arXiv:hep-th/0602271 v2 14 Mar 2006

hep-th/0602271 February, 2006

Ghost D-brane, Supersymmetry and Matrix Model

Seiji Terashima^1 New High Energy Theory Center, Rutgers University 126 Frelinghuysen Road, Piscataway, NJ 08854-8019, USA

Abstract

In this note we study the world volume theory of pairs of D-brane and ghost D-brane, which is shown to have 16 linear supersymmetries and 16 nonlinear supersymmetries. In particular we study a matrix model based on the pairs of D(−1)- brane and ghost D(−1)-brane. Since such pairs are supposed to be equivalent to the closed string vacuum, we expect all 32 supersymmetries should be unbroken. We show that the world volume theory of the pairs of D-brane and ghost D-brane has unbroken 32 supersymmetries even though a half of them are nonlinearly realized.

1seijit@physics.rutgers.edu

1 Introduction

As non-perturbative formulations of M-theory and string theory, th BFSS matrix model [1] and the IKKT matrix model [2] has been extensively studied. Since the BFSS matrix model is supposed to describe M-theory in an infinitely boosted flame, the action is the same as a low energy effective action on multiple BPS D0-branes in type IIA superstring. From the conservation of the D0-charge, we can not construct D-branes without the D0- charge in this action. This means that the D-branes in the theory always need to have nonzero field strengths and thus non-commutative world-volumes. The IKKT matrix model has same problem if we think it is described by the BPS D(−1)-branes in type IIB superstring.

In order to overcome this, one might consider the matrix model based on non-BPS D0-branes or D0 − D0 pairs [3] since these branes have no conserved charges and it was shown that we can construct any D-branes from them [4, 3] using the boundary string field theory action [5] [6] or boundary state.^2 Furthermore, such unstable D-branes can decay into the closed string theory then restore 32 supersymmetries. In [10]-[12] such 32 unbroken supersymmetries in the action of unstable D-branes were discussed. On the other hand, the BPS D0-branes actions can have unbroken 16 supersymmetries only. Thus it is interesting to study the matrix models based on the unstable D-branes. However, the presence of the tachyons can not allow us to use a simple effective action for unstable D-branes although the string field theory actions can be used at least in principle.^3 Recently, a ghost D-brane in superstring theories was introduced as an object that cancels the effects of a D-brane [17]. Thus a pair of D-brane and ghost D-brane at the same point is physically equivalent to the closed string vacuum. This is similar to the pair of D-brane and anti-D-brane, especially, after the tachyon condensation or VSFT [18]. However, for the ghost D-brane case we do not have the tachyon and then we can consider the “low energy effective action” for the D-branes and the ghost D-branes. In particular, for the D0-brane or D(−1)-brane, we can have a simple matrix model action for the pairs. (Here the ghost D-brane has wrong sign for the kinetic term and the spectrum contains fermionic scalars and bosonic spinors. Thus the theory will be non-unitary for separated D-brane and ghost D-brane and we should seriously consider a physical meaning of the low energy effective action or the ghost D-brane itself, although we will not do it in this paper.)

In this note we consider this matrix model based on pairs of D(−1)-brane and ghost

2See [7] [8] [9] for the tachyon dynamics in open string theory.

3For the two-dimensional string theory, it was proposed that the c = 1 matrix model, which had been known to describe the two-dimensional string theory, can be considered as a tachyon action on multiple D0-branes [13, 14, 15] and in [16] it was indeed shown that the boundary string field theory action for D0-branes is equivalent to the c = 1 matrix model for this case. Maybe we can find some simple action for other cases.

