arXiv:hep-th/0201229 v1 28 Jan 2002

A Proposal for the Vector State in Vacuum String Field Theory

Radoslav Rashkov^1 and K Sankaran Viswanathan^2

Department of Physics, Simon Fraser University Burnaby, BC, V5A 1S6, Canada

Abstract

A previous calculation on the tachyon state arising as fluctuations of a D brane in vacuum string field theory is extended to include the vector state. We use the boundary conformal field theory approach of Rastelli, Sen and Zwiebach to construct a vector state. It is shown that the vector field satisfies the linearized equations of motion provided the two conditions k^2 = 0 and k^μA_μ = 0 are satisfied. Earlier calculations using Fock space techniques by Hata and Kawano have found massless vector states that are not necessarily transverse.

1 Introduction

After the significant progress in understanding of the tachyon condensation in open string theory, Rastelli, Sen and Zwiebach proposed the so called Vacuum String Field Theory (VSFT) as a candidate for the theory of open

1e-mails: rrachkov@sfu.ca; rash@phys.uni-sofia.bg, on leave of absence from Dept. of Physics, Sofia University, 1164 Sofia, Bulgaria 2e-mail: kviswana@sfu.ca

string dynamics around the tachyon vacuum [2]. Regarded as a significant step toward solving Witten’s open string field theory [1], for the last one year it has been intensively studied [3, 4, 5, 6, 8, 10]. Being constructed solely of world-sheet ghost fields, the kinetic operator Q in VSFT is non-dynamical [14]. The exact relation between Open String Field Theory (OSFT) and VSFT is not completely clear but there are significant developments in this direction [6, 7, 9, 15]. An important step toward a deeper understanding of VSFT is the study of the fluctuation modes around a classical solution to the VSFT called the sliver, and the proof that the known physical spectrum of D-branes can be reproduced. The work in this direction was initiated by Hata and Kawano who proposed a Fock space construction of the tachyon and vector states around the tachyon vacuum [12, 13]. In a very interesting paper [11] Rastelli, Sen and Zwiebach re-investigated the Hata-Kawano tachyon state using boundary conformal field theory (BCFT) and pointed out to the difficulties in the computation of the D25-brane tension. In our previuos paper [16] we reinvestigated the tachyon state in boundary conformal field theory language and showed that the BPZ inner product between slivers must be treated carefully. We proposed a consistent prescription for calculating both the star product of two slivers and their BPZ product and showed that the tachyon state satisfies the linearized equations of motion in the strong sense as well as in weak sense.

In [12] a proposal for vector state has been also given in framework of Fock space formalism. The authors of [12] found the correct on-shell conditions for the vector field on the brane, but they fail to find the transversality condition and the polarization vector is arbitrary rather than satisfying the transversality condition. It was pointed out in [9] that within this framework it would be a hard task to impose transversality condition on the vector or tensor massless fields. In this short note we propose a vector state in analogy to the tachyon state by making use of BCFT approach. To find the on-shell conditions for the vector field |V ⟩ we follow the procedure used in [11] and [16] for the tachyon field |χ_T ⟩. By making use of BCFT prescription we are able to find the correct on-shell conditions for the vector field and more importantly, its transversality.

2 BCFT construction of the vector state

The open string field theory (OSFT) action proposed by Witten is given by [1] S = −κ { 1 2 ⟨Ψ| Q |Ψ⟩ + 1 3 ⟨Ψ|Ψ ⋆ Ψ⟩ } , (1)

where |Ψ⟩ is the string field represented by a ghost number one state in the matter-ghost BCFT, ⟨·|·⟩ represents the BPZ inner product and ⋆ is the string star multiplication. In (1) Q is the ordinary BRST charge made up from energy-momentum tensors for matter and ghost sectors, T_{matter} and T_{ghost}, and the ghost as well. The equations of motion following from (1) are

Q|Ψ⟩ + |Ψ ⋆ Ψ⟩ = 0. (2)

