arXiv:1307.1203v1 [hep-th] 4 Jul 2013

Gauge Invariant Overlaps for Identity-Based Marginal Solutions

Isao Kishimoto^1 and Tomohiko Takahashi^2

1Faculty of Education, Niigata University, Niigata 950-2181, Japan 2Department of Physics, Nara Women’s University, Nara 630-8506, Japan

July, 2013

Abstract

We investigate identity-based solutions associated with marginal deformations in open string field theory. We find that the identity-based marginal solutions can be represented as a difference of wedge-based solutions plus an integration of a deformed BRST exact state. Using this expression, the gauge invariant overlap can be calculated analytically for the identity-based solutions. Moreover, we show that, by gauge transformation, the overlap is transformed into a disk correlation function with the integrations of currents at the boundary.

1 Introduction

Analytic classical solutions corresponding to the tachyon vacuum were constructed in bosonic cubic open string field theory in a marginally deformed background [1]. The theory in the background is derived from expanding a string field around the identity-based marginal solution [2, 3, 4], which is an analytic solution in the original theory characterized by the BRST operator Q_B . A remarkable feature of the tachyon vacuum solution in the background is that the vacuum energy of the solution can be calculated exactly, although that of the identitybased marginal solution is given as an indefinite quantity. The resulting vacuum energy of the tachyon vacuum solution allows us to expect that the vacuum energy of the identity-based solution vanishes.

The gauge invariant overlap [5, 6, 7] also can be evaluated analytically for the tachyon vacuum solution in the marginally deformed background [1]. It is defined as, for a closed string vertex operator V (i) on the midpoint,

O_V (Ψ) = ⟨I|V (i)|Ψ⟩ , (1.1)

where Ψ is an open string field and I is the identity string field. The resulting overlap for the tachyon vacuum solutions reproduces correctly the effect of marginal deformations for open-closed string couplings. However, as in the case of the vacuum energy, the overlap for the identity-based marginal solution is apparently indefinite.

These observables for the identity-based solution become indeterminate because a string field is a state in a Hilbert space with an indefinite metric. For instance, if expanding the solution in a Fock space, the observables are indeterminate forms of type ∞ − ∞. In general, the indefiniteness occurs widely in string field theory and several possible ways are suggested to avoid divergence [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. To obtain a definite value, it is necessary that some sort of regularization technique makes the observables finite and probably it is controlled by symmetry.

The purpose of this paper is to calculate the gauge invariant overlaps analytically for the identity-based marginal solution. By the definition (1.1), the overlap is linear with respect to a string field, in contrast to the vacuum energy. In addition, it is invariant under BRST transformation in any background. In fact, we find that

O_V (Q_ϕΛ) = 0, (1.2) Q_ϕΛ = Q_BΛ + ϕ ∗ Λ − (−1)^{|Λ|}Λ ∗ ϕ, (1.3)

where Q_ϕ is a deformed BRST operator in the background generated by a classical solution ϕ in the original theory. These properties have essential role in analytic calculation of the overlap for the identity-based solution. We will find that, owing to the linearity and the BRST invariance, a finite value of the overlap can be derived by a norm-cancellation mechanism.

The level truncation analysis works well in the theory expanded around identity-based solutions [20, 21, 22] and permits us to check exact results indirectly. Actually, numerical solutions have been constructed in a marginally deformed background [23]. We note that numerical overlaps for the solutions consistently support our analytic results given for the identity-based marginal solutions.

This paper is organized as follows. In section 2, we briefly review the identity-based marginal solution in the original theory and the tachyon vacuum solution in the deformed background. Next, we provide a new expression of the identity-based marginal solution in terms of the tachyon vacuum solutions. Using this expression, we calculate the overlap for the identity-based solution. Then, we discuss that the resulting overlap includes an expression which was given for wedge-based marginal solutions. In section 3, we give some concluding remarks. In Appendix A, we give an expression of the overlap for the tachyon vacuum solutions.

2 Analytic evaluation of the gauge invariant overlap for identity-based marginal solutions

2.1 Identity-based marginal solutions and tachyon vacuum solutions

We briefly summarize identity-based marginal solutions in the original theory characterized by the BRST charge Q_B and a tachyon vacuum solution in the theory expanded around the marginal solutions.

