hep-th/9901055 v3 24 Mar 1999

UG/16–98 IFT-UAM/CSIC-98-27 hep-th/9901055 January 13th, 1999

The Super D9-Brane and its Truncations

Eric Bergshoeff^{♦ 1}, Mees de Roo^{♦ 2}, Bert Janssen^{♠♣ 3}, and Tomás Ortín^{♠♣ 4}

♦ Institute for Theoretical Physics, Nijenborgh 4, 9747 AG Groningen The Netherlands

♠ Instituto de Física Teórica, C-XVI, Universidad Autónoma de Madrid E-28049-Madrid, Spain

♣ I.M.A.F.F., C.S.I.C., Calle de Serrano 113 bis E-28006-Madrid, Spain

Abstract

We consider two inequivalent truncations of the super D9–brane: the “Heterotic” and the “Type I” truncation. Both of them lead to an N = 1 nonlinear supersymmetrization of the D = 10 cosmological constant. The propagating degrees of freedom in the Heterotic and Type I truncation are given by the components of a D = 10 vector multiplet and a single Majorana-Weyl spinor, respectively. As a by-product we find that, after the Type I truncation, the Ramond-Ramond super ten-form provides an interesting reformulation of the Volkov-Akulov action. These results can be extended to all dimensions in which spacetime filling D-branes exist, i.e. D = 3, 4, 6 and 10.

1E-mail: E.Bergshoeff@phys.rug.nl
2E-mail: M.de.Roo@phys.rug.nl
3E-mail: Bert.Janssen@uam.es
4E-mail: tomas@leonidas.imaff.csic.es

Introduction

It is well-known that the dynamics of Dp–branes [1] is described by a Dirac-Born-Infeld (DBI) action [2]. For super Dp–branes the kappa–symmetric generalization of the DBI action has been given in [3, 4, 5, 6, 7]^5. The case p = 9 corresponds to a spacetime filling brane, the super D9–brane. It leads to a supersymmetrization of the D = 10 Born-Infeld (BI) action in a IIB supergravity background [5]. For a flat background the explicit supersymmetry rules, after gauge-fixing the worldvolume reparametrizations and the kappa–symmetry, have been given in [7]. The super D9–brane has also been studied in [9]. Spacetime filling branes in D = 6 have recently been discussed in [10].

The D9–branes play an important role in the description of the Type I SO(32) superstring in the sense that they provide the Chan-Paton factors of the open superstring. In this description a truncation is performed using the worldsheet parity operator Ω [11]. This leads to a specific “Type I” truncation of the IIB supergravity background. In the S–dual version the D9-branes are replaced by NS–9B branes, the worldsheet parity operator Ω by the fermion number operator (−)^FL and the Type I SO(32) superstring by the Heterotic SO(32) Superstring [12, 13]. The truncation using (−)^FL leads to a so-called “Heterotic” truncation of IIB supergravity. Both the Type I and Heterotic truncations preserve a linear N = 1 supersymmetry of the supergravity fields.

It is the purpose of this letter to extend the Heterotic and Type I truncations of the IIB supergravity background to the action for a single super D9–brane^6. We find that in both cases the surviving N = 1 supersymmetry is nonlinearly realized on the surviving worldvolume fields. For the Heterotic (Type I) truncation these worldvolume fields are given by the components of an Abelian D = 10 vector multiplet (a single D = 10 Majorana- Weyl fermion). The organization of this letter is as follows. In Section 1 we will first introduce a formulation of IIB supergravity in the string frame that will be needed to describe the super D9-brane action. A new feature is that we have added two 10–forms to the IIB supergravity multiplet on which the IIB supersymmetry algebra is realized. There existence was already suggested in [12]. These 10–forms, which are also employed in [14], are needed to write down a gauge-invariant Wess–Zumino (WZ) term for the D9– brane (NS–9B brane). We will give the Z_2 symmetries that lead to the Heterotic and Type I truncation of the IIB supergravity multiplet. For later use we also include the flat background truncation, which actually preserves an N = 2 global supersymmetry. In Section 2 we introduce the super D9–brane and extend the Z_2 symmetries of the IIB supergravity background to the full super D9–brane action. These Z_2 symmetries define the Heterotic and Type I truncations of the super D9–brane that will be discussed in

5Super Dp-brane equations of motion with simultaneous world-volume and space-time supersymmetry have been constructed in [8].

6 Only the Type I truncation of D9 (as well as the Heterotic truncation of NS–9B) have a natural origin in string theory. It would be interesting to see whether the Heterotic truncation of D9 (and the Type I truncation of NS–9B) also have a natural place in string theory.

