arXiv:hep-th/0602211 v2 24 Apr 2006

Preprint typeset in JHEP style. - HYPER VERSION GEF-TH-04/2006

ROM2F/2006/06

hep-th/0602211

D1-brane with Overcritical Electric Field in AdS_3 and S-brane

J. Klusoň

Dipartimento di Fisica, Universita’ di Roma & I.N.F.N. Sezione di Roma 2, “Tor Vergata” Via della Ricerca Scientifica, 1 00133 Roma, ITALY E-mail: Josef.Kluson@roma2.infn.it

Rashmi R. Nayak

Dipartimento di Fisica (DIFI), Universita’ di Genova & I.N.F.N. Sezione di “Genova” Via Dodecaneso 33, 16146 Genova, ITALY E-mail: Rashmi.Nayak@ge.infn.it

Kamal L. Panigrahi

Physics Department Indian Institute of Technology, Guwahati, INDIA, 781 039 & Dipartimento di Fisica, Universita’ di “Genova”, Genova, ITALY E-mail: panigrahi@iitg.ernet.in, Kamal.Panigrahi@ge.infn.it

Abstract: We study aspects of Dirichlet S-branes, which are defined as Dirichlet boundary condition on a time like embedding of open strings, in general backgrounds. By applying T -duality along an isometry of the unphysical dS_2-branes in NS-NS supported AdS_3-background, we find S0-brane. We also study the time dependent tachyon condensation on the unstable Dp-brane and interpret the singular solutions as lower dimensional S(p-1)-brane that couples to real Ramond-Ramond fields while to imaginary NS-NS modes.

Keywords: D-branes.

Contents

1. Introduction 1

2. D-branes with overcritical electric fields and emerging S-branes 3

3. T-dual Background 6

4. S(p-1)-brane in General Background 9 4.1 Stress energy tensor 16

5. S0-brane in the T-dual background 17

6. Summary and Conclusion 20

1. Introduction

Space-like branes or S-branes [1] are fascinating objects in string theory. They are defined as a kind of topological defects localized on a space-like hypersurface, and hence can only exist for ‘moment’ in time. The rolling of the open string tachyon on an unstable D-brane (for a review see [2] and references therein) namely the decaying branes to the closed string vacuum in some cases can be considered as an array of Dirichlet S-branes in imaginary time [3]. In general S-branes can also be viewed as the time-dependent homogeneous solutions in string theory or in supergravity, localized in a given instant of time. They have been very useful in understanding cosmological applications of string theory.

Dirichlet S-branes are also obtained by imposing a Dirichlet condition on the time like coordinate of the open strings [4]. Under T-duality along a transverse spatial direction the S-branes are shown to be T-dual to the D-branes with overcritical electric field. It was further observed that unlike the D-branes, in the first quantization of the open string between a pair of S-branes, there are only a finite number of physical states that increases when they gets separated with time. In general S-brane solutions in the type-II string theory can be obtained by analytically continuing the usual D-brane boundary states, but one has to keep in mind that it radiates the Ramond-Ramond field with wrong reality property. In other words one can have a S-brane with real R-R charge, but then it won’t be a solution of type-II theories rather its existence can be predicted in II* theory. Further it was shown that the generic S-brane configurations should decay into a bunch of D-branes (or brane-anti-brane pairs).

D-branes in the Anti-de Sitter backgrounds have been studied by various authors in the past by using various techniques, see for example ([5]-[15]). String theory on the SL(2,R) and its discrete orbifolds have shed new light in the conjectured AdS/CFT duality. The corresponding target space geometry is AdS_3 supported by NS-NS three-form flux. D-branes in this background has been considered in the past. In [5], it was shown that the dS_2-branes in AdS_3 are unphysical due to the presence of overcritical electric field. So it is tempting to examine the behavior of these unphysical D-branes in the T-dual background in the light of [4]. We address this question in this paper. In doing so, what we achieve is the following. First of all we are able to find a physical interpretation of the unphysical solutions with imaginary electric flux etc as in the T-dual picture the S0-brane that arises from the time dependent tachyon condensation on unstable D1-brane. Second, the previously found unphysical solutions correspond, in fact, to perfect and acceptable solutions in string theory (even if the initial configurations of tachyon that corresponds to S-brane have to be fine tuned) since they arise from the open string tachyon condensation.

The rest of the paper is organized as follows. In section-2 we try to spell out some properties of the Anti-de Sitter D-branes and show the unphysicalness of the dS_2-branes in AdS_3. In section-3, we apply T -duality along one of the symmetry directions, and interpret the solution that can be seen as D0-brane moving along that particular direction. We find out the equation of motion for the dynamical variable for the later comparison with the S0-branes. In section-4, we study the time dependent tachyon condensation on the unstable D-brane and found out the signature of the S(p − 1) branes. In fact, we found that the dynamics of the kink is governed by the equations of motion that arise from the S-brane effective action in given background^1. We further analyze the properties of energy-momentum tensor derived from such DBI action. The main result of this analysis is the fact that the singular time dependent tachyon condensation on an unstable Dp-brane leads to the emergence of the object whose equations of motion arises from the action that can be interpreted as S(p-1)-brane with imaginary tension (in other words, it couples to imaginary NS-NS modes) and with real charge with respect to Ramond-Ramond fields. This is equivalent to the analysis performed in [4] where this kind of Sp-branes was named as S^−p-brane^2. Then we apply this general procedure in section-5 to

1S-brane action was also studied in [16, 17, 18, 19].

2It is necessary to mention one important subtlety considering our results and the work [4]. It was argued there that the S^−p-brane should contain open string tachyon in its world volume theory. Unfortunately using effective field theory description performed below we are not be able to find the evidence for the existence of this tachyon. It is of course possible that more general ansatz for fluctuations around the time dependent tachyon solution of the non-BPS Dp-brane world volume theory will contain in its spectrum a tachyonic mode. We hope to return to this problem in future.

find out the S0-brane equations of motion that resembles with that of the D-brane in the dual background. Finally in section-6, we present our conclusions.

2. D-branes with overcritical electric fields and emerging Sbranes

In this section we study the properties of the D-branes with overcritical electric fields. Let us begin with the AdS_3 × S^3 metric in global coordinates:

ds^2 = L^2[− cosh^2 ρdt^2 + dρ^2 + sinh^2 ρdθ^2_1] + L^2[dθ^2 + cosh^2 θdψ̃^2 + sin^2 θdθ^2 ] (2.1)

supported by the Neveu-Schwarz three-form field

H = dB = L^2 sinh(2ρ)dρ ∧ dθ_1 ∧ dt , B = L^2 sinh^2 ρdθ_1 ∧ dt . (2.2)

Let us consider the D1-brane in the above background with the DBI action S = −τ_1 ∫ d^2ξe^{−Φ} √ − det A , (2.3)

with

A_{μν} = g_{M N} ∂_μX^M ∂_ν X^N + b_{M N} ∂_μX^M ∂_ν X^N + (2πα^′)(∂_μA_ν − ∂_ν A_μ) , (2.4)

where Dp-brane tension is equal to

τ_p = 1 (2π)^{(p−1)}2 (2πα^′)^{p+1}2

, (2.5)

X^M , M = 0, . . . , 9 label the position of D1-brane, g_{M N} , b_{M N} are background metric and NS-NS two form field respectively and A_μ , μ = 0, 1 is worldvolume gauge field. Now the equations of motion for X^K derived from the action (2.3) take the form

