arXiv:hep-th/0306213 v3 8 Oct 2003

KEK-TH-895

hep-th/0306213

Dirichlet Branes of the Covariant Open Supermembrane on a PP-wave Background

Makoto Sakaguchi^a and Kentaroh Yoshida^b

Theory Division, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan.

aMakoto.Sakaguchi@kek.jp^bkyoshida@post.kek.jp

Abstract

We discuss an open supermembrane theory on the maximally supersymmetric pp-wave background in eleven dimensions. The boundary surfaces of an open supermembrane are studied by using the covariant supermembrane theory. In particular, we find the configurations of M5- branes and 9-branes preserving a half of supersymmetries at the origin.

Keywords: open supermembrane, Wess-Zumino term, pp-wave

1 Introduction

Supermembrane theory [1, 2] is expected to play a fundamental role in M-theory. The Banks- Fischler-Shenker-Susskind matrix model proposed in [3] is also related to the supermembrane theory through the matrix regularization. We can generalize the matrix model to that on the general consistent background that has non-vanishing curvature and includes non-trivial fluxes. However, it is too difficult to study it due to the complicated interaction terms. In the recent progress, the matrix model on the maximally supersymmetric pp-wave background was proposed by Berenstein, Maldacena and Nastase [4], and has been analyzed extensively by various authors [5–7].

Hitherto, closed supermembranes on the pp-wave background were widely studied from the various viewpoints in the works [5, 6, 8]. On the other hand, open supermembranes have not been understood well yet. In the work [6] boundary conditions of an open supermembrane were studied and the possible Dirichlet branes were classified. As the result, 1/2 BPS Dirichlet pbranes are allowed for the value p = 1 only. It should be remarked that this result holds for the Dirichlet branes sitting outside the origin. If we consider branes sitting at the origin, then we can find the configurations of M5-branes and 9-branes preserving a half of supersymmetries, as we will see later. In fact, the D-branes sitting at the origin in superstring theories on pp-waves are special ones among other D-brane configurations as noted by several authors [9–13]. This situation comes from the fact that the homogeneity of pp-waves is not manifest in Brinkmann coordinates used in the analysis. Because pp-waves are homogeneous, branes sitting at the origin can be located at any arbitrary other location. But this is manifest only in Rosen coordinates. In particular, a brane sitting at (outside) the origin in Brinkmann coordinates is mapped to a flat (curved) brane in Rosen coordinates.

It was difficult to possess an overall picture of D-brane configurations on pp-waves since the analysis are based on the light-cone gauge fixed Green-Schwarz superstring action. However, the authors of the work [10] proposed the method to covariantly analyze D-branes on pp-waves (following Ref. [14]). Motivated by this work, we analyze covariantly the Dirichlet branes of an open supermembrane on the pp-wave background. The covariant representation of the Wess-Zumino term is constructed up to and including the fourth order in the SO(10, 1) spinor θ, and then we study the boundary conditions for Dirichlet branes. In this formalism we can of course rederive the well-known result in flat space: Dirichlet p-branes are allowed for the values p = 1, 5 and 9 only [15, 16]. The value p = 5 means that open M2-branes can end on the M5-brane, and the value p = 9 implies the end of the world 9-brane in the Horava-Witten theory [17]. The physical meaning of p = 1 case has not been well understood. In the case of pp-waves, the analysis gets complicated because of surface terms which originate from the nonvanishing curvature and constant flux. In this paper, we find the configurations of M5-branes and 9-branes preserving a half of supersymmetries at the origin. These are not 1/2 BPS objects outside the origin as noted in Ref. [6]. The 9-branes sitting at the origin support the work [18] about the heterotic matrix model.

This paper is organized as follows. In section 2 we introduce the covariant expression of the Wess-Zumino term in the supermembrane theory on the pp-wave background. In section 3 we will study the boundary surface (Dirichlet brane) of an open supermembrane and classify the possible configuration of them. In particular, M5-branes and 9-branes are 1/2 BPS objects at the origin (while those are not 1/2 BPS outside the origin). The 1-branes preserve a half of supersymmetries at the origin and even outside the origin. Section 4 is devoted to a conclusion and discussions. In Appendix our notation and convention are summarized.

2 Covariant Action of Supermembrane on the PP-wave

In this section, we briefly review the relevant aspects of the supermembrane theory on the maximally supersymmetric pp-wave background. We will obtain the covariant representation of the Wess-Zumino term up to and including fourth order in the SO(10, 1) spinor θ, which will be analyzed in the next section.

The Lagrangian of the supermembrane [1, 2] is formally given as a sum of the Nambu-Goto type Lagrangian L_0 and Wess-Zumino term L_{W Z}^∗

L = L_0 + L_{W Z} , L_0 = − √ −g(X, θ) , L_{W Z} = B (2.1) where the induced metric g_{ij} is the pull-back of the background metric G_{M N}

g_{ij} = E^M_i E^N_j G_{M N} = E^A_i E^B_j η_{AB} , g = det g_{ij} . (2.2)

and the three-form B is defined by H = dB with H being the pull-back of the four-form gauge superfield strength on the supergravity background. The term L_0 is manifestly spacetime superinvariant while L_{W Z} is quasi-superinvariant, superinvariant up to a surface term. The κinvariance of the action must be imposed in order to match the fermionic and bosonic degrees

∗Our notation and convention are summarized in Appendix.

of freedom on the world-volume. It is known that the condition for the κ-invariance of the action is equivalent to the supergravity equation of motion. For an open supermembrane, the κ-variation leads to a surface term, which must be deleted by imposing appropriate boundary conditions on the boundary of the open supermembrane.