Section 3. Finally, our Conclusions can be found in Section 4.

1 IIB Supergravity and its Truncations

Our starting point is the IIB supergravity multiplet whose supersymmetry rules, in the string frame, are given by^7

δe_μ^a = ϵ̄Γ^aψ_μ , δψ_μ = D_μϵ −^1_8 H̸_μσ^3ϵ +^1_{16} e^φ

∑_6 n=1 1 (2n−1)! ̸G (2n−1)Γ μP_nϵ , δB_{μν} = 2ϵ̄σ^3Γ_{[μ}ψ_{ν]} , δB^{(10)}_{μ1...μ10} = e^{−2φ}ϵ̄σ^3 ( 10Γ_{[μ1...μ9} ψ_{μ10]} − Γ_{μ1...μ10} λ ) , δC^{(2n−2)}_{μ1...μ2}n�_2 = −(2n − 2)e^{−φ}ϵ̄P_nΓ_{[μ1...μ2}n�_3 ( ψ_{μ2}n�_{2]} −^1_{2(2n−2)} Γ_{μ2}n�_{2 ]}λ )

+^1_2 (2n − 2)(2n − 3)C^{(2n−4)}_{[μ1...μ2}n�_4 δB_{μ2}n�_{3μ2}n�_{2]} , δλ = ( ̸∂φ −^1_{12} H̸σ^3 ) ϵ +^1_4 e^φ

∑_6 n=1 (n−3) (2n−1)! ̸G (2n−1)P nϵ , δφ =^1_2ϵ̄λ ,

(1.1)

where

P_n = σ^1 , n even iσ^2 , n odd

(1.2)

The IIB field-strengths are defined in form language by [15] H = 3dB , G^{(2n+1)} = dC^{(2n)} − HC^{(2n−2)} .

(1.3)

These curvatures are invariant under the gauge transformations

7We ignore terms bilinear or higher order in the fermions.

δ_ΣB = dΣ_{(NS)} ,

δ_ΣC^{(2n)} = dΣ^{(2n−1)}_{(RR)} − Σ^{(2n−3)}_{(RR)} H .

(1.4)

In component language the curvatures are given by H = 3∂B , G^{(2n−1)} = (2n − 1) { ∂C^{(2n−2)} −^1_2 (2n − 2)(2n − 3)∂BC^{(2n−4)} } , (1.5)

where all indices (not shown explicitly) are assumed to be completely antisymmetrized with weight one. The RR potentials C^{(2n−2)} are independent for n = 1, 2, 3. The potentials for n = 4, 5 are related to those of n = 2, 1 via the relations

G^{(7)} ≡ −^⋆G^{(3)} , G^{(9)} ≡^⋆G^{(1)} , (1.6)

where^∗G is the Hodge dual. The curvature G^{(5)} is selfdual.

Note that we have introduced two 10–forms B^{(10)} and C^{(10)}. Their 11-form curvatures are identically zero and they do not describe any dynamical degree of freedom. They are needed in order to write down a gauge-invariant and supersymmetric WZ term in the action of a super D9–brane (NS–9B brane).

Note that IIB supergravity is not invariant under a target-space parity transformation, which takes the selfdual, chiral IIB supergravity into the anti-selfdual anti-chiral IIB supergravity. Under target-space parity transformations, only C^{(0)}, C^{(2)} and C^{(4)} are pseudotensors and get an extra minus sign while the remaining RR potentials, which are defined via Hodge duality, are tensors and do not get any extra signs.

The IIB supersymmetry rules (1.1) realize the following IIB supersymmetry algebra (bosonic symmetries only)

[δ(ϵ_1), δ(ϵ_2)] = δ_{gct}(a^μ) + δ(Σ_{(RR)}) + δ(Σ_{(NS)}), (1.7)

where the transformation parameters on the right-hand side are given by a^μ = ϵ̄_2Γ^μϵ_1 ,

Σ^{(2n−1)} (RR) μ1...μ2n�1 = a ρC^{(2n)}μ_1...μ_2n�_1ρ + e^{−φ}ϵ̄_2P_nΓ_{μ1...μ2}n�_1 ϵ_1

−(2n − 1)C^{(2n−2)}_{[μ1...μ2}n�_2ϵ̄_2σ^3Γ_{μ2}n�_{1]}ϵ_1 ,

(Σ_{(NS)})_μ = a^ρB_{μρ} − ϵ̄_2σ^3Γ_μϵ_1 ,

(Σ_{(NS)})_{μ1...μ9} = a^ρB^{(10)}_{μ1...μ9ρ} − e^{−2φ}ϵ̄_2σ^3Γ_{μ1...μ9} ϵ_1 .

