Published by Institute of Physics Publishing for SISSA/ISAS Received: July 1, 2004 Accepted: August 23, 2004

Vacuum states in 2D tachyon effective action

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 will study ground states of the toy model of 2D closed string tachyon effective action. We will firstly construct the classical solutions of the tachyon effective action that do not induce backreaction on metric and dilaton. Then we will study the quantum mechanics of the zero mode of the tachyon field. We will find family of vacuum states that are labeled with single parameter. We will also perform the quantum mechanical analysis of the tachyon effective action when we take into account dynamics of nonzero modes. We will calculate the vacuum expectation values of components of the stress energy tensor and dilaton source and we will argue that there is not any backreaction on metric and dilaton.

Keywords: Bosonic Strings, Tachyon Condensation.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep082004044 /jhep082004044 .pdf

Contents

1. Introduction 1

2. Toy model of 2D tachyon effective action 3

3. Quantum mechanics of zero mode 7

4. Quantum mechanics of the tachyon effective action 9 4.1 Calculation of the expectation values 12

5. Conclusion 15

1. Introduction

To find off-shell description of closed string is very difficult task. The most interesting exception is noncritical string theory in two dimensions.^1 Here, there is a complete nonperturbative description in terms of the double scaling limit of matrix quantum mechanics. For matrix quantum mechanics the space of eigenvalues of the matrix provides the space dimensions on which free string moves. In this case, however, the string theory is rather trivial: for a bosonic string the only dynamical degree of freedom is a single massless scalar which is related to the collective field-the density of eigenvalues. The eigenvalues of this theory behave as fermions and the collective field may be regarded as a bosonisation of these fermions. In summary, the discovery of the double scaling limit of c < 1 matrix models provided beautiful and exact solution to the bosonic string theory to D ≤ 2 spacetime dimensions. However one disappointing property of these models was the fact that bosonic string theory did not appear to be well defined non-perturbativelly. Recently this problem appears to have been removed by reinterpretation of these models as nonperturbatively well defined type 0 strings^2 [9, 10].

The two dimensional (2D) bosonic theory is defined in the linear dilaton background (In units, where α^′ = 1)^3 g_{μν} = η_{μν} , Φ = 2x^1 . (1.1)

It is well known that dilaton is generator of the string coupling in the sense g_s ∼ e^Φ so that for the solution (1.1) there is a region where the coupling constant diverges and string perturbative theory fails. This means that such a background does not define satisfactory

1For reviews, see [1]–[8].

2For extensive list of references, see excellent recent review [8]. 3For review, see [11].

– 1 – string theory. It turns out however that this can be cured by inclusion of the tachyon condensate in the form T = μe^{2x1} , (1.2)

where μ is “cosmological constant”. The claim is that (1.1) and (1.2) defines exact string theory background. Indeed, in this background the string sigma model takes the form S = 1 4π ∫ d^2σ √ h [ h^{ab}∂_aX^μ∂_bX_μ + 2RX^1 + μe^{2X1} ] . (1.3)

It can be checked that this action represents exact conformal field theory and hence defines consistent string theory.

It is certainly important to find an action that has background fields (1.1), (1.2) as its exact solution. This intuition is based on the fact that (1.3) defines exact CFT and hence β functions that we associate with each field in the worldsheet theory vanish. Then it is believed that these equations arise from variation of some spacetime effective action. However to find such effective actions from the first principles of string theory is very difficult task. Another possibility is to try to guess their form from the requirement that the background that defines exact conformal field theory is solution of the equation of motions that arises from it. Such approach was very useful for the searching of the tachyon effective actions in case of unstable D-branes in string theories [12]–[15] that has marginal tachyon profile as its exact solution.^4 One can then ask the question whether similar approach could be applied in the case of closed string tachyon effective action. In fact, preliminary steps in this direction were given recently in [18]. The basic property of the proposed closed string tachyon effective action given there is that it has the marginal tachyon profile T = μe^{βμxμ} in the linear dilaton background as its exact solution. We have also shown that at two dimensions the situation simplifies considerably and we were able to find field theory effective action for tachyon, dilaton and metric that has the linear dilaton background (1.1), (1.2) as its exact solution even if we take into account the backreaction of the tachyon on metric and dilaton.

In this paper we will continue the study of this model of 2D tachyon effective action. Namely, we focus on the ground states of this action, either from classical or quantum point of view. As we will demonstrate in the next section the tachyon effective action has remarkable property that if we begin with the tachyon background with some cosmological constant μ_1 in (1.2) then we can easily reach the other tachyon background (1.2) characterised with the second cosmological constant μ_2. We hope that this is sign of the background independence of the tachyon effective action. At first sight it seems that this is rather trivial fact from the point of view of the tachyon effective field theory. On the other hand we mean that such a form of background independence is not directly visible in the fundamental formulation of two dimensional string theory, either in free fermion description or in the collective field theory description. For that reason we believe that

4We must also stress that it is not currently clear how such tachyon effective actions are related to these that were calculated from the first principles of the string theory [16]. For more detailed discussion of this issue, see [17].

– 2 – the study of the background independence in the tachyon effective action can be useful for understanding of the fundamental properties of the microscopic formulation of 2D string theory.

Since generally the free fermion formulation of the two dimensional string theory is quantum theory and the parameter μ appears in the definition of the Fermi sea it seems to be natural to study the ground states in the quantum mechanical formulation of the tachyon effective action. We will see that there exists family of vacuum states labelled by single parameter that is directly related to μ in (1.2). We will also calculate the expectation values of the stress energy tensor and dilaton source in these states and confirm that there is not any backreaction on metric and dilaton in agreement with classical analysis. We will also construct an operator that maps one vacuum state to another one. We think that the existence of this operator confirms the presumption that all ground states with different values of μ are equivalent.