D(−1)-brane for type IIB superstring though a physical meaning of this matrix model is not clear by now. Of course, we can consider D0-brane and ghost D0-brane for type IIA superstring, however, we will concentrate on the D(−1) brane action mainly for notational simplicity (Another reason is that a ghost D(−1)-brane action does not have kinetic term and it might be easier to consider the (path-)integral for the action than other ghost Dpbrane.) Our main interest in this paper is supersymmetry on the matrix model. Because pairs of D-brane and ghost D-brane without any nonzero vev will be equivalent to the closed string vacuum unlike the D-brane-anti-D-brane pairs, 32 supersymmetries should be unbroken on it. We will see that 32 supersymmetries of pairs of D-brane and ghost D-brane are actually unbroken despite the fact that a half of them are realized nonlinearly, which usually means the symmetries are broken.

The organization of this paper is as follows. In section two we study the world volume action of pairs of D9-brane and ghost D9-brane. In section three we propose a matrix model based on D(−1)-brane and ghost D(−1)-brane and show the translational symmetry and 32 supersymmetries are unbroken. In section four we draw conclusions and discuss future problems.

2 Pairs of D9-brane and ghost D9-brane

In this section we consider the world volume theory on N pairs of D9-brane and ghost D9-brane in type IIB superstring following [17].^4

It is well known that the low energy effective action of the N D9-brane is the tendimensional U(N) super Yang-Mills action, L = − 1 4g^2 tr_{N ×N} (F_{μν} F^{μν} ) − i 2g^2 tr_{N ×N} ( λ̄Γ^μD_μλ ) , (2.1)

where the gauge field A_μ and the gaugino λ, which is a Majorana-Weyl spinor, are written in matrix notation and the spinor index was not explicitly written. The supersymmetry transformation is given by

(δ + δ^′)A_μ = −iζ̄Γ_μλ (2.2)

(δ + δ^′)λ = 1 2 F_{μν} Γ^{μν} ζ + ζ^′, (2.3)

where ζ corresponds to the unbroken 16 supersymmetries, which is supposed to be linearly realized in the superfield formalism, and ζ^′ corresponds to the nonlinearly realized 16 supersymmetries which is broken by the presence of the D9-branes.

4The ghost D-brane was considered in [19] and some aspects of the ghost D-brane were considered implicitly in [20].

The world volume theory of N pairs of D9-brane and ghost D9-brane can be described by a gauge theory with U(N|N) Chan-Paton matrices and the low energy action in which massive fields and higher derivative terms are dropped is given by the super Yang-Mills action with the supergroup U(N|N) [17]. The gauge field A_μ is replaced by

Â_μ = ( A^{(1)}_μ χ_μ χ^†_μ A^{(2)}_μ ) , (2.4)

where A^{(i)} and χ are bosonic and fermionic N × N matrices, respectively. A^{(1)} (or A^{(2)}) comes from the open string between the N D-branes (or the N ghost D-branes) and χ are from the open string between the D-branes and the ghost D-branes. Similarly, λ is replaced by λ̂ = ( λ^{(1)} φ φ^† λ^{(2)} ) , (2.5)

where λ^{(i)} and φ is a fermionic and bosonic spinor N × N matrices, respectively. Then the Lagrangian is given by L = − 1 4g^2

Str_{2N ×2N} ( F̂_{μν}F̂^{μν} ) − i 2g^2

Str_{2N ×2N} ( ^̄λΓ_μD_μλ̂ ) , (2.6)

where Str denotes the supertrace which is defined by

StrX̂ = trA − trD, (2.7)

where X̂ = ( A B C D ) . (2.8)

It may be important to note that the gauge group U(N|N) does not have decoupled U(1) part unlike (2.1) and it may be significantly different from the action with gauge group SU(N|N).^5 This fact can be seen as follows.^6 The gauge field Â_μ can be written as Â = 1 2N A^{tr} _{2N} + 1 2N A^{Str}K + A^aT_a, (2.9)

where K = ( _N 0 0 −_N ) (2.10)

and T_a which is bosonic and satisfies StrT_a = trT_a = 0 and _{2N} form the generators of the SU(N|N) subgroup of the U(N|N). Then the kinetic term containing A^{tr} and/or A^{Str} is proportional to (∂_μA^{tr}_ν − ∂_ν A^{tr}_μ )(∂_μA^{Str}_ν − ∂_ν A^{Str}_μ ) because of Str(_{2N} K) = 2N

5Similar phenomena happen in noncommutative and non-anti-commutative gauge theory with U (N ) gauge group [21]. For the superalgebra, see [22].