After the open string tachyon condensation, the theory must represent closed string vacuum and there should be no open string perturbative excitations. VSFT is proposed to describe the dynamics around the tachyon vacuum and its kinetic operator Q must have trivial cohomology. The action for VSFT is given by S = −κ { 1 2 ⟨Ψ|Q|Ψ⟩ + 1 3 ⟨Ψ|Ψ ⋆ Ψ⟩ } , (3)

where Q is a new BRST operator of ghost number one and made of ghost fields:

Q = c_0 + ∑ n≥1 f_n[c_n + (−1)^nc^†_n] (4)

where f_n are some numerical coefficients. Since Q has this special form, the solutions are factorized as follows |Ψ⟩ = |Ψ_g⟩ ⊗ |Ψ_m⟩, (5) where |Ψ_m⟩ and |Ψ_g⟩ are the matter and ghost part respectively. The equations of motion then take the following form

Q|Ψ_g⟩ = |Ψ_g ⋆ Ψ_g⟩ |Ψ_m⟩ = |Ψ_m ⋆ Ψ_m⟩. (6)

The ghost part is taken to be universal, but |Ψ_m⟩ is a solution of projector equation and represents a particular brane. This interpretation follows from the fact that with Q constructed purely of ghost fields, it has trivial cohomology and hence solutions to VSFT contain no perturbative open string states, but may describe non-perturbative states such as the D-branes. The properties and the solutions to VSFT have been discussed by Rastelli, Sen and Zwiebach in several papers [2, 3, 10, 14]. The approach using the so called surface states turn out to be very useful since one can represent the BPZ inner product and the star product by simple geometric operations and using BCFT. The solution to the matter part of the equations of motion describing a D25-brane, called a sliver, is defined through the relation [10, 14]

⟨Ξ_m|Φ⟩ = lim_{n→∞} N ⟨f ∘ Φ(0)⟩_{Cn} , (7)

where C_n is a semi infinite cylinder of circumference^{nπ}_2 obtained by making the identification ℜ z ≃ ℜ z +^{nπ}_2 in the upper half z plane. The map f is given by f(z) = tan^{−1}z, |Φ⟩ is an arbitrary state in the matter Hilbert space and ⟨. . . ⟩_{Cn} denotes the correlation function of the matter BCFT on the semi infinite cylinder C_n. In the limit n → ∞, C_n approaches the upper half z plane. The sliver state is normalized so that

⟨Ξ_m|Ξ_m⟩ = KV^{(26)}, (V^{(26)} = (2π)^{26}δ^{26}(0)) (8)

where V^{(26)} is the volume of 26-dimensional spacetime and K is a normalization constant that arises due to anomaly in the matter sector.

The tachyon state can be written in the form [12, 11, 16] |Ψ_g⟩ ⊗ |χ_T (k)⟩ (9) where |Ψ_g⟩ is the same state for all brane solutions and |χ_T (k)⟩ is the matter part defined as

⟨χ_T (k)|Ψ⟩ = N lim_{n→∞} n^{2k2} ⟨e^{ik.X( nπ4 )}f ∘ Ψ(0)⟩_{Cn} (10)

for any state |Ψ⟩ in the Hilbert space of states of the string field^3. It has been shown that the state |χ_T ⟩ satisfies the linearized equations of motion in weak sense [11] and in strong sense as well [16].

3For more detais about the general construction see [10, 14].

We propose the following form of the vector state on D25-brane

⟨V (k)|Ψ⟩ = N lim_{n→∞} n^{2(k2+1)}⟨A_μ∂_tX^μ( nπ 4 )e^{ik.X( nπ4 )}f ∘ Ψ(0)⟩_{Cn} (11)

i.e. we insert a vector vertex operator in the middle of the wedge state, diametrically opposite to the puncture at the origin, and in the limit n → ∞ the wedge state approaches the sliver. The subscript in ∂_t is for tangential derivative to the boundary. The normalization factors are chosen in such a way that the BPZ product with Fock states is nonvanishing. As we mentioned above, BPZ inner product and ⋆-product of two slivers can be constructed by cutting and gluing cylinders C_n and C_n′ as prescribed in [10, 14]. The expression for f ∘ Ψ can be expanded as

f ∘ Ψ(0) = a_Ψ [ e^{−ik.X(0)} ] + [ ζ_ν ∂_tX^ν (0)e^{−ik.X(0)} ] + · · · (12)

where square brackets denote the conformal blocks of primary operators. The different conformal blocks in (12) are orthogonal to each other. With these definitions we can calculate (11) following the procedures outlined in [11, 16].

