Published by Institute of Physics Publishing for SISSA/ISAS Received: March 12, 2004 Revised: May 24, 2004 Accepted: June 11, 2004

Proposal for the open string tachyon effective action in the linear dilaton background

Josef Klusoň

Department of Theoretical Physics and Astrophysics Faculty of Science, Masaryk University Kotlářská 2, 611 37, Brno, Czech Republic E-mail: klu@physics.muni.cz

Abstract: In this paper we propose tachyon effective actions for unstable D-branes in superstring and bosonic string theories in the presence of the linear dilaton background.

Keywords: D-branes, Tachyon Condensation.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep062004021 /jhep062004021 .pdf

Contents

1. Introduction 1

2. Proposal for supersymmetric tachyon effective action in the linear dilaton background 3

3. Proposal for tachyon effective action in bosonic string theory in linear dilaton background 9

4. Conclusion 11

1. Introduction

It is well known that bosonic and type-IIA and type-IIB string theories contain in their spectrum unstable D-branes. These unstable D-branes are characterised by having a single tachyonic mode of the mass^2 μ^2_{super} = −^1_2 in case of supersymmetric non-BPS D-branes or a tachyonic mode with μ^2_{bos} = −1 (in α^′ = 1 unit) living on their world-volume. The tachyon field has local maximum at T = 0 and pair of global minima at ±∞ where the negative contribution from the potential exactly cancels the tension of non-BPS D-brane in supersymmetric theory, in bosonic theory the story is basically the same with the exception that there is only one global minimum at T = ∞. As a result the configuration where the tachyon potential is at its minimum corresponds to vacuum without any D-branes and fluctuations of the open string field around these minima do not contain any perturbative open string states in the spectrum.^1

One can also study the time-dependent tachyon solution where the tachyon rolls away from near the top of the potential towards the minimum of the potential at T = ∞ [17, 18, 19, 32, 33, 34]. This time-dependent tachyon condensation is described be marginal deformation on the boundary of the world sheet T (X^0) = e^{μX0} . It was shown in [35, 21] that this time-dependent tachyon condensation has nice effective field theory description based on the superstring tachyon effective action^2 [21] S = − ∫ d^DxL , L = 1 g_s(1 +^{T 2}_2 ) √ 1 + T^2 2 + η^{μν} ∂_μT ∂_ν T , (1.1)

1For review of the tachyon condensation in string theory, see [1]–[8]. Some papers, where the effective field theory descriptions of the tachyon dynamics can be found, are [9]–[31].

2Our convention is ημν = diag(−1, 1, . . . , 1), μ, ν = 0, . . . , D −1, i, j = 1, . . . , D −1 where D is dimension of the space time.

– 1 – where g_s is constant string coupling constant related to the constant dilaton Φ_0 as g_s = e^{Φ0} . It was shown that this action correctly captures the physics around the marginal tachyon condensation in case of constant dilaton and the flat Minkowski space-time [21, 31]. This action was reconstructed around the vicinity of the conformal point corresponding to the time-dependent background which should represent the exact boundary conformal field theory T = T_+e^x 0 √ 2 + T_−e^{− x} 0 √ 2 . (1.2)

The remarkable fact about the action (1.1) is that if we demand that the generic first order tachyon lagrangian L = V (T )K((∂T )^2) (1.3)

has (1.2) as its exact solution fixes its time-dependent part to be L = 1 g_s(1 +^{T 2}_2 ) √ 1 + T^2 2 − (∂_0T )^2 . (1.4)

Then (1.1) arises from (1.4) by Lorenz-covariant generalisation which was extensively discussed in [29]. Note also that after field redefinition T √ 2 = sinh T̃ √ 2 (1.5)

the lagrangian (1.1) becomes ”tachyon DBI” like lagrangian

L = e^{−Φ0} V (T̃ ) √ − det(η_{μν} + ∂_μT̃ ∂_νT̃ ) = e^{−Φ0} V (T̃ ) √ 1 + η^{μν} ∂_μT̃ ∂_νT̃ . (1.6)

Further support for the validity of the (1.6) in the description of the tachyon dynamics around the marginal deformation was given in [36].

Even if the relation between the action (1.1) and the tachyon effective action calculated from the string theory partition function is not completely clear [29] we mean that the fact that the tachyon marginal perturbation is an exact solution of the equation of motion arising from (1.1) is very attractive and deserve further study. In particular, we can ask the question whether there are another marginal tachyon profiles that are solutions of the equation of motion arising from (1.1). Some interesting comments and suggestions considering these problems were also presented in [29] and we hope to return to them in near future. For next purposes we also present the version of the D-brane tachyon effective action in bosonic string theory that we proposed in [27]^3 L = 1 g_s(1 + T ) √ 1 + T + η^{μν} ∂_μT ∂_ν T T . (1.7)

We have shown in [27] that the tachyon profile

T = e^{βμxμ} , β_μη^{μν} β_ν + 1 = 0 (1.8)

3More detailed discussion of the tachyon effective action in bosonic theory can be found in [28].

– 2 – is exact solution of the equation of motion arising from (1.7). The pure time-dependent case β_0 = 1 , β_i = 0 corresponds to the decay of unstable brane where in the far past D-brane is in its unstable maximum T = 0 and rolls to the stable minimum T = ∞ at far future.