6This U (1) part in U (N |N ) was discussed in [23] more carefully.

and Str(_{2N} _{2N} ) = Str(KK) = Str(_{2N} T_a) = Str(KT_a) = 0. There is no interaction term for A^{tr} since interaction terms are written by commutators, however, it is easy to see there are interaction terms contain A^{Str} and A^a. Therefore both A^{Str} and A^a are not decoupled from others. Note that for the N D-brane and M ghost D-branes with N ≠ M the gauge group U(N|M) contains a decoupled U(1) part and we can decompose U(N|M) = U(1) × SU(N|M). Supersymmetry transformations for the Lagrangian (2.6) can be easily obtained from (2.3) since only the gauge group was changed. Only a problem is that the fermion ζ does not commute with Â_μ and such property is need to show the invariance. This is because the supermatrix contain fermions in off-diagonal parts. However, if we introduce

ζ̂ = ζK, (2.11)

we find, for example, ζÂ_μ = (KÂ_μK)ζ and then [Â_μ, ζ̂] = 0.^7 We also find that {λ̂, ζ̂} = 0. Hence the supersymmetry transformations for (2.6) are given by

(δ + δ^′)Â_μ = −i^̄ζΓ_μλ̂ (2.12)

(δ + δ^′)λ̂ = 1 2 F̂_{μν} Γ^{μν} ζ̂ + ζ̂^′. (2.13)

Actually, if we formally expand “bosonic” superfield Â as Â = A^aT̂_a, where A^a is a usual bosonic field and T̂_a is the “bosonic” supermatrix, and “fermionic” superfield λ̂ as λ̂ = (λ^aK)T̂_a, where λ^a is a usual fermionic field, then Str_{2N ×2N} ( ^̄λΓ_μD_μλ̂ ) in (2.6)

contains Str_{2N ×2N} ( T̂_a[T̂_b, T̂_c] ) = f_{abc} where f_{abc} is bosonic constant antisymmetric for a, b, c. Thus, using this basis we can trivially follow the standard computation showing the invariance of (2.1) under the supersymmetry.

Here the supersymmetry transformations associated with ζ̂^′ are nonlinear and they seem to be broken. This seems to contradict the fact that the pair of D-brane and ghost D-brane is equivalent to the closed string vacuum. However, in the next section, we will see nonlinearly realized symmetries can be unbroken.

3 Matrix Model Based on D-brane and ghost D-brane

Now we consider N pairs of D(−1)-brane and ghost D(−1)-brane and the low energy effective action of those. The action is given by the dimensional reduction of (2.6) to 0 dimension which replace Â_μ(x) (and λ̂(x)) to Φ̂_μ (and ψ̂): S = − 1 4g^2

Str_{2N ×2N} ([ Φ̂_μ, Φ̂_ν ] [ Φ̂^μ, Φ̂^ν ]) − 1 2g^2

Str_{2N ×2N} ( ^̄ψΓ_μ [Φ_μ, ψ̂] ) , (3.14)

7The constant grasmman variable was considered in [24] in a different context.

where Φ̂_μ = ( Φ^{(1)}_μ χ_μ χ^†_μ Φ^{(2)}_μ ) (3.15) and ψ̂ = ( ψ^{(1)} φ φ^† ψ^{(2)} ) . (3.16)

The supersymmetry transformations are

(δ + δ^′)Φ̂_μ = i^̄ζΓ_μϕ̂ (3.17)

(δ + δ^′)ψ̂_μ = i 2 [ Φ̂_μ, Φ̂_ν ] Γ^{μν}ζ̂ + ζ̂^′. (3.18)

Of course, this matrix model is also obtained from the IKKT matrix model action, which is the 0 dimensional reduction of the 10 dimensional U(N) super Yang-Mills theory, by replacing U(N) by supergroup U(N|N).^8 Note that a U(1) factor is decoupled from other generators of U(N|N) for this matrix model because there is no kinetic term, though U(N|N)/U(1) is not the SU(N|N) subgroup.

