules under SU(2)_Y 0_R . But this is sufficient for us to be able to compute the action of the rotation operator exp [ −2πiλ̃Q^1_{Y 0L} ] . 7It is possible to reduce the integrated boundary deformation in the action to an exponentiated operator acting on the Hilbert space if the deformation is exactly marginal. This was shown in [32] very simply by using the self-locality property. Without using self-locality one can also show this by following the systematic procedure of renormalisation as was done in hep-th/9402113 in [31].

– 15 –

Finally we can take the non-compact limit of the above boundary state by simply removing all the winding sector states from the boundary state (3.37). In this limit, of the |j, m^′, m⟩⟩ only the |j, m, m⟩⟩ states survive [31, 32, 30]. Thus we get the final result,

|B^∞_{b̄,λ̃}⟩ = N¯_b ∑ j,m D^j_{m,−m}|j, m, m⟩⟩^{(0)}_{τ̄} ⊗ exp [ − ∑ n>0 1 n σ^1_{−n}τ̄^1_{−n} − 2imēy^1 ] |0⟩ ⊗ ⊗|N⟩_{c=24} ⊗ |ghost⟩. (3.38)

3.5 Sources from boundary state

In this subsection we shall use the boundary state (3.38) to compute the level one sources, namely the energy-momentum tensor T_{μν} and the source S_{μν} for the antisymmetric tensor B-field. Since we are interested in getting the result for the theory with electric field and the boundary deformation (3.2), we need to perform a two-fold operation of inverse Wickrotation X^0 → iX^0 and the analytic continuation (3.5) on the quantities we get directly from the boundary state (3.38).

Following ref. [19] we first notice that the level (1,1) part of |B^∞_{b̄,λ̃}⟩, after the two-fold operation, has the following general form: ∫ d^{26}k [( Ã_{μν} (k) + C̃_{μν} (k) ) α^μ_{−1}ᾱ^ν_{−1} + B̃(k) ( b_{−1}c̄_{−1} + b̄_{−1}c_{−1} )] (c_0 + c̄_0)c_1c̄_1|k⟩ , (3.39)

where Ã_{μν} = Ã_{νμ} and C_{μν} = −C̃_{νμ}. The conservation law (Q_B + Q̄_B)|B_{b̄,λ̃}⟩ = 0 obtained from this part of the boundary state reads in the coordinate space,

∂^ν (A_{μν} (x) + η_{μν} B(x)) = 0 , ∂^ν C_{μν} (x) = 0 , (3.40)

where A_{μν} , C_{μν} and B are the Fourier transforms of Ã_{μν} , C̃_{μν} and B̃ respectively. This gives the following two conserved currents,

T_{μν} (x) = K_s(A_{μν} (x) + η_{μν} B(x)) , S_{μν} (x) = K_aC_{μν} (x) , (3.41)

where K_s and K_a are two appropriate normalisation constants.

We shall now compute A_{μν} (x), C_{μν} (x) and B(x) from |B^∞_{b̄,λ̃}⟩. The non-trivial part of this calculation is the contribution from the Y^0, Y^1 parts up to level (1,1). This can be obtained by replacing the α^0_{−1}, ᾱ^0_{−1}, α^1_{−1}, ᾱ^1_{−1} oscillators in the result of [18, 19] by −iσ^0_{−1}, −iτ̄^0_{−1}, σ^1_{−1}, τ̄^1_{−1} respectively, and X^0 by −iZ^0 = −i(Y^0 − ēY^1).^8 The result is proportional to: [( 1 − σ^1_{−1}τ̄^1_{−1} ) ^ f ( Y^0(0) − ēY^1(0) ) − σ^0_{−1}τ̄^0_{−1} ^g ( Y^0(0) − ēY^1(0) )] |0⟩_Y 0_{,Y} 1 = = [( 1 − σ^1_{−1}τ̄^1_{−1} ) ^ f (√ 1 + ē^2X^0(0) ) − σ^0_{−1}τ̄^0_{−1} ^g (√ 1 + ē^2X^0(0) )] |0⟩_Y 0_{,Y} 1 , (3.42)

8The factors of −i reflect that we are still in the euclidean theory, whereas the results of [18, 19] were given after inverse Wick rotation.

– 16 – where ^f(x) = [ 1 + ∞∑ n=1 ( − sin ( λ̃π ))_n ( e^{inx} + e^{−inx} ) ] = f(−ix) , ^g(x) = 1 + cos ( 2π~λ ) − ^f(x) , (3.43)

with f(x) defined as in eq. (2.9).

We can now determine B, A_{μν} and C_{μν} by comparing (3.38) with (3.39), and using (3.42). We also need to use (3.31) and the fourth equation in (3.7) along with the explicit matrix values of M_Y and v given in eqs. (3.24) and (3.10) respectively, to translate the σ^a_{−1} and τ̄^a_{−1} into the oscillators α^μ_{−1} and ᾱ^μ_{−1} of X^μ. After the replacement x^0 → ix^0, ē → −ie, one gets, B(x) = −KT_{25} √ 1 − e^2f (√ 1 − e^2x^0 ) , A_{00}(x) = KT_{25} [ (1 − e^2)^{−1/2}(1 + cos(2πλ̃)) − (1 − e^2)^{1/2}f( √ 1 − e^2x^0) ] , A_{11}(x) = −KT_{25} [ e^2(1 − e^2)^{−1/2}(1 + cos(2πλ̃)) + (1 − e^2)^{1/2}f( √ 1 − e^2x^0) ] , A_{ij} = −KT_{25} δ_{ij} [ (1 − e^2)^{1/2}f( √ 1 − e^2x^0) ] , i, j ≥ 2, C_{01} = KT_{25} [ e(1 − e^2)^{−1/2}(1 + cos(2πλ̃)) ] , (3.44)

with all other components of A_{μν} and C_{μν} being zero.