3 The linearized equations and transversality

In this section we will show that the state defined in (11) has the correct on-shell condition for massless vector field and, in addition, it is transverse. Using the equation (12) we can write (11) as

⟨V (k)|Ψ⟩ = lim_{n→∞} N a_Ψn^{2(k2+1)} { A_μ(k)⟨∂X^μe^{ik.X( nπ4 )} e^{−ik.X(0)}⟩_{Cn} + ζ_ν (−k)A_μ(k)⟨∂X^μe^{ik.X( nπ4 )} ∂X^ν e^{−ik.X(0)}⟩_{Cn} } (13)

where we take into account only the primary operators for the first two conformal blocks, terms containing ∂X^μ hereafter should be understood as ∂_tX^μ and the argument will always be that of the exponent following ∂X. As argued in [10], the descendents and the higher conformal blocks are more suppressed in n → ∞ limit and therefore their contributions vanish.

The second term in the curly brackets in (13) is lim_{n→∞} N a_Ψn^{2(k2+1)}ζ_ν (−k)A_μ(k)⟨∂X^μe^{ik.X( nπ4 )}∂X^ν (0)e^{−ik.X(0)}⟩_{Cn} = lim_{n→∞} [ N a_Ψn^{2(k2+1)} ( 4 n )_{2(k}2_{+1)} ζ_ν (−k)A_μ(k) ⟨∂X^μ(−1)e^{ik.X(−1)}∂X^ν (0)e^{−ik.X(0)}⟩_D ] (2π)^{26}δ(0) = −N a_ΨA_μζ_ν η^{μν} 2^{2k2+3} V^{(26)} (14)

where the second equality is found after mapping C_n to unit disk and computing the correlations functions on the disk from the BCFT.

The first term in (11) can be evaluated in the same way and we find lim_{n→∞} N a_Ψn^{2(k2+1)}A_μ(k)⟨∂X^μe^{ik.X( nπ4 )}e^{−ik.X(0)}⟩_{Cn} = lim_{n→∞} [ N a_Ψn^{2(k2+1)} ( 4 n )_{(2k}2_{+1)} iA_μ(k)⟨∂X^μ(−1)e^{ik.X(−1)}e^{−ik.X(0)}⟩_D ]

= lim_{n→∞} N a_ΨnA_μk^μcotan( π 2 )2^{(2k2+1)}(2π)^{26}δ(0) = 0. (15)

and therefore there is no contribution from this conformal block.

We are now in a position to prove that the vector state |V ⟩ (11) satisfies the linearized equations of motion. To do so we have to calculate the quantity ⟨V ⋆ Ξ + Ξ ⋆ V |Ψ⟩ for arbitrary |Ψ⟩. According to [10, 11, 16] we have

⟨Ξ ⋆ V + V ⋆ Ξ|Ψ⟩ = lim_{n→∞} N a_Ψn^{2(k2+1)} { A_μ [ ⟨∂X^μe^{ik.X( nπ4 )} e^{−ik.X(0)}⟩_{C2n−1} ⟨∂X^μe^{ik.X( (3n−2)π4 )} e^{−ik.X(0)}⟩_{C2n−1} ] + A_μζ_ν [ ⟨∂X^μe^{ik.X( nπ4 )} ∂X^ν e^{−ik.X(0)}⟩_{C2n−1} + ⟨∂X^μe^{ik.X( (3n−2)π4 )} ∂X^ν e^{−ik.X(0)}⟩_{C2n−1} ]} (16)

where, according to the rules outlined in [16], in the star product we take the semi infinite cylinders representing |V ⟩ and |Ξ⟩ to be of equal circumference nπ/2. After mapping to unit disk D we find

