Published by Institute of Physics Publishing for SISSA/ISAS Received: May 14, 2002 Accepted: May 14, 2002

Stretched strings in tachyon condensation models

Joseph A. Minahan

Department of Theoretical Physics Box 803, SE-751 08 Uppsala, Sweden E-mail: joseph.minahan@teorfys.uu.se

Abstract: In this note, we consider the two derivative truncation of boundary string field theory for the unstable D9-brane in type-IIA string theory. We construct multiples of the stable codimension 1 solitons that correspond to stacks of D8-branes. We find the fluctuation modes that correspond to open strings stretching between the branes, and find that their masses are consistent with the string tension. We show that these modes are localized halfway between the branes and that their width is independent of the brane separation.

Keywords: Brane Dynamics in Gauge Theories, Tachyon Condensation.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep052002024 /jhep052002024 .pdf

Simple field theory models have proven to be quite useful in giving qualitative and surprisingly good quantitative descriptions for tachyon condensation^1 in open string field theory [2]–[10]. These models turn out to be two derivative truncations of boundary string field theory [11]–[16]. In particular, the model described in [6] is the two derivative truncation of boundary superstring field theory [14]. The lagrangian for this model is given by −T_9 ( 1 2 ∂_μT ∂_μT + 1 ) e^{−T 2/4} , (1)

where T_9 is the tension of the the unstable D9-brane. The potential has an unstable vacuum at T = 0, where the tachyon mass squared is −1/2 (we have set α^′ = 1). It also has stable vacuua at T = ±∞, where the mass of the tachyon becomes infinite. There is a stable codimension one soliton solution with a tension T_8 = 2 √ 2πT_9, a result reasonably close to the actual value of T_8 = √ 2πT_9. It was also shown in [6] that the fluctuation modes about this soliton have integer mass squared level spacing. Thus, this model nicely conforms with the Sen conjectures [17].

Of course, open string field theory should contain an infinite number of fields. In [7] a prescription was given for including higher level fields into the models. For instance, it was argued that including gauge fields with the Lagrangian − 1 4 F_{μν} F^{μν} e^{−T 2/4} (2)

led to fluctuation modes on the codimension one-brane with the correct mass squared spectra. Moreover, it was shown that a zero momentum mode for the gauge field was gauged away on the D8-brane but was compensated by the zero mode coming from the tachyon field. Some preliminary evidence was also given for how to include higher level fields in the model. In any event, the surprising conclusion is reached that dropping the higher derivative terms does not seem to drastically effect the physics, at least at tree-level. Dropping the higher derivatives changes the tensions of the branes and fattens them out, but it does not seem to effect the spectrum.

The “open string” modes that we find in these models are localized around the brane, that is, the center of the soliton. One interesting question is what do the stretched strings look like in these models. By stretched string we mean a mode that corresponds to a string stretching between two D-branes separated by some distance. The naive guess is that the mode is more or less evenly distributed between the branes. This turns out not to be the case. Instead we will show that the mode is localized halfway between the branes, with the localization width independent of the brane separation. This last fact seems to indicate that the modes will be localized, not stretched, even when higher derivative terms are taken into account.

Nevertheless, the modes get an extra contribution to their mass-squared which is precisely the amount expected for a string stretched between two D-branes.

In order to describe multiple brane solutions, the tachyon field needs to be generalized to an N by N tensor field [14] and [18]–[22]. The tachyon potential is then [14]

V (T ) = Tr(e^{−T 2/4}) . (3)

1For early pioneering work in the field of tachyon condensation see [1].

– 1 –

Generalizing the kinetic term requires some care because of ordering ambiguities. One consideration is to find a solvable spectrum. We will see that 1 2 Tr(∂_μT e^{−T 2/8}∂_μT e^{−T 2/8}) (4)

serves this purpose.

Non-trivial codimension 1 solutions to the equations of motion are the diagonal matrices T = diag(T_1, T_2, . . . , T_N ) , (5) where T_i = ± √ 2(x − x_i) (6) and where x_i is the location of the i^{th} brane. The + (−) sign corresponds to a D8-brane (anti-brane).