We shall consider supermembranes on the maximally supersymmetric pp-wave solution of the eleven dimensional supergravity, called as the Kowalski-Glikman (KG) solution [19],

ds^2 = −2dx^+dx^− + G_{++}(dx^+)^2 + 9∑ μ=1 (dx^μ)^2 , (2.3)

G_{++} ≡ − [( μ 3 )_2 (x^2_1 + x^2 + x^2_3) + (μ 6 )_2 (x^2_4 + · · · + x^2_9) ] , F_{+123} = μ (μ ≠ 0) , (2.4)

where F_{+123} is a constant four-form flux pointing +, 1, 2, 3 directions. It is known [20] that the KG solution can be derived from AdS_4 × S^7 or AdS_7 × S^4 by a Penrose limit [21]. The supervielbeins of the supermembrane on the AdS_7 × S^4 background are [22, 23]

E^A = dX^M ẽ^A_M − iθ̄Γ^A ( 2 M sinh M 2 )_2 Dθ , E^ᾱ = ( sinhM M Dθ )_ᾱ , (2.5) iM^2 = 2(T_A^{B1···B4} θ)F_{B1···B4} (θ̄Γ^A) − 1 288 (Γ_{A1 A2} θ)[θ̄(Γ^{A1 A2 B1···B4} F_{B1···B4} + 24Γ_{B1 B2} F^{A1A2 B1B2} )] (Dθ)^ᾱ ≡ dθ^ᾱ + ẽ^A(T_A^{B1···B4} θ)^ᾱF_{B1···B4} − 1 4 ω̃^{A1 A2} (Γ_{A1 A2} θ)^ᾱ , T_A^{B1···B4} = 1 288 (Γ_A^{B1···B4} − 8δ^{[B1}_A Γ^{B2B3B4]}) , ẽ^A = dX^M ẽ^A_M ,

where ẽ^A_M ’s and ω̃^{AB} are, respectively, vielbeins and spin connection of the AdS_7 × S^4 background. Moreover, the third rank tensor B of AdS_7 × S^4 is given by

B = B^{(1)} + B^{(2)} , (2.6) B^{(1)} = 1 6 e^{A1} ∧ e^{A2} ∧ e^{A3} C_{A1A2 A3} , (2.7)

B^{(2)} = i

∫_1 0 dt θ̄Γ_{AB} E(x, tθ) ∧ E^A(x, tθ) ∧ E^B(x, tθ) , (2.8) where E^A(x, tθ) and E^ᾱ(x, tθ) is obtained by the shift θ → tθ in E^A and E^ᾱ.

Now let us construct the covariant Wess-Zumino term in the case of the KG solution. The supervielbeins and the three-form B for the KG solution can be extracted from those for

AdS_{4/7} × S^{7/4} [24]. In the Penrose limit, the vielbeins ẽ^A_M and the spin connection ω̃^{AB} of AdS_7 × S^4 reduce to e^A_M and ω^{AB} of the KG solution

e^A_M : e^+ = e^− = 1, e^+_− = 0, e^−_+ = − 1 2 G_{++}, e^r_μ = δ^r_μ , (2.9)

ω^{AB} : ω^{r−} = 1 2 ∂^rG_{++}dX^+ , otherwise = 0. (2.10)

The second term B^{(2)} of the Wess-Zumino term (2.8) becomes

B^{(2)} = i 2 θ̄Γ_{AB} Dθ ∧ dX^M e^A_M ∧ dX^N e^B_N + 1 2 θ̄Γ_{AB} Dθ ∧ θ̄Γ^ADθ ∧ dX^M e^B_M + i 24 θ̄Γ_{AB} M^2Dθ ∧ dX^M e^A_M ∧ dX^N e^B_N + O(θ^6). (2.11)

We do not need to expand the first term B^{(1)} in the Wess-Zumino term and the kinetic term L_0 with respect to θ, because these terms turn out to be irrelevant in our analysis. The covariant Wess-Zumino term constructed above will be used in the next section for the classification of boundary surfaces of an open supermembrane on the pp-wave background.

3 Classification of supersymmetric Dirichlet Branes

Here we will classify possible supersymmetric Dirichlet branes on the pp-wave background by using the covariant open supermembrane. In conclusion, we will find supersymmetric M5- branes and 9-brane sitting at the origin as Dirichlet branes of an open supermembrane on the pp-wave background. In addition, 1-branes are also allowed to exist and they also preserve a half of supersymmetries at the origin.