We must also stress one important limitation of our analysis. As is well known from the effective field theory description of the unstable D-branes the validity of the tachyon effective actions strongly depends on the region in the field theory space where they are defined. Then it is clear that the model of the tachyon effective action that was proposed in [18] cannot describe the full dynamics of the closed string tachyon. Rather we should restrict to the modes that propagate very close to the classical solution (1.2). However we still believe that conclusions considering the ground states of the tachyon effective action are more general and could be helpful in the study of general properties of the tachyon dynamics.

The structure of this paper is as follows. In the next section (2) we give the brief review of the tachyon effective action that was suggested in [18]. In section (3) we study the quantum mechanics of the zero mode of the tachyon field. In section (4) we extend this analysis to the full quantum field theory of the tachyon effective action and we calculate the vacuum expectation values of the stress energy tensor and dilaton source. In conclusion (5) we outline our results and suggest further extension of this work.

2. Toy model of 2D tachyon effective action

In this section we review basic facts about the toy model of 2D closed string tachyon effective action suggested in [18].

As it is well known spacetime fields of two dimensional bosonic string theory consist dilaton, graviton and tachyon. The dilaton and graviton are described with the action^5 S_{g,Φ} = − ∫ d^2x √ −ge^{−2Φ} (16 + R + 4g^{μν} ∂_μΦ∂_ν Φ) . (2.1)

In [18] we have proposed the tachyon effective action that has the marginal tachyon profile T = μe^{2x1} in the linear dilaton background Φ = 2x^1 as its exact solution even if we take

5Our convention is as follows. We work with two dimensional metric with signature (−, +). The spatial coordinate is labelled with x^1 ≡ ϕ and time coordinate is x^0 ≡ t.

– 3 – into account the backreaction of the tachyon on the dilaton and the graviton. This action has the following form

S_T = − ∫ d^2x √ −g (1 + e^{−2Φ}T^2(4 − g^{μν} ∂_μΦ∂_ν Φ)) × × √ 1 + e^{−2Φ} (4T^2 + g^{μν} ∂_μT ∂_ν T − 2T g^{μν} ∂_μT ∂_ν Φ) + + ∫ d^2x √ −g 1 1 +^1_2 T^2e^{−2Φ}(4 − ∂_μΦg^{μν} ∂_ν Φ)

. (2.2)

The variation of the action S = S_{g,Φ} + S_T with respect to g^{μν} gives the equation of motion for g_{μν} e^{−2Φ} ( G_{μν} − 2g_{μν} ∇^2Φ + 2∇_μ∇_ν Φ + 2g_{μν} (∇Φ)^2 − 8g_{μν} ) = T^T_{μν} (2.3) and the variation with respect to Φ gives √ −ge^{−2Φ} [32 + 2R − 8g^{μν} ∂_μΦ∂_ν Φ] + 16e^{−2Φ}∂_μ [√ −gg^{μν} ∂_ν Φ ] = J_Φ , (2.4)

where T^T_{μν} = − 2 √ −g δS_T δg^{μν} , J_Φ = δS_T δΦ . (2.5)

The explicit forms of the stress energy tensor and dilaton source are T_{μν} = −g_{μν} 1 (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ)) √ B + + 2e^{−2Φ}T^2∂_μΦ∂_ν Φ (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ))^2 √ B + + e^{−2Φ}(∂_μT ∂_ν T − T (∂_μT ∂_ν Φ + ∂_μΦ∂_ν T )) (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ)) √ B − −g_{μν} 1 1 +^1_2 T^2e^{−2Φ}(4 − g^{μν} ∂_μΦ∂_ν Φ) − e^{−2Φ}T^2∂_μΦ∂_ν Φ (1 + T^2e^{−2Φ 1}_2 (4 − g^{μν} ∂_μΦ∂_ν Φ))^2

, (2.6)

J_Φ = − 2 √ −ge^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ) √ B (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ))^2 + +∂_μ [ 2 √ −ge^{−2Φ}T^2g^{μν} ∂_ν Φ √ B (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ))^2 ] + + √ −ge^{−2Φ}(4T^2 + g^{μν} ∂_μT ∂_ν T − 2T g^{μν} ∂_μT ∂_ν Φ) (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ)) √ B −

−∂_μ [ √ −ge^{−2Φ}T g^{μν} ∂_ν T (1 + e^{−2Φ}T^2(4 − ∂_μΦg^{μν} ∂_ν Φ)) √ B ] +

+ √ −g e^{−2Φ}(4 − ∂_μΦg^{μν} ∂_ν Φ) (1 +^1_2 T^2(4 − ∂_μΦg^{μν} ∂_ν Φ))^2 − ∂_μ [ √ −gT^2e^{−2Φ}g^{μν} ∂_ν Φ (1 +^1_2 T^2(4 − ∂_μΦg^{μν} ∂_ν Φ))^2 ] . (2.7)

As we have shown in [18] the equations of motions (2.3) and (2.4) have following exact solution corresponding to the linear dilaton background

Φ = V_1x^1 , V_1 = 2 , g^{μν} = η^{μν} (2.8)

– 4 – together with the nonzero tachyon profile

T = μe^{2x1} (2.9)

that is also solution of the equation of motion that arises from the action (2.2) if we take into account the ansatz (2.8) [18]. According to the standard dictionary we can interpret (2.9) as the vacuum expectation value of the tachyon field T ⟨ T (x^1, t) ⟩ = μe^{2x1} . (2.10)

At this place we must stress one important point considering the vacuum expectation value of the tachyon field T [4]. As was argued for example in [19, 20] the correct vacuum expectation value of T , rather than given in (2.10), should be equal to^6