∂_K [τ_pe^{−Φ}] √ − det A + τ_pe^{−Φ} 2 [∂_K g_{M N} + ∂_K b_{M N} ] ∂_μX^M ∂_ν X^N ( A^{−1} )_{νμ} √ − det A − −∂_μ [ τ_pe^{−Φ} { g_{KM} ∂_ν X^M ( A^{−1} )_{νμ} S + b_{KM} ∂_ν X^M ( A^{−1} )_{νμ} A } √ − det A ] = 0 ,

(2.6)

while the equation of motion for the gauge field A_ν takes the form ∂_μ [ τ_pe^{−Φ}(2πα^′) ( A^{−1} )_{νμ} A √ − det A ] = 0 , (2.7)

where the symmetric and anti-symmetric part of the (A^{−1})^{νμ}, respectively, are given by ( A^{−1} )_{νμ} S = 1 2 (( A^{−1} )_{νμ} + ( A^{−1} )_{μν} ) , ( A^{−1} )_{νμ} A = 1 2 (( A^{−1} )_{νμ} − ( A^{−1} )_{μν} ) . (2.8)

Let us now consider the D1-brane that wraps θ_1 direction and study its dynamics when all the worldvolume modes depend on time only. More precisely, we fix the gauge as θ_1 = ξ^1 , ξ^0 = t = X^0 (2.9) and also take A_0 = 0. Let us also presume that ρ = ρ(t). Then the matrix A is equal to

A_{00} = −L^2 cosh^2 ρ + L^2ρ̇^2 , A_{01} = −L^2 sinh^2 ρ + (2πα^′)Ȧ_{θ1} , A_{10} = L^2 sinh^2 ρ − (2πα^′)Ȧ_{θ1} , A_{11} = L^2 sinh^2 ρ , (2.10)

where ḟ =^{df}_{dt} . Consequently we get

det A = det g̃ + F^2_{tθ1} , (2.11)

where

det g̃ = −L^4 cosh^2 ρ sinh^2 ρ + L^4 sinh^2 ρρ̇^2 , F_{tθ1} = −L^2 sinh^2 ρ + (2πα^′)Ȧ_{θ1} (2.12)

and also ( A^{−1} ) = 1 det A ( g̃_{θ1 θ1} −F_{tθ1} F_{tθ1} g̃_{tt} ) (2.13)

Now the equation of motion for A gives (2πα^′)τ_1F_{tθ1} g_s √ − det g̃ − F^2_{tθ1}

= −q ⇒ F^2_{tθ1} = − g^2_s q^2 det g̃ g^2_s q^2 + (2πα^′)^2τ^2_1

. (2.14)

We must also check that the equation of motion (2.6) are obeyed for the ansatz (2.9). For K = θ_1 the equation (2.6) is trivially satisfied since now all the modes do not depend on θ_1. On the other hand the equation of motion for X^0 gives

∂_0 [ τ_1 g_s g_{tt} ( A^{−1}

)_{00} S √ − det A ] + ∂_0 [ τ_1 g_s b_{tθ1} ( A^{−1} )_{θ1 t} A √ − det A ] = 0 (2.15)

and hence we obtain the conserved quantity E 2π = −g_{tt}g_{θ1 θ1} √ q^2 + (2πα^′)^2τ^2_1 g^{−2}_s − qb_{tθ1} √ − det g̃ (2πα^′) √ − det g̃ (2.16)

using (2.14). Some comments regarding the definition of the conserved quantity E is in order now. Here E means the conserved energy of the D1-brane that arises by simply integrating over θ_1 direction which implies (for homogeneous worldvolume fields) that E is proportional to 2π. We have further included the factor e^{−Φ} = e^{−Φ0} =^1_{gs} , where g_s is the string coupling constant. This factor is important for the later comparison with the D0-brane equations of motion which we derive in the next section.

Let us try to evaluate the energy on the solution [5]

cosh ρ cos t = C , C > 0 . (2.17)

Firstly, we have − det g̃ =

L^4C^2 cos^4 t

(C^2 − 1) . (2.18)

Then the expression for energy is E 2π = L^2 sinh^2 ρ C √ q^2(2πα^′)^{−2} + τ^2_1 g^{−2}_s + q √ C^2 − 1 √ C^2 − 1

. (2.19)

As we have determined above E has to be conserved, but on the other hand we see that it depends explicitly on sinh ρ. So the only possibility for it to be conserved is that it has to vanish. This occurs when C √ q^2(2πα^′)^{−2} + τ^2_1 g^{−2}_s + q (2πα^′) √ C^2 − 1 = 0 (2.20)

and this implies q^2 = −C^2(2πα^′)^2 τ^2_1 g^2_s

. (2.21)

So we obtain the well known result that the dS_2-brane corresponds to the unphysical situation when the electric flux on its worldvolume is purely imaginary.

Let us now return to the equation of conserved energy and try to solve it explicitly. Using the conserved energy given in (2.16) we get

ρ̇^2 = − cosh^4 ρ sinh^2 ρ(^{L4 τ 20}_{g2s α′} +^{q2L4}_{α′2} ) (E −^{L2}_{α′} q sinh^2 ρ)^2

+ cosh^2 ρ (2.22)

using τ^2_1 = 1 4π^2α^′ τ^2_0 . (2.23)

The differential equation above can be solved explicitly, however it leads to the very complicated result, which we don’t wish to present here. We will only briefly discuss the properties of given solution when we presume that E, q are real and also ρ̇^2 > 0. Then the equation (2.22) implies following bound for ρ − L^4 cosh^4 ρ sinh^2 ρ(τ^2_1 g^{−2}_s + (2πα^′)^{−2}q^2) (^E_{2π} − q(2πα^′)^{−1}L^2 sinh^2 ρ)^2

+ cosh^2 ρ > 0 . (2.24)

Solving this inequality leads to the condition

sinh^2 ρ ∈ (0, sinh^2 ρ_+) , (2.25)

where sinh^2 ρ_+ is a root of the quadratic equation given above. In other words, for real E and q, we obtain motion in the finite interval and D1-brane cannot reach the boundary of AdS_3.

Instead of studying the properties of the classical trajectory of D1-brane in more detail we rather turn our attention to the possibility of explaining these unphysical solutions with imaginary electric flux in the T -dual set up.

3. T-dual Background

On the other hand it was argued recently that such a configuration could be related to T -dual situation where it could correspond to Dirichlet S-brane. To make this statement more clear and precise, let us apply T -duality along θ_1 direction. More precisely, the action of T -duality along the symmetry direction θ_1 maps the string frame metric to string frame metric [20]

d^2s̃ = α^′[g_{μν} − 1 g_{θ1 θ1} (g_{μθ1} g_{θ1 ν} − B_{μθ1} B_{νθ1} )]dx^μdx^ν + 2 1 g_{θ1 θ1} B_{θ1μ}dθ_1dx^ν + 1 g_{θ1 θ1} dθ^2_1 , B̃ = α^′ 2 dx^μ ∧ dx^ν [B_{μν} − 1 g_{θ1 θ1} (g_{μθ1} B_{θ1 ν} + B_{μθ1} g_{θ1 ν} )] + α^′ g_{θ1 θ1} g_{θ1 μ}dθ_1 ∧ dx^μ , ϕ̃ = ϕ − 1 2 log g_{θ1 θ1} . (3.1)

where we have included in the original components of the metric g_{μν} and the antisymmetric tensor B_{μν} , the dimensionless factor^{L2}_{α′} .