Using eqs. (3.41), (3.44) and (3.44) we get the following non-trivial components for the sources,

T_{00} = K_sKT_{25} ( 1 − e^2 )_{−1/2} ( 1 + cos ( 2πλ̃ )) , T_{11} = −K_sKT_{25} [ e^2 ( 1 − e^2 )_{−1/2} ( 1 + cos b ( 2πλ̃ )) + 2 ( 1 − e^2 )_{1/2} f (√ 1 − e^2 x^0 )] , T_{ij} = −2K_sKT_{25} ( 1 − e^2 )_{1/2} f (√ 1 − e^2 x^0 ) δ_{ij} , S_{01} = K_aKT_{25}e ( 1 − e^2 )_{−1/2} ( 1 + cos ( 2πλ̃ )) . (3.45)

Before comparing these results with the ones obtained from the target space analysis in section 2 (eqs. (2.20)) we shall determine the constants K_s and K_a from the known results for the boundary state and the Dirac-Born-Infeld action at λ̃ = 0. The results for the sources obtained from this boundary state can simply be derived by taking the λ̃ → 0 limit of the results (3.45). Now the corresponding world-volume action takes the following standard form, S_{DBI} = −T_p ∫ d^{p+1}x √ − det(g + b). (3.46)

It is straightforward to compute the sources from this action. For example, one gets the following results for T_{00} and S_{01},^9

T_{00} = T_p (1 − e^2)^{−1/2} , S_{01} = −T_p e(1 − e^2)^{−1/2} . (3.47)

9As in section 2, here also S^{01} has been defined in such a way that δSDBI receives contribution both from^1_2 S^{01} δb01 and^1_2 S^{10}δb10 .

– 17 –

Comparing these with the corresponding results in (3.45) in the limit λ̃ → 0 then fixes the constants to be, K_s = 1 2K , K_a = − 1 2K . (3.48)

With these values of the constants the results (3.45) exactly match with (2.20).

Given the ambiguity mentioned in the paragraph below (2.20), one might wonder why the boundary state analysis leads precisely to the same expressions as (2.20). In the boundary state formalism the coupling of off-shell closed strings is defined by inserting the corresponding closed string vertex operator at the center of the disk. To see why this prescription leads to (2.20), note that if (2.15) had held for arbitrary time dependent δg_{μν} and δb_{μν} , then we could derive (2.20) explicitly using the target space analysis of section 2. This would require that for the relevant computations, the Seiberg-Witten equivalence relation holds even when the background metric and anti-symmetric tensor fields differ from constant values by an infinitesimal amount which depends on the space-time coordinates. Since in the boundary state analysis the x^0 dependence of various source terms (in the euclidean theory) is computed using an insertion of a bulk operator e^{ik.X0(0)} at the center of the disk, the agreement of boundary state analysis with (2.20) can be explained if in the computation of correlation functions of a single e^{ik.X0(0)} at the center, and open string vertex operators ∏ i e^{iki.X0(zi)} inserted at the boundary, we can continue to use the open string metric even though there is a bulk operator insertion. This is indeed the case as long as there is only one insertion of the bulk operator e^{ik.X0} , since such a correlation function does not involve the bulk propagator, and the bulk-boundary propagator, like the boundary propagator, depends only on the open string metric [8].^{10}

4. Generalisation to superstrings

The boundary CFT analysis can be easily generalised to decay of non-BPS D-branes in superstring theory^{11} in the presence of an electric field e. Here we shall extract the sources for massless closed string fields from the boundary state, as was done in [19], and not attempt to construct the full boundary state.^{12} Since the analysis is a straightforward extension of the results of the previous section and [19], we shall only give the outlines of the derivation.

We work in the Wick rotated euclidean theory as in the case of bosonic string theory, and define the various coordinates Y^a, Z^a etc. in an identical manner. We also need to define the fermionic partners of various coordinates, and in general we shall denote the fermionic partners of X^μ, Y^a and Z^a by ψ^μ_x , ψ^a_y and ψ^a_z respectively. The boundary perturbation describing the Wick rotated rolling tachyon background is given by, ~λ ∫ dt ψ^0_z sin ( Z^0/ √ 2 ) ⊗ σ_1 , (4.1)

10In any case, as long as the operator e^{ik.X0} is inserted at the center of the disk, the distance from the center of the disk to every point on the boundary is unity, and hence the correlator does not even involve the bulk-boundary propagator as it appears in the exponent of unity.

11See [40] and references therein.

12See [33] for discussions on SU(2) boundary states in the context of superstrings.

– 18 – where σ_1 is a Chan-Paton factor. Using manipulations similar to those in bosonic string theory one can show that this can be rewritten as ~λ ∫ dt ψ^0_{yL} sin (√ 2Y^0_L ) ⊗ σ_1 . (4.2)

We can now construct the boundary state by first taking Y^0 to be a compact coordinate with radius √ 2, and then recovering the result for the non-compact case by throwing away all the winding modes. For compact Y^0 coordinate we can represent the bosonic coordinate Y^0 by a pair of fermionic coordinates (ξ, η) satisfying the following relations: e^i √ 2Y^0_L = 1√ 2 (ξ_L(t) + iη_L(t)) , e^i √ 2Y^0_R = 1√ 2 (ξ_R(t) + iη_R(t)) . (4.3)

Then the operator (4.2) reduces to 1 √ 2 ~λ ∫ dtψ^0_{yL}η_L , (4.4)

and produces a rotation through angle 2πλ̃ about the ξ axis [19] on the unperturbed boundary state.

As in the case of bosonic string theory we proceed in three stages:

1. Construct the boundary state corresponding to the unperturbed compactified BCFT (~λ = 0) including the background magnetic field b̄.

2. Study the effect of switching on the perturbation ~λ by rotating the boundary state by an angle 2π~λ about the ξ axis.