Let us begin by assuming that N = 2, our results being easily generalized to higher N. In this case, we can rewrite T as

T = T_0σ_0 + ΔT σ_3 , (7)

where σ_0 = ( 1 0 0 1 ) , σ_3 = ( 1 0 0 −1 ) . (8)

We now look for fluctuations about these solutions. The diagonal fluctuations are exactly as in [6, 7]. However, the off-diagonal fluctuations are non trivial if ΔT ≠ 0. In order to find these, let us write the off-diagonal fluctuation piece as T_{fl} = ( 0 T_+ T_− 0 ) . (9)

We now make use of the fact that Tr (( 0 A B 0 ) (σ_3)^n ( 0 A B 0 ) (σ_3)^m ) = AB [(−1)^n + (−1)^m] , (10)

which among other things implies that Tr [( 0 A B 0 ) e^{−T 20 /8−ΔT 2/8−T0ΔT σ3/4} ( 0 A B 0 ) e^{−T 20 /8−ΔT 2/8−T0ΔT σ3/4} ] = = 2AB exp ( − T^2_0 4 − ΔT^2 4 ) . (11)

To quadratic order in the off-diagonal fluctuations, the lagrangian is − (( ∂_μT_+∂_μT_− + 1 4 [ (∂_μT_0)^2 − (∂_μΔT )^2 − 2 ] T_+T_− ) e^{−T 20 /4−ΔT 2/4} , (12)

where we have used the equations of motion for T_0 and ΔT ,

∂^2T_0 − 1 4 T_0 [ (∂T_0)^2 + (∂ΔT )^2 ] − 1 2 ΔT ∂_μT_0∂_μΔT + 1 2 T_0 = 0 ,

∂^2ΔT − 1 4 ΔT [ (∂T_0)^2 + (∂ΔT )^2 ] − 1 2 T_0∂_μT_0∂_μΔT + 1 2 ΔT = 0 . (13)

– 2 –

Making further use of the equations of motion and integrating by parts, we find that the expression in (12) can be rewritten as − ∂_μ ( T_+ ΔT ) ∂_μ ( T_− ΔT ) e^{−T 20 /4−ΔT 2/4}(ΔT )^2 . (14)

The U(N) symmetry of the tachyon field is actually a gauge symmetry, so accordingly, the ordinary derivatives should be replaced by covariant derivatives. We will assume that the kinetic term has the form − 1 2 Tr([∂_μ − iA_μ, T ]e^{−T 2/8}[∂_μ − iA_μ, T ]e^{−T 2/8}) . (15)

We then expect all of the off-diagonal fluctuations of T to be eaten by the gauge fields. Again, let us consider the case that N = 2 and let us find the terms quadratic in A_μ and the tachyon fluctuations. Using the properties in (10) and (11), we find the quadratic off-diagonal piece to be − 4 ( A_{+μ} + i 2 ∂_μ ( T_+ ΔT )) ( A_{−μ} − i 2 ∂_μ ( T_− ΔT )) e^{−T 20 /4−ΔT 2/4}(ΔT )^2 . (16)

To show the importance of ordering in the tachyon kinetic terms, let us suppose that the appropriate term in the lagrangian were 1 2 Tr ( [∂_μ − iA_μ, T ]^2e^{−T 2/4}] ) . (17)

In this case, one would find that the off-diagonal fluctuations have the form 4 ( A_{+μ} + i 2 ∂_μ ( T_+ ΔT )) ( A_{−μ} − i 2 ∂_μ ( T_− ΔT )) e^{−T 20 /4−ΔT 2/4} cosh ( T_0ΔT 4 ) ΔT^2 , (18)

and so would clearly have a different spectrum than that coming from (16).