Now we are ready to perform the T-duality along θ_1 directions. Recall that in our convention θ_1 is dimensionless and periodic with period 2π. In T-dual background we rename θ_1 as z that is still periodic with period 2π. Finally we write T-dual components of the metric g and the anti-symmetric B with the factor α^′. Then the metric components of the dual background take the form (We denote the dual variable to θ_1 as z)

g̃_{zz} = α^{′2} L^2 sinh^2 ρ

, g̃_{tt} = −L^2 , g̃_{tz} = g̃_{zt} = α^′ , g̃_{ρρ} = L^2

(3.2)

while the other components of the metric remain unchanged. We also get new components of the anti-symmetric B field

B̃_{zt} = −L^2 . (3.3)

Finally, we also obtain nonzero value of the dilaton in the form

ϕ̃ = ϕ_0 − 1 2 ln g_{θ1 θ1} = ϕ_0 − ln L √ α^′ sinh ρ . (3.4)

Under T -duality the D1-brane that wraps the circle is mapped to the D0-brane that moves around this circle. Recall that dynamics of the D0-brane is governed by the action S = −τ_0 ∫ dτ e^{−Φ} √ −A , A = g_{M N} Ẋ^M Ẋ^N , (3.5)

where in the following we omit the tilde on g. The equations of motion for X^M that follow from the action (3.5) take the form ∂_K [ e^{−Φ} ] √ −A − 1 2 e^{−Φ}∂_K g_{M N} Ẋ^M Ẋ^N 1 √ −A + d dτ [ e^{−Φ} g_{KM} Ẋ^M √ −A ] = 0 . (3.6)

Now we fix the gauge that the worldvolume parameter τ is equal to t ≡ X^0. Then A is equal to A = g_{tt} + g_{ρρ}ρ̇^2 + 2g_{tz}Ż + g_{zz}Ż^2 (3.7)

and also the equation of motion for X^0 = τ takes the form d dτ [ e^{−Φ}(g_{00} + g_{tz}Ż) √ −A ] = 0 (3.8)

that implies that the quantity in the bracket is conserved. As usual it is useful to make use of the Hamiltonian formalism after fixing the gauge. To do this we observe that the Lagrangian has the form L = − √ V − ∑ i (f_i(∂_0Φ^i)^2 + B_i∂_0Φ^i) ≡ −△ , (3.9)

where V contain scalar potential for various fields Φ^i. The conjugate momentum P_i to Φ_i takes the form

P_i = δL δ∂_0Φ^i = 2f_i∂_0Φ^i + B_i 2△ , ∂_0Φ^i = 1 2f_i (2P_i△ − B_i) (3.10)

so that the Hamiltonian is equal to

H = ∑ i P_i∂_0Φ^i − L =

2V +

∑_B^2_i 2f_i 2△ − ∑ i B_i 2f_i P_i =

= ( V + ∑ i B^2_i 4f_i ) ( 1 + ∑ i P^2_i f_i ) − ∑ i B_iP_i 2f_i , (3.11) where on the second line we have expressed the Hamiltonian as a function of canonical variables Φ^i, P_i. Returning to the action (3.5) we obtain

V = −e^{−2Φ}τ^2_0 g_{tt} , f_z = e^{−2Φ}τ^2_0 g_{zz} , f_ρ = e^{−2Φ}τ^2_0 g_{ρρ} , B_z = 2e^{−2Φ}τ^2_0 g_{zt} (3.12)

and hence the Hamiltonian is equal to H = 1 √ g_{zz} (−g_{tt}g_{zz} + g^2_{tz} ) ( e^{−2Φ}τ^2_0 + 1 g_{zz} P^2_z + 1 g_{ρρ} P^2_ρ ) − g_{zt} g_{zz} P_z . (3.13)

Firstly, since the Hamiltonian does not explicitly depend on Z it implies that P_z is constant of motion Ṗ_z = −δH δZ = 0 . (3.14)

On the other hand the equation of motion for ρ is

ρ̇ = δH δP_ρ = 1 g_{zz} g_{ρρ} (−g_{tt}g_{zz} + g^2_{tz} ) P_ρ E +^{gzt}_{gzz} P_z . (3.15)

As usual we simplify this equation using the fact that the Hamiltonian is conserved and equal to energy E. Then we express from (3.13) P_ρ as

P^2_ρ = 1 1 + sinh^2 ρ

(E +

L^2 α^′ P_z sinh^2 ρ)^2 − ( L^4τ^2_0 α^′g^2_s sinh^2 ρ +

L^4 α^{′2} P^2_z sinh^2 ρ )

(3.16)

using the explicit metric components given above and also the fact that e^{−2Φ} = 1 g^2_s sinh

2 ρ. Then we obtain

ρ̇^2 = − cosh^4 ρ sinh^2 ρ (E +^{L2}_{α′} P_z sinh^2 ρ)^2 ( L^4τ^2_0 α^′g^2_s + L^4 α^{′2} P^2_z ) + cosh^2 ρ .

(3.17)

Now the equation (3.17) describes the dynamics of D0-brane in dual background. As we expect this equation is the same as the equation that determines the dynamics of D1-brane in the original background. In fact, we see that this has the same form as the equation (2.22) if we identify

P^2_z = q^2 . (3.18)

Naively we can say that this is the correct quantization condition for the motion of a test D0-brane along a compact direction of periodicity 2π. Of course there is an important issue that the momentum is imaginary and hence the wave function of

D0-brane is not periodic in z variable^3. We should rather claim that the momentum P_z is conserved with the value given in (3.18).

We can also see that the energy is the same in both cases. Then it immediately follows that the classical trajectory cosh ρ cos t = C which corresponds to imaginary P_z is again unphysical while E is equal to zero. Note also that the equation of motion for z takes the form Ż = δH δP_z = 1 g^2_{zz} (−g_{tt}g_{zz} + g^2_{tz} ) P_z E +^{gzt}_{gzz} P_z − g_{zt} g_{zz} (3.19)

that for E = 0 , P_z = −q, reduces to Ż = − g^{tt} g_{zz} = L^2 α^′ . (3.20)

We see that the velocity v_z is constant and it does not depend on the value of the charge q. This result is a consequence of the fact that the energy E is zero for the trajectory cosh ρ cos t = C as can be seen easily from the form of the equation (3.19). On the other hand it is also clear that when E ≠ 0 the motion along z direction will depend on P_z .

In summary, in the T -dual picture in case of ordinary D0-brane we once again obtain a situation which is unphysical. Then, following [4] we can expect that in T - dual background the object, that is obtained in the dual picture of the corresponding D1-brane will be a S0-brane. To see this explicitly we perform in the next section the analysis of the time-dependent tachyon condensation on unstable Dp-brane in general background. We argue that there exists a singular time dependent tachyon solution which leads to the emergence of S(p − 1)-brane that has imaginary charge with respect to NS-NS fields however has real charge with respect to the Ramond- Ramond (RR) fields.