3. Take the decompactification limit by removing all the winding modes in the expression for the boundary state.

For definiteness let us consider the non-BPS D9-brane in type-IIA string theory. The corresponding boundary state in the presence of magnetic field b̄ but in the absence of any perturbation (~λ = 0) is given by, |IIA9; b̄⟩ = |IIA9; b̄, +⟩ − |IIA9; b̄, −⟩ , |IIA9; b̄, ϵ⟩ = |IIA9; b̄, ϵ⟩_{mat} ⊗ |IIA9; b̄, ϵ⟩_{ghost} , ϵ = ±1 ,

|IIA9; b̄, ϵ⟩_{mat} = N¯_b exp [ − ∞∑ n=1 1 n ( σ^0_{−n}τ̄^0_{−n} + σ^1_{−n}τ̄^1_{−n} + 9∑ j=2 α^j_{−n}ᾱ^j_{−n} ) −

− iϵ ∞∑ r=1/2 ( χ^0_{−r}δ̄^0_{−r} + χ^1_{−r}δ̄^1_{−r} + 9∑ j=2 ψ^j_{−r}ψ̄^j_{−r} )] |IIA9; b̄⟩_0 ,

|IIA9; b̄⟩_0 = ∑ m∈Z exp [ −i √ 2m(y^0_L − y^0_R) − i √ 2mēy^1 ] |0⟩ ,

– 19 –

|IIA9; b̄, ϵ⟩_{ghost} = exp [ − ∞∑ n=1 ( b̄_{−n}c_{−n} + b_{−n}c̄_{−n} +

+ iϵ ( β̄_{−n−1/2}γ_{−n−1/2} − β_{−n−1/2}γ̄_{−n−1/2} ))] |Ω⟩ , |Ω⟩ = (c_0 + c_0)c_1c̄_1e^{−ϕ(0)}e^{−ϕ̄(0)}|0⟩ , N¯_b = iK T_9 2 ( 1 + ē^2 )_{1/2} , (4.5)

where T_9 is the non-BPS D9-brane tension,^{13} K is a convention dependent numerical factor which does not affect the final result for the sources, σ_n’s are oscillators of Y , τ̄_n’s are defined in (3.31), {χ_r, χ̄_r} and {ψ_r, ψ̄_r} are the sets of oscillators of {ψ_y, ψ̄_y} and {ψ_x, ψ̄_x} respectively, and δ̄_r = M_Y χ̄_r . (4.6)

From eqs. (4.5) it is clear that the overall normalisation which is the inner product between the NS-NS ground state corresponding to the identity operator and the boundary state is N¯_b. This remains the overall normalisation for the rolling tachyon boundary state as the rotation keeps the NS-NS vacuum invariant. Since the effect of the magnetic field has been diagonalized to identity by dealing with the oscillators δ̄_r, the state in (4.5) looks, at least algebraically, exactly like a Neumann boundary state which was considered in [19]. The only difference is an extra factor of y^1-momentum dependence for each y^0 winding state.

As discussed already, the effect of the perturbation (4.1) is an SO(3) rotation about the ξ-axis by an angle 2π~λ on the boundary state. The effect of this rotation on the unperturbed boundary state can be easily studied following [19]. Using the result Y^0−ēY^1 = √ 1 + ē^2X^0, the result for the part of the perturbed boundary state which involves either no oscillators or the states created by the action of χ^0_{−1/2}δ̄^0_{−1/2} on pure momentum states is given by,^{14} N¯_b [ ^f (√ 1 + ē^2X^0(0) ) − iϵχ^0_{−1/2}δ̄^0_{−1/2} ^g (√ 1 + ē^2X^0(0) )] |0⟩, (4.7)

where ^f(x) = [ 1 + (−1)^n ∞∑ n=1 (sin(λ̃π))^{2n} ( e^{in} √ 2x + e^{−in} √ 2x ) ] = f(−ix) , ^g(x) = 1 + cos ( 2π~λ ) − ^f(x) , (4.8) with f(x) given in (2.22) for the superstring case. Therefore the net level (1/2, 1/2) contribution to the rolling tachyon boundary state is [19], KT_9 ( 1 + ē^2 )_{1/2} [ χ^0_{−1/2}δ̄^0_{−1/2}^g (√ 1 + ē^2X^0(0) ) + ( χ^1_{−1/2}δ̄^1_{−1/2} + 9∑ j=2 ψ^j_{−1/2}ψ̄^j_{−1/2} ) × 13Note that the above state takes the same form for the D9 − D̄9-brane system or the NS-NS part of the BPS D9-brane in type-IIB string theory. In each case T9 denotes the tension of the corresponding brane system.

14Notice that the coefficients of χ^0_{−1/2}δ̄^0_{−1/2} terms in eqs. (4.7) and (4.9) have been sign flipped with respect to the corresponding terms in eqs. (4.6) and (4.7) respectively in [19]. This is because these equations in [19] were written after performing the inverse Wick-rotation, while here we are still in the Wick-rotated theory.

– 20 –

× ^f (√ 1 + ē^2X^0(0) ) + (¯ β_{−1/2}γ_{−1/2} − β_{−1/2}γ̄_{−1/2} ) ^ f (√ 1 + ē^2X^0(0) ) ] |Ω⟩ . (4.9)

Now if we write the above state after inverse Wick-rotation and analytic continuation (3.5) in the following form, − ∫ d^{10}k [( Ã_{μν} (k) + C̃_{μν} (k) ) ψ^μ_{−1/2}ψ̄^ν_{−1/2} + B̃(k) (¯ β_{−1/2}γ_{−1/2} − β_{−1/2}γ̄_{−1/2} )] |Ω, k⟩ , (4.10) with Ã_{μν} symmetric and C̃_{μν} anti-symmetric, then the Fourier transforms are given by the same equations as in (3.44) and (3.44) with T_{25} replaced by T_9 and f(x) given by (2.22). Identifying the level (1/2, 1/2) part of the relation (Q_B +Q̄_B )|B⟩ = 0 with the conservation law ∂^μT_{μν} = ∂^μS_{μν} = 0, we arrive at the same result as (3.41). This, in turn, leads to the same equations as (3.45) with f(x) given in (2.22) and T_{25} replaced by T_9. Note that T_9 in this case has to be interpreted as the net tension of whatever D-brane system we consider (see footnote 13). To compute the constants K_s and K_a one can proceed in a similar way through the Dirac-Born-Infeld action as was done in the previous section and one arrives at the same results as in (3.48). This gives the expected results for the sources as given in eq. (2.20).