Since the tachyon effective actions (1.1), (1.6) and (1.7) are useful in the description of the tachyon dynamics near the marginal tachyon profile in flat space time one can ask the question whether their description of the tachyon condensation in nontrivial closed background is as successful as in flat space time. An example of such a closed string background that has simple conformal field theory description and where one can easily find marginal boundary interaction [37] is linear dilaton background. The results given there were used recently in [38] where we have shown that the tachyon effective lagrangian obtained from the string partition function is different from the tachyon effective lagrangian (1.7). Despite this fact we mean that it is useful to try to find the generalisation of the action (1.1) to the linear dilaton background that will not be directly related to the lagrangian evaluated from the string partition function but which will have the rolling tachyon profile in the linear dilaton background as its exact solution. This is the question which we will address in this paper. We find such a form of the tachyon action that reduces to (1.1) for constant dilaton and that the rolling tachyon profile in the linear dilaton background [37] is the exact solution of the equation of motion that arises from it. We will also calculate the component of the stress energy tensor and the dilaton source. Unfortunately we will find that their asymptotic behaviour is different from the exact results given in [37]. We will discuss this issue more extensively in conclusion and suggest its possible resolution.

The organisation of this paper is as follows. In section 2 we present the main proposal for the tachyon effective action in superstring theory. In section (3) we will generalise the action (1.7) to the case of linear dilaton background as well. And finally in conclusion (4) we outline our results and suggest possible extension of this work.

2. Proposal for supersymmetric tachyon effective action in the linear dilaton background

In this section we propose such a form of the tachyon effective action in superstring theory which has the rolling tachyon profile in the linear dilaton background as its exact solution. The linear dilaton background is characterised with the spacelike vector V_μ so that the dilaton is

Φ = V_μx^μ + Φ_0 , (2.1)

where Φ_0 is constant part of the dilaton and which coincides with the constant string coupling constant g_s in case of vanishing gradient V_μ = 0. Since it is not completely clear how to include the massless scalars that parametrise transverse position of unstable Dbrane into the action (1.1) we restrict ourselves to the case of D-brane that fills the whole space-time.

– 3 –

The motivation for our proposal is that the straightforward generalisation of (1.1) and (1.7) to the case of the arbitrary dilaton Φ

L_{super} = e^{−Φ} 1 +^{T 2}_2 √ 1 + T^2 2 + η^{μν} ∂_μT ∂_ν T , L_{bos} = e^{−Φ} 1 + T √ 1 + T + η^{μν} ∂_μT ∂_ν T T (2.2)

does not correctly captures the physics of the tachyon condensation in the linear dilaton background (1.7). In particular, we have shown that there exists the rolling tachyon solution T ∼ e^{βt} only for large T , however the relation between β and V_0 is not the same as the relation coming from the condition of the marginality of the boundary interaction T = e^{βt}. Moreover we have also shown that the behaviour of components of the stress energy tensor calculated from (2.2) differs from the results given in [37] in rather dramatic way. We meant that these facts suggest that in order to find the tachyon effective action in the linear dilaton background that would have the rolling tachyon as its exact solution we should allow more general insertion of Φ.

The second leading point in our proposal is the requirement that for constant Φ our action reduces to (1.1). For that reason we conjecture that the factor in the square root of (1.1) should be generalised in case of the linear dilaton background as

B = 1 + g_se^{−Φ} ( T^2 2 + η^{μν} ∂_μT ∂_ν T − T η^{μν} ∂_μT ∂_ν Φ ) . (2.3)

First of all we see that this term reduces to the standard one given in (1.1) for Φ = Φ_0. On the other hand for the half S-brane solution T = e^{βμxμ} , η^{μν} β_μβ_ν − η^{μν} β_μV_ν = 1 2 (2.4)

(2.3) is constant which according to our observations given in [27] is an important fact for the search of the exact solution with the correct marginal condition. We have also included the exponential factor e^{−Φ} in (2.3) from the following reason. If we demand that the action should have the tachyon profile (2.4) as its exact solution it is possible that some terms in the equation of motion will be equal for √ B = 1 which, however need not to be true for any B = const ≠ 1. It would then be useful to have such an exact solution which will lead to any constant value of B. In case of the constant dilaton background such a solution is full S-brane profile. Then the requirement that the tachyon effective action should have this profile as its exact solution was used in the determination of the tachyon effective action in^4 [21, 28, 31]. An analogue such a solution in case of the linear dilaton background is T = T_+e^{β+μ xμ} + T_−e^{β−μ xμ} , β^±_μ η^{μν} β^±_ν − η^{μν} β^±_μ V_ν = 1 2 , (2.5)

where now

(β^±_0 )^2 − β^±_0 V_0 = 1 2 ⇒ β^±_0 =

V_0 ± √ V^2_0 + 2 2 , β^+_i = V_i , β^−_i = 0 . (2.6)

4For former papers where such an approach was used, see [39, 40].