4. S(p-1)-brane in General Background

This section is devoted to the study of the singular time dependent tachyon condensation on the world volume of non-BPS Dp-brane that leads to the emergence of S(p-1)-brane.

Once again, we begin with the Dirac-Born-Infeld like tachyon effective action in general background [21, 22, 23, 24]^4 S = − ∫ d^{p+1}ξe^{−Φ} V (T ) √ − det A ,

3In any case, if one computes the squared norm of the tangent vector to the D0-brane trajectory, this gives ( −^{L2 cosh4 ρ}

P^2_z g^2_s sinh^2 ρ ) . Therefore if P_z is imaginary this corresponds to supernuminal signature.

4We will work in this section in units (2πα^′) = 1.

A_{μν} = g_{M N} ∂_μX^M ∂_ν X^N + b_{M N} ∂_μX^M ∂_ν X^N + F_{μν} + ∂_μT ∂_ν T , μ , ν = 0, . . . , p , F_{μν} = ∂_μA_ν − ∂_ν A_μ , (4.1)

where A_μ , μ, ν = 0, . . . , p and X^{M,N} , M, N = 0, . . . , 9 are gauge and the transverse scalar fields on the worldvolume of the non-BPS Dp-brane and T is the tachyon field. V (T ) is the tachyon potential that is symmetric under T → −T has maximum at T = 0 equal to the tension of a non-BPS Dp-brane τ_p and has its minimum at T = ±∞ where it vanishes.

We must also stress that there exists a Wess-Zumino term for non-BPS Dpbrane that expresses the coupling of this Dp-brane to the Ramond-Ramond fields. [25, 26, 27, 28, 29] that is expected to have the form

S_{W Z} = ∫ Σ V (T )dT ∧ Ce^{F +B} , (4.2) where Σ denotes the worldvolume of non-BPS Dp-brane and C collects all RR n-form gauge potentials (pulled back to brane worldvolume).

In what follows we closely follow the analysis performed in [30]. As usual we start to solve the equations of motion for T, X^M and A_μ. The equation of motion for tachyon takes the form

−e^{−Φ}V^′(T ) √ − det A + ∂_μ [ e^{−Φ}∂_ν T ( A^{−1} )_{νμ} S √ − det A ] + J_T = 0 , (4.3)

where J_T =^δ_{δT} S_{W Z} . For scalar modes we obtain − δe^{−Φ} δX^K V √ − det A − − e^{−Φ} 2 V ( δg_{M N} δX^K ∂_μX^M ∂_ν X^N + δb_{M N} δX^K ∂_μX^M ∂_ν X^N ) ( A^{−1} )_{νμ} √ − det A + +∂_μ [ e^{−Φ}V g_{KM} ∂_ν X^M ( A^{−1} )_{νμ} S √ − det A ] + ∂_μ [ e^{−Φ}V b_{KM} ∂_ν X^M ( A^{−1} )_{νμ} A √ − det A ] + J_K = 0 , (4.4)

where J_K =^δ_{δX K} S_{W Z} . Finally, the equations of motion for A_μ are given by ∂_ν [ e^{−Φ}V ( A^{−1} )_{μν} A √ − det A ] + J^μ = 0 , (4.5)

where J^μ =^δ_{δAμ} S_{W Z} . Now we try to find the solution of the equations of motion (4.3), (4.4) and (4.5) that can be interpreted as a lower dimensional S(p-1)-brane. More precisely, we can show that the dynamics of the kink is governed by the equations of motion that arise from the action for S(p-1)-brane in general background S = S^S_{DBI} + S^S_{W Z} ,

S^S_{DBI} = −T_{S(p−1)} ∫ d^pξe^{−Φ} √ det a , S^S_{W Z} = μ_{S(p−1)} ∑ n≥0 1 n!(2!)^n(2p − 2n)! ∫ d^pξϵ^{α1 ...αp} (F̃)^n_{α1...α2n}C̃_{α2n+1 ...αp} , (4.6)

where

a_{αβ} = (g_{M N} + b_{M N} )∂_αX^M ∂_βX^N + F_{αβ} , F̃_{αβ} = F_{αβ} + b_{M N} ∂_αX^M ∂_βX^N , C̃_{α2n+1 ...αp} = C_{M2n+1 ...Mp} ∂_{α2n+1} X^M2n+1 . . . ∂_{αp} X^Mp (4.7)

and ξ^α, α = 1, . . . , p. Finally, T_{S(p−1)} is S(p-1)-brane tension and μ_{S(p−1)} is the charge of S(p-1)-brane with respect to Ramond-Ramond fields. These quantities will be determined during the calculations.

In other words we will show that the modes given in (4.14) that propagate on the worldvolume of the kink obey the equations of motion derived from (4.6) that have the form −T_{S(p−1)} δe^{−Φ} δX^K √ det a − −T_{S(p−1)} e^{−Φ} 2 ( δg_{M N} δX^K ∂_αX^M ∂_βX^N + δb_{M N} δX^K ∂_αX^M ∂_βX^N ) (a^{−1})^{βα} √ det a + +T_{S(p−1)}∂_α [ e^{−Φ}g_{KM} ∂_βX^M (a^{−1})^{βα}_S √ det a ] + +T_{S(p−1)}∂_α [ e^{−Φ}b_{KM} ∂_β X^M (a^{−1})^{βα}_A √ det a ] + J̃_K = 0 , (4.8)

where J̃_K = δS^{W Z} δX^K = μ_{S(p−1)} ∑ n≥0 1 n!(2!)^n(2p − 2n)! ϵ^{α1...αp} [ ∂_K b_{M N} ∂_{α1} X^M ∂_{α2} X^N (F̃)^{n−1}_{α3...α2n}C̃_{α2n+1 ...αp} +(F̃)^n_{α1...α2n} ∂_KC̃_{M1...M2p−2n} ∂_{α2n+1} X^{M1} . . . ∂_{αp} X^{M2p−2n} − −2n∂_{α1} [ b_{KM} ∂_{α2} X^M (F̃)^{n−1}_{α3...α2n}C̃_{α2n+1 ...αp} ] − −(2p − 2n)∂_{α2n+1} [ (F̃)^n_{α1...α2n} C_{KM2...M2p−2n} ∂_{α2n+2} X^{M2} . . . ∂_{αp} X^{M2p−2n} ]] . (4.9)

In the same way we get that the equation of motion for A_α are T_{S(p−1)}∂_β [ e^{−Φ}(a^{−1})^{αβ}_A √ − det a ] + J̃^α = 0 , (4.10) where

J̃^α1 = μ_{S(p−1)} ∑ n≥0 2n n!2^n(2p − 2n)! ϵ^{α1...αp} ∂_{α2} [ (F̃)^{n−1}_{α3...α2n}C̃_{α2n+2...αp} ] . (4.11)

In what follows we will proceed in the same way as in [30] so we can be brief and recommend the paper [30] for more details.

We begin with the presumption that the tachyon kink depends on the time coordinate on the worldvolume of Dp-brane. We will also see that when we consider the singular limit we obtain the formal solution that leads to the negative expression under square root. In spite this fact we will argue that this singular solution describes S(p-1)-brane.