5. Effective field theory

Although in section 2 we used the existence of an effective field theory in describing the dynamics of tachyon condensation, we did not commit ourselves to any particular choice of the effective action. In this section we shall discuss a specific form of the low energy effective action that reproduces the answers obtained in sections 2- 4 at late time. This action is conjectured to describe correctly the classical open string dynamics when the second and higher derivatives of the tachyon and all other gauge and massless scalar fields are small. For definiteness we shall focus our attention on non-BPS D-branes, but the results can be easily generalised to brane-antibrane system as well.

The proposed action (following [16, 11, 37, 38]) for describing the dynamics of the tachyon T and gauge fields A_μ on a D-p-brane in the presence of constant background metric g_{μν} , anti-symmetric tensor field b_{μν} and dilaton ϕ is: S = − ∫ d^{p+1}x e^{−ϕ} V (T ) √ − det A , (5.1)

where^{15}

V (T ) ≃ e^{−αT /2} , for large T , (5.2)

15Note that this choice of the potential V (T ) is in apparent contradiction with the potential derived in boundary string field theory [41]. This paradox disappears if we note that T appearing in (5.1), (5.2) could be related to the tachyon field of boundary string field theory via a complicated field redefinition which includes derivative terms. For example, an action of the form − ∫ d^{p+1}x(η^{μν} ∂μϕ∂ν ϕ + V (ϕ) + . . .) where . . . denote terms involving higher powers of derivatives, can be transformed to an action of the form − ∫ d^{p+1}x(η^{μν} ∂μψ∂ν ψ + U(ψ) + . . .) with a different form of the potential U(ψ), by a field redefinition of the form ϕ = f(ψ) + g(ψ)∂^μψ∂μψ + . . . by appropriately choosing the functions f and g.

– 21 –

A_{μν} = g_{μν} + b_{μν} + F_{μν} + ∂_μT ∂_ν T + ∂_μY^m∂_ν Y^m , (5.3) F_{μν} = ∂_μA_ν − ∂_ν A_μ , (5.4)

and Y^m (m ≥ p + 1) denote coordinates transverse to the D-p-brane. α = 1 for bosonic string theory and √ 2 for superstring theory.

We shall now show that this action reproduces the correct time dependence of the energy-momentum tensor T_{μν} , and the source S_{μν} for the anti-symmetric tensor field associated with rolling tachyon solution at late time. For this we note that T_{μν} and S_{μν} computed from this action are given by: T_{μν} = − 1 2 e^{−ϕ} V (T ) √ − det A { (A^{−1})_{μν} + ( A^{−1} ) νμ } , S_{μν} = − 1 2 e^{−ϕ} V (T ) √ − det A {( A^{−1} ) μν − ( A^{−1} ) νμ } . (5.5)

For ϕ = 0, A_μ = 0, Y^m = 0, background g_{μν} , b_{μν} of the form (2.3), and spatially homogeneous tachyon field, T_{μν} + S_{μν} is given by the following matrix: V (T ) √ 1 − e^2 − (∂_0T )^2 1 −e e −e^2 00_{p−1} − V (T ) √ 1 − e^2 − (∂_0T )^2 0 0 0 1 1l_{p−1}

. (5.6)

Since T_{00} = V (T )/ √ 1 − e^2 − (∂_0T )^2 must be conserved, we see that as T rolls towards ∞, ∂_0T must approach √ 1 − e^2. Thus in this limit: T ≃ √ 1−e^2 x^0 +C , V (T ) ≃ e^{−αC/2−α} √ 1−e^2 x^0/2 , √1 − e2 − (∂ 0T )^2 ≃ Ke^{−α} √ 1−e^2 x^0/2 ,

(5.7) so that,

T_{00} = K^{−1} e^{−αC/2} , T_{01} = 0 , T_{11} ≃ −e^2K^{−1} e^{−αC/2} − K e^{−αC/2}e^{−α} √ 1−e^2 x^0 , T_{ij} ≃ −K e^{−αC/2}e^{−α} √ 1−e^2 x^0 δ ij , for i, j ≥ 2 , S_{01} = −eK^{−1} e^{−αC/2} , (5.8)

with all other components of T_{μν} and S_{μν} being zero. This reproduces the large time behaviour of (2.20) provided we identify K^{−1} e^{−αC/2} with (1 − e^2)^{−1/2}T_p(1 + cos(2π~λ))/2 and Ke^{−αC/2} with the coefficient of e^{−α√1−e2x0} in the large x^0 behaviour of (1 − e^2)^{1/2} × T_pf( √ 1 − e^2x^0).

As discussed in [11, 12, 20], the dynamics of the system described by the effective action (5.1) is best described in the hamiltonian formulation. Since this has been studied in detail in these papers, we shall not discuss it here.

In the presence of the background RR p-form field C^{(p)} there is an additional coupling of the form [42]: ∫ d^{p+1}xf(T ) dT ∧ C^{(p)} , (5.9)

– 22 – where f(T ) ≃ e^{−T /} √ 2 , (5.10)

for large T [20]. The source of the RR p-form field, computed from this term, has the correct time dependence [20]. If there are background q-form RR fields C^{(q)} for q < p as well, then (5.9) is generalised to [43] ∫ d^{p+1}xf(T ) dT ∧ e^{b+F} ∧ C , (5.11) where C = ∑ q≤p C^{(q)} . (5.12)

For completeness of our discussion we shall briefly review the coupling of the field theory action (5.1) to background supergravity fields following [44, 45, 16, 38]. We define:

G_{μν} = ∂_μZ^M ∂_ν Z^N E^a_M E^b_N η_{ab} , (5.13)

where Z^M (M running over 10 bosonic and 32 fermionic coordinates) are the D-brane world-volume fields describing superspace coordinates, ∂_μ denotes derivative with respect to the D-brane world-volume coordinates x^μ and E^A_M (with A running over 10 bosonic and 32 fermionic coordinates) are the bulk fields denoting the supervielbeins. The index a runs over the subset of 10 bosonic indices. We can choose the static gauge where the bosonic components Z^μ of Z^M are set equal to the D-brane world-volume coordinates x^μ, but we shall not choose any specific gauge here. We also define:

F_{μν} = ∂_μA_ν − ∂_ν A_μ + B_{MN} ∂_μZ^M ∂_ν Z^N , (5.14) A_{μν} = G_{μν} + F_{μν} + ∂_μT ∂_ν T , (5.15) and C^{(q)}_{μ1...μq} = C^{(q)}_{M1...Mq} ∂_{μ1} Z^{M1} . . . ∂_{μq} Z^{Mq} , (5.16) where B_{MN} is the NS-NS two form field of supergravity in superspace, C^{(q)}_{M1...Mq} is the RR q-form field of supergravity in superspace, and A_μ is the U(1) gauge field on the D-brane world-volume. Finally let ϕ denote the dilaton field in the bulk. Then according to the results of [16, 38, 8], the coupling of the action (5.1) to the supergravity background will be given by: S = − ∫ d^{p+1}x V (T ) e^{−ϕ} √ − det(A) + ∫ d^{p+1}x f(T ) dT ∧ ∑ q≤p C^{(q)} ∧ e^F . (5.17)

This completes our discussion of the coupling of the supergravity fields to the tachyon effective field theory.

– 23 –

Acknowledgments

We would like to thank S. Das, D. Ghoshal, R. Gopakumar, D. Jatkar, J. Maldacena, J. Michelson, S. Minwalla, S. Naik, T. Okuda, S. Panda, O. Pavlyk, L. Rastelli, A. Strominger, S. Sugimoto and B. Zwiebach for useful discussions. We thank A. Recknagel for useful communication. P.M. would like to acknowledge the support of Penn State University through a Teaching Assistantship during part of this work. He also acknowledges the hospitality of the Physics Department of Kentucky University where a part of this work was done. The research of A.S. was supported in part by a grant from the Eberly College of Science of the Penn State University. A.S. would also like to acknowledge the hospitality of the YITP at Stony Brook, Center for Theoretical Physics at MIT, and a grant from the NM Rothschild and Sons Ltd at the Isaac Newton Institute where part of this work was done.

A. Divergence of the boundary state in the e → 1, ~λ → 1/2 limit

In this section we shall discuss the behaviour of the boundary state in the limit (2.21). From equations (2.20) it is clear that the sources of all the massless closed string states are finite. But we shall see here that the sources for higher massive states diverge in this limit. We shall demonstrate this by computing the next higher level terms in the boundary state. In particular we shall focus on the state, |B_{b̄,~λ}⟩_Y 0_{,Y} 1 = N¯_b ∑ j,m D^j_{m,−m}|j, m, m⟩⟩^{(0)}_{τ̄} ⊗ exp [ − ∑ n>0 1 n σ^1_{−n}τ̄^1_{−n} − 2imēy^1 ] |0⟩ , (A.1)

which is the part of |B_{b̄,~λ}⟩ given in (3.38) involving Y^0 and Y^1 . The level (2, 2) oscillator part of this state is given by, |B_{b̄,~λ}⟩^{(2)}_{Y 0,Y 1} = N¯_b [ |B_2⟩ − σ^1_{−1}τ̄^1_{−1}|B_1⟩ − 1 2 ( σ^1_{−2}τ̄^1_{−2} − (σ^1_{−1}τ̄^1_{−1})^2 ) |B_0⟩ ] , (A.2)

where the states |B_2⟩, |B_1⟩ and |B_0⟩ are the oscillator level (2,2), (1,1) and (0,0) parts respectively of the state, |B⟩ = ∑ j,m |D; j, m⟩ ⊗ exp [ −2imēy^1 ] |0⟩ , |D; j, m⟩ ≡ D^j_{m,−m}|j, m, m⟩⟩^{(0)}_{τ̄} . (A.3) The oscillator contribution comes only from |D; j, m⟩. Let us first consider the state |B_2⟩. To isolate the relevant parts, we note that |j, m, m⟩ has conformal weight (j^2, j^2), of which (m^2, m^2) comes from the Y^0 momentum and (j^2 − m^2, j^2 − m^2) comes from the oscillators. From this we see that the contribution to |B_2⟩ comes from three different types of terms.

1. Level (2,2) secondary in |D; j, ±j⟩. This contribution can be further divided into three different parts.

j ≥ 1 : 1 2 (− sin(~λπ))^{2|j|}{(σ^0_{−1})^2(τ̄^0_{−1})^2 + σ^0_{−2}τ̄^0_{−2}} exp(±2ijY^0(0))|0⟩ ,

– 24 – j = 1 2 : (− sin(~λπ)) 1 6 {(σ^0_{−1})^2 ± √ 2 σ^0_{−2}} {(τ̄^0_{−1})^2 ± √ 2 τ̄^0_{−2}} exp(±iY^0(0))|0⟩ ,

j = 0 : 1 2 (σ^0_{−1})^2(τ̄^0_{−1})^2|0⟩ . (A.4)

2. Level (1,1) secondary in |D; 1, 0⟩. This is given by: − 1 2 cos(2~λπ) σ^0_{−2}τ̄^0_{−2})|0⟩ . (A.5)

3. The primary state in |D;^3_2 , ±^1_2 ⟩. This contribution is given by:

sin(~λπ)(cos(2~λπ)+cos^2(~λπ)) 1 6 { √ 2(σ^0_{−1})^2 ∓ σ^0_{−2}}{ √ 2(τ̄^0_{−1})^2 ∓ τ̄^0_{−2}} exp(±iY^0(0))|0⟩ .

(A.6)

Note that whereas the phases of the states |D; j, ±j⟩ and |D; 1, 0⟩ were determined in [18, 19], the phase of |D;^3_2 , ±^1_2 ⟩ needs to be determined afresh by requiring that at ~λ =^1_2 the boundary state reduces to the known boundary state. This will be checked explicitly later.