As the IKKT matrix model has been proposed as a nonperturbative formulation of type IIB superstring, this matrix model could give a nonperturbative formulation of type IIB superstring in some large N limit. It is very interesting to investigate this possibility, however, we will only consider symmetry of it here.

There is a constant shift symmetry,

δΦ̂^μ = a^μ, δψ̂ = 0, (3.19)

which can be understood as the space-time translation of the D(−1)-brane and the ghost D(−1)-brane. This symmetry is realized nonlinearly and if we separate the D-brane and ghost D-brane it will be broken by the presence of the D-brane. However, for Φ̂ = ψ̂ = 0 it should be unbroken since both the D-brane and the ghost D-brane disappear.^9 To resolve this puzzle, we first consider vev of a possible order parameter classically.

It should be gauge invariant and then ⟨Str(δΦ̂_μ)⟩ or the supertrace of polynomials of Φ̂, ψ̂ can be considered. It is easy to see that

⟨Str(δΦ̂_μ)⟩ = Str(a_μ) = 0, (3.20)

and the transformation of other gauge invariant operators also vanish for Φ̂ = ψ̂ = 0 classically. In this way, the nonlinear transformation can be regarded as unbroken.

8For other supermatrix models, see [25]-[28]. Note that the action (3.18) is not only a supermatrix model, i.e. supergauge symmetric, but also supersymmetric. Thus this is a supersymmetrized supermatrix model._9

Strictly speaking, there are no symmetry breaking in 0 or 1 dimensional theories. We could rigorously define broken or unbroken symmetry by considering higher dimensional analogues, compactified theory or a large N limit.

Furthermore, we expect it is unbroken quantum mechanically. Actually for U(N|N) all correlation functions of gauge invariants will vanish at Φ̂ = ψ̂ = 0 [25] [17] . This is consistent with the interpretation as a closed string vacuum. The transformation of the correlation functions also vanish because the δ transformed Φ̂ to just a constant. Therefore it is unbroken quantum mechanically.

On the other hand, for a generic classical background

Φ̂ = diag(b_1, b_2, . . . , b_N , c_1, c_2, . . . , c_N ), ψ̂ = 0, (3.21)

it will be broken. Let us consider a gauge invariant Str(f_1(Φ̂, ψ̂)) and the transformation of it, δStr(f_1(Φ̂, ψ̂)), where f_i is some polynomial. Taking f_1 = Φ̂^{μ1} · · · Φ̂^{μM} , we have

δStr(f_1(Φ̂, ψ̂)) = a^{μ1} N∑ i=2 (_M ∏ a=1 (b^{μa}_i )^2 − M∏ a=2 (c^{μa}_i )^2 ) + (permutation of μ_1 and μ_i). (3.22) Therefore if b^μ_i = c^μ_i , (i = 1, . . . , N, μ = 0, . . . , 9) (3.23)

(or that with a permutation of N vectors c_i) is satisfied, δStr(f_1(Φ̂, ψ̂)) = 0. Considering the transformation of ⟨Str(f_1(Φ̂, ψ̂))Str(f_2(Φ̂, ψ̂)) · · ·⟩, we see that the translational symmetry is unbroken if (3.23) is satisfied otherwise it is broken. This is consistent with the interpretation that a D-brane and a ghost D-brane in any pair are at same position for (3.23) and are physically equivalent to the closed string vacuum.