More precisely, let us consider the following ansatz for tachyon [31] T (x, ξ) = f(a(x − t(ξ)) , (4.12) where x is time coordinate on the worldvolume of Dp-brane and where t is some unknown function of the ξ^α , α = 1, . . . , p euclidean coordinates on the kink. We also presume as in [31] that f(u) satisfies following properties f(−u) = −f(u) , f^′(u) > 0 , ∀u , f(±∞) = ±∞ (4.13) but is otherwise an arbitrary function of its argument u. a is a constant that we shall take to ∞ in the end. In this limit we have T = ∞ for x > t(ξ) and T = −∞ for x < t(ξ). Let us also presume following ansatz for the massless fields

X^M (x, ξ) = X^M (ξ) , A_x(x, ξ) = 0 , A_α(x, ξ) = A_α(ξ) , α = 1, . . . , p . (4.14)

With this ansatz the matrix A_{μν} takes the form A = ( a^2f^{′2} −a^2f^{′2}∂_βt −a^2f^{′2}∂_αt a_{αβ} + a^2f^{′2}∂_αt∂_βt ) , (4.15)

where a_{αβ} = (g_{M N} + b_{M N} )∂_αX^M ∂_β X^N + F_{αβ} . (4.16) Now using the fact that

det A = det(A_{αβ} − A_{αx} 1 A_{xx} A_{xβ} ) det A_{xx} (4.17)

we get det A = a^2f^{′2} det a . (4.18) As a next step we determine the inverse matrix (A^{−1}). After some calculations we get the result ( A^{−1} )_{αβ} = (a^{−1})^{αβ} ( A^{−1} )_{xβ} = ∂_αt(a^{−1})^{αβ} , ( A^{−1} )_{αx} = (a^{−1})^{αβ}∂_βt , ( A^{−1} )_{xx} = ∂_αt(a^{−1})^{αβ}∂_βt (4.19)

For next purposes following relation will be also useful ( A^{−1} )_{μx} S − ( A^{−1} )_{μα} S ∂_αt = 1 a^2f^{′2} ( δ^μ_x − ( A^{−1} )_{xμ} S ) . (4.20)

With the help of this expression we get ∂_μ [ e^{−Φ}V ∂_ν T ( A^{−1} )_{νμ} S √ − det A ] = = V^′af^′e^{−Φ} √ − det a − V ∂_α [ e^{−Φ}(a^{−1})^{βα}_S ∂_βt √ − det a ] , (4.21)

where we have used the fact that the only field that depends on x is a tachyon. Then the DBI part^5 of the tachyon equation of motion (4.3) takes the form ∂_α [ V (f)e^{−Φ}(a^{−1})^{βα}_S ∂_βt √ − det a ] = i∂_α [ V (f)e^{−Φ}(a^{−1})^{βα}_S ∂_βt √ det a ] . (4.22)

Now we consider the DBI part of the equation of motion for X^K (4.4). In the same way as in [30] we can show the the DBI part of the equation of motion (4.4) takes the form √ −1af^′V ( −∂_K[e^{−Φ}] √ det a − e^{−Φ} 2 (g_{M N,K} + b_{M N,K}) ∂_αX^M ∂_β X^N (a^{−1})^{αβ} √ det a +∂_β [ e^{−Φ}g_{KM} ∂_αX^M (a^{−1})^{αβ}_S √ det a ] + ∂_β [ e^{−Φ}b_{KM} ∂_αX^M (a^{−1})^{βα}_A √ det a ]) . (4.23)

Now let us consider the DBI part of the equation of motion for gauge field (4.5). For A_x we get ∂_ν [ V e^{−Φ} ( A^{−1} )_{xν} A √ − det A ] = √ −1af^′V ∂_α [ e^{−Φ}(a^{−1})^{βα}_A ∂_βt √ det a ] . (4.24)

On the other hand the equations of motion for A_α take the form ∂_μ [ e^{−Φ} ( A^{−1} )_{αμ} A √ − det (A^{−1}) ] = √ −1af^′V ∂_β [ e^{−Φ}(a^{−1})^{αβ}_A √ det a ] . (4.25)

As a next step we evaluate the currents J_T , J_K and J^{μ1} . for the ansatz (4.12) and (4.14). It was shown in [30] following [32] that these currents take the form

J^{μ1} = ∑ n≥0 2n n!2^n(2p − 2n)! ϵ^{μ1...μp+1} ∂_{μ2} [ V (T )(F)^{n−1}_{μ3...μ2n} C_{μ2n+1 ...μp} ∂_{μp+1} T ] , (4.26)

5”DBI” part of the equation of motion means the part that arises from the variation of the DBI action.

J_T = ∑ n≤0 1 n!(2!)^n(2p − 2n)! ϵ^{μ1 ...μp+1} V^′(T ) ( (F)^n_{μ1 ...μ2n} C_{μ2n+1 ...μp} ∂_{μp+1} T ) − −∂_{μp+1} ∑ n≤0 1 n!(2!)^n(2p − 2n)! ϵ^{μ1...μp+1} [ V (T )(F)^n_{μ1...μ2n} C_{μ2n+1 ...μp} ]

(4.27) and J_K = ∑ n≤0 1 n!(2!)^n(2p − 2n)! ϵ^{μ1...μp+1} [ V (T )b_{M N,K}∂_{μ1} X^M ∂_{μ2} X^N (F)^{n−1}_{μ3 ...μ2n} C_{μ2n+1 ...μp} ∂_{μp+1} T +V (T )(F)^n_{μ1...μ2n} ∂_K C_{M1...M2p−2n} ∂_{μ2n+1} X^{M1} . . . ∂_{μp} X^{M2p−2n} ∂_{μp+1} T − −2∂_{μ1} [ V (T )b_{KM} ∂_{μ2} X^M (F)^{n−1}_{μ3...μ2n} C_{μ2n+1 ...μp} ∂_{μp+1} T ] − −(2p − 2n)∂_{2n+1} [ V (T )(F)^n_{μ1...μ2n} C_{KM2...M2p−2n} ∂_{μ2n+2} X^{M2} . . . ∂_{μp} X^{M2p−2n} ∂_{μp+1} T ]] . (4.28)

Let us start with J_T that can be written as

J_T = − ∑ n≤0 V (T ) 1 n!(2!)^n(2p − 2n)! ϵ^{μ1 ...μp+1} ∂_{μp+1} ( (F)^n_{μ1...μ2n} C_{μ2n+1 ...μp} ) . (4.29) As the first step we determine the components of the embedding of various fields. It can be shown [30] that the only nonzero components of F_{μν} are F_{αβ}. For C^{(n)} the situation is the same, namely any component with x index is equal to zero. Then it can be easily shown that the tachyon current is equal to zero [30].