Now consider the kinetic term for the gauge fields. Again, there will be ordering ambiguities. There is also some ambiguity as to how even the diagonal action should be chosen. For the D9-brane, one expects the quadratic piece of the lagrangian to come from expanding the Born-Infeld lagrangian √ det(η_{μν} − 2πF_{μν} ) ( 1 2 G^{μν} ∂_μT e^{−T 2/8}∂_ν T e^{−T 2/8} + e^{−T 2/4} ) , (19)

where G^{μν} is the open string metric which is the symmetric part of [23]

(η_{μν} − 2πF_{μν} )^{−1} . (20)

The problem with this formulation is that the D8 solution for T will have no quadratic piece for the gauge fields; the contribution from the kinetic term cancels off the contribution from the potential. These difficulties are probably due to our two derivative limitation as well as the assumption in (19) that the field strengths are constant.

– 3 –

We will instead assume that the quadratic gauge lagrangian has the form − (2π)^2 4 Tr ( 1 2 F_{μν} ∂_γ T e^{−T 2/8}∂_γ T F_{μν} e^{−T 2/8} + F_{μν} e^{−T 2/8}F_{μν} e^{−T 2/8} ) . (21)

This form of the lagrangian is consistent with reduction from the unstable D9 to the stable D8-branes. The ordering in (21) leads to a particularly simple form for the off-diagonal gauge fluctuations,

(2π)^2 (∂_μA_{+ν} ∂_ν A_{−ν} − ∂_μA_{+ν} ∂_ν A_{−μ}) e^{−T 20 /4−ΔT 2/4} × × ( 1 2 ∂_μT_0∂_μT_0 + 1 2 ∂_μΔT ∂_μΔT + 1 ) . (22)

Defining A^′_{+μ} as

A^′_{+μ} = A_{+μ} + i 2 ∂_μ ( T_+ ΔT ) , (23)

the complete quadratic lagrangian for the off-diagonal gauge fluctuations is − [ (2π)^2 ( ∂_μA^′_{+ν} ∂_μA^′_{−ν} − ∂_μA^′_{+ν} ∂_ν A^′_{−μ} ) ( 1 2 (∂T_0)^2 + 1 2 (∂ΔT )^2 + 1 ) + + 4A^′_{+μ}A^′_{−μ}ΔT^2 ] e^{−T 20 /4−ΔT 2/4} . (24)

We can now use (24) to compute the spectrum of A^′_{±μ}. Let us take the classical solutions in (6), and assume that we have two D8-branes, one at x = x_0/2 and the other at x = −x_0/2. Thus,

T_1 = √ 2(x − x_0/2) , T_2 = √ 2(x + x_0/2) , (25)

and so

T_0 = √ 2x , ΔT = − √ 2 2 x_0 . (26)

The equations of motion for T_+ lead to the equation

∂_μ(A^′_{+μ}e^{−x2/2}) = 0 . (27)

Substituting this into the equation of motion for A^′_{+ν} , we have

− ∂^2A^′_{+ν} + x∂_xA^′_{+ν} + A^′_{+,x}δ_{νx} + x^2_0 (2π)^2

A^′_{+ν} = 0 . (28)

Letting A_{+ν} = B_ν e^{−x2/4} we find the equation

−∂^2B_ν + [ 1 4 x^2 − 1 2 + δ_{νx} + x^2_0 (2π)^2 ] B_ν = 0 . (29)

– 4 –

Hence the mass spectra for the modes is

m^2 = n + x^2_0 (2π)^2

, n ≥ 0 (30)

for polarizations along the brane (ν ≠ x) and

m^2 = n + 1 + x^2_0 (2π)^2

, n ≥ 0 (31)

for the transverse polarization (ν = x). Since the string tension is 1/(2π), we obtain the desired contribution to the mass coming from a string stretching between the two-branes separated by a distance x_0. Note that the massive modes of T_+ and T_− have been eaten by the B_x modes while the massless modes of T_+ and T_− have been Higgsed by the massless gauge mode.