(1.8)

Note that on the ten-form potentials the general coordinate transformation cancels against a field-dependent gauge transformation.

There are five Z_2 symmetries of the IIB supermultiplet^8. The first two are called “σ^3” symmetries and are given by f → ±σ^3f , C^{(2n−2)} → −C^{(2n−2)} , ∀n , (1.9)

where f stands for any fermion doublet. The next two Z_2 symmetries are called “σ^1” symmetries and read: f → ±σ^1f , C^{(2n−2)} → (−1)^nC^{(2n−2)} , B → −B , B^{(10)} → −B^{(10)} .

(1.10)

Finally, the fifth discrete symmetry is just the Z_2 grading of the N = 2B superspace which reverses the sign of all fermions. It is associated to a truncation from N = 2B to N = 0 supersymmetry in which only the bosonic fields remain. We will not discuss this grading any further.

The Z2 symmetries lead to truncations that are defined by setting to zero all fields

that change sign under the corresponding Z_2. The surviving supersymmetry is determined by the requirement that the fields that have been set equal to zero remain zero under supersymmetry. This leads to two possibilities. The first is, in both the σ^3 and the σ^1 cases, to keep local N = 1 supersymmetry. The second possibility is to keep two global supersymmetries, but to set more fields than those that change sign under the Z_2 transformation, equal to zero. In fact, in this last case only a flat zehnbein remains and

8These symmetries correspond to involutions of the IIB superalgebra [16].

supersymmetry is realized in a trivial way. Nevertheless, this flat case is relevant later when the IIB multiplet appears as a background for the D9-brane.

The truncations with local N = 1 supersymmetry will be referred to as the “Heterotic” truncations (±σ^3), and the “Type I” truncations (±σ^1). We summarize the truncations below.

Flat Background truncation:

e_μ^a = δ_μ^a , (all other fields zero) . (1.11)

There are two unbroken supersymmetries with constant parameter ϵ. Note that for simplicity we have set the dilaton φ equal to zero. Heterotic truncations:

C^{(2n−2)} = 0 , n = 1, . . . , 6 , (1 ∓ σ^3)f = 0 .

(1.12)

The transformation rules of the resulting N = 1 Heterotic supergravity theory are:

δe_μ^a = ϵ̄Γ^aψ_μ , δψ_μ = D_μϵ ∓^1_8 H̸_μϵ , δB_{μν} = ±2ϵ̄Γ_{[μ}ψ_{ν]} , δB^{(10)}_{μ1...μ10} = ±ϵ̄Γ_{[μ1...μ9} ψ_{μ10]} , δλ = ( ̸∂φ ∓^1_{12} H̸ ) ϵ , δφ =^1_2ϵ̄λ .

(1.13)

The unbroken supersymmetry parameter satisfies ϵ = ±σ^3ϵ.

These two multiplets are associated to the effective field theory of the Heterotic string based on right–handed and left–handed worldsheet fields, respectively. They are related by the duality transformation B → −B, B^{(10)} → −B^{(10)}. We observe that in the Heterotic frame H occurs as torsion, i.e., it can be combined with the spin-connection in D_μϵ. As in the IIB supergravity theory, the Heterotic supergravity multiplet is not invariant under target–space parity transformations which interchange the chirality of spinors.

Type I truncations:

C^{(2n−2)} = 0 , n = 1, 3, 5 ,

B = 0 ,

B^{(10)} = 0 ,

(1 ∓ σ^1)f = 0 .

(1.14)

The transformation rules are:

δe_μ^a = ϵ̄Γ^aψ_μ ,

δψ_μ = D_μϵ ±^1_{8·3!} e^φ ̸G^{(3)}Γ_μϵ ,

δC^{(2)}_{μν} = ∓2e^{−φ}ϵ̄Γ_{[μ} ( ψ_{ν]} −^1_4 Γ_{ν]}λ ) , δC^{(10)}_{μ1...μ10} = ∓10e^{−φ}ϵ̄Γ_{[μ1...μ9} ( ψ_{μ10]} −^1_{20} Γ_{μ10]}λ ) , δλ = ( ̸∂φ ∓^1_{2·3!} e^φ ̸G^{(3)} ) ϵ , δφ =^1_2ϵ̄λ ,

(1.15)

where the unbroken supersymmetry parameter satisfies ϵ = ±σ^1ϵ.