Now we consider the gauge current J^μ. Firstly, it can be easily shown [30] that J^x is equal to J^x = −af^′V ∑ n≥0 2n n!2^n(2p − 2n)! ϵ^{xα1...αp} ∂_{α1} [ (F)^{n−1}_{α3...α2n} C_{α2n+1...αp−1} ∂_{αp} t ]

(4.30)

while J^{α1} takes the form

J^{α1} = ∑ n≥0 af^′V 2n n!2^n(2p − 2n)! ϵ^{α1α2...αpx}∂_{α2} [ (F)^{n−1}_{μ3...μ2n} C_{μ2n+1 ...μp} ] = af^′V J̃^{α1} , (4.31)

where we have introduced the notation J̃^{α1} that is a correct form of the gauge current for S(p-1)-brane. If we now combine (4.25) with (4.31) we get af^′V [ i∂_β [ e^{−Φ}(a^{−1})^{αβ}_A √ det a ] + J̃^α ] = 0 . (4.32)

Let us now analyze the behavior of the term af^′V in the limit a → ∞. Since by definition f^′(u) is finite for all u it remains to study the properties of the expression aV . Since V ∼ e^{−T} for T → ∞ we have

lim_{a→∞} aV (f(a(x − t(ξ)) = (for x ≠ t(ξ)) lim_{a→∞} a e^{f (a(x−t(ξ)))} = 1 (x − t(ξ))f^′ lim_{a→∞} e^{−f (a(x−t(ξ)))} = 0

(4.33)

We see that for x ≠ t(ξ) the expression aV goes to zero in the limit a → ∞. On the other hand for x = t(ξ) the potential V (0) = τ_p and hence in order to obey the equation of motion for A_α we find that the expression in the bracket in (4.32) should vanish. In fact, this expression is correct form of the equation of motion for A_α that propagate on the worldvolume of S(p-1)-brane.

From (4.32) we can also deduce that the S(p-1)-brane tension and its charge with respect to Ramond-Ramond fields are equal to

T_{S(p−1)} = iT_{p−1} , μ_{S(p−1)} = μ_{p−1} , (4.34)

where T_{p−1} is tension of BPS D(p-1)-brane and μ_{p−1} is its corresponding charge. Even if the form of the equation (4.32) suggests that the tension of S(p-1)-brane can be arbitrary we will give arguments for the validity of (4.34) in the next subsection.

Let us now turn to the equation of motion for A_x. It was shown in [30] that it has solution in case when we demand that

∂_αt = 0 . (4.35)

The expression above also implies that the equation of motion for tachyon that for J_T = 0 has the form V ∂_α [√ −1e^{−Φ}(a^{−1})^{βα}_S ∂_βt √ det a ] = 0 (4.36)

is obeyed.

Finally, we will consider the current J^K . Again, as was shown in [30] that for the ansatz (4.12) and (4.14) this current takes the form J_K = af^′V ∑ n≤0 1 n!(2!)^n(2p − 2n)! ϵ^{α1...αpx} ( b_{M N,K}∂_{α1} X^M ∂_{α2} X^N (F)^{n−1}_{α3...α2n} C_{α2n+1 ...αp} +(F)^n_{α1...α2n} ∂_K C_{M1...M2p−2n} ∂_{α2n+1} X^{M1} . . . ∂_{αp} X^{M2p−2n} − −2∂_{α1} [ b_{KM} ∂_{α2} X^M (F)^{n−1}_{α3...α2n} C_{α2n+1...αp} ] + +(2p − 2n)∂_{α2n+1} [ (F)^n_{α1...α2n} C_{KM2 ...M2p−2n} ∂_{α2n+2} X^{M2} . . . ∂_{αp} X^{M2p−2n} ]) ≡ af^′V J̃^K . (4.37)

Using (4.23) and (4.37) we obtain the final form of the equation of motion for X^K in the form af^′V ( −i∂_K[e^{−Φ}] √ det a − i e^{−Φ} 2 (g_{M N,K} + b_{M N,K}) ∂_αX^M ∂_βX^N (a^{−1})^{αβ} √ det a +i∂_β [ e^{−Φ} { g_{KM} ∂_αX^M (a^{−1})^{αβ}_S + b_{KM} ∂_αX^M (a^{−1})^{βα}_A } √ det a ] + J̃^K ) = 0 .

(4.38)

Following now a discussion given below (4.32) we see that the expression in the bracket in (4.38) should be equal to zero. On the other hand this equation is exactly the equation of motion for the embedding mode that lives on the worldvolume of S(p-1)-brane.

Let us briefly discuss the meaning of the condition ∂_αt = 0. Following [30] we can argue that all tachyon kink solutions are parameterized with the constant t that determines the core of the kink and that all t are equivalent. This is natural result since we have not fixed the gauge on the worldvolume of non-BPS Dp-brane.

4.1 Stress energy tensor Further support for an interpretation of the tachyon kink as a lower dimensional S(p- 1)-brane can be derived from the analysis of the stress energy tensor for the non-BPS Dp-brane. In order to find its form recall that we can write the action (4.1) as

S_p = − ∫ d^{10}xd^{(p+1)}ξδ(X^M (ξ) − x^M )e^{−Φ}V (T ) √ − det A . (4.39)

From (4.39) we can easily determine components of the stress energy tensor T_{M N} (x) of an unstable D-brane using the fact that the stress energy tensor T_{M N} (x) is defined as the variation of S_p with respect to g_{M N} (x)

T_{M N} (x) = −2 δS_p √ −g(x)δg^{M N} (x) =

= − ∫ d^{(p+1)}ξ δ(X^M (ξ) − x^M ) √ −g(x) e^{−Φ}V g_{M K} g_{N L}∂_μX^K ∂_ν X^L(A^{−1})^{νμ}_S √ − det A .

(4.40)

Now from (4.12) and (4.14) we know that all massless modes are x independent. Hence (4.40) is equal to

T_{M N} (x) = − ∫ dxaf^′V (f(x)) ∫ d^pξ δ(X^M (ξ) − x^M ) √ −g(x) × ×e^{−Φ}g_{M K} g_{N L}∂_αX^K ∂_βX^L(a^{−1})^{βα}_S √ − det a = −iT_{p−1} ∫ d^pξ δ(X^M (ξ) − x^M ) √ −g(x) e^{−Φ}g_{M K} g_{N L}∂_αX^K ∂_βX^L(a^{−1})^{βα}_S √ det a ,

(4.41) where T_{p−1} = ∫ dxaV (f)f^′ = ∫ dmV (m) (4.42)

is a tension of BPS D(p-1)-brane. In other words the stress energy tensor evaluated on the ansatz (4.12) and (4.14) corresponds to the stress energy tensor for S(p-1)- brane. We also see that it is natural to define the tension of S(p − 1)-brane as T_{S(p−1)} = iT_{p−1}. In the same way we can calculate the charge to NS-NS two form fields. Again, since this charge follows from the variation of the DBI part of the non-BPS Dp-brane effective action we again get that this charge is imaginary. In conclusion, the effective field theory analysis of the time dependent tachyon kink suggests that S(p-1)-brane has imaginary charge with respect to NS-NS fields while is real to Ramond-Ramond fields.

5. S0-brane in the T-dual background

Now we would like to apply the general discussion given in previous section for S0- brane in the dual background defined in section (3). Recall that S0-brane action has the form S = −τ_{S0} ∫ dξe^{−Φ} √ g_{M N} Ẋ^M Ẋ^N , (5.1)

where ξ is world line coordinate and X^M are embedding coordinates of S0-brane. If we vary the action (5.1) we obtain the equations of motion for X^K in the form

∂_K [e^{−Φ}] √ g_{M N} Ẋ^M Ẋ^N + e^{−Φ}∂_K g_{M N} Ẋ^M Ẋ^N 2 √ g_{M N}Ẋ^M Ẋ^N − d dξ e^{−Φ}g_{M N}Ẋ^N √ g_{M N}Ẋ^M Ẋ^N

= 0 . (5.2)

Since we presume that S0-brane wraps the z direction we choose the gauge

ξ = Z (5.3)

and hence g_{M N}Ẋ^M Ẋ^N = g_{zz} + 2g_{tz}Ṫ + g_{tt}Ṫ^2 + g_{ρρ}ρ̇^2 , (5.4)

where X^0 ≡ T , ˙(. . .) =^{d(...)}_{dξ} . For convenience we write again the background fields in T-dual spacetime g_{zz} = α^{′2} L^2 sinh^2 ρ

, g_{tt} = −L^2 , g_{tz} = g_{zt} = α^′ , g_{ρρ} = L^2 ,

b_{zt} = −L^2 , e^{−Φ} = L g_s √ α^′ sinh ρ .