Let us examine a few facts that might seem surprising about these stretched modes. First of all, they are not really stretched. If one were to consider a classical wave corresponding to one of these modes, they would find the energy density localized at x = 0. This is half-way between the branes, which contrasts with the diagonal modes which are localized on the branes. One also finds that the width of the modes is independent of the brane separation.

However, there is no suppression of the interactions between the charged and the diagonal modes, even at large D-brane separation. For instance, consider the full nonabelian lagrangian coming from (21). Writing the gauge field as

A_μ = ( A_{3μ} A_{+μ} A_{−μ} −A_{3μ} ) , (32)

the cubic interaction term coming from (21) is

2i(2π)^2A_{3ν} [ A_{+μ}∂_{[ν} A_{−μ]} − A_{−μ}∂_{[ν} A_{+μ]} ] e^{−T 20 /4−ΔT 2/4}. (33)

The kinetic term for A_{3μ} comes with a gaussian factor localizing the mode around the branes. But the normalized modes for A_{3μ} have no such suppression. For instance, the zero mode has A_{3μ} constant in the x direction. Hence the 3 point interaction is not suppressed even though the charged modes and the neutral modes are localized at different positions in x.

It is straightforward to generalize these results to multiple branes. In this case, the off-diagonal fluctuations corresponding to strings attached to branes i and j are [ 2(2π)^2 ( ∂_μA^′_{ij,ν} ∂_ν A^′_{ji,ν} − ∂_μA^′_{ij,ν} ∂_ν A^′_{ji,μ} ) + A^′_{ij,ν}A^′_{−ν} (T_i − T_j )^2 ] e^{−T 2i /8−T 2j /8} . (34) This will lead to the anticipated spectrum for the stretched strings.

One can also consider the case where the transverse direction is compactified on a circle such that x ≡ x + 2πR . (35)

– 5 –

The analysis will be similar to that in [24] for matrix models on the circle. Now the gauge group must be extended to U(∞). A stable D8-brane on the circle is given by the infinite diagonal matrix

T = diag(. . . , T_n, T_{n+1}, . . .) , T_n = √ 2(x − 2πnR) . (36) Hence, the solution is invariant under the shift x → x + 2πR up to a gauge transformation. An open string wound n times around the circle is then given by a superposition of the A_{i,i+n} modes.

Note that the center of mass U(1) is not present in (34). The usual picture for an open string stretched between two-branes is that of a flux tube between opposite charges of the diagonal U(1). That is not the picture that emerges here. Instead, everything operates as an adjoint Higgsing of the SU(N) group. Of course, this is expected for the low energy effective gauge theory on the world volume, but it is nonetheless surprising to see it happen for the stringy modes as well.

This also raises questions about how the closed strings will appear [25]–[32]. One could certainly look for closed strings in a D-brane vacuum. For example, in the compact case, there should be closed strings that wrap around the compact direction. It seems from the analysis here that these are more likely to come from the SU(∞) sector and not the COM U(1), since the decay of a wound open string into an unwound open string and a closed string with zero momentum in the transverse direction still needs to preserve the winding. The wound open string modes are localized, either on the brane or diametrically opposite from it. One would expect a closed string to be delocalized on the circle. It would be interesting to see how this could occur, if indeed it can occur when only considering a finite number of the open string fields. One might need the full machinery of cubic string field theory [33] or vacuum string field theory [34] to see this.

It is also possible that the localization is gauge dependent. For instance, in boundary string field theory, the width of a D-brane has zero size [12], but in cubic string field theory, the width is non zero [33]. These theories must be related by a gauge transformation, so the width of the D-brane must be a gauge artifact. Likewise, the widths of fluctuation modes might also be gauge artifacts and that a gauge exists where the mode is evenly distributed between the branes.

Acknowledgments

I would like to thank the CTP at MIT and the theory group at Harvard for hospitality during the course of this work. I would also like to thank B. Zwiebach for many helpful comments on the manuscript. This research was supported in part by the NFR.