We expect the nonlinear supersymmetries generated by ζ̂^′ is also unbroken for (3.23) in the same way. Here we note that Strψ̂ is not gauge invariant because Str(X̂ψ̂) ≠ Str(ψ̂X) where X̂ is a usual supermatrix and ψ is a “fermionic” supermatrix, i.e. a supermatrix with fermions in its diagonal part. Instead, Str(Kψ̂) = tr(ψ̂) is gauge invariant because Str(KX̂ψ̂) = Str(Kψ̂X) and consistent with the fact that a “fermion” bilinear Str(ζ̂^′ψ̂) is gauge invariant.^{10} Then, it is easy to see that

⟨Str(Kδψ̂)⟩ = Str(Kζ̂^′) = ζ^′Str(K^2) = 0, (3.24)

and the supersymmetric transformation of other gauge invariant operators also vanish for Φ̂ = ψ̂ = 0 classically. For the generic classical background (3.21) we can easily show that (3.23) is the condition for the nonlinear supersymmetries being unbroken by taking f_1 = Φ̂^μ1 · · · Φ̂^μM ψ̂. Therefore the matrix model (3.14) has the 32 unbroken supersymmetries and 10 dimensional translation symmetry (and the Lorentz symmetry linearly realized). It is very interesting to investigate this highly symmetric matrix model further.

Finally, we will discuss the supersymmetry algebra. In [2] it was shown that the IKKT matrix model has the 32 supersymmetries which form the super symmetry algebra. We

10We also note that Str(ψ̂ψ̂^′) = −Str(ψ̂^′ψ̂) which is same property as the trace for usual matrices.

can trivially extend it to our case. Indeed, if we define δ^{(1)}_{ζ̂} = δ_{ζ̂} + δ^′_{ζ̂} and δ^{(2)}_{ζ̂} = i(δ_{ζ̂} − δ^′_{ζ̂}), then we have the algebra of 32 supersymmetries

[δ^{(i)}_{ζ̂} , δ^{(j)}_{ξ̂} ] = ϵ^μP_μδ_{ij} , (3.25)

where ϵ = −2i^̄ζΓ^μξ̂ and P_μ is the constant shift of Φ̂.

4 Conclusions and discussion

We have studied the world volume theory of the pairs of D-brane and ghost D-brane, especially D(−1)-brane and ghost D(−1)-brane and have seen that the nonlinear symmetries, the supersymmetries and the translation symmetry, are unbroken in the model. This is consistent with the interpretation of the system as the closed string vacuum. We can extend our study in this paper to BFSS matrix model, and other dimensional branes. We can also consider the type I superstring and supergroup OSp. Of course, our discussion in this paper is rather naive and need further study. In particular the problem of the unitarity may be important.

The nonlinear supersymmetries in pairs of D9-brane and ghost D9-brane will be also unbroken in the same way as D(−1)-branes. In this case, we can consider the instanton only on the D9-branes and in the small instanton limit what we have is physically equivalent to a D5-brane with nothing [29]. (If we put the same instanton also on the ghost D9-branes, we have closed string vacuum and if we put the anti-instanton on the ghost D9-branes, we have D5-anti-D5-brane pair.) Then the half of the nonlinear supersymmetries generated by ζ̂^′ which satisfies F̂_{μν} Γ^{μν}ζ̂^′ = 0 are expected to be unbroken, but others are broken from ⟨δ(F̂_{μν} Γ^{μν} ψ̂)⟩ = 0. Of course, the half of the linear supersymmetries generated by ζ̂ which satisfies F̂_{μν} Γ^{μν}ζ̂ = 0 are also unbroken. Thus we have different unbroken 16 supersymmetries from what D9-brane has and if we consider the anti-instanton instead of the instanton we will have the other half of unbroken supersymmetries. This is interesting [11] since we discussed the 32 supersymmetries even though for gauge theories without gravity 16 supersymmetries are maximal in a usual sense. However, there is a problem for this picture. For the D9-brane-ghost D9-brane case, the superalgebra is [δ_{ζ̂}, δ_{ξ̂}] = δ_ϵ + gauge transformation, [δ_{ζ̂}, δ^′_{ξ̂′} ] = δ_ϵ′ , [δ^′_{ζ̂′} , δ^′_{ξ̂′} ] = 0, (4.26) where δ_ϵ is the translation by ϵ^μ = 2ζ̂Γ^μξ̂. In the compactified space-time, δ_ϵ′ is the constant shift of Â_μ, i.e. Wilson line, by ϵ^μ = 2ζ̂Γ^μξ̂^′ and corresponds to the space-time translation in the T-dual picture. Thus for the uncompactified space-time, δ_{ζ̂} form the 16 supersymmetries, but δ^′_{ζ̂′} is trivial. What we expect is that the δ^′_{ζ̂′} also form the superalgebra. To make this clear is an interesting question.