– 4 –

In this case we have

B = 1 + g_se^{−Φ} ( 1 2 [ T^2_+e^{2β+μ xμ} + 2T_+T_−e^{(β+μ +β−μ )xμ} + T^2_−e^{2β−μ xμ} ] + + T^2_+e^{2β+μ xμ} (β^+_μ η^{μν} β^+_ν − η^{μν} β^+_μ V_ν ) + T^2_−e^{2β−μ xμ} (β^−_μ η^{μν} β^−_ν − η^{μν} β^−_μ V_ν ) +

+ T_+T_−e^{(β+μ +β−μ )xμ} (2β^+_μ η^{μν} β^−_ν − (β^+_μ + β^−_μ )η^{μν} V_ν ) )

= 1 + 2g_sT_+T_− ( 1 − V_μV^μ 2 ) (2.7)

using

(β^+_μ + β^−_μ )x^μ = V_0x^0 + V_ix^i = Φ ,

β^+_μ η^{μν} β^−_ν = −β^+_0 β^−_0 = 1 2 , (β^+_μ + β^−_μ )η^{μν} V_ν = −V^2_0 + V^2_i = V_μV^μ . (2.8)

Now we come to proposal considering tachyon effective action in the linear dilaton background. We require that for constant dilaton this lagrangian reduces to the (1.1) and also we would like to have a connection with the formulation of the lagrangian evaluated on the tachyon marginal profile given in [38]. For that reason we propose following form of the supersymmetric tachyon effective lagrangian L = 1 g_s √ B ∫_∞ 0 dse^{−s− 12 gse−ΦT 2 sFG} ≡ 1 g_s √ B ∫_∞ 0 dse^{−D(x,s)} , D(x, s) = s + x s^{F (V )} G(V ) , x ≡ g_se^{−Φ}T^2 2 , (2.9)

where F, G are unknown functions of V_μ that should obey following conditions: lim_{V →0} F (V ) = 1, lim_{V →0} G(V ) = 1 that imply that (2.9) reduces to (1.1). Our goal is to determine these functions F, G so that the general tachyon profile (2.5) will be solution of the equation of motion that arises from (2.9) − √ Bg_se^{−Φ}T ∫_∞ 0 dse^{−D} s^F G + g_se^{−Φ}T 2 √ B ∫_∞ 0 dse^{−D}− g_se^{−Φ}η^{μν} ∂_μT ∂_ν Φ 2 √ B ∫_∞ 0 dse^{−D}− (2.10) −∂_μ [ g_se^{−Φ}η^{μν} ∂_ν T √ B ∫_∞ 0 dse^{−D} ] +∂_μ [ g_se^{−Φ}T η^{μν} ∂_ν Φ 2 √ B ∫_∞ 0 dse^{−D} ] = 0 .

Using the fact that √ B = const and also

g_se^{−Φ}[η^{μν} ∂_μT ∂_ν T − T η^{μν} ∂_μT ∂_ν Φ] = B − 1 − g_se^{−Φ}T^2 2 . (2.11)

the equation of motion (2.9) after some calculation takes the form ∫ dse^{−D} s^F G [ 1 + x ( 1 − V_μV^μ 2 )] = ∫ dse^{−D} ( 1 − V_μV^μ 2 ) . (2.12)

– 5 –

The last equation is obeyed if we take

F = 1 , 1 G = ( 1 − V_μV^μ 2 ) (2.13)

as can be seen from following integrals ∫_∞ 0 dse^{−D} s^F G [ 1 + x ( 1 − V_μV^μ 2 )] = (1 −^{VμV μ}_2 ) 1 + x(1 −^{VμV μ}_2 ) , ( 1 − V_μV^μ 2 ) ∫_∞ 0 dse^{−D} = (1 −^{VμV μ}_2 ) 1 + x(1 −^{VμV μ}_2 )

. (2.14)

We see that the generalisation of (1.1) to the case of linear dilaton background takes remarkable simple form L = 1 g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) √ B . (2.15)

Note that for small T (2.15) is equal to L = 1 g_s − e^{−Φ}T^2 4 (1 − V_μV^μ) + e^{−Φ}η^{μν} ∂_μT ∂_ν T 2 − e^{−Φ}T^2∂_μΦ∂_ν Φ 4 = 1 g_s + e^{−Φ} 2 [ η^{μν} ∂_μT ∂_ν T − 1 2 T^2 ] (2.16)

which is correct (up to constant term) tachyon effective lagrangian around the point T = 0. In the previous equation we have used the integration by parts in the D-brane effective action that implies − 1 2 ∫ d^Dxe^{−Φ}T η^{μν} ∂_μT ∂_ν Φ = − 1 4 ∫ d^Dxe^{−Φ}T^2η^{μν} ∂_μΦ∂_ν Φ . (2.17)

Tachyon effective action (2.15) also implies one remarkable fact that could be useful for further research. As is well known the norm of the dilaton field V_μV^μ is related to the number of space-time dimensions as [41, 42]

V_μη^{μν} V_ν = 10 − D 4 . (2.18)

Then we immediately get that the potential term in (2.15) vanishes in two dimensions since 1 −^{VμV μ}_2 =^{D−2}_8 . We can interpret this property as a consequence of the absence of the perturbative instability in two dimensional field theory where the tachyon is massless.