The action in bosonic open cubic string field theory is given by

S[Ψ; Q_B ] = ∫ ( 1 2 Ψ ∗ Q_B Ψ + 1 3 Ψ ∗ Ψ ∗ Ψ ) , (2.1)

where Q_B is the original BRST charge. The equation of motion is Q_B Ψ + Ψ ∗ Ψ = 0. Using holomorphic current operators j^a(z) associated with a Lie algebra, and the identity string field I, we have an identity-based marginal solution [4]:

Ψ_0 = −V^a_L (F_a)I − 1 4 g^{ab}C_L(F_aF_b)I. (2.2)

The half-string operators are defined by

V^a_L (f) = ∫ C_{left} dz 2πi 1 √ 2 f(z) c j^a(z), C_L(f) = ∫ C_{left} dz 2πi f(z) c(z), (2.3)

where c(z) is the ghost operator and f(z) is a function on the unit circle |z| = 1. C_{left} is the path along a unit half circle: Re z ≥ 0. The function F_a(z) in (2.2) satisfies F_a(−1/z) = z^2F_a(z). The parameters describing marginal deformations are given by

f_a = ∫ C_{left} dz 2πi F_a(z). (2.4)

Expanding the string field around the solution (2.2) as Ψ = Ψ_0 + Φ, we obtain the action in a marginally deformed background: S[Φ; Q_{Ψ0} ]. Here, the deformed BRST operator Q_{Ψ0} is given by the definition (1.3). As a feature of the identity-based solution, we have a simpler expression for the deformed BRST operator:

Q_{Ψ0} = Q_B − V^a(F_a) − 1 4 g^{ab}C(F_aF_b), (2.5)

V^a(f) = ∮ dz 2πi 1 √ 2 f(z) cj^a(z), C(f) = ∮ dz 2πi f(z) c(z), (2.6)

where the integration path is given by a whole unit circle.

The equation of motion in the deformed background is given by Q_{Ψ0} Φ + Φ ∗ Φ = 0. Then, we can construct a tachyon vacuum solution in the marginally deformed background [1]:

Φ_T = 1 √ 1 + K^′ (c + cK^′Bc) 1 √ 1 + K^′

. (2.7)

Here, K^′ is defined by K^′ = Q_{Ψ0} B and therefore it is given as a state deformed from K (= Q_BB) by the currents and a numerical term:

K^′ = K + J, (2.8) J = − π 2 ∫ C_{left} dz 2πi 1 √ 2 (1 + z^2)F_a(z)j^a(z)I − π 8 ∫ C_{left} dz 2πi (1 + z^2)g^{ab}F_a(z)F_b(z)I. (2.9)

K^′, B, c and Q_{Ψ0} have the same algebraic structure as that of the KBc algebra with Q_B and, in analogy with the Erler-Schnabl solution [24], we can easily find that Φ_T is a classical solution in the marginally deformed background.

Further expanding the string field around the solution (2.7), we find the kinetic operator Q^′_{ΦT} at the tachyon vacuum. For an arbitrary string field Ξ, Q^′_{ΦT} is defined as

Q^′_{ΦT} Ξ = Q_{Ψ0} Ξ + Φ_T ∗ Ξ − (−1)^{|Ξ|}Ξ ∗ Φ_T . (2.10)

Thanks to the K^′Bc algebra, we can construct a homotopy operator Â such that {Q_{Ψ0} , Â} = 1 and Â^2 = 0:

Â Ξ = 1 2 (A ∗ Ξ + (−1)^{|Ξ|}Ξ ∗ A), A = 1 √ 1 + K^′ B 1 √ 1 + K^′

. (2.11)

Therefore, we can formally prove that Q^′_{ΦT} has vanishing cohomology.

2.2 The gauge invariant overlaps for identity-based marginal solutions

Let us introduce a parameter t into the weighting functions of the solution (2.2) as F^t_a(z) = tF_a(z). We denote the solution given by F^t_a(z) as Ψ^t_0:

Ψ^t_0 = −t V^a_L (F_a)I − t^2 4 g^{ab}C_L(F_aF_b)I. (2.12)

Ψ^t_0 provides a one-parameter family of identity-based solutions connecting a trivial configuration and Ψ_0.