T (x^1) = 4g^{−1}_s (2x^1 + c)e^{2x1} , c = 1 + Γ^′(1) + ln g_s , g^{−1}_s = |μ| √ 2π , (2.11)

where g_s is string coupling constant and μ is level of Fermi sea. From the point of view of the tachyon effective action (2.2) one can understand the discrepancy between (2.10) and (2.11) as follows. The calculations given in [19, 20] were performed in the semi classical limit g_s ≪ 1. Looking at (2.11) we get that μ ≫ 1 and consequently the coefficient in front of the linear term in (2.11) is very large. To compare this result with the effective field theory analysis we must mention that the tachyon profile T = (a + bϕ)e^{2ϕ} is also solution of the equation of motion of the tachyon effective action (2.2) when the background dilaton and metric are given in (2.8). However we have shown in [18] that such a tachyon profile induces large backreaction on metric and dilaton and thus cannot be considered as an exact solution of the action S = S_{g,Φ} + S_T . This fact has simple explanation. The proposal for the tachyon effective action (2.2) was based on previous works considering tachyon effective actions on unstable D-branes [12, 13, 14]. It was argued in [12, 13] that tachyon effective actions that have the tachyon marginal profile as their exact solution correctly capture tachyon dynamics very close to the marginal tachyon solution in the form T ∼ e^{βμxμ} . In 2D bosonic string theory, β_1 = 2 and for the tachyon solution T = (a+bϕ)e^{2ϕ} the condition that this profile is close to T ∼ e^{2ϕ} implies that b ≪ 1. Comparing with the (2.11) we see that this corresponds to g_s ≫ 1 which is certainly out of region of validity of the classical analysis. This result also implies that the tachyon effective action (2.2) cannot be derived from the collective field theory that arises in the classical description of the matrix model [25, 26]. We must stress that remarks given above do not solve the problems how to relate (2.10) and (2.11). In order to do that we should find how the tachyon effective action (2.2) can be derived (We hope that this could be done.) from the microscopic formulation of 2D string theory. However in spite of these puzzling facts we still believe that the action (2.2) could capture some problems in 2D string theory that cannot be analysed in semi classical approximation.

6Very nice arguments based on the analysis of minisuperspace wave functions in the c = 1 models that support the claim that the vacuum expectation value of the tachyon is equal T ∼ ϕe^{2ϕ} for ϕ → −∞ were given in [21, 22, 23]. On the other hand it was also mentioned in [23] that the minisuperspace wave functions satisfy the Wheeler-de-Witt equation with the tachyon vacuum value < T >= μe^{2ϕ} rather then with ⟨T ⟩ = μϕe^{2ϕ}. It is not clear how this is consistent with the fact that the cosmological constant operator in c = 1 model should be ϕe^{2ϕ}.

– 5 –

To support this claim we begin to study the action (2.2) in more details. Let us introduce the scalar field S(x) through

T (ϕ, t) = e^{2ϕ}S(ϕ, t) . (2.12)

In terms of this field the tachyon effective action (2.2) in the linear dilaton background (2.8) takes simple form S = − ∫ dtdϕ [√ 1 − (∂_tS)^2 + (∂_ϕS)^2 − 1 ] . (2.13)

Now the equation of motion that arises from (2.13) is ∂_μ [ η^{μν} ∂_ν S √ 1 + η^{μν} ∂_μS∂_ν S ] = 0 . (2.14)

The natural solution of this equation of motion is

S_c = μ = const. . (2.15)

Moreover, in terms of the field S the stress energy tensor and dilaton source have the form T_{μν} = ( −g_{μν} + 2S^2V_μV_ν + ∂_μS∂_ν S − S^2V_ν V_μ ) √ B + g_{μν} − S^2V_μV_ν (2.16) and J_Φ = 2∂_μ [ S^2g^{μν} V_ν √ B ] + g^{μν} ∂_μS∂_ν S 1 √ B − ∂_μ [ g^{μν} (V_ν S + ∂_ν S) 1 √ B ] − ∂_μ [ S^2g^{μν} V_ν ] , (2.17) where B = 1 + η^{μν} ∂_μS∂_ν S. It is easy to see that components of the stress energy tensor (2.16) and the dilaton source (2.17) are equal to zero for S_c = μ.

It is interesting to study the action for fluctuation modes around the classical solution S_c. If we write the general field S as

S(ϕ, t) = S_c + s(ϕ, t) (2.18)

and insert it to the action (2.13) we obtain the action for s(ϕ, t) that is exactly the same as the original one. This can be regarded as a consequence of the fact that all values of parameter μ are equivalent.

In the end of this section we will briefly analyse another solution of the equation of motion (2.14) that has the form S = aϕ + b . (2.19)

However for such a tachyon profile the components of the stress energy tensor are equal to

T_{tt} = 0 , T_{tϕ} = 0 , T_{ϕϕ} = 1 − √ 1 + a^2 + 4(aϕ + b)^2( √ 1 + a^2 − 1) . (2.20)

We see that T_{ϕϕ} does not vanish. Then one can expect strong backreaction on the metric and hence the equation of motion of two dimensional gravity is not satisfied for g_{μν} = η_{μν} .

– 6 –

One can perform the same analysis for the dilaton source with the same conclusion. For that reason we will not consider the solution (2.19) further in this paper since its meaning in the context of the proposed model of 2D string theory is questionable.

In the next section we begin the analysis of the quantum properties of the action (2.13). We start with the simple example of the quantum mechanics of the zero mode.

3. Quantum mechanics of zero mode

We start the analysis of the quantum properties of the action (2.13) with the study of the dynamics of the zero mode S_0. In this approximation we neglect the dependence of the field S on the spatial coordinate ϕ. This approach resembles minisuperspace analysis well known from the study of two dimensional string theory [21] and which was recently used for analysis of the particle production on S-branes [28, 29].