Combining these results together, we get the following final expression for |B_2⟩,

|B_2⟩ = [ σ^0_{−2}τ̄^0_{−2}B^{(2)} ( ~λ; X^0(0) ) + (σ^0_{−1})^2(τ̄^0_{−1})^2B^{(4)} ( ~λ; X^0(0) )

+ ( σ^0_{−2}(τ̄^0_{−1})^2 + (σ^0_{−1})^2τ̄^0_{−2} ) B^{(3)} ( ~λ; X^0(0) ) ] |0⟩ , (A.7)

where,

B^{(2)} ( ~λ; X^0(0) ) = − 1 2 cos(2π~λ) + sin(π~λ) cos^2(π~λ) cos (√ 1 + ē^2X^0(0) ) + + 1 2 ( ^f (√ 1 + ē^2X^0(0) ) − 1 ) , B^{(3)} ( ~λ; X^0(0) ) = −i √ 2 sin(π~λ) cos^2(π~λ) sin (√ 1 + ē^2X(^00) ) , (A.8)

B^{(4)} ( ~λ; X^0(0) ) = 2 sin(π~λ) cos^2(π~λ) cos (√ 1 + ē^2X^0(0) ) + 1 2 ^f (√ 1 + ē^2X^0(0) ) , where the functions ^f(x), ^g(x) were defined in eq. (3.43).

The results for |B_1⟩ and |B_0⟩ are already known from the analysis of [19] which was also discussed in section 3.5. These are given by,

|B_1⟩ = −σ^0_{−1}τ̄^0_{−1}^g (√ 1 + ē^2X^0(0) ) |0⟩ , |B_0⟩ = ^f (√ 1 + ē^2X^0(0) ) |0⟩ . (A.9)

Collecting all these results for |B_2⟩, |B_1⟩ and |B_0⟩ and substituting them in eq. (A.2) one finally gets, |B_{b̄,~λ}⟩^{(2)}_{Y 0,Y 1} = N¯_b [ σ^0_{−2}τ̄^0_{−2} { sin ( π~λ ) cos^2 ( π~λ ) cos (√ 1+ē^2X^0(0) ) − 1 2 ^g (√ 1+ē^2X^0(0) )} + +(σ^0_{−1}τ̄^0_{−1})^2 { 2 sin ( π~λ ) cos^2 ( π~λ ) cos (√ 1+ē^2X^0(0) ) + 1 2 ^f (√ 1+ē^2X^0(0) )} −

– 25 –

−i √ 2 ( σ^0_{−2}(τ̄^0_{−1})^2 + (σ^0_{−1})^2τ̄^0_{−2} ) sin(π~λ) cos^2(π~λ) sin (√ 1 + ē^2X^0(0) ) + +σ^0_{−1}σ^1_{−1}τ̄^0_{−1}τ̄^1_{−1} ^g (√ 1 + ē^2X^0(0) ) − − 1 2 ( σ^1_{−2}τ̄^1_{−2} − ( σ^1_{−1}τ̄^1_{−1} )_2) ^ f (√ 1 + ē^2X^0(0) )] |0⟩ , (A.10)

One can now use the matrices v and M_Y given in equations (3.10) and (3.24) to express (A.10) in terms of the α and ᾱ oscillators. To exhibit the divergence of the boundary state we shall state the result for the coefficient of the state (α^0_{−1}ᾱ^0_{−1})^2|0⟩. This is given by, KT_p ( 1+ē^2 )_{−3/2} [( 1+ cos ( 2π~λ ))( sin(π~λ) cos (√ 1+ē^2x^0 ) −ē^2 ) + 1 2 ( 1+ē^2

)_2 ^ f (√ 1+ē^2x^0 )] . (A.11) After inverse Wick-rotation and the analytic continuation (3.5) this becomes, KT_p ( 1−e^2 )_{−3/2} [( 1+ cos ( 2π~λ ))( sin ( π~λ ) cosh (√ 1−e^2x^0 ) +e^2 ) + 1 2 ( 1−e^2 )_2 f (√ 1−e^2x^0 )] , (A.12) In the limit (2.21), the first term in the above expression diverges while the second term goes to zero. The first term diverges as lim_{e→1} 4Kρ(1−e^2)^{−1}, where ρ = T_p 2 (1−e^2)^{−1/2}(1+ cos(2π~λ)) is the energy density T^{00} in this limit and it is finite. We can also verify that at ~λ = 1/2, e < 1, the state (A.12) vanishes identically, as is required by the fact that at finite e, ~λ = 1/2 represents the tachyon vacuum configuration.

References

[1] E.S. Fradkin and A.A. Tseytlin, Nonlinear electrodynamics from quantized strings, Phys.

Lett. B 163 (1985) 123;

C.G. Callan, C. Lovelace, C.R. Nappi and S.A. Yost, String loop corrections to beta functions, Nucl. Phys. B 288 (1987) 525.

[2] A. Abouelsaood, C.G. Callan, C.R. Nappi and S.A. Yost, Open strings in background gauge fields, Nucl. Phys. B 280 (1987) 599; C.P. Burgess, Open string instability in background electric fields, Nucl. Phys. B 294 (1987) 427;

V.V. Nesterenko, The dynamics of open strings in a background electromagnetic field, Int. J. Mod. Phys. A 4 (1989) 2627;

C. Bachas and M. Porrati, Pair creation of open strings in an electric field, Phys. Lett. B 296 (1992) 77 [hep-th/9209032].

[3] N. Seiberg, L. Susskind and N. Toumbas, Space/time non-commutativity and causality, J.

High Energy Phys. 06 (2000) 044 [hep-th/0005015].

[4] 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];

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]; J.L.F. Barbon and E. Rabinovici, Stringy fuzziness as the custodian of time-space noncommutativity, Phys. Lett. B 486 (2000) 202 [hep-th/0005073].

– 26 –

[5] I.R. Klebanov and J.M. Maldacena, 1+1 dimensional ncos and its u(n) gauge theory dual, Int. J. Mod. Phys. A 16 (2001) 922 [hep-th/0006085].

[6] S. Kar and S. Panda, Electromagnetic strings: complementarity between time and temperature, hep-th/0205078.