Correspondingly, we can consider the tachyon vacuum solution Φ^t_T , which is constructed by using K^′_t = Q_Ψt_0 B instead of K^′ in Φ_T (2.7). Φ^t_T becomes Φ_T for t = 1 and the Erler-Schnabl solution Φ^{ES}_T for t = 0.^1 Similarly, we can find that a homotopy operator exists for Q^′_Φt_T , which is given by replacing K^′ in (2.11) with K^′_t.

Now, let us consider the sum of the identity-based marginal solution Ψ^t_0 and the tachyon vacuum solution Φ^t_T in the deformed background: Ψ^t_T = Ψ^t_0 + Φ^t_T . It connects Ψ^{t=0}_T = Φ^{ES}_T and Ψ^{t=1}_T = Ψ_0 + Φ_T . We find that Ψ^t_T is a classical solution in the original background. In fact, by adding the two equations, Q_B Ψ^t_0 + Ψ^t_0 ∗ Ψ^t_0 = 0 and Q_Ψt_0 Φ^t_T + Φ^t_T ∗ Φ^t_T = 0, we have the equation,

Q_B Ψ^t_T + Ψ^t_T ∗ Ψ^t_T = 0. (2.13)

Expanding the string field around Ψ^t_T in the original theory, we have the deformed BRST operator Q_Ψt_T by following the definition (1.3). Substituting Ψ^t_0 + Φ^t_T for Ψ^t_T in Q_Ψt_T , we can easily find that Q_Ψt_T is the kinetic operator at the tachyon vacuum in the deformed background; that is, Q_Ψt_T = Q^′_Φt_T . We remind that Q^′_Φt_T has no cohomology because of the existence of a homotopy operator as mentioned above. Consequently, we conclude that Q_Ψt_T -closed states are Q_Ψt_T -exact states.

Differentiating (2.13) with respect to t, we have

Q_Ψt_T d dt Ψ^t_T = 0. (2.14)

Then, we find that, for some state Λ_t,^2 d dt Ψ^t_T = Q_Ψt_T Λ_t. (2.15)

Integrating (2.15) from 0 to 1, we get

Ψ_0 = Φ^{ES}_T − Φ_T +

∫_1 0 Q_Ψt_T Λ_t dt. (2.16)

Thus, the identity-based marginal solution Ψ_0 is expressed by the difference of the wedge-based solutions plus the integration of a deformed BRST exact state.

The equation (2.16) is a useful expression to evaluate the gauge invariant overlaps for the identity-based marginal solution. Substituting (2.16) into (1.1), it can be written as

O_V (Ψ_0) = O_V (Φ^{ES}_T ) − O_V (Φ_T ), (2.17)

where the contribution of the last term in (2.16) vanishes due to the BRST invariance (1.2). Although the left hand side of (2.17) seems to be indefinite due to singular property of the identity string field, the right-hand side can be calculated analytically. In fact, O_V (Φ^{ES}_T ) and O_V (Φ_T ) have been already computed in refs. [24] and [1], respectively. Thus, the overlap for

1The Erler-Schnabl solution is given by Φ^{ES}_T =^{1√}_{1+K} (c + cKBc)^{1√}_{1+K} . 2 We can take Λ_t = Â^{t d}_{dt} Ψ^t_T using the homotopy operator Â^t.

the identity-based marginal solution is reduced to the difference of the overlaps for wedge-based solutions.

As a first concrete example, let us consider the overlap with the graviton vertex operator, V ∼ cc̄∂X^0 ¯∂X^0 and the identity-based solution generated by spatial currents. Since V does not correlate with spacial currents, we find the relation O_V (Φ_T ) = O_V (Φ^{ES}_T ) as discussed in [1]. From the relation (2.17), it follows that the overlap for the identity-based marginal solution is zero: O_V (Ψ_0) = 0.

Secondly, let us consider the identity-based marginal solution generated by the current, j(z) = i √ 2α^′ ∂X^{25}(z). (2.18)

Then, we consider the case that the 25th direction is compactified on a circle of radius R and the vertex operator V is given as V = Ṽ e^{ikLX25(i)+ikRX25(−i)}, (2.19) where Ṽ is an operator containing no X^{25}. In [1], it is shown that a phase shift occurs in the overlap when the background is deformed by the current (2.18):

O_V (Φ_T ) = exp ( i πwR √ α^′ f ) O_V (Φ^{ES}_T ), (2.20)

where w is the winding number in the 25th direction^3 and f is a marginal parameter given by (2.4)^4 for the current (2.18).