As a next step we will calculate the stress energy tensor and the dilaton source from (2.15). Since it is convenient to have the stress energy tensor symmetric we rewrite the term containing gradient of the dilaton in (2.15) as

g_se^{−Φ}η^{μν} ∂_μT ∂_ν Φ = g_se^{−Φ}η^{μν} 2 (∂_μT ∂_ν Φ + ∂_μΦ∂_ν T ) . (2.19)

– 6 –

Before explicit calculation of the stress energy tensor and dilaton charge we should discus one important issue. The effective tachyon action contains the term 1 −^{Vμημν Vν}_2 that for linear dilaton background can be written as 1 − ∂_μΦη^{μν} ∂_ν Φ 2 . (2.20)

We mean that this is the right expression in the action that we should used if we calculate the stress energy tensor and dilaton charge by variation of the action with respect to g^{μν} and Φ. For example, when we calculate the stress energy tensor in flat space-time we replace the Minkowski metric η_{μν} with arbitrary g_{μν} , perform the variation with respect to g_{μν} and then we again introduce the flat metric η_{μν} . With analogue with the previous example we mean that it is appropriate to replace V_μV^μ with g^{μν} ∂_μΦ∂_ν Φ, perform the variation with respect to Φ and g^{μν} and then insert the values of metric and dilaton corresponding to the flat space-time and linear dilaton background.^5 As a result of this calculation we get components of the stress energy tensor for unstable D-brane in linear dilaton background T_{μν} = −η_{μν} L + 2 δL δg^{μν} = − η_{μν} √ B g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) + g_se^{−Φ}∂_μT ∂_ν T −^{gse−ΦT}_2 (∂_μT V_ν + V_μ∂_ν T ) g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) √ B +

+ g_se^{−Φ}T^2V_μV_ν √ B 2g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV μ}_2 ))^2

. (2.21)

For the half S-brane solution with T = e^{βx0} we obtain following components

T_{00} =

1 +^{gse−ΦT 2}_2 g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) + g_se^{−Φ}T^2V_0V_0 2g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV μ}_2 ))^2 , T_{ij} = −δ_{ij} 1 g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) + g_se^{−Φ}T^2V_iV_j 2g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV μ}_2 ))^2 , T_{0i} = T_{i0} = − g_se^{−Φ}βV_iT^2 2g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) + g_se^{−Φ}T^2V_0V_i 2g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV μ}_2 ))^2

. (2.22)

In the same way we get the dilaton source

J_Φ= − δL δΦ = − g_se^{−Φ}T^2(1 −^{VμV μ}_2 ) √ B 2g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 ))^2 + g_se^{−Φ} (_{T 2} 2 + η^{μν} ∂_μT ∂_ν T − η^{μν} ∂_μT V_ν ) 2g_s √ B(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) −

−∂_μ [ g_se^{−Φ}T η^{μν} ∂_ν T 2g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) √ B ] +∂_μ [ η^{μν} V_ν g_se^{−Φ}T^2 √ B 2g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV ν}_2 ))^2 ]

(2.23)

5There could be potential subtlety with this approach. Since we have obtained the action (2.15) in fixed linear dilaton background this off-shell continuation could be ambiguous.

– 7 – that for the tachyon profile T = e^{βx0} is equal to

J_Φ = − g_se^{−Φ}T^2(−^{VμV μ}_2 − βV_0) 2g_s(1 +^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 ))^2 + (−βV_0 −^{VμV μ}_2 )g_se^{−Φ}T^2(1 −^{gse−ΦT 2}_2 (1 −^{VμV μ}_2 )) g_s(1 + g_se^{−Φ T 2}_2 (1 −^{VμV ν}_2 ))^3 . (2.24) One can easily confirm that T_{μν} and J_Φ are related through the conservation law

∂^μT_{μν} = V_ν J_Φ . (2.25)

From (2.22) we determine the asymptotic behaviour of the components of the stress energy tensor at far future and far past. Using the fact that for the half S-brane e^{−Φ}T^2 = e^{−Vixi+t} √_{V 20 +2}

we obtain the asymptotic behaviour of T_{μν} at far future

T_{00} ∼ 1 g_s ( 1 −^{VμV μ}_2 ) , T_{ij} ∼ 0 , T_{0i} ∼ − βV_i g_s(1 −^{VμV μ}_2 )

(2.26)

together with J_Φ → 0 . (2.27)

We see that at far future the energy density is independent on time while T_{ij} scales to zero. It would be nice to interpret this result as a fact, that the the tachyon dust is compression of gas of massive closed string whose energy is unaffected in a way by change of the dilaton. This behaviour is in agreement with the CFT calculation given in [37] On the other hand CFT analysis implies that off-diagonal components of the stress energy tensor are zero while we have got nonzero components T_{0i} whose meaning is at present not completely clear to us. However the fact that they are proportional to −V_i suggests that tachyon dust slides towards weak coupling which would be in agreement with the interpretation given in [37]. To see more clearly this correspondence we should study the fluctuations around different tachyon rolling solution. We hope to return to these problems in future. However much more serious problem arises in the opposite limit t → −∞. In this case we again find