These two N = 1 supergravity multiplets are associated to the effective field theories of Type I strings. Observe that in the Type I frame G^{(3)} = 3∂C^{(2)} does not occur as torsion. These two N = 1 theories are related by the duality transformation C^{(2)} → −C^{(2)}, C^{(10)} → −C^{(10)}.

2 The Super D9–Brane

In this Section we introduce the action for the super D9–brane in curved IIB superspace. Using the notation of Ref. [5], the worldvolume fields are the supercoordinates and the Born-Infeld vector

{Z^M , V_i} , Z^M = (x^μ, θ^{α̇I} ) , (2.1) where μ = 0, . . . , 9, i = 0, . . . , 9, α = 1, . . . , 32, I = 1, 2 and the string-frame background superfields are

{φ , E_M^A , B_{MN} , B^{(10)}_{M1...M10} , C^{(2n−2)}_{M1...M2}n�_2 } , n = 1, . . . , 6 . (2.2) The action is given by

S^{(D9)} = S^{(D9)}_{DBI} + S^{(D9)}_{WZ} , (2.3) with Dirac-Born-Infeld (DBI) action

S^{(D9)}_{DBI} = − ∫ M 10 d^{10}ξe^{−φ} √ |g_{ij} + F_{ij}| , (2.4) and Wess-Zumino (WZ) term

S^{(D9)}_{WZ} = ∫ M 10

Ce^F , (2.5)

where we have set the D9-tension equal to one. The tensor F is given by

F_{ij} = F_{ij} − B_{ij} , F_{ij} = 2∂_{[i}V_{j]} , B_{ij} = ∂_iZ^M ∂_jZ^N B_{NM} . (2.6) Furthermore

g_{ij} = E_i^aE_j^bη_{ab} , E_i^A = ∂_iZ^M E_M^A , A = a, α I , (2.7) where a = 0, . . . , 9 and

C = 6∑ n=1 C^{(2n−2)} , C^{(2n−2)} = 1 (2n − 2)!

dZ^{M1} . . . dZ^{M(2}n�^{2)} C^{(2n−2)}_{M(2}n�_{2)...M1} . (2.8)

Note that the superfield B^{(10)} does not occur in the action (2.3).

The super D9–brane action (2.3) has the following symmetries: Worldvolume reparametrizations:

δ_ηZ^M = η^i∂_iZ^M , δ_ηV_i = η^j ∂_jV_i + (∂_iη^j)V_j .

(2.9)

κ-symmetry transformations:

δ_κZ^M E_M^a = 0 , δ_κZ^M E_M^{αI} = [κ̄ (1 + Γ)]^{αI} , δ_κZ^M = [κ̄ (1 + Γ)]^{αI} E_{αI}^M , δ_κV_i = E_i^Aδ_κE^BB_{BA} ,

(2.10)

where Γ is defined by Γ = √_{|g|} √_{|g+F|} ∑_5 n=0 (−1)n 2nn_! γj^1k^1...jnknFj1k1 . . . FjnknPn ⊗ Γ(0) , Γ_{(0)} =^1_{10!}√_{|g|} ϵ^{i1...i10} γ_{i1...i10} =^E_{|E|} Γ_{11} , E = det E_i^a Γ^2_{(0)} = l1_{32×32} ,

γ_i = E_i^aΓ_a ,

(2.11)

and satisfies Γ^2 = l1_{64×64} . (2.12) The presence of P_n (see eq. (1.2)) in the definition of Γ ensures that Γ can be written as [7]:

Γ = ( 0 γ γ̃ 0 ) (2.13) with γγ̃ = γ̃γ = l1_{32×32} . (2.14) Note that κ-symmetry requires that the IIB supergravity fields satisfy their equations of motion. This does not lead to any restriction on C^{(10) 9}. Target-space super-reparametrizations:

9Observe that C^{(10)} is a background field. We are not supposed to take the equation of motion that follows from varying C^{(10)} in the super D9–brane action. Clearly this equation of motion would be inconsistent.

All superspace fields transform as supertensors under the super-reparametrization (including general coordinate transformations)

δ_KZ^M = −K^M (Z) ,

δ_KV_i = Δ_i ,

(2.15)

where Δ_i is defined through the supersymmetry transformation of B_{ij}

δ_KB_{ij} = 2∂_{[i}Δ_{j]} . (2.16)

In a flat background we have

K^μ = a^μ −^1_2ϵ̄Γ^μθ , K^{α̇I} = ϵ^{α̇I} . (2.17)

Z2 transformations:

All Z2 symmetries of the IIB supergravity background discussed in the previous Section

can be extended to the full super D9–brane action as follows:

1. σ3 − symmetries: The σ^3–symmetry must be supplemented by

θ → ±σ^3θ , (2.18) and by a worldvolume parity transformation Ω_{D9}. We would like to stress the fact that θ does not change parity under worldvolume parity transformations because it is a worldvolume (anticommuting scalar and a target-space spinor). Note that the action of the Z_2 symmetry on the pulled-back superfields is in form the same as the action (1.9) on the component background fields.