⟨Ξ ⋆ V + V ⋆ Ξ|Ψ⟩ = lim_{n→∞} N a_Ψn^{2(k2+1)} { A_μ [ ⟨∂X^μe^{ik.X(i)}e^{−ik.X(0)}⟩_D + ⟨∂X^μe^{ik.X(−i)}e^{−ik.X(0)}⟩_D ] + A_μζ_ν [ ⟨∂X^μe^{ik.X(i)} ∂X^ν e^{−ik.X(0)}⟩_D + ⟨∂X^μe^{ik.X(−i)} ∂X^ν e^{−ik.X(0)}⟩_D ]} V^{(26)} = − 2N a_Ψ [η^{μν} + k^μk^ν ] ζ_μA_μ2^{k2 +2} V^{(26)} = − N a_Ψ [η^{μν} + k^μk^ν ] ζ_μA_μ2^{k2 +3} V^{(26)}. (17) where the correlation functions in the first square brackets cancel each other and the evaluation of the correlators in the second brackets gives the final result. But from (14) and (15) we have

⟨V |Ψ⟩ = −N a_Ψζ_ν A_μη^{μν} 2^{2k2 +3}V^{(26)}. (18) The expression (18) is equal to (17) if k^2 = 0 (19) and k^μA_μ = 0 (20) for any Fock state |Ψ⟩ and thus the equations of motion give the correct on-shell conditions for the massless vector field A_μ. We point out that along with k^2 = 0 we found that the vector field A_μ is transverse which the authors of [12] failed to find using oscilator approach.

To obtain the kinetic term for A_μ in the action we must first check that the vector state |V ⟩ satisfies the linearized equations of motion against another sliver (which was a problem in [10] but a resolution was proposed in [16]). According to the general procedure developed in [10], we have

⟨V ⋆ Ξ|χ⟩ = lim_{ni→∞} n^{2k′2}_1 n^{2(k2+1)}_2 A_μ × ⟨∂X^μe^{ik.X[(2n2+n3 +n1 −4)π/4]}e^{ik′.X(0)}⟩_{Cn1 +n2 +n3 −3} . (21) To compute (21) we follow the procedure outlined in [16] and first map the first strip to a strip of length π/2. The length of the other two strips become ñ_2 =^{n2}_{n1−1} and ñ_3 =^{n3}_{n1−1} , and we define also ϵ_1 =^1_{n1 −1} . Since we have the star product ⟨V ⋆ Ξ|, we take ñ_2 = ñ_3 = ñ. A simple computation yields ⟨V ⋆ Ξ|χ⟩ = lim_{n1 ,ñ→∞} ñiA_μ2^{k′ 2+k2 +1}⟨∂X^μe^{ik.X(3π/2)}e^{ik′.X(0)}⟩_D = − lim_{ñ→∞} ñik^μA_μ2^{k2 +1}V^{(26)} (22) and taking into account that the result for ⟨Ξ ⋆ V |χ⟩ is the same but with opposite sign, we find ⟨Ξ ⋆ V + V ⋆ Ξ|χ⟩ = 0. (23) Analogous calculations yield ⟨V ⋆ Ξ + Ξ ⋆ V |V ⟩ = −(η^{μν} + k^μk^ν )A_μA_ν 2^{k2 +3}V^{(26)} (24) and ⟨V |χ⟩ = lim nk^μA_μ2^{2(k2 +1)}cotan( π 2 )V^{(26)} = 0, (25) ⟨V |V ⟩ = −η^{μν} A_μA_ν 2^{2k2 +3}V^{(26)}. (26) Comparing (23-26) we conclude that the linearized equations of motion are satisfied also against slivers under conditions (19) and (20).