T_{00} ∼ 1 g_s + g_se^{−Φ}T^2 g_s4

V_μV^μ + g_se^{−Φ}T^2V^2_0

g_s2 → 1 g_s , T_{ij} ∼ −δ_{ij} ( 1 − g_se^{−Φ}T^2

g_s2 ( 1 − V_μV^μ 2 )) + g_se^{−Φ}T^2V_iV_j g_s2 → −δ_{ij} 1 g_s , T_{0i} = − g_se^{−Φ}T^2V_i g_s2

(β − V_0) → 0 ,

J_Φ ∼ g_se^{−Φ}T^2 g_s → 0 . (2.28)

Even if the components of the stress energy tensors scale as 1/g_s this result is not in agreement with the calculations given in [37] where it was shown that components of the stress energy tensors scale at far past as ∼ e^{−Φ}.

We mean that this could be indication that our proposed effective action, even if it has the tachyon rolling solution for every values of T , should be modified at small T where we could expect that terms with higher derivatives could be important. For example,

– 8 – let us presume that some additional term in the action contains following combination C = 1 +^{T 2}_2 + T ∂_μη^{μν} ∂_ν T − T η^{μν} ∂_μT ∂_ν Φ. Clearly this combination is equal to one for any marginal tachyon profile and hence the term in the tachyon effective lagrangian that contains such a combination should come with the standard factor e^{−Φ} and consequently could give significant contribution to the tachyon dynamics in weak coupling. On the other hand when we include terms containing the second derivatives to the action there is no reason why we should not include terms containing derivative of higher orders. For that reason we restrict ourselves in our proposal to the action containing first derivatives only and leave the more general case for future work.

3. Proposal for tachyon effective action in bosonic string theory in linear dilaton background

In this section we will propose the generalised form of the tachyon effective action in bosonic string theory in linear dilaton background. Recall that in the flat space-time the tachyon effective action has form given in (1.7). Following the results given in case of the supersymmetric action we should include some powers of the factor g_se^{−Φ} in front of the tachyon T . Since in the effective action (1.7) tachyon components scales as T we propose that we should include everywhere the factor g^{1/2}_s e^{−Φ/2}. In other words our proposal for the tachyon effective action in bosonic string theory has the form L = 1 g_s √ B ∫_∞ 0 dse^{−s−g1/2s e−Φ/2T sFG} ≡ √ B ∫_∞ 0 dse^{−D} , B = 1 + g^{1/2}_s e^{−Φ/2} [ η^{μν} ∂_μT ∂_ν T T − η^{μν} ∂_ν T ∂_ν Φ ] , D = s + x s^F G , x ≡ g^{1/2}_s e^{−Φ/2}T . (3.1)

with the property that for V → 0 we have F , G → 1. The equation of motion that arises from (3.1) is −g^{1/2}_s e^{−Φ/2} √ B ∫_∞ 0 dse^{−D} s^F G + g^{1/2}_s e^{−Φ/2} 2 √ B ∫_∞ 0 dse^{−D}− −g^{1/2}_s e^{−Φ/2} η^{μν} ∂_μT ∂_ν T 2T^2 √ B ∫_∞ 0 dse^{−D} − ∂_μ [ g^{1/2}_s e^{−Φ/2}η^{μν} ∂_ν T T √ B ∫_∞ 0 dse^{−D} ] +

+∂_μ [ g^{1/2}_s e^{−Φ/2}η^{μν} ∂_ν Φ 2 √ B ∫_∞ 0 dse^{−D} ] = 0 (3.2)

that for the tachyon profile T = e^{βμxμ} , B = 1 is equal to

g^{1/2}_s e^{−Φ/2} ∫ dse^{−D} s^F G [ 1 + x ( 1 − V^2 4 )] = g^{1/2}_s e^{−Φ/2} ∫ dse^{−D} ( 1 − V^2 4 ) . (3.3)

The last formulation suggests that F, G should be equal to

F = 1 , 1 G = ( 1 − V_μV^μ 4 ) (3.4)

– 9 – as follows from the same arguments as were given in the previous section. Since in the linear dilaton background we have ∂_μΦ = V_μ we can also write the tachyon effective action as L = √ B g_s ∫_∞ 0 dse^{−s(1+ xG )} = 1 g_s ( 1 + g^{1/2}_s e^{−Φ/2}T (1 −^{ημν ∂μΦ∂ν Φ}_4 ) ) · √ B . (3.5)

Now we will calculate the stress energy tensor from (3.5). This calculation can be performed completely in the same way as in previous section with the result T_{μν} = −η_{μν} L + 2 δL δg^{μν} = −η_{μν} 1 g_s(1 + e^{−Φ/2}T (1 −^{VμV μ}_4 )) √ B +

+ g^{1/2}_s e^{−Φ/2}∂_μT ∂_ν T

T −^{g1/2s e−Φ/2}_2 (∂_μT ∂_ν Φ + ∂_μΦ∂_ν T ) g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 )) √ B +

+ g_se^{−Φ/2}T V_μV_ν √ B 2g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2

(3.6)

that for the rolling tachyon solution T = e^{βx0} gives

T_{00} =

1 + g^{1/2}_s e^{−Φ/2}T g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 )) + g^{1/2}_s e^{−Φ/2}T V^2_0 2g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2 ,