References

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

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

– 6 –

K. Bardakci, Spontaneous symmetry breakdown in the standard dual string model, Nucl. Phys. B 133 (1978) 297.

[2] J.A. Harvey and P. Kraus, D-branes as unstable lumps in bosonic open string field theory, J.

High Energy Phys. 04 (2000) 012 [hep-th/0002117].

[3] D. Ghoshal and A. Sen, Tachyon condensation and brane descent relations in p-adic string theory, Nucl. Phys. B 584 (2000) 300 [hep-th/0003278].

[4] B. Zwiebach, A solvable toy model for tachyon condensation in string field theory, J. High Energy Phys. 09 (2000) 028 [hep-th/0008227].

[5] J.A. Minahan and B. Zwiebach, Field theory models for tachyon and gauge field string dynamics, J. High Energy Phys. 09 (2000) 029 [hep-th/0008231].

[6] J.A. Minahan and B. Zwiebach, Effective tachyon dynamics in superstring theory, J. High Energy Phys. 03 (2001) 038 [hep-th/0009246].

[7] 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].

[8] K. Hashimoto and S. Hirano, Branes ending on branes in a tachyon model, J. High Energy Phys. 04 (2001) 003 [hep-th/0102173].

[9] K. Hashimoto and S. Nagaoka, Realization of brane descent relations in effective theories,

hep-th/0202079.

[10] O. Andreev, A note on nonperturbative instability in string theory, hep-th/0112088.

[11] A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103].

[12] D. Kutasov, M. Mariño and G.W. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148].

[13] D. Ghoshal and A. Sen, Normalisation of the background independent open string field theory action, J. High Energy Phys. 11 (2000) 021 [hep-th/0009191].

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

[15] E. Witten, On background independent open string field theory, Phys. Rev. D 46 (1992) 5467 [hep-th/9208027]; Some computations in background independent off-shell string theory, Phys. Rev. D 47 (1993) 3405 [hep-th/9210065];

K. Li and E. Witten, Role of short distance behavior in off-shell open string field theory, Phys. Rev. D 48 (1993) 853 [hep-th/9303067];

S.L. Shatashvili, Comment on the background independent open string theory, Phys. Lett. B 311 (1993) 83 [hep-th/9303143]; On the problems with background independence in string theory, hep-th/9311177.

[16] L. Cornalba, Tachyon condensation in large magnetic fields with background independent string field theory, Phys. Lett. B 504 (2001) 55 [hep-th/0010021];

K. Okuyama, Noncommutative tachyon from background independent open string field theory, Phys. Lett. B 499 (2001) 167 [hep-th/0010028];

O. Andreev, Some computations of partition functions and tachyon potentials in background independent off-shell string theory, Nucl. Phys. B 598 (2001) 151 [hep-th/0010218];

– 7 –

P. Kraus and F. Larsen, Boundary string field theory of the DD̄ system, Phys. Rev. D 63 (2001) 106004 [hep-th/0012198];

T. Takayanagi, S. Terashima and T. Uesugi, Brane-antibrane action from boundary string field theory, J. High Energy Phys. 03 (2001) 019 [hep-th/0012210]; B. Craps, P. Kraus and F. Larsen, Loop corrected tachyon condensation, J. High Energy Phys. 06 (2001) 062 [hep-th/0105227].

[17] A. Sen, Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105]; Stable non-BPS bound states of BPS D-branes, J. High Energy Phys. 08 (1998) 010 [hep-th/9805019]; Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170]; SO(32) spinors of type-I and other solitons on brane-antibrane pair, J. High Energy Phys. 09 (1998) 023 [hep-th/9808141].

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

[19] E. Witten, Overview of K-theory applied to strings, Int. J. Mod. Phys. A 16 (2001) 693 [hep-th/0007175].

[20] A.A. Gerasimov and S.L. Shatashvili, On non-abelian structures in field theory of open strings, J. High Energy Phys. 06 (2001) 066 [hep-th/0105245].

[21] E.T. Akhmedov, Non-abelian structures in BSFT and RR couplings, hep-th/0110002.