Another question is how to realize the Lorentz symmetry of pairs of Dp-brane and ghost Dp-brane. Since it mixes the coordinate and the fields in general, to find the unbroken symmetry will be interesting.

Acknowledgements

We would like to thank T. Takayanagi for useful discussions and comments. This work was supported in part by DOE grant DE-FG02-96ER40949.

Note added:

As this article was being completed, we became aware of the preprint [30] in which the matrix model proposed in this paper is also proposed.

References

[1] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, “M theory as a matrix model:

A conjecture,” Phys. Rev. D 55 (1997) 5112 [hep-th/9610043].

[2] N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, “A Large-N Reduced Model as Superstring,” Nucl. Phys. B498 (1997) 467, hep-th/9612115.

[3] T. Asakawa, S. Sugimoto and S. Terashima, “D-branes, matrix theory and Khomology,” JHEP 0203 (2002) 034, hep-th/0108085; “D-branes and KK-theory in type I string theory,” JHEP 0205 (2002) 007, hep-th/0202165;

[4] S. Terashima, “A construction of commutative D-branes from lower dimensional non- BPS D-branes,” JHEP 0105, 059 (2001), hep-th/0101087; T. Asakawa, S. Sugimoto and S. Terashima, “Exact description of D-branes via tachyon condensation,” JHEP 0302 (2003) 011, hep-th/0212188; “Exact description of D-branes in K-matrix theory,” Prog. Theor. Phys. Suppl. 152 (2004) 93, hep-th/0305006;

[5] D. Kutasov, M. Marino and G. W. Moore, “Remarks on tachyon condensation in superstring field theory,” arXiv:hep-th/0010108.

[6] P. Kraus and F. Larsen, “Boundary string field theory of the DD-bar 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,” JHEP 0103 (2001) 019 hep-th/0012210.

[7] A. Sen, “Tachyon dynamics in open string theory,” hep-th/0410103.

[8] A. Sen, “Tachyon condensation on the brane antibrane system,”, JHEP 9808 (1998) 012 hep-th/9805170.

[9] A. Sen and B. Zwiebach, “Tachyon condensation in string field theory,” JHEP 0003 (2000) 002, hep-th/9912249; N. Berkovits, A. Sen and B. Zwiebach, “Tachyon condensation in superstring field theory,” Nucl. Phys. B 587 (2000) 147, hep-th/0002211.

[10] T. Yoneya, “Spontaneously broken space-time supersymmetry in open string theory without GSO projection,” Nucl. Phys. B 576 (2000) 219 [arXiv:hep-th/9912255].

[11] S. Terashima and T. Uesugi, “On the supersymmetry of non-BPS D-brane,” JHEP 0105 (2001) 054 [arXiv:hep-th/0104176].

[12] A. Sen, “Supersymmetric world-volume action for non-BPS D-branes,” JHEP 9910 (1999) 008 [arXiv:hep-th/9909062].

[13] J. McGreevy and H. Verlinde, “Strings from tachyons: The c = 1 matrix reloaded,” JHEP 0312, 054 (2003) [arXiv:hep-th/0304224].

[14] I. R. Klebanov, J. Maldacena and N. Seiberg, “D-brane decay in two-dimensional string theory,” JHEP 0307, 045 (2003) [arXiv:hep-th/0305159].

[15] J. McGreevy, J. Teschner and H. Verlinde, “Classical and quantum D-branes in 2D string theory,” JHEP 0401, 039 (2004) [arXiv:hep-th/0305194].