(5.5)

Then the action (5.1) takes the form S = −τ_{S0} ∫ dze^{−Φ} √ g_{zz} + 2g_{tz}Ṫ + g_{tt}Ṫ^2 + g_{ρρ}ρ̇^2 . (5.6)

Let us now try to find the ‘dynamics’ of S0-brane in T -dual background. Note that the Lagrangian has the form L = − √ V + ∑ i (f_i(∂_0Φ^i)^2 + B_i∂_0Φ^i) ≡ −△ , (5.7)

where V contain scalar potential for various fields Φ^i. Then in the same way as in the section (3) we determine the corresponding Hamiltonian H = ( V − ∑ i B^2_i 4f_i ) ( 1 − ∑ i P^2_i f_i ) − ∑ i B_iP_i 2f_i , (5.8)

where P_i is momentum conjugate to Φ^i. Now from (5.6) we have

V = τ^2_{S0}e^{−2Φ}g_{zz} , f_T = τ^2_{S0}e^{−2Φ}g_{tt} , b_T = 2τ^2_{S0}e^{−2Φ}g_{tz} , f_ρ = τ^2_{S0}e^{−2Φ}g_{ρρ} (5.9)

and hence the Hamiltonian takes the form H = ( g_{zz} g_{tt} − g^2_{tz} g_{tt} ) ( − P^2_T g_{tt} − P^2_ρ g_{ρρ} + e^{−2Φ}τ^2_{S0} ) − g_{tz} g_{tt} P_T . (5.10)

As usual the equation of motion for T that follows from (5.8) implies that P_T = const. On the other hand the equation of motion for ρ is equal to dρ dξ = δH δP_ρ = ( g^2_{tz} − g_{zz} g_{tt} g_{tt} ) P_ρ g_{ρρ} √ ( . . .) . (5.11)

If we again express P_ρ from the Hamiltonian (5.8) and use the fact that it is conserved (In a sense that^{dH}_{dz} = 0) we obtain

P^2_ρ = −

L^4 sinh^2 ρ α^{′2} cosh^2 ρ (E − α^′ L^2

P_T )^2 + P^2_T +

L^4τ^2_{S0} α^′g^2_s sinh^2 ρ .

(5.12)

Using this expression the equation (5.11) is equal to ( dρ dξ )_2 = ( g^2_{tz} − g_{zz} g_{tt} g_{tt} )_2

P^2_ρ g^2_{ρρ}(E +^{gzt}_{gtt} P_T )^2 = − α^{′2} L^4 cosh^2 ρ sinh^2 ρ + α^{′4} L^8 cosh^4 ρ sinh^4 ρ(E −^{α′}_{L2} P_T )^2 ( P^2_T +

L^4τ^2_{S0} α^′g^2_s sinh^2 ρ )

(5.13) using g^2_{tz} − g_{zz} g_{tt} g_{tt}g_{ρρ} = − α^{′2} L^4 cosh^2 ρ sinh^2 ρ . (5.14)

To compare the “dynamics” of S0-brane with the dynamics of D0-brane given in equation (3.17) we have to take into account the parametrization of ρ. Namely, in (3.17) ρ is the function of t that was identified with X^0 while in the equation (5.13) ρ is the function of ξ that is identified with z. On the other hand we can certainly write dρ dξ = dρ dT dT dξ = dρ dT δH δP_T , (5.15)

where dH dP_T = α^′ L^2 α^′ L^2 PT + E sinh 2 ρ sinh^2 ρ(E −^{α′}_{L2} P_T ) . (5.16)

If we combine (5.13), (5.15) and (5.16) we get ( dρ dT )_2

= cosh^2 ρ − cosh^4 ρ sinh^2 ρ [_{L4} α^{′2} E 2 −^{L4τ 2S0}_{α′g2s} ] (P_T +^{L2}_{α′} E sinh^2 ρ)^2 . (5.17)

However one can check that this is exactly the same differential equation for ρ as in case of D0-brane given in (3.17) when we note that τ_{S0} = iτ_0. Let us now try to insert the solution cosh ρ cos T = C into the equation (5.17). After some calculations we get

1 − 1 C^2 = sinh^4 ρ [_{L4} α^{′2} E 2 −^{L4τ 2S0}_{α′g2s} ] (P_T +^{L2}_{α′} E sinh^2 ρ)^2 . (5.18)

Since the left side is a constant it is clear that the only way how this equation is obeyed is to demand that P_T = 0. This is in complete agreement with the previous sections since P_T is canonical conjugate to X^0. Then the equation above implies

E^2 = C^2 α^′τ^2_{S0} g^2_s

. (5.19)

From the point of view of S0-brane worldvolume theory this is perfectly consistent result since now E is real. However from the point of view of original theory where τ_{S0} = iτ_0 we obtain imaginary E which of course is expected since τ_{S0} is imaginary.

It is also interesting to study the dependence of T on ξ. In fact, using (5.8) we obtain dT dξ = δH δP_T = g^2_{zt} − g_{zz} g_{tt} g^2_{tt} P_T E +^{gtz}_{gtt} − g_{tz} g_{tt} (5.20)

that for P_T = 0 implies dT dξ = − g_{tz} g_{tt} = α^′ L^2

. (5.21)

We see that the S0-brane does not take the fixed position in time, rather the dependence of T on ξ = z is in perfect agreement with the result (3.20).

On the other hand, if we insert (5.19) into (5.13) and use P_T = 0 we obtain a differential equation for ρ in the form ( dρ dξ )_2 = α^{′2} L^4 ( cosh^4 ρ C^2 sinh^2 ρ − cosh^2 ρ sinh^2 ρ ) . (5.22)

Even if this equation can be solved explicitly we restrict ourselves to the case when C = 1 in order to demonstrate the main properties of given solution. For C = 1 the equation above reduces into dρ dξ = α^′ L^2 cosh ρ (5.23)

that has the solution sinh ρ = | | | |tan ( α^′ L^2 ξ )| | | , (5.24)

where we have chosen the integration constant in such a way that for ξ = 0, ρ = 0. The solution (5.24) describes S0-brane that many times wraps ξ = z direction before it reaches its maximum value at ξ_{max} =^{L2π}_{2α′} (Note that L^2 ≫ α^′ in order to trust supergravity solution.). Then it again spirals down until it reaches the point ρ = 0 at ξ_f =^{L2}_{α′} π.