Consequently, from (2.17), we obtain

O_V (Ψ_0) = { 1 − exp ( i πwR √ α^′ f )} O_V (Φ^{ES}_T ). (2.21)

It should be noted that this is a non-zero analytic result for physical observables of the identitybased solutions.

2.3 A relation to one-point functions

The gauge invariant overlap for Φ_T (2.7) is represented by using a correlation function on a cylinder of circumference π (or on the sliver frame obtained by the conformal mapping arctan z from the canonical upper half plane) [1, 25]:

O_V (Φ_T ) = e^{−πC} π ⟨ V (i∞)c (π 2 ) exp (∫_{π2} −^π_2 dxJ (x) )⟩ C_π (2.22)

3 w is related to k_L and k_R as w = (k_L − k_R)α^′/R 4Since we consider an abelian case, f is given by using a function F (z): f = ∫ C_{left} dz 2πi F (z).

where J is given in terms of the current j^a in the marginal solution (2.2), and C comes from the operator product expansion (OPE) of them:

J (x) = ∫_∞ −∞ dyf_a(y)j^a(x + iy), (2.23) C = ∫_∞ −∞ dy(−π)g^{ab}f_a(y)f_b(y). (2.24) In the above integrations, the weighting function f_a(y) is given by

f_a(y) =

F_a(tan(iy +^π_4 )) 2π √ 2 cos^2(iy +^π_4 )

. (2.25)

We give a derivation of (2.22) in appendix A. In the correlation function (2.22), the current operator is integrated inside the cylinder, which is parametrized by x + iy. In contrast, the gauge invariant overlap for the wedge-based solutions [26, 27, 28, 29] is expressed by a correlation function with the x-integrations of currents inserted at the open string boundary, namely y = 0 [30, 31]. The boundary insertion is a natural consequence from a viewpoint of boundary marginal deformations in conformal field theory. However, this is not a necessity in string field theory.

Here, we will show that the expression (2.22) can be related to a one point function with the boundary insertion. First, let us take F_a(z) in Ψ_0 as

F_a(z; s) = 2λ_a s(1 − s^2) arctan (_{2s} 1−s^2 ) ( z +^1_z

)_1 z 1 − s^2 ( z^2 +^1_{z2} ) + s^4

, (2.26)

where s is a parameter from 0 to 1 and λ_a corresponds to a marginal parameter by following (2.4): ∫ C_{left} dz 2πi F_a(z; s) = 2λ_a π . (2.27)

It indicates that the marginal parameters are independent of the parameter s in (2.26). Since the form of F_a except the half integration mode (2.4) can be changed by gauge transformations of Ψ_0 [4], the parameter s is redundant in the gauge invariant overlap (2.17) and therefore in (2.22).

For the limit s → 0, the function becomes F_a(z; s) → λ_a ( z + 1 z ) 1 z . (2.28)

This limiting form is a function discussed as a simple example in [1].

Taking the limit s → 1, the function approaches the delta function. In fact, (2.26) can be expanded into a Laurent series:

F_a(z; s) = 2λ_a 1 arctan (_{2s} 1−s^2 ) ∞∑ n=0 s^{2n+1} ( z^{2n+1} + 1 z^{2n+1} ) 1 z . (2.29)

Then, putting z = e^{iθ}, we find that, for s → 1, F_a(z; s) → 4λ_a 1 π ∞∑ n=0 ( z^{2n+1} + 1 z^{2n+1} ) 1 z = 4λ_a {δ(θ) + δ(π − θ)} . (2.30)

On the unit disk |z| = 1, θ = 0 and θ = π correspond to open string boundaries. As a result, the support of the function F_a(z; s) localizes at the open string boundaries for the limit.