[16] T. Takayanagi and S. Terashima, “c = 1 matrix model from string field theory,” JHEP 0506 (2005) 074, hep-th/0503184.

[17] T. Okuda and T. Takayanagi, “Ghost D-branes,” arXiv:hep-th/0601024.

[18] L. Rastelli, A. Sen and B. Zwiebach, “String field theory around the tachyon vacuum,” Adv. Theor. Math. Phys. 5 (2002) 353, hep-th/0012251.

[19] N. Evans, T. R. Morris and O. J. Rosten, “Gauge invariant regularization in the AdS/CFT correspondence and ghost D-branes,” hep-th/0601114; K. Okuyama and M. Rozali, “Hairpin branes and D-branes behind the horizon,” hep-th/0602060.

[20] C. Vafa, “Brane/anti-brane systems and U(N|M) supergroup,” arXiv:hep-th/0101218; T. Tokunaga, “String theories on flat supermanifolds,” arXiv:hep-th/0509198.

[21] N. Seiberg and E. Witten, “String theory and noncommutative geometry,” JHEP 9909 (1999) 032, hep-th/9908142; S. Terashima, “A note on superfields and noncommutative geometry,” Phys. Lett. B 482 (2000) 276, hep-th/0002119; S. Terashima and J. T. Yee, “Comments on noncommutative superspace,” JHEP 0312 (2003) 053 hep-th/0306237.

[22] V. G. Kac, “Lie Superalgebras,” Adv. Math. 26 (1977) 8; “A Sketch Of Lie Superalgebra Theory,” Commun. Math. Phys. 53 (1977) 31.

[23] S. Arnone, Y. A. Kubyshin, T. R. Morris and J. F. Tighe, “Gauge invariant regularisation via SU(N|N),” Int. J. Mod. Phys. A 17 (2002) 2283, hep-th/0106258.

[24] J. H. Park, “Superfield theories and dual supermatrix models,” JHEP 0309 (2003) 046, hep-th/0307060.

[25] L. Alvarez-Gaume and J. L. Manes, “Supermatrix models,” Mod. Phys. Lett. A 6, 2039 (1991); S. A. Yost, “Supermatrix models,” Int. J. Mod. Phys. A 7 (1992) 6105 [arXiv:hep-th/9111033].

[26] R. Dijkgraaf and C. Vafa, “N = 1 supersymmetry, deconstruction, and bosonic gauge theories,” hep-th/0302011; H. Kawai, T. Kuroki and T. Morita, “Dijkgraaf-Vafa theory as large-N reduction,” Nucl. Phys. B 664 (2003) 185 hep-th/0303210.

[27] L. Smolin, “M theory as a matrix extension of Chern-Simons theory,” Nucl. Phys.

B 591 (2000) 227 hep-th/0002009; “The cubic matrix model and a duality between strings and loops,” hep-th/0006137; T. Azuma, S. Iso, H. Kawai and Y. Ohwashi, “Supermatrix models,” Nucl. Phys. B 610 (2001) 251 hep-th/0102168.

[28] T. R. Morris, “A manifestly gauge invariant exact renormalization group,” hep-th/9810104; “A gauge invariant exact renormalization group. I,” Nucl. Phys. B 573 (2000) 97 hep-th/9910058; “A gauge invariant exact renormalization group. II,” JHEP 0012 (2000) 012 hep-th/0006064.

[29] E. Witten, “Small Instantons in String Theory,” Nucl. Phys. B 460 (1996) 541, hep-th/9511030; M. R. Douglas, “Branes within branes,” hep-th/9512077. K. Hashimoto and S. Terashima, “ADHM is tachyon condensation,” JHEP 0602, 018 (2006), hep-th/0511297.

[30] M. Hanada, H. Kawai and Y. Kimura, “Curved Superspaces and Local Supersymmetry in Supermatrix Model,” arXiv:hep-th/0602210.