[22] V. Pestun, On non-abelian low energy effective action for D-branes, J. High Energy Phys. 11 (2001) 017 [hep-th/0110092].

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

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

[24] I.W. Taylor, D-brane field theory on compact spaces, Phys. Lett. B 394 (1997) 283 [hep-th/9611042].

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

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

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

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

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

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

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

[30] A.A. Gerasimov and S.L. Shatashvili, Stringy Higgs mechanism and the fate of open strings, J. High Energy Phys. 01 (2001) 019 [hep-th/0011009].

[31] M. Kleban, A.E. Lawrence and S.H. Shenker, Closed strings from nothing, Phys. Rev. D 64 (2001) 066002 [hep-th/0012081].

[32] H. Kawai and T. Kuroki, Strings as flux tube and deconfinement on branes in gauge theories, Phys. Lett. B 518 (2001) 294 [hep-th/0106103].

– 8 –

[33] E. Witten, Noncommutative geometry and string field theory, Nucl. Phys. B 268 (1986) 253;

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

A. Sen and B. Zwiebach, Tachyon condensation in string field theory, J. High Energy Phys. 03 (2000) 002 [hep-th/9912249];

W. Taylor, D-brane effective field theory from string field theory, Nucl. Phys. B 585 (2000) 171 [hep-th/0001201];

N. Moeller and W. Taylor, Level truncation and the tachyon in open bosonic string field theory, Nucl. Phys. B 583 (2000) 105 [hep-th/0002237];

R. de Mello Koch, A. Jevicki, M. Mihailescu and R. Tatar, Lumps and p-branes in open string field theory, Phys. Lett. B 482 (2000) 249 [hep-th/0003031]; N. Moeller, A. Sen and B. Zwiebach, D-branes as tachyon lumps in string field theory, J. High Energy Phys. 08 (2000) 039 [hep-th/0005036];

R. de Mello Koch and J.P. Rodrigues, Lumps in level truncated open string field theory, Phys. Lett. B 495 (2000) 237 [hep-th/0008053];

N. Moeller, Codimension two lump solutions in string field theory and tachyonic theories,

hep-th/0008101;

A. Sen and B. Zwiebach, Large marginal deformations in string field theory, J. High Energy Phys. 10 (2000) 009 [hep-th/0007153];

W. Taylor, Mass generation from tachyon condensation for vector fields on D-branes, J. High Energy Phys. 08 (2000) 038 [hep-th/0008033];

I. Ellwood and W. Taylor, Open string field theory without open strings, Phys. Lett. B 512 (2001) 181 [hep-th/0103085].

[34] L. Rastelli and B. Zwiebach, Tachyon potentials, star products and universality, J. High Energy Phys. 09 (2001) 038 [hep-th/0006240];

V.A. Kostelecky and R. Potting, Analytical construction of a nonperturbative vacuum for the open bosonic string, Phys. Rev. D 63 (2001) 046007 [hep-th/0008252]; L. Rastelli, A. Sen and B. Zwiebach, String field theory around the tachyon vacuum,

hep-th/0012251; Classical solutions in string field theory around the tachyon vacuum,
hep-th/0102112; Half strings, projectors and multiple D-branes in vacuum string field

theory, J. High Energy Phys. 11 (2001) 035 [hep-th/0105058];

D.J. Gross and W. Taylor, Split string field theory, 1, J. High Energy Phys. 08 (2001) 009 [hep-th/0105059];

L. Rastelli, A. Sen and B. Zwiebach, Boundary CFT construction of D-branes in vacuum string field theory, J. High Energy Phys. 11 (2001) 045 [hep-th/0105168]; D.J. Gross and W. Taylor, Split string field theory, 2, J. High Energy Phys. 08 (2001) 010 [hep-th/0106036];

Y. Matsuo, BCFT and sliver state, Phys. Lett. B 513 (2001) 195 [hep-th/0105175]; J.R. David, Excitations on wedge states and on the sliver, J. High Energy Phys. 07 (2001) 024 [hep-th/0105184];