In the sliver frame, the line, u = π/4 + iy, corresponds to the left half of an open string, |θ| ≤ π/2. Following the relation e^{iθ} = arctan(π/4 + iy), we find that θ is given by a function of y:

θ(y) = arctan (sinh 2y) . (2.31)

Then, for the limit s → 1, the function f_a(y) (2.25) approaches^{√2}_π λ_aδ(y) and then the integration J (x) (2.23) becomes a local operator: J (x) → √ 2 π λ_a j^a(x). (2.32)

Consequently, in the limit s → 1, (2.22) can be expressed as the correlation function deformed by the boundary operator: e^{−πC} π ⟨ V (i∞)c( π 2 ) exp (∫_{π2} −^π_2 dxJ (x) )⟩ C_π → e^{−πC} π ⟨ V (i∞)c( π 2 ) exp (√ 2 π λ_a ∫ π_2 −^π_2 dxj^a(x) )⟩ C_π . (2.33)

In general, the boundary integration in (2.33) diverges whenever the OPE among the currents contains poles. However, the correlation function (2.22) does not suffer from divergence [1] and then, as far as s ≠ 1, (2.33) can be calculated finitely. Accordingly, it turns out that the divergence in the limit should be canceled by the factor depending on C (2.24), which diverges in the limit s → 1. In other words, the function F_a(z; s) can be applied to regularize the boundary integration of the currents and then C takes a role as a subtraction term to cancel the divergence.^5

Finally, from the above result of O_V (Φ_T ) and the relation (2.17), we conclude that the overlap of the identity-based marginal solution is represented by the difference between the two disk amplitudes:

O_V (Ψ_0) = 1 π ⟨ V (i∞)c( π 2 ) { 1 − e^{−πC} exp (√ 2 π λ_a ∮ dx j^a(x) })⟩ C_π . (2.34)

This expression just corresponds to the result in [30] for wedge-based marginal solutions.

5 It should be noted that this is essentially the same result found by T. Erler and C. Maccaferri, which was presented at the SFT2012 conference in Jerusalem. According to their discussion, the gauge invariant overlap can be computed by using the “phantom term” [32, 33], which emerges when connecting the two solutions, the solution Ψ_0 and the tachyon vacuum solution c(1 − K). Taking the limit in the phantom term, the bulk integration of the current in the overlap is localized at open string boundary. Similarly to our results, C serves as a subtraction term to cancel the divergence. Consequently, the correlation function can be regarded as the disk amplitude with the integration of the currents at the boundary.

3 Concluding remarks

We have shown that the gauge invariant overlaps for the identity-based marginal solutions can be calculated exactly in terms of the overlaps for the tachyon vacuum solutions. We emphasize that the relation (2.16) enables us to derive non-zero values of the overlaps for the identity-based solutions. Then, we have found that, by gauge transformations, the resulting overlap is transformed to the disk amplitude with the boundary deformation. The result is identical to the gauge invariant overlap for the wedge-based marginal solutions.

The relation (2.16) is useful to evaluate the gauge invariant overlaps for the identity-based solutions. In addition, the linearity and the BRST invariance of the overlaps are important in the calculation. Then, it remains difficult to calculate the vacuum energy of the identity-based solutions directly even if (2.16) is used, since the vacuum energy is non-linear with respect to the string field.

In §2.2, by using (2.16), the gauge invariant overlap with the graviton vertex V ∼ cc̄∂X^0 ¯∂X^0, is found to be zero for the identity-based marginal solutions. Therefore, we can expect that the vacuum energy vanishes if we use the proportionality between the energy and the overlap with the vertex [34]. It is consistent with the result which was previously evaluated by the differentiation of the vacuum energy with respect to the marginal parameters [2, 3, 4].

Our non-trivial analytic results are seen as a significant step in understanding identitybased solutions. The results seem to be easily extended to the case of identity-based marginal solutions in superstring field theories [4, 35]. One of the most important application is the evaluation of the overlap and the vacuum energy for the identity-based tachyon vacuum solution [3, 21, 36]. Although it is not straightforward to apply our results to the tachyon vacuum case, we expect that they offer a new perspective on the identity-based solutions.

Acknowledgements

We are grateful to Ted Erler and Carlo Maccaferri for helpful discussions. We would like to thank Hiroyuki Hata for his encouragement. The work of I. K. and T. T. is supported by JSPS Grant-in-Aid for Scientific Research (B) (#24340051). The work of I. K. is supported in part by JSPS Grant-in-Aid for Young Scientists (B) (#25800134).