3.1 Boundary Conditions of Open Supermembrane

To begin with, let us introduce the boundary condition on the boundary ∂Σ of the world-volume Σ of an open supermembrane. The coordinates should be distinguished in terms of boundary conditions, and so we classify the coordinates of a Dirichlet p-brane as follows:

A_i (i = 0, . . . , p) : Neumann directions ∂_nX^A ≡ ∂_nX^M e^A_M = 0 A_j (j = p + 1, . . . , 10) : Dirichlet directions ∂_tX^A ≡ ∂_tX^M e^A_M = 0

, (3.1)

where we have introduced a normal vector n^a to the boundary ∂Σ, and the normal and tangential derivatives on the boundary defined by

∂_n ≡ n^a∂_a , ∂_t ≡ ϵ^{ab}n_a∂_b (a, b = 1, 2) . (3.2)

Now we shall impose the boundary condition on the fermionic variable θ:

P^−θ|_{∂Σ} = 0 or P^+θ|_{∂Σ} = 0 , (3.3)

by using the projection operators P^± defined by P^± ≡ 1 2 ( 1 ± s M^{10−p} ) , M^{10−p} ≡ Γ^{Ap+1} Γ^{Ap+2} · · · Γ^{A10} . (3.4)

We choose s = 1 when both of (+, −) are Neumann directions, while s = i when both of (+, −) are Dirichlet directions. Except for these cases, P^± cannot be projection operators because (Γ^±)^2 = 0. We can express θ as θ = P^+θ on the boundary due to the condition (3.3). The requirement that P^± are projection operators restrict the value p to p = 1, 2, 5, 6 and 9.

From now on, we examine the κ-invariance of the action (2.1) on the pp-wave background (2.3). Under the κ-variation

δ_κE^A = 0 → δ_κX^M = iθ̄Γ^M δ_κθ + O(θ^4) , (3.5)

the action leads to a surface term only because non-surface terms vanish for the supergravity solution. The kinetic term L_0 does not contribute to the surface term. The variation of L_0 includes δ_κE^A_i = ∂_i(δ_κX^{M̂} )E^A_{M̂} with M̂ = (M, α), but the surface term vanishes because δ_κX^{M̂} E^A_{M̂} = δ_κE^A = 0. On the other hand, if we include B^{(1)} in (3.9), then the studies become difficult. It is because the three-form contribution on the boundary modifies the fermionic conditions. The issue can be resolved by having additional degrees of freedom at the boundary of the membrane, and thus we can consider the boundary surfaces with vanishing three-form field strength [25].^† It is thus enough to investigate the surface term of the κ-variation of the Wess-Zumino term B^{(2)}.

We first consider the Wess-Zumino terms without the terms including μ:

S^{(μ=0)}_{W Z} = ∫ d^3σ ϵ^{ijk} [ i 2 θ̄Γ_{AB} ∂_iθ · ∂_j X^A∂_kX^B + 1 2 θ̄Γ_{AB} ∂_iθ · θ̄Γ^A∂_j θ · ∂_kX^B ] , (3.6)

which leads to the well-known conditions in flat space. The surface terms come from the variation of variables with a derivative. Under the variation (3.5), the action (3.6) leads to a

†We can couple a two-form field to the boundary surfaces but we can make such a contribution vanish in the same way.

surface term up to and including fourth order in θ

δ_κS^{(μ=0)}_{W Z} = − 1 2 ∫ dτ ∫ ∂Σ dξ [ ∂_tX^B ( iθ̄Γ_{AB}δ_κθ · Ẋ^A + θ̄Γ_{AB}θ̇ · θ̄Γ^Aδ_κθ + θ̄Γ_{AB} δ_κθ · θ̄Γ^Aθ̇ )

−Ẋ^B ( iθ̄Γ_{AB}δ_κθ · ∂_tX^A + θ̄Γ_{AB} ∂_tθ · θ̄Γ^Aδ_κθ + θ̄Γ_{AB} δ_κθ · θ̄Γ^A∂_tθ ) ] , (3.7)

where a dot on a variable means the world-volume time derivative ∂_τ of the variable. In order for the surface terms to vanish, the following conditions must be satisfied

θ̄Γ_{AB} δ_κθ = θ̄Γ_Aδ_κθ = 0 . (3.8)

These conditions restrict the value p to p = 1, 5 and 9. Thus, we have rederived the well-known result in flat space [15, 16].

In the case of pp-waves, there are the additional terms including the parameter μ and so we have to take account of these terms. It is convenient to divide the Wess-Zumino terms including the parameter μ into the following three parts:

S^{(μ)}_{W Z} ≡ 4! · μ 2 ∫ d^3σ ϵ^{ijk}∂_iX^C ∂_kX^B [ iθ̄Γ_{AB} T^{+123}_C θ · ∂_j X^A + θ̄Γ_{AB} T^{+123}_C θ · θ̄Γ^A∂_j θ

−θ̄Γ_{AB} ∂_j θ · θ̄Γ^AT^{+123}_C θ + θ̄Γ_{AB} T^{+123}_C θ · θ̄Γ^AT^{+123}_D θ · ∂_j X^D ] , (3.9)

S^{spin}_{W Z} ≡ − 1 4 ∫ d^3σ [ θ̄Γ_{AB} Γ_{r−}θ{∂_j X^A + θ̄Γ^A∂_j θ + 4!μθ̄Γ^AT^{+123}_C θ · ∂_j X^C } −θ̄Γ^AΓ_{r−}θ {¯ θΓ_{AB} ∂_j θ + 4!μθ̄Γ_{AB} T^{+123}_C θ · ∂_j X^C }] ∂_iX^+∂_kX^B∂^rG_{++} , (3.10) S^{M2}_{W Z} ≡ i 24 ∫ d^3σ ϵ^{ijk}θ̄Γ_{AB} M^2D_iθ · ∂_j X^A∂_kX^B , (3.11)

up to and including fourth order in θ. The first terms (3.9) include the parameter μ but do not have the spin connection and M^2 term. The second terms (3.10) include the spin connection without the M^2 term, and the only third term (3.11) contains the M^2 term.