2. σ1 − symmetries: The action (1.10) on the background fields must be supplemented by the following action on the worldvolume fields: θ → ±σ^1θ , V → −V . (2.19)

Again, the action of the pulled-back superfields is in form the same as the action (1.10) on the component background fields.

3 Truncations of the Super D9–Brane Action

In the previous Section we have seen that the Z_2 symmetries of the IIB background can be extended to Z_2 symmetries of the full super D9–brane action. In this Section we will discuss the corresponding truncations. In particular, we will investigate what happens with the fermionic symmetries (κ-symmetry and target-space super-reparametrizations) in each case.

For the explicit results (action and transformation rules) we will limit ourselves to a flat background. This will lead to two different N = 1 globally supersymmetric field theories. Our calculations ensure that these can be extended to the full N = 1 local supersymmetry. To compare we have also included the flat background truncation which leads to an N = 2 global supersymmetry.

3.1 Flat Background Truncation

This case has been discussed in [7]. The flat background truncation is defined by

e_μ^a = δ_μ^a , (all other background fields zero) . (3.1)

The (bosonic and fermionic) embedding coordinates remain nonzero. There are two unbroken supersymmetries with constant parameter ϵ. In the appendix we have given the expansion of the superfields (up to terms linear in θ) corresponding to flat IIB superspace.

The Born-Infeld part of the action (2.4) takes the form

L = − √ |M_{ij}| , (3.2) where

M_{ij} = η_{ij} + F (V )_{ij} + θ̄Γ_{(i}∂_{j)}θ + θ̄σ^3Γ_{[i}∂_{j]}θ +^1_4θ̄Γ^a∂_iθθ̄Γ_a∂_jθ +^1_4θ̄σ^3Γ^a∂_{[i}θθ̄Γ_a∂_{j]}θ . (3.3)

The Wess-Zumino term (2.5) retains its form, but now with flat background RR superfields.

The symmetry transformations are:

δθ̄ = −ϵ̄ + κ̄(1 + Γ) + η^j∂_iθ̄ ,

δx^μ =^1_2ϵ̄Γ^μθ +^1_2κ̄(1 + Γ)Γ^μθ + η^i∂_ix^μ ,

δV_i = −^1_2ϵ̄σ^3Γ_μθ∂_ix^μ −^1_{24} (ϵ̄σ^3Γ^aθθ̄Γ_a∂_iθ + ϵ̄Γ^aθθ̄σ^3Γ_a∂_iθ)

−^1_2κ̄(1 + Γ)Γ_μσ^3θ∂_ix^μ −^1_8κ̄(1 + Γ)Γ^aθθ̄Γ_aσ^3θ

−^1_8κ̄(1 + Γ)Γ^aσ^3θθ̄Γ_aθ

+η^j∂_jV_i + (∂_iη^j)V_j .

(3.4)

Note that the flat background truncation preserves the κ-transformations. At this stage these κ-transformations can be gauge-fixed as described in [7]. We will see that the Heterotic and Type I truncation correspond, in a flat background, to truncations of (3.2) and (3.4) in which the κ-transformations are automatically eliminated. These truncations are described below.

3.2 Heterotic Truncation

The Heterotic truncation is defined by the discrete symmetry of the D9-brane generated by ±σ^3:

C^{(2n−2)} = (1 ∓ σ^3)f = 0 , n = 1, . . . , 6 . (3.5)

The N = 1 Heterotic superspace is defined by the truncation

(1 ∓ σ^3)θ = 0 . (3.6)

The action after truncation is given by

S_{Heterotic} = − ∫ M 10 d^{10}ξe^{−φ} √ |g_{ij} + F_{ij}| , (3.7) where it is understood that all superfields are N = 1 Heterotic, i.e., σ^3–truncated IIB superfields. On-shell they describe the Heterotic supergravity multiplet (1.13). The Wess- Zumino term vanishes in this truncation.