I. Ellwood, B. Feng, Y.-H. He and N. Moeller, The identity string field and the tachyon vacuum, J. High Energy Phys. 07 (2001) 016 [hep-th/0105024];

K. Furuuchi and K. Okuyama, Comma vertex and string field algebra, J. High Energy Phys. 09 (2001) 035 [hep-th/0107101];

H. Hata and T. Kawano, Open string states around a classical solution in vacuum string field theory, J. High Energy Phys. 11 (2001) 038 [hep-th/0108150];

I. Kishimoto, Some properties of string field algebra, J. High Energy Phys. 12 (2001) 007 [hep-th/0110124];

– 9 –

P. Mukhopadhyay, Oscillator representation of the BCFT construction of D-branes in vacuum string field theory, J. High Energy Phys. 12 (2001) 025 [hep-th/0110136]; N. Moeller, Some exact results on the matter star-product in the half-string formalism, J. High Energy Phys. 01 (2002) 019 [hep-th/0110204];

H. Hata and S. Moriyama, Observables as twist anomaly in vacuum string field theory, J. High Energy Phys. 01 (2002) 042 [hep-th/0111034];

K. Okuyama, Siegel gauge in vacuum string field theory, J. High Energy Phys. 01 (2002) 043 [hep-th/0111087];

L. Rastelli, A. Sen and B. Zwiebach, A note on a proposal for the tachyon state in vacuum string field theory, J. High Energy Phys. 02 (2002) 034 [hep-th/0111153].

[35] L. Rastelli, A. Sen and B. Zwiebach, Star algebra spectroscopy, J. High Energy Phys. 03 (2002) 029 [hep-th/0111281];

I. Kishimoto and K. Ohmori, CFT description of identity string field: toward derivation of the VSFT action, J. High Energy Phys. 05 (2002) 036 [hep-th/0112169]; R. Rashkov and K.S. Viswanathan, A note on the tachyon state in vacuum string field theory, hep-th/0112202; A proposal for the vector state in vacuum string field theory,

hep-th/0201229;

I.Y. Arefeva, A.A. Giryavets and P.B. Medvedev, NS matter sliver, Phys. Lett. B 532 (2002) 291 [hep-th/0112214];

I.Y. Arefeva, D.M. Belov and A.A. Giryavets, Construction of the vacuum string field theory on a non-BPS brane, hep-th/0201197;

M. Mariño and R. Schiappa, Towards vacuum superstring field theory: the supersliver,

hep-th/0112231;

K. Okuyama, Ghost kinetic operator of vacuum string field theory, J. High Energy Phys. 01 (2002) 027 [hep-th/0201015];

L. Bonora, D. Mamone and M. Salizzoni, B-field and squeezed states in vacuum string field theory, Nucl. Phys. B 630 (2002) 163 [hep-th/0201060];

J. Klušon, Some solutions of Berkovits’ superstring field theory, hep-th/0201054; K. Okuyama, Ratio of tensions from vacuum string field theory, J. High Energy Phys. 03 (2002) 050 [hep-th/0201136];

T. Okuda, The equality of solutions in vacuum string field theory, hep-th/0201149; H. Hata, S. Moriyama and S. Teraguchi, Exact results on twist anomaly, J. High Energy Phys. 02 (2002) 036 [hep-th/0201177];

G. Moore and W. Taylor, The singular geometry of the sliver, J. High Energy Phys. 01 (2002) 004 [hep-th/0111069];

J. Klušon, Exact solutions of open bosonic string field theory, J. High Energy Phys. 04 (2002) 043 [hep-th/0202045];

M. Schnabl, Anomalous reparametrizations and butterfly states in string field theory,

hep-th/0202139;

D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, Star algebra projectors, J. High Energy Phys. 04 (2002) 060 [hep-th/0202151];

J. Klušon, Marginal deformations in the open bosonic string field theory for N D0-branes,

hep-th/0203089.

– 10 –