We analyze these terms in turn. Note that the boundary terms of the κ-variation do not cancel out each other. Therefore, all of these contributions have to be separately canceled out ubder appropriate additional boundary conditions. First, we consider the configuration of Dirichlet branes sitting at the origin examining the Wess-Zumino term (3.9). As we will see later, the other Wess-Zumino terms (3.10) and (3.11) do not affect the result. Secondly, we investigate the configuration of Dirichlet branes sitting outside the origin. In this case, the Wess-Zumino term (3.10) leads to additional conditions.

3.2 Dirichlet Branes at the Origin

Let us consider the Wess-Zumino terms (3.9). The variation of (3.9) under the κ-transformation leads to the following surface terms:

δ_κS^{(μ)}_{W Z} = −12μ ∫ dτ ∫ ∂Σ dξ [{ −θ̄Γ^Aδ_κθ · θ̄Γ_{CB}T^{+123}_A θ + θ̄Γ_{AB} T^{+123}_C θ · θ̄Γ^Aδ_κθ +θ̄Γ_{AB} δ_κθ · θ̄Γ^AT^{+123}_C θ }˙ X^C ∂_tX^B + {¯ θΓ^Aδ_κθ · θ̄Γ_{CB}T^{+123}_A θ −θ̄Γ_{AB} T^{+123}_C θ · θ̄Γ^Aδ_κθ − θ̄Γ_{AB} δ_κθ · θ̄Γ^AT^{+123}_C θ } ∂_tX^CẊ^B ] . (3.12)

Since we have the conditions: θ̄Γ^Aδ_κθ = θ̄Γ_{AB} δ_κθ = 0, we must impose the additional constraints:

θ̄Γ_{CB} T^{+123}_A θ = θ̄Γ^AT^{+123}_C θ = 0 . (3.13)

These conditions restrict the +, 1, 2, 3-directions, and so we have to impose the boundary conditions for +, 1, 2, 3,-directions as follows:

• One of +, 1, 2, 3 is a Dirichlet direction and other three directions are Neumann directions. or • Three of +, 1, 2, 3 are Dirichlet directions and the remaining one direction is a Neumann direction.

That is, the directions of M5-branes, 9-branes and 1-branes are restricted. We shall classify the possible Dirichlet branes of an open supermembrane on the pp-wave background below (we use indices I, J, K, . . . , as the value in 1, 2, 3, and I^′, J^′, K^′, . . . , as from 4 to 9).

First, let us consider the configurations of 9-branes, which is classified as follows: • Classification of 9-branes (at the origin) (♯D = 1 and ♯N = 10)

1. D: one of the 1, 2, 3-directions, N: otherwise. M^1 = Γ^I

The above solution 1 with I = 3 corresponds to the 9-brane solution used in the study of a heterotic matrix model on a pp-wave [18], and so our result gives a support for the work [18].

Now we shall consider the relationship of 9-branes to D8-branes in the type IIA string theory. To do this, we move to the rotational frame and then compactify a transverse direction on S^1 [26]. By choosing the two directions from 4, · · · , 9, we obtain the type IIA string theory discussed in [27,28], and hence we can compare our result with the classification of D-branes in this type IIA string theory. We find that 9-branes of the solution 1 correspond to D8-branes in type IIA string theory via the S^1-compactification of transverse Neumann direction, and our result agrees with the classification of D-branes in the type IIA string theory [27, 29–31].

Next, we shall classify the configuration of M5-branes preserving a half of supersymmetries at the origin.

• Classification of M5-branes (at the origin) (♯D = 5 and ♯N = 6)

1. D: 1,2,3 and two of 4, . . . , 9, N: + and −-directions. M^5 = Γ^{123I ′J ′}

2. D: one of 1, 2, 3, and four of 4, . . . , 9, N: + and −-directions and otherwise. M^5 = Γ^{II ′J ′ K′L′}

3. D: +, −, two of 1, 2, 3, and one of 4, . . . , 9, N: otherwise. M^5 = Γ^{+−IJI ′}

4. D: +, −, and three of 4, . . . , 9, N: otherwise. M^5 = Γ^{+−I ′ J ′ K′}

The configurations of M5-branes correspond to those of D4-branes and NS5-branes in type IIA string theory through the S^1-compactification of Neumann and Dirichlet directions, respectively. To compare with the known results in type IIA string theory, we concentrate on the cases 1 and 2 in which both + and −-directions satisfy the Neumann condition.