We now take a flat background and choose the sign for the σ^3 truncation such that θ_2 = 0^{10}. Then the truncation of the IIB background fields implies that ϵ_2 = 0. The remaining symmetry parameters have to be constrained by the condition δθ_2 = 0, which means that κ̄_2 +κ̄_1γ = 0. This implies that κ̄(1+Γ) vanishes. At this stage it is convenient to go to the static gauge, i.e., to choose x^μ = δ^μ_i ξ^i. This requires a compensating worldvolume reparametrization with parameter

η^μ = −^1_2ϵ̄_1Γ^μθ_1 . (3.8)

The result of this truncation in a flat background is given by an action of the form (3.2), now with

M_{μν} = η_{μν} + F (V )_{μν} + χ̄Γ_μ∂_νχ +^1_4χ̄Γ^a∂_μχχ̄Γ_a∂_ν χ , (3.9)

where we have set χ ≡ θ_1. This action is invariant under the supersymmetry transformations (ϵ ≡ ϵ_1) δχ̄ = −ϵ̄ + η^μ∂_μχ̄ , δV_μ = −^1_2ϵ̄Γ_μχ −^1_{12}ϵ̄Γ^aχχ̄Γ_a∂_μχ + η^ρ∂_ρV_μ + (∂_μη^ρ)V_ρ ,

(3.10)

with η given by (3.8).

Note that the Heterotic Z_2 also involves a world volume parity transformation Ω_{D9}. This acts only on the Wess-Zumino term, and in the form of Γ (see the κ-transformation rules). However, the truncation sets the Wess-Zumino term equal to zero, and eliminates the κtransformations, as we have seen above. Therefore the world volume parity transformation becomes irrelevant. This is important in going to the static gauge, which turns the D9- theory into an ordinary D = 10 field theory. Before truncation the static gauge would have been inconsistent with Ω_{D9}, since this gauge choice identifies Ω_{D9} with the target space parity transformation, which is not a symmetry of the IIB multiplet. Therefore taking the static gauge before truncation would break the Z_2 symmetry of the D9-brane, while after truncation there is no problem.

The Heterotic truncation implies that a locally (nonlinear) supersymmetric extension of the D = 10 Maxwell theory exists which contains a cosmological constant^{11}. As far as

10 The other sign leads to the same result with θ_1 = 0.

11Since there is no superalgebra including the bosonic group SO(2, 10) this statement needs some explanation. If the Einstein R term is added to the action, the equations of motion of the theory allow for a domain wall solution whose metric, in an appropriate “dual” frame, is identical to AdS_{10} spacetime and therefore has the isometry group SO(2, 10). The same happens for the standard D8-brane solution

we know the existence of such an N = 1 supersymmetrization has not been noted before in the literature.

3.3 Type I Truncation

The Type I truncation is associated to the discrete symmetry of the D9-brane generated by ±σ^1:

B = C^{(2n−2)} = (1 ± σ^1)f = V_i = 0 , n = 1, 3, 5 . (3.11)

The Type I superspace is defined by the truncation

(1 ± σ^1)θ = 0 . (3.12)

The action after truncation is given by

S_{Type I} = − ∫ M 10

d^{10}ξ { e^{−φ} √ |g_{ij} | + C^{(10)} } . (3.13)

It is understood that all superfields are N = 1 Type I, i.e., σ^1–truncated IIB superfields. On-shell they describe the Type I supergravity multiplet (1.15).

We now consider a flat background. Note that in this truncation we have set V_i = 0^{12}. This simplifies the κ-transformations considerably, since now Γ = σ^1 ⊗ Γ^{(0)}. In particular, in the flat background which we will consider below Γ^{(0)} = Γ_{11}. Therefore

κ̄(1 + Γ) → κ̄ ( 1 −1 −1 1 ) . (3.14)

Let us choose the truncation θ_1 − θ_2 = 0^{13}, and set χ = θ_1/ √ 2. The truncation of the IIB background requires also ϵ = ϵ_1/ √ 2 = ϵ_2/ √ 2. The remaining supersymmetry

[17, 18]. However, as opposed to the D3-brane, the solution has a nontrivial dilaton (this is the dilaton that multiplies the cosmological constant) that which is not invariant under the AdS_{10} isometries which are not symmetries of the full background.

12 The elimination of the BI vector is natural from the string theory point of view where orientifolding the Type IIB superstring with Ω changes the Chan-Paton factors from U(N) to SO(N). In our case, for a single D9, we have N = 1 and hence no BI vector field. We thank B. Schellekens for pointing this out to us._{13}

The other truncation, θ_1 + θ_2 = 0, leads to a surviving kappa-symmetry. The action, however, in this truncation becomes zero (see below).

transformations are, in the static gauge and in a flat background

δχ̄ = −ϵ̄ + η^μ∂_μχ̄ , (3.15)

with η as in (3.8). This leaves invariant the action (3.13), with φ = 0 and

g_{ij} → g_{μν} = η_{μν} + χ̄Γ_μ∂_νχ +^1_4χ̄Γ^a∂_μχχ̄Γ_a∂_νχ . (3.16)

This action is the Volkov-Akulov action [19] generalized to ten dimensions^{14}.