A A derivation of (2.22)

In the marginally deformed background [1], the overlaps for the tachyon vacuum solution is given by

O_V (Φ_T ) = Tr ( V c 1 1 + K^′ ) = ∫_∞ 0 dt e^{−t} ⟨I|V (i)|c e^{−tK′} ⟩. (A.1) To extract the dependence of t, let us consider the operator

L^′_0 = {Q_{Ψ0} , B_0}, (A.2) where Q_{Ψ0} is the deformed BRST operator (2.5) and B_0 is an anti-ghost operator defined in [37]. As in the case of superstring field theories [25, 38], we can derive the equations 1 2 (L^′_0 − L^′_0^†)c = −c, 1 2 (L^′_0 − L^′_0^†)K^′ = K^′. (A.3)

Then, we find c e^{−t K′} = ( t κ )_{1+} 1_{2 (L}′_{0−L}′_0†_) c e^{−κ K′} , (A.4) where κ is a constant.

Noting that we have [25, 31]

⟨I|V (i)(B_0 − B^†_0) = 0, ⟨I|V (i)(L^′_0 − L^′_0^†) = 0, (A.5)

we can rewrite the overlap by using (A.4) and perform the integration in the overlap:

O_V (Φ_T ) = ∫_∞ 0 dt e^{−t} t κ ⟨I|V (i)|c e^{−κK′} ⟩ = 1 κ ⟨I|V (i)|c e^{−κK′} ⟩. (A.6) Then, by following [1, 25], we can express the overlap in terms of a correlation function on the cylinder of circumference πκ/2:

O_V (Φ_T ) = 2e^{− πκ}2^C πκ ⟨ V (i∞) c(0) exp (∫_{πκ2} 0 dx J (x) ) ⟩ C πκ_2 , (A.7)

where J (x) and C are defined by (2.23) and (2.24), respectively. Setting κ = 2 and using the periodicity along the x direction, we can derive the final expression of the overlap as in (2.22).

References

[1] S. Inatomi, I. Kishimoto and T. Takahashi, “Tachyon Vacuum of Bosonic Open String Field Theory in Marginally Deformed Backgrounds,” PTEP 2013, 023B02 (2013) [arXiv:1209.4712 [hep-th]].

[2] T. Takahashi and S. Tanimoto, “Wilson lines and classical solutions in cubic open string field theory,” Prog. Theor. Phys. 106, 863 (2001) [arXiv:hep-th/0107046].

[3] T. Takahashi and S. Tanimoto, “Marginal and scalar solutions in cubic open string field theory,” JHEP 0203, 033 (2002) [arXiv:hep-th/0202133].

[4] I. Kishimoto and T. Takahashi, “Marginal deformations and classical solutions in open superstring field theory,” JHEP 0511, 051 (2005) [arXiv:hep-th/0506240].

[5] B. Zwiebach, “Interpolating string field theories,” Mod. Phys. Lett. A 7 (1992) 1079 [hep-th/9202015].

[6] A. Hashimoto and N. Itzhaki, “Observables of string field theory,” JHEP 0201, 028 (2002) [hep-th/0111092].

[7] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, “Ghost structure and closed strings in vacuum string field theory,” Adv. Theor. Math. Phys. 6, 403 (2003) [hep-th/0111129].

[8] T. Yoneya, “String Coupling Constant And Dilaton Vacuum Expectation Value In String Field Theory,” Phys. Lett. B 197 (1987) 76.

[9] T. Kawano, “Dilaton condensation in the covariantized light cone closed string field theory,” Prog. Theor. Phys. 88 (1992) 1181.

[10] T. Kugo and B. Zwiebach, “Target space duality as a symmetry of string field theory,” Prog. Theor. Phys. 87 (1992) 801 [hep-th/9201040].

[11] L. Bonora, S. Giaccari and D. D. Tolla, “The energy of the analytic lump solution in SFT,” JHEP 1108 (2011) 158 [Erratum-ibid. 1204 (2012) 001] [arXiv:1105.5926 [hep-th]].

[12] L. Bonora, S. Giaccari and D. D. Tolla, “Analytic solutions for Dp branes in SFT,” JHEP 1112 (2011) 033 [arXiv:1106.3914 [hep-th]].

[13] L. Bonora, S. Giaccari and D. D. Tolla, “Lump solutions in SFT. Complements,” arXiv:1109.4336 [hep-th].

[14] L. Bonora, C. Maccaferri and D. D. Tolla, “Relevant Deformations in Open String Field Theory: a Simple Solution for Lumps,” JHEP 1111 (2011) 107 [arXiv:1009.4158 [hep-th]].