First, we consider D4-branes obtained from wrapped M5-branes. As before, rotating two Neumann directions, say 4 and 9, and then compactifying one of the directions on S^1, we obtain the D4-brane configuration in which D4-branes are spanned along (+, −, 4, b_1, b_2), where b = 5, 6, 7, 8, and (+, −, I, J, 4) for the cases 1 and 2 respectively, after the appropriate relabelling of the coordinates. The projection operators for the boundary conditions are constructed from

γ^{123b3b4} and γ^{I5678} , (3.14)

where γ^r’s are SO(9) gamma matrices. The resulting D4-brane configurations (3.14) are consistent with the classification of Refs. [29–31].

Next, we shall discuss NS5-branes obtained from unwrapped M5-branes. After rotating two Dirichlet directions, and then compactifying one of the directions on S^1, we obtain the configurations of NS5-branes spanned along (+, −, b_1, b_2, b_3, b_4) and (+, −, I, J, b_1, b_2) from the cases 1 and 2 respectively. Thus, we have found that the configurations of NS5-branes in the type IIA string theory are also restricted in the case of pp-wave.

M^{10−p} (N:+,−) M^{10−p} (D:+, −) p = 9 Γ^I p = 5 Γ^{123I ′J ′} , Γ^{II ′J ′ K′L′} Γ^{+−IJI ′} , Γ^{+−I ′ J ′ K′} p = 1 Γ^{123456789} Γ^{+−IJI ′ J ′K′ L′M ′} Table 1: Classification of 1/2 BPS Dirichlet branes sitting at the origin. The result for the case

that + and − directions satisfy the Neumann condition holds for the light-cone case at the origin.

In addition to these configuration, we can derive various brane configurations in other type IIA string theories on pp-waves, which are not found before. In particular, our configurations of the transverse M5-branes obtained above might be related to those discussed in [32].

In the end, we consider the 1/2 BPS configurations of 1-branes at the origin. • Classification of 1-branes (at the origin) (♯D = 9 and ♯N = 2)

1. N: +, −, D: 1 . . . , 9. M^9 = Γ^{1···9}

2. N: one of 1, 2, 3, and one of 4, . . . , 9, D: +, − and otherwise. M^9 = Γ^{+−IJI ′ J ′ K′L′M ′}

Finally, we shall summarize the above result in Table 1.

We can easily show that the Wess-Zumino term S^{M2}_{W Z} including M^2 does not change the above classification. The variation of S^{M2}_{W Z} is given by

δ_κS^{M2}_{W Z} = i 12 ∫ dτ ∫ ∂Σ dξ θ̄Γ_{AB}M^2δ_κθ · ∂_tX^AẊ^B , (3.15)

and hence we obtain the condition θ̄Γ_{AB} M^2δ_κθ = 0 . (3.16)

By the use of the expression of M^2, this condition can be rewritten as

2μθ̄Γ_{AB}T^{+123}_C θ · θ̄Γ^C δ_κθ − μ 288 θ̄Γ_{AB} Γ_{CD} θ · θ̄Γ^{CD+123}δ_κθ − 1 288 θ̄Γ_{AB} Γ_{EF} θ · θ̄Γ_{CD} δ_κθ · F^{EF CD} = 0 . (3.17)

The condition (3.17) is satisfied for our configuration, as we can easily check. The remaining problem is to take account of the effect of the spin connection. This issue will be discussed in the next subsection. The spin connection does not affect the classification at the origin, as we will see later, so we have completely classified the Dirichlet branes sitting at the origin.

It should be remarked that we can rederive the result in the light-cone formulation for the case that both light-cone directions satisfy the Neumann condition. The work [6] considered only the Dirichlet branes sitting outside the origin. However, we can consider those sitting at the origin, and then the same result as in this paper can be rederived. As a matter of fact, when we consider the Dirichlet branes sitting outside the origin, we can obtain the same result as in the work [6].

In this paper we have considered the κ-variation boundary terms up to and including fourth order in θ. We expect that our classification of Dirichlet branes is true even at the higher order in θ. In fact, there are some arguments [10] which support that this is the case.

3.3 Classification of Dirichlet Branes outside the Origin

Here we will include the contribution of the spin connection (i.e., the effect of the order higher than μ). The variation of the Wess-Zumino term S^{spin}_{W Z} with spin connections is given by

δ_κS^{spin}_{W Z} = − 1 4 ∫ dτ ∫ d_{∂Σ}ξ ∂^rG_{++} [ θ̄Γ_{AB} Γ_{r−}θ · θ̄Γ^+δ_κθ · Ẋ^A∂_tX^B

−θ̄Γ_{AB} Γ_{r−}θ · θ̄Γ^Aδ_κθ · Ẋ^+∂_tX^B − θ̄Γ_{AB} δ_κθ · θ̄Γ^AΓ_{r−}θ · Ẋ^+∂_tX^B −θ̄Γ_{AB} Γ_{r−}θ · θ̄Γ^+δ_κθ · ∂_tX^AẊ^B + θ̄Γ_{AB} Γ_{r−}θ · θ̄Γ^Aδ_κθ · ∂_tX^+Ẋ^B +θ̄Γ_{AB} δ_κθ · θ̄Γ^AΓ_{r−}θ · ∂_tX^+Ẋ^B ] + O(θ^6) , (3.18)

from which we can read off the additional conditions that surface terms should vanish. When the +-direction satisfies the Dirichlet condition, the above surface terms all vanish, and hence we have no further condition. When we consider the case that +-direction satisfies the Neumann condition, we have to impose the extra condition:

θ̄Γ_{AB} Γ_{r−}θ · ∂^rG_{++} = 0 . (3.19)

It is a simple exercise to show that this condition holds for the following two cases

X^r = 0 , ∀ r ∈ Dirichlet directions, (3.20) or only + and − are Neumann directions. (3.21)

That is, the condition (3.19) holds for all configurations sitting at the origin. On the other hand, the Dirichlet p-branes with p ≠ 1 outside the origin, i.e. X^r ≠ 0, does not satisfies 1/2 BPS condition if +-direction satisfies the Neumann condition. The case (3.21) implies that the

M^{10−p} (N:+,−) M^{10−p} (D:+, −) p = 9 p = 5 Γ^{+−IJI ′} , Γ^{+−I ′ J ′ K′} p = 1 Γ^{123456789} Γ^{+−IJI ′ J ′K′ L′M ′} Table 2: Classification of 1/2 BPS Dirichlet branes sitting outside the origin. In the light-cone

case there is a 1-brane only. This result is consistent with the work [6].

Dirichlet 1-branes are 1/2 BPS objects even outside the origin. Notably, the second condition (3.21) is nothing but the result of the work [6], and hence this result is consistent with the result of Ref. [6]. Finally, we shall summarize the result of the classification outside the origin in Tab. 2.

4 Conclusion and Discussion

In this paper we have discussed the boundary surfaces (Dirichlet branes) of an open supermembrane on the pp-wave background. Our analysis is based on the covariant formulation. Hence we could study a wider class of configurations of Dirichlet branes than those in the light-cone formulation where the light-cone directions must inevitably obey the Neumann boundary condition. We have classified the possible configurations of Dirichlet branes both at and outside the origin. In particular, the 1/2 BPS configurations of M5-branes and 9-branes have been found. Some of the configurations are still 1/2 BPS outside the origin.

It is also an interesting problem to look for less supersymmetric configurations such as 1/4 BPS or 1/8 BPS Dirichlet branes of an open supermembrane on the pp-wave background. In our analysis, we considered branes without world-volume fluxes. Turning on the world-volume fluxes is an interesting issue [13], but left to the future investigation.

The classification of D-branes on the curved backgrounds is a very interesting issue, and hence the classification of D-branes on the pp-wave background is intensively studied by many authors. It is an interesting problem to study the Dirichlet branes of the supermembranes on the AdS_{4/7} × S^{7/4} backgrounds or superstrings on the AdS_5 × S^5. We can possibly apply the similar method for such theories. It may be useful to examine the alternative Wess-Zumino terms for superstrings on the AdS_5 × S^5 proposed in the works [33] (see also [34]). We will study in this direction in the future [35].

Furthermore, it is interesting to examine the heterotic M-theory on the pp-wave background, which is recently discussed in Ref. [18], from the viewpoint of supermembrane theory.

Acknowledgements

We would like to thank Katsuyuki Sugiyama for useful discussion on open supermembranes at the first stage.

Appendix Notation and Convention

In this place we will summarize miscellaneous notation and convention used in this paper. Notation of Coordinates For the supermembrane in the eleven-dimensional curved space-time, we use the following notation of supercoordinates for its superspace: (X^M , θ^α) , M = (+, −, μ) , μ = 1, . . . , 9 , and the background metric is expressed by G_{M N} . The coordinates in the Lorentz frame is denoted by (X^A, θ^ᾱ) , A = (+, −, r) , r = 1, . . . , 9 , and its metric is described by η_{AB} = diag(−1, +1, . . . , +1) . The light-cone coordinates are defined by X^± ≡^{1√}_2 (X^0 ± X^{10}) .

The membrane world-volume is three-dimensional and its coordinates are parameterized by (τ, σ^1, σ^2) . The metric on the world-volume is represented by g_{ij} . SO(10, 1) Clifford Algebra We denote a 32-component Majorana spinor as θ, and the SO(10, 1) gamma matrices Γ^A’s satisfy the SO(10, 1) Clifford algebra {Γ^A, Γ^B } = 2η^{AB} , {Γ^M , Γ^N } = 2G^{M N} , Γ^A ≡ e^A_M Γ^M , Γ^M ≡ e^M_A Γ^A , where the light-cone component of the SO(10, 1) gamma matrices are

Γ^± ≡ 1 √ 2 ( Γ^0 ± Γ^{10} ) , {Γ^+, Γ^−} = −2I_{32} .

We shall choose that Γ^0 is anti-hermite matrix and others are hermite matrices. In this choice the relation (Γ^A)^† = Γ_0Γ^AΓ_0 is satisfied. The charge conjugation of θ is defined by θ^C ≡ Cθ̄^T , where θ̄ is the Dirac conjugation of θ and is defined by θ̄ ≡ θ^†Γ_0. The charge conjugation matrix C satisfies the following relation:

(Γ^A)^T = −C^{−1}Γ^AC , C^T = −C .