We observe that the Wess-Zumino term in the original D9-brane action is separately invariant under supersymmetry transformations: only κ-invariance, which in this truncation disappears, requires a collaboration of the Born-Infeld and the Wess-Zumino term. Therefore the Born-Infeld and the Wess-Zumino term should be separately invariant under the transformation (3.15). The existence of two Volkov-Akulov invariants appears unlikely, and indeed, a closer look at the expansion in χ shows that, in a flat background, they are equal up to an additive constant^{15}: √ |g_{μν} | − √ |η_{μν} | = C^{(10)} . (3.17)

Thus the Wess-Zumino term, expressed in C^{(10)} only, provides an interesting reformulation of the Volkov-Akulov action. This Wess-Zumino construction of a Volkov-Akulov theory can be done in any dimension which allows spacetime filling D-branes, i.e., D = 3, 4, 6 and 10.

4 Conclusions

In this letter we have discussed two inequivalent truncations of the super D9-brane. Only one of them, the Type I truncation, has a natural string theory origin. It is the truncation that is triggered by the worldsheet parity operator Ω of the fundamental string. We only considered the truncation of a single super D9-brane and this leads to a D = 10 Volkov- Akulov action in terms of a single Majorana-Weyl fermion.

14The occurrence of a Volkov-Akulov action, after truncation of the BI vector was also mentioned in [20]. Volkov-Akulov actions also occur in truncated and gauge-fixed versions of non-spacetime-filling branes [21].

15Note that in the other truncation, θ_1 + θ_2 = 0, C^{(10)} ! �C^{(10)} and the kinetic and WZ term cancel against each other.

As a by-product we found the following interesting reformulation of the N = 1, D = 10 Volkov-Akulov action^{16}:

S_{Volkov−Akulov} = ∫ M 10

d^{10}x C^{(10)} , (4.1)

where C^{(10)} is the pull-back of a 10-form superfield in the Type I truncated flat superspace. Its 11-form curvature G^{(11)} = dC^{(10)} has non-zero components given by

G^{(11)}_{αIβJa1···a}n =^i_2 (Γ_{a1···a}n(1 + Γ_{11}))_{αβ} (σ^1)_{IJ} . (4.2)

Such superfields have explored in the past [22] and here we find a nice application of them.

It would be interesting to extend our work to the non-Abelian case and make contact with the supersymmetric low-energy effective action of the Type I SO(32) superstring. The (truncated version of the) worldvolume action of 32 coincident D9-branes should be supplemented with a contribution from a single orientifold O9-plane to give the Type I effective action:

S_{32 D9} + S_{O9} = S_{IO32} . (4.3)

Some of the coupling terms in S_{O9} have been calculated [23], for more recent results, see [24]. Apart from this we need to find a kappa-symmetric non-Abelian generalization of the super D9 brane action. It would be very interesting to find such a generalization.

Acknowledgements

We would like to thank A. Achúcarro, C. Bachas and B. Schellekens for useful discussions. This work is supported by the European Commission TMR program ERBFMRX-CT96- 0045, in which E.B. and M.d.R. are associated to the University of Utrecht. E.B. wishes to thank the institute for Theoretical Physics at the Universidad Autonoma de Madrid, where part of this work was done, for its hospitality. The work of T.O. and B.J. has been supported in part by the by the European Union TMR program FMRX-CT96-0012 Integrability, Non-perturbative Effects, and Symmetry in Quantum Field Theory. The work of T.O. has also been suported by the Spanish grant AEN96-1655. T.O. would also like to thank the University of Groningen for its warm hospitality during the early stages of this work.

16 Similar results hold in any spacetime dimension in which spacetime-filling D-branes exist, i.e., D= 3,4,6, and 10.

A Expansion of flat Superfields

In this Appendix we collect the value of the relevant superfields in a flat background.

The target-space super-reparametrization parameter K^M is determined by

K^μ = a^μ −^1_2ϵ̄Γ^μθ , K^{α̇I} = ϵ^{α̇I} . (A.1)

The supervielbein E_M^A takes on the form

E_μ^a = δ_μ^a , E_{α̇I}^a = −^1_2 (¯ θΓ^a ) α̇I , E_μ^{αI} = 0 , E_{α̇I}^{αJ} = δ_{α̇I}^{αJ} . (A.2)

The superfields B and C^{(2n−2)} are more complicated. For our purposes we only need the terms linear in θ which are given by

B_{μα̇I} = −^1_2 (¯ θσ^3Γ_μ ) α̇I . C^{(2n−2)}_{μ1...μ2}n�_{3α̇I} =^1_2 (¯ θP_nΓ_{μ1...μ2}n�_3 ) α̇I . (A.3)

References

[1] J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724.