6. Summary and Conclusion

In this paper, we have studied the unphysical dS_2-branes in the covering space of the SL(2,R) WZW model, that is the AdS_3 space time, supported by NS-NS three-form flux, and observed in the T -dual set up, the emergence of the S-branes. We have been able to present a physical interpretation of the unphysical solutions with imaginary electric flux corresponding to dS_2 branes. This becomes clear in the T-dual picture, in the form of an S0-brane that arises from the time dependent tachyon condensation on an unstable D1-brane. We have also been able to show that the previously found unphysical solutions correspond, in fact, to perfect and acceptable solutions in string theory (even if the initial configurations of tachyon that corresponds to S-brane have to be fine tuned) since they arise from the singular, time dependent tachyon condensation. We have also shown that these S-branes couple to imaginary NS-NS fields, but to real R-R fields, and hence in the terminology of [4], correspond to S^− branes. We further have analyzed the time dependent tachyon condensation on non-BPS Dp-branes in general background and found out a class of time dependent singular solutions which correspond to the S^− branes. Arguments in favor of this have also been given by studying the stress tensor, that revealed the fact that indeed these S-branes couple to imaginary NS-NS fields, but to real R-R fields. There are further directions of research that one can adopt. One of them is to analyze the unphysical branes [15] in the Nappi-Witten model. The DBI action on the unphysical branes in that background have been shown to be imaginary, and hence in the present context, might correspond to some kind of Dirichlet S-branes. One can further analyze the one loop partition function for the branes in the above backgrounds, and give interpretations in the same spirit of [4]. We hope to come back to some of these issues in near future.

Acknowledgements:

The work of JK was supported in part by the Czech Ministry of Education under Contract No. MSM 0021622409, by INFN, by the MIUR-COFIN contract 2003- 023852, by the EU contracts MRTN-CT-2004-503369 and MRTN-CT-2004-512194, by the INTAS contract 03-516346 and by the NATO grant PST.CLG.978785.The work of RRN was supported by INFN. The work KLP was supported partially by PRIN 2004 - ”Studi perturbativi e non perturbativi in teorie quantistiche dei campi per le interazioni fondamentali”.

References

[1] M. Gutperle and A. Strominger, “Spacelike branes,” JHEP 0204, 018 (2002) [arXiv:hep-th/0202210].

[2] A. Sen, “Tachyon dynamics in open string theory,” Int. J. Mod. Phys. A 20, 5513 (2005) [arXiv:hep-th/0410103].

[3] D. Gaiotto, N. Itzhaki and L. Rastelli, “Closed strings as imaginary D-branes,” Nucl.

Phys. B 688, 70 (2004) [arXiv:hep-th/0304192].

[4] B. Durin and B. Pioline, “Aspects of Dirichlet S-branes,” Phys. Lett. B 625 (2005) 291 [arXiv:hep-th/0507059].

[5] C. Bachas and M. Petropoulos, “Anti-de-Sitter D-branes,” JHEP 0102, 025 (2001) [arXiv:hep-th/0012234].

[6] P. M. Petropoulos and S. Ribault, “Some remarks on anti-de Sitter D-branes,” JHEP 0107, 036 (2001) [arXiv:hep-th/0105252].

[7] A. Giveon, D. Kutasov and A. Schwimmer, “Comments on D-branes in AdS(3),” Nucl. Phys. B 615, 133 (2001) [arXiv:hep-th/0106005].

[8] C. Bachas, “D-branes in some near-horizon geometries,” arXiv:hep-th/0106234.

[9] Y. Hikida and Y. Sugawara, “Boundary states of D-branes in AdS(3) based on discrete series,” Prog. Theor. Phys. 107, 1245 (2002) [arXiv:hep-th/0107189].

[10] A. Rajaraman and M. Rozali, “Boundary states for D-branes in AdS(3),” Phys. Rev.

D 66, 026006 (2002) [arXiv:hep-th/0108001].

[11] A. Parnachev and D. A. Sahakyan, “Some remarks on D-branes in AdS(3),” JHEP 0110, 022 (2001) [arXiv:hep-th/0109150].

[12] P. Lee, H. Ooguri and J. w. Park, “Boundary states for AdS(2) branes in AdS(3),” Nucl. Phys. B 632, 283 (2002) [arXiv:hep-th/0112188].

[13] B. Ponsot, V. Schomerus and J. Teschner, “Branes in the Euclidean AdS(3),” JHEP 0202, 016 (2002) [arXiv:hep-th/0112198].

[14] D. Israel, “D-branes in Lorentzian AdS(3),” JHEP 0506, 008 (2005) [arXiv:hepth/0502159].

[15] Y. Hikida, R. R. Nayak and K. L. Panigrahi, “D-branes in a big bang / big crunch universe: Nappi-Witten gauged WZW model,” JHEP 0505, 018 (2005) [arXiv:hepth/0503148].

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

[17] H. Dorn, M. Salizzoni and A. Torrielli, “On D-branes in overcritical electric fields,” Phys. Rev. D 73 (2006) 026006 [arXiv:hep-th/0508071].

[18] S. Bhattacharya, S. Mukherji and S. Roy, “On the effective action of a space-like brane,” Phys. Lett. B 584 (2004) 163 [arXiv:hep-th/0308069].

[19] K. Hashimoto, P. M. Ho, S. Nagaoka and J. E. Wang, “Time evolution via S-branes,” Phys. Rev. D 68 (2003) 026007 [arXiv:hep-th/0303172].

[20] A. Giveon, M. Porrati and E. Rabinovici, “Target space duality in string theory,” Phys. Rept. 244, 77 (1994) [arXiv:hep-th/9401139].

[21] A. Sen, “Supersymmetric world-volume action for non-BPS D-branes,” JHEP 9910, 008 (1999) [arXiv:hep-th/9909062].

[22] M. R. Garousi, “Tachyon couplings on non-BPS D-branes and Dirac-Born-Infeld action,” Nucl. Phys. B 584, 284 (2000) [arXiv:hep-th/0003122].

[23] E. A. Bergshoeff, M. de Roo, T. C. de Wit, E. Eyras and S. Panda, “T-duality and actions for non-BPS D-branes,” JHEP 0005, 009 (2000) [arXiv:hep-th/0003221].

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

[25] C. Kennedy and A. Wilkins, “Ramond-Ramond couplings on brane-antibrane systems,” Phys. Lett. B 464 (1999) 206 [arXiv:hep-th/9905195].

[26] M. Billo, B. Craps and F. Roose, “Ramond-Ramond couplings of non-BPS D-branes,” JHEP 9906, 033 (1999) [arXiv:hep-th/9905157].

[27] P. Kraus and F. Larsen, “Boundary string field theory of the DD-bar system,” Phys.

Rev. D 63, 106004 (2001) [arXiv:hep-th/0012198].

[28] T. Takayanagi, S. Terashima and T. Uesugi, “Brane-antibrane action from boundary string field theory,” JHEP 0103, 019 (2001) [arXiv:hep-th/0012210].

[29] K. Okuyama, “Wess-Zumino term in tachyon effective action,” JHEP 0305, 005 (2003) [arXiv:hep-th/0304108].

[30] J. Kluson, “Tachyon kink on non-BPS Dp-brane in the general background,” JHEP 0510, 076 (2005) [arXiv:hep-th/0508239].

[31] A. Sen, “Dirac-Born-Infeld action on the tachyon kink and vortex,” Phys. Rev. D 68, 066008 (2003) [arXiv:hep-th/0303057].

[32] K. Skenderis and M. Taylor, “Branes in AdS and pp-wave spacetimes,” JHEP 0206 (2002) 025 [arXiv:hep-th/0204054].