To begin with let us consider the lagrangian for the zero mode S_0 in the form L = − √ 1 − Ṡ^2_0 + 1 . (3.1)

Then the hamiltonian is equal to

H = P Ṡ_0 − L = √ 1 + P^2 − 1 , (3.2)

where we have used the fact that the conjugate momentum P is P = Ṡ_0 √ 1 − Ṡ_0

. (3.3)

The quantisation of the system given above is straightforward. The basic commutation relation is [Ŝ_0, P̂ ] = i (3.4)

which implies that in the coordinate representation P̂ has the standard form P = −i^∂_{∂S0} when acts on the wave function Ψ(S_0) = ⟨S_0|Ψ⟩, where |S_0⟩ is eigenvector of the operator Ŝ_0:

Ŝ_0 |S_0⟩ = S_0 |S_0⟩ , ⟨S_0|S^′_0⟩ = δ(S_0 − S^′_0) . (3.5)

From the analysis of the classical equation of motion we know that the tachyon configuration that does not induce any backreaction on the metric and dilaton corresponds to the hamiltonian that is equal to zero. Then it is natural to define the vacuum state as an eigenstate of the hamiltonian ĤΨ(S_0) = EΨ(S_0) (3.6)

that has zero energy. Now (3.2) implies

P̂^2 |Ψ_0⟩ = 0 ⇒ −∂^2Ψ^0(S^0) ∂^2S_0

= 0 (3.7)

that has general solution Ψ_0(S_0) = 1 N (aS_0 + b) , (3.8)

– 7 – where a, b are some constants and where N is normalisation factor. To clarify its meaning note that the coordinate S_0 takes values in the interval (−∞, ∞). Then the normalisation condition implies 1 = ∫ dS_0|Ψ_0|^2 ⇒ N^2 =

2a^2 3 L^3 + 2b^2L , (3.9)

where we have introduced the IR cut-off L. We see that the wave function Ψ_0(S_0) is not normalisable in the limit L → ∞. On the other hand the expectation value of the operator Ŝ_0 in the state |Ψ_0⟩ is finite and it is equal to ⟨ Ψ_0|Ŝ_0|Ψ_0 ⟩ = ∫ dS_0Ψ_0(S_0)S_0Ψ_0(S_0) = 4abL^3 3N^2 = 2b a(1 +^{3b2}_{a2 L2} ) ⇒ 2b a ≡ μ , for L → ∞ . (3.10) We must say few words to the fact that Ψ_0(S_0) is not normalisable. Usually such functions are discarded from the Hilbert space of given theory. On the other hand we know from the analysis of two dimensional string theory that non normalisable states are important for description of given theory. More precisely, it was argued in [21, 23] that since these wave functions do not fluctuate they parametrise different backgrounds of given theory. As we will see more clearly in the next section the same conclusion can be said about the vacuum states given above.

Let us now consider following operator

Ô_ϵ = e^{−iϵP̂} , (3.11)

where ϵ is real parameter. Now we are going to argue that this operator has similar properties as the spectral flow operator that was discussed in the context of two dimensional string theory in [24]. First of all, it is easy to prove following commutation relation

[Ŝ_0, Ô_ϵ] = ϵÔ_ϵ . (3.12)

Then we can consider the state | |Ψ^′_0⟩ = Ô_ϵ |Ψ_0⟩ . (3.13)

Using (3.12) it is easy to calculate the expectation value of the operator Ŝ_0 in|Ψ^′⟩ ⟨ Ψ^′_0|Ŝ_0|Ψ^′_0 ⟩ = μ + ϵ . (3.14)

Using also the fact that Ô_ϵ commutes with Ĥ it easy to see that |Ψ^′⟩ is eigenstate of the hamiltonian with zero energy and consequently it can be regarded as the new vacuum state characterised by the expectation value (3.14). In other words, if we choose one particular vacuum state |Ψ_0⟩ with the expectation value ⟨ Ŝ_0 ⟩ = μ one can construct family of all vacuum states through the action of the operator Ô_ϵ on |Ψ_0⟩. We see that all these states are equivalent and differ in the expectation value of Ŝ_0 and consequently can be considered as quantum analogues of the classical solutions (2.15).

For consistency of the zero mode quantum mechanics we should show that the vacuum states do not induce any backreaction on metric and dilaton. In order to see this we must

– 8 – calculate the vacuum expectation value of the zero mode truncation of the stress energy tensor and the dilaton source. As follows from (2.16) the zero mode truncation of the stress energy tensor is equal to

T̂_{μν} = ( −g_{μν} + 2Ŝ^2_0 V_μV_ν − Ŝ^2_0 V_ν V_μ ) √ 1 + P̂^2_0 + g_{μν} − Ŝ^2_0 V_μV_ν . (3.15)

For the spatial linear dilaton V_ϕ = 2 we get

T̂_{tt} = √ 1 + P̂^2 − 1 ,

T̂_{ϕϕ} = (−1 + 4Ŝ^2_0 ) √ 1 + P̂^2 + 1 − 4Ŝ^2_0 , T̂_{tϕ} = 0 . (3.16)

Since T̂_{tt} is the same as the hamiltonian (3.2) we immediately obtain that its vacuum expectation value is equal to zero. For T̂_{ϕϕ} the action of the square root on Ψ_0 is equal to Ψ_0 and hence the vacuum expectation value of T̂_{ϕϕ} is equal to zero as well. This result implies that there is not any backreaction of the vacuum states on the metric even at the quantum mechanical level.

Now we are going to calculate the vacuum expectation value of the zero mode truncation of the dilaton source (2.17) that is equal to

Ĵ_Φ = −

P̂ 2 (1 + P̂^2)^{3/2} + d dt [ Ŝ_0 P̂ 1 + P̂^2 ] . (3.17)

We immediately see that the action of the first term on Ψ_0 is equal to zero. Slightly more complicated is the calculation of the expectation value of the second term in (3.17). It is clear that passing from classical to quantum expression there is potential ambiguity in ordering of S and P . We will adopt the ordering that the operator P̂ is always in the right to the operator Ŝ_0. In any case since the expectation value of the time derivative of any operator Â is equal to ⟨Ψ| dÂ dt |Ψ⟩ = ⟨Ψ| ( ∂Â ∂t + i[Ĥ, Â] ) |Ψ⟩ (3.18)

we see that the vacuum expectation value of the second term in (3.17) vanish as well due to the fact that Ĥ |Ψ_0⟩ = 0 and the fact that the operator Ŝ_0^{P̂}_{1+P̂ 2} does not depend on time.

In order to obtain more precise picture of the vacuum states of (2.13) we should take into account the dynamics of the nonzero modes as well. This will be done in the next section.