For an arbitrary Majorana spinor θ satisfying the Majorana condition θ^C = θ, we can easily show the formula θ̄ = −θ^T C^{−1} .

That is, the charge conjugation matrix C is defined by C = Γ_0 in this representation. The Γ^A’s are real matrices (i.e., (Γ^A)^∗ = Γ^A). We also see that Γ^r and Γ^{10} are symmetric and Γ^0 is skewsymmetric.

References

[1] E. Bergshoeff, E. Sezgin and P. K. Townsend, “Supermembranes And Eleven-Dimensional Supergravity,” Phys. Lett. B 189 (1987) 75; “Properties Of The Eleven-Dimensional Super Membrane Theory,” Annals Phys. 185 (1988) 330.

[2] B. de Wit, J. Hoppe and H. Nicolai, “On The Quantum Mechanics Of Supermembranes,” Nucl. Phys. B 305 (1988) 545.

[3] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, “M theory as a matrix model: A conjecture,” Phys. Rev. D 55 (1997) 5112 [arXiv:hep-th/9610043].

[4] D. Berenstein, J. M. Maldacena and H. Nastase, “Strings in flat space and pp waves from N = 4 super Yang Mills,” JHEP 0204 (2002) 013 [arXiv:hep-th/0202021].

[5] K. Dasgupta, M. M. Sheikh-Jabbari and M. Van Raamsdonk, “Matrix perturbation theory for M-theory on a PP-wave,” JHEP 0205 (2002) 056 [arXiv:hep-th/0205185].

[6] K. Sugiyama and K. Yoshida, “Supermembrane on the pp-wave background,” Nucl. Phys.

B 644 (2002) 113 [arXiv:hep-th/0206070].

[7] K. Dasgupta, M. M. Sheikh-Jabbari and M. Van Raamsdonk, “Protected multiplets of M-theory on a plane wave,” JHEP 0209 (2002) 021 [arXiv:hep-th/0207050]; S. Hyun and H. Shin, “Branes from matrix theory in pp-wave background,” Phys. Lett. B 543 (2002) 115 [arXiv:hep-th/0206090]; N. Kim and J. Plefka, “On the spectrum of pp-wave matrix theory,” Nucl. Phys. B 643 (2002) 31 [arXiv:hep-th/0207034]; N. Kim and J. H. Park, “Superalgebra for M-theory on a pp-wave,” Phys. Rev. D 66 (2002) 106007 [arXiv:hepth/0207061]; J. H. Park, “Supersymmetric objects in the M-theory on a pp-wave,” JHEP 0210 (2002) 032 [arXiv:hep-th/0208161]; S. Hyun and J. H. Park, “5D action for longitudinal five branes on a pp-wave,” JHEP 0211 (2002) 001 [arXiv:hep-th/0209219]; N. Kim and J. T. Yee, “Supersymmetry and branes in M-theory plane-waves,” Phys. Rev. D 67 (2003) 046004 [arXiv:hep-th/0211029]; N. Kim, K. Lee and P. Yi, “Deformed matrix theories with N = 8 and fivebranes in the pp wave background,” JHEP 0211 (2002) 009 [arXiv:hep-th/0207264]; N. Kim, T. Klose and J. Plefka, “Plane-wave matrix theory from N = 4 super Yang-Mills on R x S**3,” arXiv:hep-th/0306054; G. Bonelli, “Matrix strings in pp-wave backgrounds from deformed super Yang-Mills theory,” JHEP 0208 (2002) 022 [arXiv:hep-th/0205213].

[8] K. Sugiyama and K. Yoshida, “BPS conditions of supermembrane on the pp-wave,” Phys.

Lett. B 546 (2002) 143 [arXiv:hep-th/0206132]; “Giant graviton and quantum stability in matrix model on PP-wave background,” Phys. Rev. D 66 (2002) 085022 [arXiv:hepth/0207190]; N. Nakayama, K. Sugiyama and K. Yoshida, “Ground state of the supermembrane on a pp-wave,” arXiv:hep-th/0209081, to appear in Phys. Rev. D;

[9] M. Billo and I. Pesando, “Boundary states for GS superstrings in an Hpp wave background,” Phys. Lett. B 536 (2002) 121 [arXiv:hep-th/0203028].

[10] P. Bain, K. Peeters and M. Zamaklar, “D-branes in a plane wave from covariant open strings,” Phys. Rev. D 67 (2003) 066001 [arXiv:hep-th/0208038].

[11] O. Bergman, M. R. Gaberdiel and M. B. Green, “D-brane interactions in type IIB planewave background,” JHEP 0303 (2003) 002 [arXiv:hep-th/0205183].

[12] M. R. Gaberdiel and M. B. Green, “The D-instanton and other supersymmetric D-branes in IIB plane-wave string theory,” arXiv:hep-th/0211122.