T_{ij} = −δ_{ij} 1 g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 ) + g^{1/2}_s e^{−Φ/2}T V_iV_j 2g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2 ,

T_{0i} = T_{i0} = − β_0V_ig^{1/2}_s e^{−Φ/2}T 2g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 )) + g^{1/2}_s e^{−Φ/2}T V_0V_i 2g_s(1 + g^{1/2}_s e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2

.(3.7)

For t → ∞ we have T_{00} → 1 g_s(1 −^{VμV μ}_4 ) , T_{ij} → 0 , T_{0i} → − β_0V_i g_s(1 −^{VμV μ}_4 )

, (3.8)

while for t → −∞ we again obtain the same behaviour as in supersymmetric case given in previous section T_{μν} ∼ −η_{μν} 1 g_s . (3.9) After some straightforward calculation we can show that the stress energy tensor obeys the conserved law ∂^μT_{μν} = V_ν J_Φ , (3.10) where the dilaton source J_Φ = −^L_{δΦ} is equal to

J_Φ = e^{−Φ/2}T (1 −^{VμV μ}_4 ) 2(1 + e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2 √ B − e^{−Φ/2}(T +^{ημν ∂μT ∂ν T}_T − η^{μν} ∂_μT ∂_ν Φ) 4(1 + e^{−Φ/2}T (1 −^{VμV μ}_4 )) √ B +

+∂_μ [ e^{−Φ/2}η^{μν} ∂_ν T 2(1 + e^{−Φ/2}T (1 −^{VμV μ}_4 )) √ B ] − ∂_μ [ T e^{−Φ/2}η^{μν} ∂_ν Φ √ B 2(1 + e^{−Φ/2}T (1 −^{VμV μ}_4 ))^2 ] . (3.11)

– 10 –

In this section we have performed the generalisation of the tachyon effective action (1.7) to the case of linear dilaton field. As in supersymmetric case we have got the tachyon effective action that has remarkable simple form and that has the rolling tachyon in the linear background as its exact solution. On the other hand we have also seen that there are problems with the asymptotic behaviour of the stress energy tensors whose origin is probably the same as in the supersymmetric case.

4. Conclusion

In this paper we proposed the tachyon effective actions for unstable space-time filling Dbranes in superstring and bosonic theories in the linear dilaton background. Our proposal was based on requirements that for constant Φ these tachyon effective actions reduce to the tachyon effective actions (1.1) and (1.7). The second condition was that in the case of unstable D-brane in superstring theory the rolling tachyon profiles known as half S-brane and full S-brane are solutions of the equation of motion that arises from it. Using these conditions we were able to obtain the tachyon effective action for unstable space-time filling D-brane in linear dilaton background. Then we apply the similar procedure to the case of tachyon effective action in bosonic theory and we have found the action that has half S-brane in the linear dilaton background as its exact solution.^6 We have also calculated the stress energy tensors from these actions and then we have studied their behaviour for half S-brane tachyon profile with emphasise to their asymptotic form at far past and future. In the far future we have found that the energy remains constant and the pressure goes to zero together with the observation that the tachyon dust seems to drift to the weak coupling region. We mean that these results are in rough coincidence with the calculations performed in [37] even if the stress energy tensor calculated here is different from the stress energy tensor given in [37]. This fact is not surprising since as was shown recently in [29, 38] tachyon effective actions (1.1) and (1.7) are not directly determined from the string partition function. On the other hand we have seen that in the far past the behaviour of the stress energy tensor is completely different from results presented in [37] that show that in the asymptotic past the components of the stress energy tensor scale as^1_{gs(t)} . On the other hand we have found that in this limit the diagonal components of the stress energy tensor approach constant values and the off-diagonal ones vanish. It seems to us that this result is uncomfortable and suggests that something important is missing in our analysis. We mean that in order to correctly describe the tachyon dynamics near the point T = 0 we should include into the effective lagrangians terms that contain higher order derivatives of tachyon and which should give significant contributions around the point T = 0. In fact there is no reason why we should restrict ourselves to the action with the first derivatives only since as one can see all higher derivatives scale as the first order one in case of rolling tachyon profile. We must also stress that the proposed form of the tachyon effective action was not determined directly from the string

6We have restricted ourselves to the half S-brane tachyon profile since the action (1.7) has not solution corresponding to the full S-brane, for more general approach to the tachyon effective actions in bosonic theory, see [28].

– 11 – theory analysis that should be based on the calculation using the powerful machinery of background independent string field theory [43] or alternatively using the sigma model approach [44].

There is another issue which deserves some comments. Usually string theory effective actions are considered in case when the string coupling constant is small. On the other hand in the linear dilaton background there is a region in the spacetime where the string coupling constant becomes strong and one could expect that string loop effects will play significant role in the construction of the tachyon effective action. On the other hand the tachyon interaction term inserted on the boundary of the worldsheet is marginal which is local property from the CFT point of view and hence does not depend on thetopology of the worldsheet. Then one can expect that the tachyon exponential profile is an exact solution of the string theory effective actions even if we take the string loop effect into account. We can then hope that either our effective action captures some string loop effects as well or these string loop effects effectively decouple at vicinity of the tachyon marginal profile. Clearly this is very important question which deserves deeper study that is however beyond the scope of this paper.