4. Quantum mechanics of the tachyon effective action

We begin this section with the construction of the hamiltonian from lagrangian given in (2.13) H = ∫ dϕ [Π∂_tS − L] = ∫ dϕ [√ (1 + (∂_ϕS)^2)(1 + Π^2) − 1 ] , (4.1)

– 9 – where Π(ϕ, t) = δL/δ∂_tS(ϕ, t) is momentum conjugate to S(ϕ, t). It turns out that it is convenient to split the fields S, Π into their zero mode parts and the fluctuation parts as

S(ϕ, t) = S_0(t) + ψ(ϕ, t) , S_0(t) = 1 V_ϕ ∫ dϕS(ϕ, t) , ∫ dϕψ(ϕ, t) = 0 , Π(ϕ, t) = P (t) V_ϕ + π(ϕ, t) , P = ∫ dϕΠ(ϕ, t) , ∫ dϕπ(ϕ, t) = 0 , (4.2) where V_ϕ is regularized volume of spatial section. In quantum theory we regard the fields S, Π as quantum operators Ŝ(ϕ, t), Π̂(ϕ, t) with the standard equal time commutation relations

[Ŝ(ϕ, t), Ŝ(ϕ^′, t)] = [Π̂(ϕ, t), Π̂(ϕ^′, t)] = 0 , [Ŝ(ϕ, t), Π̂(ϕ^′, t)] = iδ(ϕ − ϕ^′) . (4.3)

Then we immediately get

[Ŝ_0, P̂ ] = 1 V_ϕ ∫ dϕdϕ^′[Ŝ(ϕ), Π̂(ϕ^′)] = i V_ϕ ∫ dϕdϕ^′δ(ϕ − ϕ^′) = i (4.4) and also [ψ̂(ϕ), P̂ ] = [Ŝ_0, π̂(ϕ)] = 0 . (4.5) As we have argued in previous sections it is believed that the tachyon effective action (2.2) is valid for description of almost homogeneous field S. Then it is natural to restrict ourselves in the hamiltonian (4.1) to the leading order terms in ∂_ϕψ, π . With this approximation the quantum hamiltonian operator has the form

Ĥ = V_ϕ (√ 1 + P̂ 2 V^2_ϕ − 1 ) + 1 2 ∫ dϕ π̂^2 + (∂_ϕψ̂)^2 √ 1 +^{P̂ 2}_{V 2ϕ} + (∂_ϕψ̂)^2P̂^2

V^2_ϕ √ 1 +^{P̂ 2}_{V 2ϕ}

. (4.6)

Note that thanks to the commutation relations (4.5) and the fact that the hamiltonian does not contain zero mode operator Ŝ_0 there are not any problems with the ordering of various operators in (4.6).

In order to find ground states of the hamiltonian (4.6) we will work in the Schrödinger representation of the quantum field theory. In this description the explicit time dependence of the system is expressed through the time-dependent wave functionals Ψ(ϕ, t). More precisely, the time dependence of the wave functional is determined by Schrödinger equation i ∂Ψ(ϕ, t) ∂t = Ĥ ( −i δ δS_0 , S_0, −i δ δψ , ψ ) Ψ(ϕ, t) , (4.7)

where Ĥ is given in (4.6). Let us now presume that the vacuum wave functional has the form Ψ(S_0, ψ) = Ψ_0(S_0)Φ(ψ) , (4.8) where the zero mode part Ψ_0(S_0) obeys √ 1 + P̂ 2 V^2_ϕ

Ψ_0(S_0) = Ψ_0(S_0) . (4.9)

– 10 –

From (4.9) we see that the vacuum state Ψ_0(S_0) is solution of the differential equation

P̂^2Ψ_0(S_0) = −∂^2Ψ^0(S^0) ∂S^2_0

= 0 (4.10)

that is the same as the equation disused in the context of the quantum mechanics of the zero mode in the previous section. Consequently the vacuum wave functional Ψ(S_0, ψ) is labelled with the parameter μ that is vacuum expectation value of the zero mode operator Ŝ_0. It is also clear that we can define the operator Ô_ϵ = e−iϵ^^P that maps the vacuum state with ⟨ Ŝ_0 ⟩ = μ to the state Ψ(ϕ, t)^′ = Ô_ϵΨ_0(S_0)Φ(ϕ, t). Since P̂ commutes with ψ̂ , π̂, Ô_ϵ acts on the zero mode part of the vacuum wave functional only we immediately see that Ô_ϵ is the same as the operator (3.11).

In order to determine the vacuum wave functional for nonzero modes we use the Schrödinger equation (4.7) that for (4.8) is equal to

Ψ_0(S_0)i ∂Φ(ψ) ∂t = Ψ_0(S_0) 1 2 ∫ dϕ ( π̂^2 + (∂_ϕψ̂)^2 ) Φ(ψ) . (4.11)

In the previous equation we have used the fact that

ĤΨ(S_0, ψ) = 1 2 ∫ dϕ π̂^2 + (∂_ϕψ̂)^2 √ 1 +^{P̂ 2}_{V 2ϕ} + (∂_ϕψ̂)^2P̂^2

V^2_ϕ √ 1 +^{P̂ 2}_{V 2ϕ}

Ψ^0(S^0)Φ(ψ)

= Ψ_0(S_0) 1 2 ∫ dϕ ( π̂^2 + (∂_ϕψ̂)^2 ) Φ(ψ) (4.12)

which is a consequence of (4.9). Hence Φ(ψ) obeys the equation i ∂Φ(ψ, t) ∂t = 1 2 ∫ dϕ ( − δ^2 δ^2ψ

+ (∂_ϕψ)^2 ) Φ(ψ) ⇒ ⇒ i ∂Φ(ψ) ∂t = 1 2 ∫ dk 2π ( − δ^2 δα(k)δα(−k) + k^2α(k)α(−k) ) Φ(α(k)) , (4.13)

where the second line in (4.13) is transformation of the first line to the momentum representation. The solution of (4.13) that corresponds to the ground state is well known [30, 31]. It can be shown that the vacuum wave functional is equal to