[7] M.R. Douglas and C.M. Hull, D-branes and the noncommutative torus, J. High Energy Phys.

02 (1998) 008 [hep-th/9711165];

Y.-K.E. Cheung and M. Krogh, Noncommutative geometry from 0-branes in a background bfield, Nucl. Phys. B 528 (1998) 185 [hep-th/9803031];

F. Ardalan, H. Arfaei and M.M. Sheikh-Jabbari, Noncommutative geometry from strings and branes, J. High Energy Phys. 02 (1999) 016 [hep-th/9810072]; Dirac quantization of open strings and noncommutativity in branes, Nucl. Phys. B 576 (2000) 578 [hep-th/9906161]; C.-S. Chu and P.-M. Ho, Noncommutative open string and D-brane, Nucl. Phys. B 550 (1999) 151 [hep-th/9812219]; Constrained quantization of open string in background b field and noncommutative D-brane, Nucl. Phys. B 568 (2000) 447 [hep-th/9906192]; V. Schomerus, D-branes and deformation quantization, J. High Energy Phys. 06 (1999) 030 [hep-th/9903205].

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

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

[9] 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. II: 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].

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

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

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

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

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

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

[13] A. Sen, Stable non-BPS bound states of BPS D-branes, J. High Energy Phys. 08 (1998) 010 [hep-th/9805019]; 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]; Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105].

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

V.A. Kostelecky and R. Potting, Expectation values, Lorentz invariance and cpt in the open bosonic string, Phys. Lett. B 381 (1996) 89 [hep-th/9605088];

– 27 –

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

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]; 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];

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, Nucl. Phys. B 638 (2002) 3 [hep-th/0011117]; I.Y. Arefeva, D.M. Belov, A.S. Koshelev and P.B. Medvedev, Gauge invariance and tachyon condensation in cubic superstring field theory, Nucl. Phys. B 638 (2002) 21 [hep-th/0107197].

[15] 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];

– 28 –

L. Rastelli, A. Sen and B. Zwiebach, String field theory around the tachyon vacuum, Adv. Theor. Math. Phys. 5 (2002) 353 [hep-th/0012251].

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

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

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

[18] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211].

[19] A. Sen, Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265].

[20] A. Sen, Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[21] A. Sen, Time evolution in open string theory, J. High Energy Phys. 10 (2002) 003 [hep-th/0207105].

[22] N. Moeller and B. Zwiebach, Dynamics with infinitely many time derivatives and rolling tachyons, J. High Energy Phys. 10 (2002) 034 [hep-th/0207107].

[23] J. Klušon, Time dependent solution in open bosonic string field theory, hep-th/0208028.

[24] G.W. Gibbons, Cosmological evolution of the rolling tachyon, Phys. Lett. B 537 (2002) 1 [hep-th/0204008];

M. Fairbairn and M.H.G. Tytgat, Inflation from a tachyon fluid?, Phys. Lett. B 546 (2002) 1 [hep-th/0204070];

S. Mukohyama, Brane cosmology driven by the rolling tachyon, Phys. Rev. D 66 (2002) 024009 [hep-th/0204084]; Inhomogeneous tachyon decay, light-cone structure and d- brane network problem in tachyon cosmology, hep-th/0208094;

A. Feinstein, Power-law inflation from the rolling tachyon, Phys. Rev. D 66 (2002) 063511 [hep-th/0204140];

T. Padmanabhan, Accelerated expansion of the universe driven by tachyonic matter, Phys. Rev. D 66 (2002) 021301 [hep-th/0204150];

A.V. Frolov, L. Kofman and A.A. Starobinsky, Prospects and problems of tachyon matter cosmology, Phys. Lett. B 545 (2002) 8 [hep-th/0204187];

D. Choudhury, D. Ghoshal, D.P. Jatkar and S. Panda, On the cosmological relevance of the tachyon, Phys. Lett. B 544 (2002) 231 [hep-th/0204204];

X.-z. Li, J.-g. Hao and D.-j. Liu, Can quintessence be the rolling tachyon?, hep-th/0204252; G. Shiu and I. Wasserman, Cosmological constraints on tachyon matter, Phys. Lett. B 541 (2002) 6 [hep-th/0205003];

T. Padmanabhan and T.R. Choudhury, Can the clustered dark matter and the smooth dark energy arise from the same scalar field?, Phys. Rev. D 66 (2002) 081301 [hep-th/0205055]; L. Kofman and A. Linde, Problems with tachyon inflation, J. High Energy Phys. 07 (2002) 004 [hep-th/0205121];

H.B. Benaoum, Accelerated universe from modified chaplygin gas and tachyonic fluid,

hep-th/0205140;

M. Sami, Implementing power law inflation with rolling tachyon on the brane,

hep-th/0205146;

M. Sami, P. Chingangbam and T. Qureshi, Aspects of tachyonic inflation with exponential potential, Phys. Rev. D 66 (2002) 043530 [hep-th/0205179];

G. Shiu, S.H.H. Tye and I. Wasserman, Rolling tachyon in brane world cosmology from superstring field theory, hep-th/0207119;

– 29 –

Y.-S. Piao, R.-G. Cai, X.-m. Zhang and Y.-Z. Zhang, Assisted tachyonic inflation,

hep-ph/0207143;

X.-z. Li, D.-j. Liu and J.-g. Hao, On the tachyon inflation, hep-th/0207146; J.M. Cline, H. Firouzjahi and P. Martineau, Reheating from tachyon condensation,

hep-th/0207156;

G.N. Felder, L. Kofman and A. Starobinsky, Caustics in tachyon matter and other Born-Infeld scalars, J. High Energy Phys. 09 (2002) 026 [hep-th/0208019]; B. Wang, E. Abdalla and R.-K. Su, Dynamics and holographic discreteness of tachyonic inflation, hep-th/0208023;

M.C. Bento, O. Bertolami and A.A. Sen, Tachyonic inflation in the braneworld scenario,

hep-th/0208124.