To compute the kinetic term in the action (3), we define the off-shell tachyon field T (k) and vector field A_μ(k) in the momentum space in the following way |Ψ⟩ = |Ψ_g⟩ ⊗ [ |Ξ_m⟩ + ∫ d^{26}k ( n^{−k2} T (k)|χ_T (k)⟩ + n^{−k2 −1}A_μ(k)|V^μ(k)⟩ + . . . )] (27)

where ellipses denote of higher order excitations. Substitution of (27) into (3) gives for the quadratic part in A_μ

S^{(2)} = − 1 2 ⟨Ψ_g|Q|Ψ_g⟩ ∫ d^{26}k_1d^{26}k_2 A_μ(k_1)A_ν (k_2) n^{−k21 −1}_1 n^{−k21 −1}_2 ⟨V^μ(k_1)| [V^ν (k_2)⟩ − |Ξ_m ⋆ V^ν (k_2)⟩ − |V^ν (k_2) ⋆ Ξ⟩] . (28)

The BPZ products in the above expression are readily computed in (21- 26) and we have simply to substitute their values into (28). Then for the kinetic term we get

S^{(2)} = − 1 2 ⟨Ψ_g|Q|Ψ_g⟩ ∫ d^{26}k_1 d^{26}k_1 n^{−k21 −1}_1 n^{−k2 −1}_2 A_μ(k_1) A_ν (k_2)

[⟨V^μ(k_1)|V^ν (k_2)⟩ − ⟨V^μ(k_1)|Ξ_m ⋆ V^ν (k_2)⟩ − ⟨V^μ(k_1)|V^ν (k_2) ⋆ Ξ⟩] ≃ − 1 2 ⟨Ψ_g |Q|Ψ_g⟩ ∫ d^{26}k_1 d^{26}k_2 n^{−k21 −1}_1 n^{−k2 −1}_2 k^2_1 A_μ(k_1) A_ν (k_2) { η^{μν} 2^{2k21 +3} − (η^{μν} − k^μ_1 k^μ_2 )2^{k21 +3} } δ(k_1 + k_2) ≃ − ⟨Ψ_g|Q|Ψ_g⟩ 2 2^3 ln2 ∫ d^{26}k(k^2η^{μν} − k^μk^ν ln 2 )A_μ(k) A_ν (−k) (29)

where in the second equality we take the vector field near on-shell and in the third step we used the procedure outlined in [16] to calculate the correlation function keeping terms quadratic in k_μ. It is clear from (29) that the expected action for the vector field on D25-brane reproduced from VSFT. From (29) we conclude that the proposed vector state gives the correct on-shell conditions and, though A_μ is transverse, the correct action for a massless vector field.

Due to the twist symmetry of the VSFT action, the interaction part will contain only terms linear in χ_T and quadratic in V and they can be easily calculated using the above technique. For this terms we find in coordinate space

S^{(2)} ∼ 3 ∫ d^{26}xT A_μA^μ + 2 ∫ d^{26}x [∂_μ∂_ν T A^μA^ν − ∂_μT ∂_νA^μA^ν + T ∂_ν A^μ∂_μA^ν ]

(30)

where, as in the case of tachyon interaction term, the multiplicative constant is infinite.

4 Conclusions

In this note we have proposed a vector state around the classical solution of VSFT representing a D25-brane. A careful analysis shows that the proposed state satisfies the linearized equations of motion with the correct on-shell conditions for a massless vector field A_μ. We also find the transversality condition on A_μ, a property that seems difficult to demonstrate in the oscilator approach (see [12, 13]). Due to the twist symmetry, the interaction term must contain two vector field and one tachyon and we found it to be of the form (30). Terms with two tachyons and one vector field do not appear. This is because the twist operation Ω, i.e a combined world-sheet parity reversal plus SL(2, R) transformations, is a symmetry of the OSFT and VSFT as well^4. Under the action of Ω the massless vector field A_μ is odd and changes sign while the tachyon field, being even, remains unchanged. For instance, one can easily compute T (k_1) T (k_1) A_μ(k_3) term:

⟨χ|χ ⋆ V ⟩ = lim_{ni →∞} N n^{2k21}_1 n^{2k2}_2 n^{2(k23 +1)}_3 A_μ(k_3) ⟨e^{ik1.X(0)}e^{ik2.X[(n1+n2 −2)π/4]}∂X^μe^{ik3.X[(n1+2n2+n3 −4)π/4]}⟩_{Cn1 +n2 +n3−3} . (31)