[13] K. Skenderis and M. Taylor, “Branes in AdS and pp-wave spacetimes,” JHEP 0206 (2002) 025; “Open strings in the plane wave background. I: Quantization and symmetries,” arXiv:hep-th/0211011; K. Skenderis and M. Taylor, “Open strings in the plane wave background. II: Superalgebras and spectra,” arXiv:hep-th/0212184; “An overview of branes in the plane wave background,” Class. Quant. Grav. 20 (2003) S567 [arXiv:hep-th/0301221]; D. Z. Freedman, K. Skenderis and M. Taylor, “Worldvolume supersymmetries for branes in plane waves,” arXiv:hep-th/0306046.

[14] N. D. Lambert and P. C. West, “D-branes in the Green-Schwarz formalism,” Phys. Lett.

B 459 (1999) 515 [arXiv:hep-th/9905031].

[15] K. Ezawa, Y. Matsuo and K. Murakami, “Matrix regularization of open supermembrane:

Towards M-theory five-brane via open supermembrane,” Phys. Rev. D 57 (1998) 5118 [arXiv:hep-th/9707200].

[16] B. de Wit, K. Peeters and J. C. Plefka, “Open and closed supermembranes with winding,” Nucl. Phys. Proc. Suppl. 68 (1998) 206 [arXiv:hep-th/9710215].

[17] P. Horava and E. Witten, “Heterotic and type I string dynamics from eleven dimensions,” Nucl. Phys. B 460 (1996) 506 [arXiv:hep-th/9510209]; “Eleven-Dimensional Supergravity on a Manifold with Boundary,” Nucl. Phys. B 475 (1996) 94 [arXiv:hep-th/9603142].

[18] L. Motl, A. Neitzke and M. M. Sheikh-Jabbari, “Heterotic plane wave matrix models and giant gluons,” arXiv:hep-th/0306051.

[19] J. Kowalski-Glikman, “Vacuum States In Supersymmetric Kaluza-Klein Theory,” Phys.

Lett. B 134 (1984) 194.

[20] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, “Penrose limits and maximal supersymmetry,” Class. Quant. Grav. 19 (2002) L87 [arXiv:hep-th/0201081].

[21] R. Penrose, “Any spacetima has a plane wave as a limit,” Differential geometry and relativity, Reidel, Dordrecht, 1976, pp. 271-275.

R. Gueven, “Plane wave limits and T-duality,” Phys. Lett. B 482 (2000) 255 [arXiv:hepth/0005061].

[22] P. Claus, “Super M-brane actions in AdS(4) x S(7) and AdS(7) x S(4),” Phys. Rev. D 59 (1999) 066003 [arXiv:hep-th/9809045].

[23] B. de Wit, K. Peeters, J. Plefka and A. Sevrin, “The M-theory two-brane in AdS(4) x S(7) and AdS(7) x S(4),” Phys. Lett. B 443 (1998) 153 [arXiv:hep-th/9808052].

[24] M. Hatsuda, K. Kamimura and M. Sakaguchi, “Super-PP-wave algebra from super-AdS x S algebras in eleven-dimensions,” Nucl. Phys. B 637 (2002) 168 [arXiv:hep-th/0204002].

[25] B. de Wit, K. Peeters and J. Plefka, “Superspace geometry for supermembrane backgrounds,” Nucl. Phys. B 532 (1998) 99 [arXiv:hep-th/9803209].

[26] J. Michelson, “(Twisted) toroidal compactification of pp-waves,” Phys. Rev. D 66 (2002) 066002 [arXiv:hep-th/0203140].

[27] K. Sugiyama and K. Yoshida, “Type IIA string and matrix string on pp-wave,” Nucl.

Phys. B 644 (2002) 128 [arXiv:hep-th/0208029].

[28] S. Hyun and H. Shin, “N = (4,4) type IIA string theory on pp-wave background,” JHEP 0210 (2002) 070 [arXiv:hep-th/0208074].

[29] S. Hyun and H. Shin, “Solvable N = (4,4) type IIA string theory in plane-wave background and D-branes,” Nucl. Phys. B 654 (2003) 114 [arXiv:hep-th/0210158].

[30] S. Hyun, J. Park and H. Shin, “Covariant description of D-branes in IIA plane-wave background,” Phys. Lett. B 559 (2003) 80 [arXiv:hep-th/0212343].

[31] H. Shin, K. Sugiyama and K. Yoshida, “Partition function and open/closed string duality in type IIA string theory on a pp-wave,” arXiv:hep-th/0306087.

[32] J. Maldacena, M. M. Sheikh-Jabbari and M. Van Raamsdonk, “Transverse fivebranes in matrix theory,” JHEP 0301 (2003) 038 [arXiv:hep-th/0211139].

[33] M. Hatsuda and M. Sakaguchi, “Wess-Zumino term for AdS superstring,” Phys. Rev. D 66 (2002) 045020 [arXiv:hep-th/0205092]; “Wess-Zumino term for the AdS superstring and generalized Inoenue-Wigner contraction,” arXiv:hep-th/0106114.

[34] M. Hatsuda, K. Kamimura and M. Sakaguchi, “Gauge invariant action for superstring in Ramond-Ramond plane-wave background,” Nucl. Phys. B 644 (2002) 40 [arXiv:hepth/0207157].

[35] M. Sakaguchi and K. Yoshida, in preparation.