In spite of these comments we still hope that our proposed actions could be useful for the study of some aspects of D-branes in two dimensions [45]–[49]. For that reason we mean that it deserves further study, at least as a toy model for the description of the tachyon condensation on D-brane in nontrivial dilaton background. So that let us mention some possibilities for further research. We mean that it would be interesting to study how the tachyon effective action given above could be applied in the tachyon cosmology (For recent interesting papers discussing this subject with detailed list of references, see [50, 51].) It would be also nice to see whether our proposal could be useful in the study of D-branes decay in two dimensions [52]–[63] even if there are limitations in application of our action since it does not contain the coupling between the closed string tachyon and D-brane. We also believe that our action could be useful in recent analysis of two dimensional type-OA and type-0B theories [64]–[72]. We hope to return to these problems in near future.

Acknowledgments

This work was supported by the Czech Ministry of Education under Contract No. 14310006.

References

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

[2] W. Taylor, Lectures on D-branes, tachyon condensation and string field theory,

hep-th/0301094.

[3] E.J. Martinec, Defects, decay and dissipated states, hep-th/0210231.

[4] Y. Nakayama, Liouville field theory: a decade after the revolution, hep-th/0402009.

[5] I.Y. Arefeva, D.M. Belov, A.A. Giryavets, A.S. Koshelev and P.B. Medvedev, Noncommutative field theories and (super)string field theories, hep-th/0111208.

– 12 –

[6] K. Ohmori, A review on tachyon condensation in open string field theories, hep-th/0102085. [7] J.H. Schwarz, Tasi lectures on non-BPS D-brane systems, hep-th/9908144. [8] A. Lerda and R. Russo, Stable non-BPS states in string theory: a pedagogical review, Int. J.

Mod. Phys. A 15 (2000) 771 [hep-th/9905006].

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

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

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

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

[11] 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].

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

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

[14] J. Kluson, D-branes from N non-BPS D0-branes, J. High Energy Phys. 11 (2000) 016 [hep-th/0009189].

[15] J.A. Minahan and B. Zwiebach, Gauge fields and fermions in tachyon effective field theories, J. High Energy Phys. 02 (2001) 034 [hep-th/0011226].

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

[17] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]. [18] A. Sen, Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[19] A. Sen, Time and tachyon, Int. J. Mod. Phys. A 18 (2003) 4869 [hep-th/0209122]. [20] A. Sen, Dirac-Born-Infeld action on the tachyon kink and vortex, Phys. Rev. D 68 (2003) 066008 [hep-th/0303057].

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

[22] M.R. Garousi, Slowly varying tachyon and tachyon potential, J. High Energy Phys. 05 (2003) 058 [hep-th/0304145].

[23] P. Brax, J. Mourad and D.A. Steer, Tachyon kinks on non BPS D-branes, Phys. Lett. B 575 (2003) 115 [hep-th/0304197].

[24] C. Kim, Y. Kim, O.-K. Kwon and C.O. Lee, Tachyon kinks on unstable Dp-branes, J. High Energy Phys. 11 (2003) 034 [hep-th/0305092].

[25] A. Sen, Open and closed strings from unstable D-branes, Phys. Rev. D 68 (2003) 106003 [hep-th/0305011].

[26] J. Kluson, Particle production on half S-brane, hep-th/0306002.

[27] J. Kluson, Note on D-brane effective action in the linear dilaton background, J. High Energy Phys. 11 (2003) 068 [hep-th/0310066].

– 13 –

[28] M. Smedback, On effective actions for the bosonic tachyon, J. High Energy Phys. 11 (2003) 067 [hep-th/0310138].

[29] A. Fotopoulos and A.A. Tseytlin, On open superstring partition function in inhomogeneous rolling tachyon background, J. High Energy Phys. 12 (2003) 025 [hep-th/0310253].

[30] J. Kluson, D-brane effective actions and particle production near the beginning of the tachyon condensation, J. High Energy Phys. 01 (2004) 019 [hep-th/0312086].

[31] V. Niarchos, Notes on tachyon effective actions and veneziano amplitudes, Phys. Rev. D 69 (2004) 106009 [hep-th/0401066].

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

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

[34] A. Maloney, A. Strominger and X. Yin, S-brane thermodynamics, J. High Energy Phys. 10 (2003) 048 [hep-th/0302146].

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

hep-th/0303139.

[36] A. Sen, Moduli space of unstable D-branes on a circle of critical radius, J. High Energy Phys.

03 (2004) 070 [hep-th/0312003].

[37] J.L. Karczmarek, H. Liu, J. Maldacena and A. Strominger, Uv finite brane decay, J. High Energy Phys. 11 (2003) 042 [hep-th/0306132].

[38] J. Kluson, Bosonic D-brane effective action in linear dilaton background, J. High Energy Phys. 02 (2004) 024 [hep-th/0401236].

[39] N.D. Lambert and I. Sachs, Tachyon dynamics and the effective action approximation, Phys.

Rev. D 67 (2003) 026005 [hep-th/0208217].