Φ(ψ) = N(t) exp [ − 1 2 ∫ dk (2π) α(k)A(k)α(−k) ) ≡ N(t)E(α(k)) , (4.14)

where N(t) = C exp [ −i 1 2 ∫ dk (2π) A(k) ] , A(k) = |k| . (4.15) In other words the vacuum state for fluctuation is ordinary vacuum wave functional for free, massless particles in two dimensions. The time-dependent factor N(t) can be written as N(t) = e^{−iE0t} where the vacuum energy of oscillators is E_0 =^1_2 ∫ dk|k| = Λ^2/2. The vacuum energy depends on the the cut-off Λ that expresses the fact that the tachyon effective action (2.13) is valid for tachyon fields close to the marginal tachyon profile e^{2ϕ}. For fluctuation modes this condition implies that Λ ≪ 1.

– 11 –

Let us review results obtained in this section. We have got the family of vacuum states of the tachyon effective action that are labelled with the continuous parameter μ. We have argued that μ corresponds to the vacuum expectation value of the zero mode operator Ŝ_0. We were also able to find operator Ô_ϵ that maps any vacuum state labelled with μ to another vacuum state labelled with the parameter μ + ϵ. We mean that existence of this operators shows that all vacuum states with different ⟨Ŝ_0⟩ are equivalent. We can also alternatively interpret this result as the fact that vacuum states with different μ’s parametrise superlescion sectors of given theory. We have also seen that the vacuum state for fluctuations is ordinary vacuum wave functional for massless scalar field in Minkowski spacetime with the exception that there is a natural cut-off Λ that arises from the limited region of validity of the tachyon effective action (2.13). Note that the vacuum wave functional for fluctuations does not depend on μ.

4.1 Calculation of the expectation values In the previous section we have found family of vacuum states of the tachyon effective action in the linear dilaton background. However as in section (3) we must show that these states do not induce backreaction on metric and dilaton. For that reason we will now calculate the expectation values of the dilaton source and stress energy tensor in the state (4.8).

To begin with we split the field S into its zero mode and nonzero mode parts and insert them into (2.16) so that for V_ϕ = 2 we get classical components of the stress energy tensor

T_{tt}(ϕ, t) = (1 + Ṡ^2_0 + 2(∂_tψ)Ṡ_0 + (∂_tψ)^2) √ B − 1 , T_{ϕϕ}(ϕ, t) = (−1 + 4S^2_0 + 8S_0ψ + 4ψ^2 − ∂_ϕψ∂_ϕψ) √ B + 1 − 4S^2_0 − 8S_0ψ − 4ψ^2) , T_{tϕ}(ϕ, t) = T_{ϕt}(ϕ, t) = ∂_ϕψ(∂_tS_0 + ∂_tψ) √ B . (4.16)

As in previous section we will presume that ∂_ϕψ, π are small so that B is equal to √ B = 1 √ 1 +^{P 2}_{V 2ϕ}

1 + 1 2 (∂_ϕψ)^2 − π^2 1 +^{P 2}_{V 2ϕ}

. (4.17)

Then the quantum stress energy tensor can be written as

T̂_{tt} = (1 + (∂_tŜ_0)^2 + 2∂_tψ̂∂_tŜ_0 + (∂_tψ̂)^2) 1√ 1 +^{P̂ 2}_{V 2ϕ} 1 + 1 2 (∂ϕψ̂)^2 − π̂^2 1 +^{P̂ 2}_{V 2ϕ} − 1 ,

T̂_{ϕϕ} = (−1 + 4Ŝ^2_0 + 8Ŝ_0ψ̂ + 4ψ̂^2 − (∂_ϕψ̂)^2) 1√ 1 +^{P̂ 2}_{V 2ϕ} 1 + 1 2 (∂ϕψ̂)^2 − π̂^2 1 +^{P̂ 2}_{V 2ϕ} +

+1 − 4Ŝ^2_0 − 8Ŝ_0ψ̂ − 4ψ̂^2 ,

T̂_{tϕ} = T̂_{ϕt} = ∂_ϕψ̂(∂_tŜ_0 + ∂_tψ̂) 1√ 1 +^{P̂ 2}_{V 2ϕ} 1 + 1 2 (∂ϕψ̂)^2 − π̂^2 1 +^{P̂ 2}_{V 2ϕ}

. (4.18)

– 12 –

We would like to stress that for zero mode operators we adopt the same ordering of various operators as was defined in section (3) that means that P̂ is always on the right with respect to Ŝ_0. On the other hand we will argue that for nonzero modes the more natural is to define the stress energy tensor and the dilaton source as normal ordered quantities.

Now we can proceed to the calculation of the expectation value of the components of the stress energy tensor (4.18) in the vacuum state (4.8). As the first step we calculate the expectation value with respect to the zero mode part Ψ_0(S_0). Since P̂^2Ψ_0(S_0) = 0 we easily obtain ^√BΨ(S_0, ψ) = Ψ_0(S_0) [ 1 + 1 2 ((∂_ϕψ̂)^2 − π̂^2) ] Φ(ψ) . (4.19)

Now let us consider the time derivative of Ŝ_0 that is equal to dŜ_0 dt = i[Ĥ, Ŝ_0] . (4.20)

The vacuum expectation value of this expression is zero since the vacuum state Ψ_0 is eigenstate of the hamiltonian. On the other hand we can calculate the right hand side of the equation (4.20) directly and we obtain that the commutator given there is proportional to P̂ . This result implies that (∂_tŜ_0)^2 ∼ P̂^2 and consequently its vacuum expectation value is equal to zero as well. Then the calculation of the vacuum expectation value of the zero mode operator is straightforward. When we also restrict ourselves to the terms of quadratic order in ψ̂ , π̂ we obtain that the vacuum expectation value of the stress energy tensor equal to ⟨T_{tt}(ϕ, t)⟩ = 1 2 ⟨ π̂^2 + (∂_ϕψ̂)^2 ⟩ fluct