[25] K. Hashimoto, Dynamical decay of brane-antibrane and dielectric brane, J. High Energy Phys. 07 (2002) 035 [hep-th/0204203];

J. A. Minahan,Rolling the tachyon in superbsft, J. High Energy Phys. 0207 (2002) 030 [hep-th/0205098];

K. Ohta and T. Yokono, Gravitational approach to tachyon matter, hep-th/0207004; T. Mehen and B. Wecht, Gauge fields and scalars in rolling tachyon backgrounds,

hep-th/0206212;

A. Buchel, P. Langfelder and J. Walcher, Does the tachyon matter?, hep-th/0207235; S. Sugimoto and S. Terashima, Tachyon matter in boundary string field theory, J. High Energy Phys. 07 (2002) 025 [hep-th/0205085].

[26] G.R. Dvali and S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483];

C. Acatrinei and C. Sochichiu, A note on the decay of noncommutative solitons,

hep-th/0104263;

S.H.S. Alexander, Inflation from d - anti-d brane annihilation, Phys. Rev. D 65 (2002) 023507 [hep-th/0105032];

G.R. Dvali, Q. Shafi and S. Solganik, D-brane inflation, hep-th/0105203; C.P. Burgess et al., The inflationary brane-antibrane universe, J. High Energy Phys. 07 (2001) 047 [hep-th/0105204];

A. Mazumdar, S. Panda and A. Perez-Lorenzana, Assisted inflation via tachyon condensation, Nucl. Phys. B 614 (2001) 101 [hep-ph/0107058];

S. Sarangi and S.H.H. Tye, Cosmic string production towards the end of brane inflation, Phys. Lett. B 536 (2002) 185 [hep-th/0204074].

[27] K. Bardakci, Dual models and spontaneous symmetry breaking, Nucl. Phys. B 68 (1974) 331;

Dual models and spontaneous symmetry breaking II, Nucl. Phys. B 70 (1974) 397; Spontaneous symmetry breakdown in the standard dual string model, Nucl. Phys. B 133 (1978) 297;

K. Bardakci and M.B. Halpern, Explicit spontaneous breakdown in a dual model, Phys. Rev. D 10 (1974) 4230; Explicit spontaneous breakdown in a dual model. 2. n point functions, Nucl. Phys. B 96 (1975) 285.

[28] A. Dabholkar, G.W. Gibbons, J.A. Harvey and F. Ruiz Ruiz, Superstrings and solitons, Nucl.

Phys. B 340 (1990) 33.

[29] T. Okuda and S. Sugimoto, to appear.

[30] C.G. Callan, I.R. Klebanov, J.M. Maldacena and A. Yegulalp, Magnetic fields and fractional statistics in boundary conformal field theory, Nucl. Phys. B 443 (1995) 444 [hep-th/9503014].

– 30 –

[31] C.G. Callan and I.R. Klebanov, Exact c = 1 boundary conformal field theories, Phys. Rev.

Lett. 72 (1994) 1968 [hep-th/9311092];

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].

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

[33] M.R. Gaberdiel and A. Recknagel, Conformal boundary states for free bosons and fermions, J. High Energy Phys. 11 (2001) 016 [hep-th/0108238].

[34] M.B. Green and M. Gutperle, Light-cone supersymmetry and D-branes, Nucl. Phys. B 476 (1996) 484 [hep-th/9604091].

[35] P. Di Vecchia et al., Classical p-branes from boundary state, Nucl. Phys. B 507 (1997) 259 [hep-th/9707068].

[36] P. Di Vecchia and A. Liccardo, D-branes in string theory. I, hep-th/9912161;

P. Di Vecchia and A. Liccardo, D-branes in string theory. II, hep-th/9912275.

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

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

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

[38] 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].

[39] R. Gopakumar, S. Minwalla and A. Strominger, Symmetry restoration and tachyon condensation in open string theory, J. High Energy Phys. 04 (2001) 018 [hep-th/0007226].

[40] A. Sen, Non-BPS states and branes in string theory, hep-th/9904207;

A. Lerda and R. Russo, Stable nonbps states in string theory: a pedagogical review, Int. J. Mod. Phys. A 15 (2000) 771 [hep-th/9905006];

J.H. Schwarz, Tasi lectures on non-BPS D-brane systems, hep-th/9908144; M.R. Gaberdiel, Lectures on non-BPS dirichlet branes, Class. and Quant. Grav. 17 (2000) 3483 [hep-th/0005029].

[41] 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];

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

[42] E. Witten, D-branes and k-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188];

A. Sen, BPS D-branes on non-supersymmetric cycles, J. High Energy Phys. 12 (1998) 021 [hep-th/9812031];

P. Hořava, Type-IIA D-branes, k-theory and matrix theory, Adv. Theor. Math. Phys. 2 (1999) 1373 [hep-th/9812135];

A. Sen, Non-BPS states and branes in string theory, hep-th/9904207.

– 31 –

[43] M. Li, Boundary states of D-branes and dy-strings, Nucl. Phys. B 460 (1996) 351 [hep-th/9510161];

M.R. Douglas, Branes within branes, hep-th/9512077.

[44] M. Cederwall, A. von Gussich, B.E.W. Nilsson and A. Westerberg, The dirichlet super-three-brane in ten-dimensional type-IIB supergravity, Nucl. Phys. B 490 (1997) 163 [hep-th/9610148];

M. Aganagic, C. Popescu and J.H. Schwarz, D-brane actions with local kappa symmetry, Phys. Lett. B 393 (1997) 311 [hep-th/9610249];

M. Cederwall, A. von Gussich, B.E.W. Nilsson, P. Sundell and A. Westerberg, The dirichlet super-p-branes in ten-dimensional type-IIA and IIB supergravity, Nucl. Phys. B 490 (1997) 179 [hep-th/9611159].

[45] E. Bergshoeff and P.K. Townsend, Super D-branes, Nucl. Phys. B 490 (1997) 145 [hep-th/9611173];

M. Aganagic, C. Popescu and J.H. Schwarz, Gauge-invariant and gauge-fixed D-brane actions, Nucl. Phys. B 495 (1997) 99 [hep-th/9612080].

– 32 –