To compute (31), we perform the following steps

a) map the first strip to [−π/4, π/4].

b) change the variable w = e^{i4π/(2n+ϵ1−3)} to map to unit disk^5. c) take n and n_1 large and compute the correlator. We end up with:

⟨χ|χ ⋆ V ⟩ = lim_{n,n1 →∞} N n^{k2 +k23 −k21} 2^{k21 +k2 +k23} A_μ(k_3) ⟨e^{ik1.X(e0)} e^{ik2 .X(e2iπ/2)} ∂X^μe^{ik3.X(e3iπ/2)}⟩_D ∼ i (k_2 − k_1)^μA_μ(k_3)2^{k21 −1}(2π)^{26}δ(k_1 + k_2 + k_3) (32)

which is what is expected for this coupling.^6 It would be interseting to investigate the fluctuation modes around the other D-brane solutions of VSFT and coincident D-branes as well. We hope to report on these issues in the near future.

Acknowledgements: R.R. would like to thank Simon Fraser University for warm hospitality. This work has been supported by an operating grant from the Natural Sciences and Engineering Research Council of Canada.

4Seee for review for instance [17, 18]. 5Here n =^{n2}_{n1−1} =^{n3}_{n1−1} and ϵ_1 =^1_{n1−1} . 6See for instance [19].

References

[1] E. Witten, “Noncommutative geometry and String Field Theory”, Nucl.

Phys. B 268, 253 (1986).

[2] L. Rastelli, A. Sen and B. Zwiebach, “String field theory around the tachyon vacuum”, [hep-th/0012251].

[3] L. Rastelli, A. Sen and B. Zwiebach, “Classical Solutions in String Fiedl Theory Around the Tachyon Vacuum”, [hep-th/0102112].

[4] D. Gross and W. Taylor, “Split string field theory I”, [hep-th/0105059]. [5] D. Gross and W. Taylor, “Split string field theory II’, [hep-th/0106036]. [6] G. Moore and W. Taylor, “The singular geometry of the sliver”, [hepth/0111069].

[7] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, “Ghost structure and Closed Strings in Vacuum String Field Theory”, [hep-th/0111129].

[8] L. Rastelli and B. Zwiebach, “Tachyon potentials, star products and universality”, JHEP 0109, 038 (2001), [hep-th/0006240].

[9] I. Kishimoto and K. Ohmori, “CFT Description of Identity String Field:

Toward Derivation of the VSFT Action”, [hep-th/0112169]. [10] L. Rastelli, A. Sen and B. Zwiebach, “Boundary CFT Construction of D-branes in Vacuum String Field Theory”, [hep-th/0105168].

[11] L. Rastelli, A. Sen and B. Zwiebach, “A Note on a Porposal for the Tachyon State in Vacuum String Field Theory”, [hep-th/0111153].

[12] H. Hata and T. Kawano, Open string states around a classical solution in vacuum string field theory”, [hep-th/0108150].

[13] H. Hata and S. Moriyama, “Observables as Twist Anomaly in Vacuum String Field Theory”, [hep-th/01111034].

[14] L. Rastelli, A. Sen and B. Zwiebach, “Vacuum String Field Theory”, [hep-th/0106010].

[15] K. Okuyama, “Ghost Kinetic Operator of Vacuum String Fiedl Theory”, [hep-th/0201015].

[16] R.C.Rashkov and K.S.Viswanathan, “A Note on the Tachyon State in Vacuum String Field Theory”, [hep-th/0112202].

[17] K. Ohmori, “A Review on Tachyon Condensation in Open String Field Theories”, [hep-th/0102085].

[18] I.Y. Aref’eva, D.M. Belov, A.A. Giryavets, A.S. Koshelev and P.B.

Medvedev, “Noncommutative Field Theories and (Super)String Field Theories”, [hep-th/0111208].

[19] M.Green, J.Schwarz and E.Witten, “Superstring Theory”, Cambridge University Press, 1987.