⟨T_{ϕϕ}(ϕ, t)⟩ = (−1 + 4μ^2) 1 2 ⟨ (∂_ϕψ̂)^2 − π̂^2 ⟩ fluct − ⟨ (∂_ϕψ̂)^2 ⟩ fluct , T_{ϕt}(ϕ, t) = ⟨ ∂_ϕψ̂π̂ ⟩ fluct , (4.21)

where ⟨. . .⟩_{fluct} means the vacuum expectation value with respect to the vacuum state of the fluctuation modes. In the previous expressions we have also used the fact that ∂_tψ̂ = i[Ĥ, ψ̂] = π̂ √ 1 +^{P̂ 2}_{Vϕ}

(4.22)

and consequently ⟨ ∂_tψ̂ ⟩ = ⟨π̂⟩_{fluct} . (4.23)

Following [30] it is now easy to calculate the vacuum expectation value in (4.21) and we get

⟨T_{tt}(ϕ)⟩_{fluct} = ∫ dk 2π dk 2π e^{iϕ(k+k′)} 1 2 ⟨ −kk^′α(k)α(k^′) − δ^2 δα(k)α(k^′) ⟩ fluct , ⟨T_{ϕϕ}(ϕ)⟩_{fluct} = (−1 + 4μ^2) ∫ dk 2π dk 2π e^{iϕ(k+k′)} 1 2 ⟨ −kk^′α(k)α(k^′) + δ^2 δα(k)α(k^′ ) ⟩ fluct −

– 13 –

− ∫ dk 2π dk 2π e^{iϕ(k+k′)} ⟨ kk^′α(k)α(k^′) ⟩ fluct ,

⟨T_{ϕt}(ϕ)⟩_{fluct} = − ∫ dk 2π dk^′ 2π e^{iϕ(k+k′)} ⟨ ikα(k) δ δα(k^′ ) ⟩ fluct

. (4.24)

Using again the results given in [30] ⟨ α(k)α(k^′) ⟩ fluct = 2π

δ(k + k^′) 2|k| , ⟨ δ^2 δα(k)α(k^′ ) ⟩ fluct = − k^2 2|k| 2πδ(k + k^′) (4.25)

we finally obtain

⟨T_{tt}(ϕ)⟩_{fluct} =

Λ^2 2 , ⟨T_{ϕϕ}(ϕ)⟩_{fluct} = − 1 2 Λ^2 , ⟨T_{ϕt}(ϕ)⟩_{fluct} = 0 . (4.26)

We see that the stress energy tensor is diagonal and its components scale with the cut-off Λ. This is the same result as in standard quantum field theory calculation however the interpretation is different. In ordinary QFT there is not restriction on Λ so that when we remove the cut-off by taking Λ → ∞ we obtain divergent contributions. One possibility how to avoid such a behaviour is to define field theory operators as normal ordered with respect to the vacuum state which means that their vacuum expectation value is zero. Even if the cut-off Λ in (4.26) has clear meaning since it express the finite region of validity of the tachyon effective action (2.2) it is natural to consider stress energy tensor as normal ordered. Then the vacuum expectation value of the normal ordered stress energy tensor is equal to zero. In context of 2D effective field theory this result implies that the vacuum states do not induce any backreaction on metric.

As a next step we will calculate the vacuum expectation value of the dilaton source

Ĵ_Φ(ϕ) = 4∂_ϕ [ (Ŝ_0 + ψ̂)^2 √ B ] − ((∂_tŜ_0) + ∂_tψ̂)^2 1 √ B − −(∂_ϕψ̂)^2 1 √ B − ∂_ϕ [ (2(Ŝ_0 + ψ̂) + ∂_ϕψ̂) 1 √ B ] + +∂_t [ ∂_t(Ŝ_0 + ψ̂) 1 √ B ] − 2∂_ϕ [ (Ŝ_0 + ψ̂)^2 ] . (4.27)

We can proceed in the same way as in the calculation of the expectation value of the stress energy tensor. More precisely, we begin with the calculation of the expectation value of the zero mode wave function Ψ_0(S_0). If we again restrict to the terms in the leading order in ∂ψ̂ , π̂ we obtain ⟨ Ĵ_Φ ⟩ = 8 ⟨ ψ̂∂_ϕψ̂ ⟩ fluct − ⟨ (∂_tψ̂)^2 ⟩ fluct + 1 2 ⟨ (∂_ϕψ̂)^2 + π̂^2 ⟩ fluct − − ⟨ ∂_ϕ[2(μ + ψ̂) + ∂_ϕψ̂] ⟩ fluct + ⟨ ∂^2_t ψ̂ ⟩ fluct − 2 ⟨ ∂_ϕ(μ + ψ̂)^2 ⟩ fluct

. (4.28)

This expression can be calculated in the same way as in case of the evaluation of the vacuum expectation values of the stress energy tensor. It is then easy to show that the vacuum expectation value of Ĵ is equal to zero.

– 14 –

Let us outline results obtained in this section. By explicit calculations of the vacuum expectation values of the normal ordered components of the stress energy tensor we have shown that they are equal to zero and consequently these vacuum states do not induce any backreaction on metric. The same conclusion holds in case of dilaton source as well. We mean that these results provide further support for the consistency of vacuum states of the tachyon effective action (2.2).

5. Conclusion

In this article we have studied the vacuum states of the model of two dimensional tachyon effective field theory that was proposed in [18]. The main goal was to find whether there exists the similarity between the ground states in the tachyon effective action and the vacuum states in the microscopic formulation of 2D theory in terms of free fermions. We mean that looking for this relation could be useful for the study of the non perturbative aspects of the 2D string theory. In fact, we have proposed the model of the tachyon effective action that has family of ground states that do not induce any backreaction on metric and dilaton. We have also found that there exists operator Ô_ϵ that maps one ground state with parameter μ to another one with parameter μ + ϵ. In other words all ground states with different values of μ are equivalent.