[15] L. Bonora and S. Giaccari, “Generalized states in SFT,” arXiv:1304.2159 [hep-th]. [16] T. Erler and C. Maccaferri, “Comments on Lumps from RG flows,” JHEP 1111 (2011) 092 [arXiv:1105.6057 [hep-th]].

[17] T. Erler, “The Identity String Field and the Sliver Frame Level Expansion,” JHEP 1211, 150 (2012) [arXiv:1208.6287 [hep-th]].

[18] M. Murata and M. Schnabl, “Multibrane Solutions in Open String Field Theory,” JHEP 1207 (2012) 063 [arXiv:1112.0591 [hep-th]].

[19] H. Hata and T. Kojita, “Winding Number in String Field Theory,” JHEP 1201 (2012) 088 [arXiv:1111.2389 [hep-th]].

[20] T. Takahashi, “Tachyon condensation and universal solutions in string field theory,” Nucl.

Phys. B 670 (2003) 161 [hep-th/0302182].

[21] I. Kishimoto and T. Takahashi, “Vacuum structure around identity based solutions,” Prog. Theor. Phys. 122 (2009) 385 [arXiv:0904.1095 [hep-th]].

[22] I. Kishimoto, “On numerical solutions in open string field theory,” Prog. Theor. Phys.

Suppl. 188, 155 (2011).

[23] I. Kishimoto and T. Takahashi, “Numerical Solutions of Open String Field Theory in Marginally Deformed Backgrounds,” arXiv:1306.6532 [hep-th].

[24] T. Erler and M. Schnabl, “A Simple Analytic Solution for Tachyon Condensation,” JHEP 0910, 066 (2009) [arXiv:0906.0979 [hep-th]].

[25] S. Inatomi, I. Kishimoto and T. Takahashi, “On nontrivial solutions around a marginal solution in cubic superstring field theory,” JHEP 1212, 071 (2012) [arXiv:1209.6107 [hepth]].

[26] M. Schnabl, “Comments on marginal deformations in open string field theory,” Phys.

Lett. B 654, 194 (2007) [hep-th/0701248 [HEP-TH]].

[27] M. Kiermaier, Y. Okawa, L. Rastelli and B. Zwiebach, “Analytic solutions for marginal deformations in open string field theory,” JHEP 0801, 028 (2008) [hep-th/0701249 [HEP- TH]].

[28] E. Fuchs, M. Kroyter and R. Potting, “Marginal deformations in string field theory,” JHEP 0709, 101 (2007) [arXiv:0704.2222 [hep-th]].

[29] M. Kiermaier and Y. Okawa, “Exact marginality in open string field theory: A General framework,” JHEP 0911, 041 (2009) [arXiv:0707.4472 [hep-th]].

[30] I. Ellwood, “The Closed string tadpole in open string field theory,” JHEP 0808 (2008) 063 [arXiv:0804.1131 [hep-th]].

[31] I. Kishimoto, “Comments on gauge invariant overlaps for marginal solutions in open string field theory,” Prog. Theor. Phys. 120, 875 (2008) [arXiv:0808.0355 [hep-th]].

[32] T. Erler and C. Maccaferri, “The Phantom Term in Open String Field Theory,” JHEP 1206 (2012) 084 [arXiv:1201.5122 [hep-th]].

[33] T. Erler and C. Maccaferri, “Connecting Solutions in Open String Field Theory with Singular Gauge Transformations,” JHEP 1204, 107 (2012) [arXiv:1201.5119 [hep-th]].

[34] T. Baba and N. Ishibashi, “Energy from the gauge invariant observables,” JHEP 1304, 050 (2013) [arXiv:1208.6206 [hep-th]].

[35] I. Kishimoto and T. Takahashi, “Analytical tachyonic lump solutions in open superstring field theory,” JHEP 0601, 013 (2006) [hep-th/0510224].

[36] I. Kishimoto and T. Takahashi, “Open string field theory around universal solutions,” Prog. Theor. Phys. 108, 591 (2002) [hep-th/0205275].

[37] M. Schnabl, “Analytic solution for tachyon condensation in open string field theory,” Adv. Theor. Math. Phys. 10, 433 (2006) [hep-th/0511286].

[38] T. Erler, “Exotic Universal Solutions in Cubic Superstring Field Theory,” JHEP 1104, 107 (2011) [arXiv:1009.1865 [hep-th]].