[40] N.D. Lambert and I. Sachs, On higher derivative terms in tachyon effective actions, J. High Energy Phys. 06 (2001) 060 [hep-th/0104218].

[41] J. Polchinski, String theory. Vol. 1: an introduction to the bosonic string, Cambridge University Press, Cambridge 1998.

[42] J. Polchinski, String theory. Vol. 2: superstring theory and beyond, Cambridge University Press, Cambridge 1998.

[43] E. Witten, On background independent open string field theory, Phys. Rev. D 46 (1992) 5467 [hep-th/9208027].

[44] A.A. Tseytlin, Sigma model approach to string theory effective actions with tachyons, J.

Math. Phys. 42 (2001) 2854 [hep-th/0011033].

[45] V. Fateev, A.B. Zamolodchikov and A.B. Zamolodchikov, Boundary Liouville field theory, I.

Boundary state and boundary two-point function, hep-th/0001012. [46] J. Teschner, Remarks on Liouville theory with boundary, hep-th/0009138. [47] A.B. Zamolodchikov and A.B. Zamolodchikov, Liouville field theory on a pseudosphere,

hep-th/0101152.

– 14 –

[48] V. Schomerus, Rolling tachyons from Liouville theory, J. High Energy Phys. 11 (2003) 043 [hep-th/0306026].

[49] J. Teschner, On boundary perturbations in Liouville theory and brane dynamics in noncritical string theories, J. High Energy Phys. 04 (2004) 023 [hep-th/0308140].

[50] G.W. Gibbons, Thoughts on tachyon cosmology, Class. and Quant. Grav. 20 (2003) S321 [hep-th/0301117].

[51] A. Sen, Remarks on tachyon driven cosmology, hep-th/0312153. [52] J. McGreevy and H. Verlinde, Strings from tachyons: the c = 1 matrix reloaded, J. High Energy Phys. 12 (2003) 054 [hep-th/0304224].

[53] I.R. Klebanov, J. Maldacena and N. Seiberg, D-brane decay in two-dimensional string theory, J. High Energy Phys. 07 (2003) 045 [hep-th/0305159].

[54] J. McGreevy, J. Teschner and H. Verlinde, Classical and quantum D-branes in 2D string theory, J. High Energy Phys. 01 (2004) 039 [hep-th/0305194].

[55] A. Sen, Open-closed duality: lessons from matrix model, Mod. Phys. Lett. A 19 (2004) 841 [hep-th/0308068].

[56] M. Gutperle and P. Kraus, D-brane dynamics in the c = 1 matrix model, Phys. Rev. D 69 (2004) 066005 [hep-th/0308047].

[57] M.R. Douglas et al., A new hat for the c = 1 matrix model, hep-th/0307195. [58] T. Takayanagi and N. Toumbas, A matrix model dual of type-0B string theory in two dimensions, J. High Energy Phys. 07 (2003) 064 [hep-th/0307083].

[59] I.R. Klebanov, J. Maldacena and N. Seiberg, Unitary and complex matrix models as 1-d type 0 strings, hep-th/0309168.

[60] O. DeWolfe, R. Roiban, M. Spradlin, A. Volovich and J. Walcher, On the S-matrix of type-0 string theory, J. High Energy Phys. 11 (2003) 012 [hep-th/0309148].

[61] J.L. Karczmarek and A. Strominger, Matrix cosmology, J. High Energy Phys. 04 (2004) 055 [hep-th/0309138].

[62] A. Giveon, A. Konechny, A. Pakman and A. Sever, Type-0 strings in a 2-d black hole, J. High Energy Phys. 10 (2003) 025 [hep-th/0309056].

[63] A. Kapustin, Noncritical superstrings in a Ramond-Ramond background, hep-th/0308119. [64] D.J. Gross and J. Walcher, Non-perturbative RR potentials in the ĉ = 1 matrix model,

hep-th/0312021.

[65] U.H. Danielsson, A matrix model black hole: act II, J. High Energy Phys. 02 (2004) 067 [hep-th/0312203].

[66] J. Davis, L.A. Pando Zayas and D. Vaman, On black hole thermodynamics of 2-d type 0A, J.

High Energy Phys. 03 (2004) 007 [hep-th/0402152].

[67] S. Gukov, T. Takayanagi and N. Toumbas, Flux backgrounds in 2D string theory, J. High Energy Phys. 03 (2004) 017 [hep-th/0312208].

[68] A. Strominger, A matrix model for AdS_2, J. High Energy Phys. 03 (2004) 066 [hep-th/0312194].

– 15 –

[69] X. Yin, Matrix models, integrable structures and T-duality of type 0 string theory,

hep-th/0312236.

[70] P.-M. Ho, Isometry of AdS_2 and the c = 1 matrix model, hep-th/0401167. [71] T. Takayanagi, Notes on D-branes in 2D type 0 string theory, hep-th/0402196. [72] U.H. Danielsson, J.P. Gregory, M.E. Olsson, P. Rajan and M. Vonk, Type-0A 2D black hole thermodynamics and the deformed matrix model, J. High Energy Phys. 04 (2004) 065 [hep-th/0402192].

– 16 –