We mean that it would be very interesting to find similar structure in the microscopic formulation of 2D theory since we know that the tachyon field arises from the bosonisation in the dual matrix model. In particular, it would be nice to find operators in the quantum field theory of free fermions that are related to the operators Ŝ_0, Ô_ϵ in the effective field theory description. We hope to return to this problem in the near future.

There are many problems and open questions that deserve to be studied further. One of the most serious one is to find how the effective field theory emerge from the matrix model without restriction to the semi classical approximation. We believe that the approach developed in [32]–[37] could be helpful in solving of this problem. Another open problem is to find effective field theory models of two dimensional OA and OB theories. We expect that construction of these models could be straightforward extension of the model given in this paper when we include terms containing the Ramond-Ramond field C into the effective action. It would be certainly very interesting to see whether one can find such effective actions that have backgrounds given in [38]–[42] as their exact solutions.

Acknowledgments

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

References

[1] I.R. Klebanov, String theory in two-dimensions, hep-th/9108019.

[2] S.R. Das, The one-dimensional matrix model and string theory, hep-th/9211085.

[3] A. Jevicki, Development in 2-D string theory, hep-th/9309115.

– 15 –

[4] P.H. Ginsparg and G.W. Moore, Lectures on 2-D gravity and 2-D string theory,

hep-th/9304011.

[5] J. Polchinski, What is string theory?, hep-th/9411028.

[6] E.J. Martinec, The annular report on non-critical string theory, hep-th/0305148. [7] S. Alexandrov, Matrix quantum mechanics and two-dimensional string theory in non-trivial backgrounds, hep-th/0311273.

[8] Y. Nakayama, Liouville field theory: a decade after the revolution, Int. J. Mod. Phys. A 19 (2004) 2771 [hep-th/0402009].

[9] 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].

[10] M.R. Douglas et al., A new hat for the c = 1 matrix model, hep-th/0307195. [11] J. Polchinski, String Theory, vol. 2: Superstring theory and beyond, SPIRES entry. [12] D. Kutasov and V. Niarchos, Tachyon effective actions in open string theory, Nucl. Phys. B 666 (2003) 56 [hep-th/0304045].

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

[14] J. Kluson, Proposal for the open string tachyon effective action in the linear dilaton background, J. High Energy Phys. 06 (2004) 021 [hep-th/0403124].

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

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

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

[17] 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].

[18] J. Kluson, A toy model of closed string tachyon effective action, hep-th/0404208. [19] M. Natsuume and J. Polchinski, Gravitational scattering in the c = 1 matrix model, Nucl.

Phys. B 424 (1994) 137 [hep-th/9402156].

[20] A. Dhar, The emergence of space-time gravitational physics as an effective theory from the c = 1 matrix model, Nucl. Phys. B 507 (1997) 277 [hep-th/9705215].

[21] N. Seiberg, Notes on quantum Liouville theory and quantum gravity, Prog. Theor. Phys.

Suppl. 102 (1990) 319.

[22] G.W. Moore and N. Seiberg, From loops to fields in 2-D quantum gravity, Int. J. Mod. Phys.

A 7 (1992) 2601.

[23] N. Seiberg and S.H. Shenker, A note on background (in)dependence, Phys. Rev. D 45 (1992) 4581 [hep-th/9201017].

[24] 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].

[25] J. Polchinski, Classical limit of (1+1)-dimensional string theory, Nucl. Phys. B 362 (1991) 125.

– 16 –

[26] S.R. Das and A. Jevicki, String field theory and physical interpretation of D = 1 strings, Mod. Phys. Lett. A 5 (1990) 1639.

[27] S.R. Das, D-branes in 2d string theory and classical limits, hep-th/0401067. [28] A. Strominger, Open string creation by S-branes, hep-th/0209090. [29] A. Maloney, A. Strominger and X. Yin, S-brane thermodynamics, J. High Energy Phys. 10 (2003) 048 [hep-th/0302146].

[30] J. Guven, B. Lieberman and C.T. Hill, Schrödinger picture field theory in Robertson-Walker flat space-times, Phys. Rev. D 39 (1989) 438.

[31] D.V. Long and G.M. Shore, The Schrödinger wave functional and vacuum states in curved spacetime, Nucl. Phys. B 530 (1998) 247 [hep-th/9605004].

[32] A. Dhar, G. Mandal and S.R. Wadia, Nonrelativistic fermions, coadjoint orbits of w(infinity) and string field theory at c = 1, Mod. Phys. Lett. A 7 (1992) 3129 [hep-th/9207011].

[33] A. Dhar, G. Mandal and S.R. Wadia, W(infinity) coherent states and path integral derivation of bosonization of nonrelativistic fermions in one-dimension, Mod. Phys. Lett. A 8 (1993) 3557 [hep-th/9309028].

[34] A.M. Sengupta and S.R. Wadia, Excitations and interactions in D = 1 string theory, Int. J.

Mod. Phys. A 6 (1991) 1961.

[35] S.R. Das, A. Dhar, G. Mandal and S.R. Wadia, Gauge theory formulation of the C = 1 matrix model: symmetries and discrete states, Int. J. Mod. Phys. A 7 (1992) 5165 [hep-th/9110021].

[36] A. Dhar, G. Mandal and S.R. Wadia, Classical fermi fluid and geometric action for c = 1, Int. J. Mod. Phys. A 8 (1993) 325 [hep-th/9204028].

[37] G. Mandal, A.M. Sengupta and S.R. Wadia, Classical solutions of two-dimensional string theory, Mod. Phys. Lett. A 6 (1991) 1685.

[38] A. Kapustin, Noncritical superstrings in a Ramond-Ramond background, J. High Energy Phys. 06 (2004) 024 [hep-th/0308119].

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

[40] 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]. [41] D.M. Thompson, AdS solutions of 2D type 0A, hep-th/0312156. [42] A. Strominger, A matrix model for AdS_2, J. High Energy Phys. 03 (2004) 066 [hep-th/0312194].

– 17 –