[2] R.G. Leigh, Mod. Phys. Lett. A4 (1989) 2767.

[3] M. Cederwall, A. von Gussich, B.E.W. Nilsson and A. Westerberg, The Dirichlet Super-Three-Brane in Ten-Dimensional IIB Supergravity, Nucl. Phys. B490 (1997) 163.

[4] M. Cederwall, A. von Gussich, B.E.W. Nilsson, P. Sundell and A. Westerberg, The Dirichlet Super-p-Branes in Type IIA and IIB Supergravity, Nucl. Phys. B490 (1997) 179.

[5] E. Bergshoeff and P.K. Townsend, Super-D-Branes, Nucl. Phys. B490 (1997) 145.

[6] M. Aganagic, C. Popescu and J.H. Schwarz, D-Brane Actions with Local Kappa Symmetry, Phys. Lett. B393 (1997) 311.

[7] M. Aganagic, C. Popescu and J.H. Schwarz, Gauge-Invariant and Gauge-Fixed D- Brane Actions, Nucl. Phys. B495 (1997) 99.

[8] P.S. Howe and E. Sezgin, Superbranes, Phys. Lett. B390 (1997) 133-142. [9] V. Akulov, I. Bandos, W. Kummer and V. Zima, D=10 Super-D9-brane Nucl. Phys. B527 (1998) 61.

[10] S.V. Ketov, Born-Infeld-Goldstone Superfield Actions for Gauge-Fixed D5- and D3- Branes in 6d, hep-th/9812051 [11] For a review, see J. Polchinski, TASI lectures on D-branes, hep-th/9611050. [12] C.M. Hull, Gravitational Duality, Branes and Charges, Nucl. Phys. B509 (1998) 216. [13] C.M. Hull, The Non-Perturbative SO(32) Heterotic String, hep-th9812210. [14] E. Bergshoeff, E. Eyras, R. Halbersma, C.M. Hull, Y. Lozano and J.P. van der Schaar, Spacetime-Filling Branes and Strings with Sixteen Supercharges, hepth/9812224.

[15] M.B. Green, C.M. Hull and P.K. Townsend, D-p-brane Wess-Zumino Actions, T- Duality and the Cosmological Constant, Phys. Lett. B382 (1996) 65.

[16] P.K. Townsend, M Theory from its Superalgebra, Lectures delivered at Cargèse 1997,

hep-th/9712004.

[17] J. Polchinski and E. Witten, Evidence for Heterotic - Type I String Duality, Nucl. Phys. B460 (1996) 525.

[18] E. Bergshoeff, M. de Roo, M.B. Green, G. Papadopoulos and P.K. Townsend, Duality of Type II 7-Branes and 8-Branes, Nucl. Phys. B470 (1996) 113-135.

[19] D.V. Volkov and V.P. Akulov, JETP Lett. 16, 438; Phys. Lett. 46B (1973) 109. [20] R. Kallosh, Volkov-Akulov Theory and D-branes, proceedings of the D. Volkov Memorial Seminar Supersymmetry and Quantum Field Theory, Lecture Notes in Physics (Springer, 1998) 49, hep-th/9705118.

[21] A. Achúcarro, J. Gauntlett, K. Ito and P.K. Townsend, Nucl. Phys. B314 (1989) 129. [22] S.J. Gates Jr., Nucl. Phys. B184 (1981) 381.

[23] K. Dasgupta, D.P. Jatkar and S. Mukhi, Gravitational Couplings and Z_2 Orientifolds, Nucl. Phys. B523 (1998) 465, hep-th/9707224;

K. Dasgupta and S. Mukhi, Anomaly Inflow on Orientifold Planes, JHEP 03 (1998) 004, hep-th/9709219.

[24] B. Craps and F. Roose, Anomalous D-brane and Orientifold Couplings from the Boundary State, hep-th/9808074, (to be published in Phys. Lett. B; ibid. (Non)- Anomalous D-Brane and O-Plane Couplings: the Normal Bundle, hep-th/9812149;

J.F. Morales, C.A. Scrucca and M. Serone, Anomalous Couplings for D-Branes and O-Planes, hep-th/9812071;

B. Stefański, jr., Gravitational Couplings of D-Branes and O-Planes, hep-th/9812088.