Published by Institute of Physics Publishing for SISSA/ISAS Received: March 26, 2003 Accepted: April 1, 2003

On type II superstrings in bosonic backgrounds: the role of fermions and T-duality

Luca Martucci and Pedro J. Silva

Dipartimento di Fisica dell’Università di Milano and INFN, Sezione di Milano Via Celoria 16, I-20133 Milano, Italy E-mail: luca.martucci@mi.infn.it, pedro.silva@mi.infn.it

Abstract: We derive the actions for type II Green-Schwarz strings up to second order in the fermions, for general bosonic backgrounds. We base our work on the so-called normal coordinate expansion. The resulting actions are κ-symmetric and, for the case of surviving background supersymmetries, supersymmetric. We first obtain the type-IIa superstring action from the 11D supermembrane by double dimensional reduction. Then, by means of a generalization of T-duality we derive the type-IIb superstring action. The resulting actions are surprisingly simple and elegant.

Keywords: Superstrings and Heterotic Strings, M-Theory, String Duality, Supersymmetry and Duality.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep042003004 /jhep042003004 .pdf

In this short letter we will present the type II superstring actions expanded in fermion coordinates up to second order in general supergravity bosonic backgrounds. In contrast to the usual situation where this expansion is written in a very unfriendly outcast, our result is elegant and economical. The action actually comes in terms of the “natural” operators appearing in the supersymmetric transformation of the supergravity background fields. In the same footing, the well-known symmetries of these actions like κ-symmetry and supersymmetry are almost obvious from the expressions that we write here. This miracle, so to speak, is the result of using the so-called “normal coordinate expansion” [1] in the superfield formulation. Also, due to the close relation between supersymmetry and T-duality for world-volume theories, our action is also “covariant” under T-duality transformation. In fact, we will re-derive the T-duality rules obtaining a generalization of the Busher rules that again is elegant and simple. Nevertheless, here we point out that T-duality among string theory actions correspond to a much more complete test for string theory, since not only the zero modes are considered, but also all the excitations.

Due to the simplicity of the results, here we show the actions and leave the actual derivation for later:^1

S_{(F )} = − ∫ d^2ξ √ − det(g) + 1 2 ∫ d^2ξϵ^{ij}b_{ij} + i 2 ∫ d^2ξ √ − det(g) ȳP̃_{(−)}Γ^iD̃_iy , (1)

where for the type-IIa case,

y = (y_+ + y_−) with Γ^{11}y_± = ±y_± and P_{(−)} = 1 2 ( 1 − 1 2 √ −g ϵ^{ij} Γ_{ij}Γ^{11} ) , D̃_m = D^{(0)}_m + W_m ,

D^{(0)}_m = ∂_m + 1 4 ω_{mab}Γ^{ab} + 1 4 · 2!

H_{mab}Γ^{ab}Γ^{11} ,

W_m = 1 8 e^ϕ ( 1 2! F^{(2)}_{ab} Γ^{ab}Γ_mΓ^{11} + 1 4! F^{(4)}_{abcd}Γ^{abcd}Γ_m ) (2) and for the type-IIb case, y = ( y_1 y_2 ) with Γ^{11}y_{(1,2)} = y_{(1,2)} and P_{(−)} = 1 2 ( 1 − 1 2 √ −g σ_3 ⊗ ϵ^{ij}Γ_{ij} Γ^{11} ) , D̃_m = (^ D^{(0)}_{(1)m} 0 0 D̂^{(0)}_{(2)m} ) + ( 0 Ŵ_{(1)m} Ŵ_{(2)m} 0 ) , D̂^{(0)}_{(1,2)m} = ∂_m + 1 4 ω_{mab}Γ^{ab} ± 1 4 · 2! H_{mab}Γ^{ab} , Ŵ_{(1,2)m} = ±1 8 e^ϕ ( F^{(1)}_a Γ^a ± 1 3! F^{(3)}_{abc}Γ^{abc} + 1 4! F_{abcd}Γ^{abcd} ) Γ_m , (3)

where in the expressions for D̂^{(0)} and Ŵ , ± correspond to the label (1, 2). Also in all the

1We use the Nambu-Goto form of the action, since it naturally arises from the double dimensional reduction of the M2-brane. Nevertheless is trivial to rewrite the action of the string in the Polyakov form and indeed this is useful to perform T-duality.

– 1 – above, g is the 10D metric, H = db and F^{(n)} are the RR field strength. Note that D̃_m is precisely the operator appearing in the supersymmetry variation of the 10D gravitino, i.e. δ_ϵψ_m = D̃_mϵ (see appendix for the explicit expressions, conventions and definitions).

In the following we first derive the type-IIa action as a double dimensional reduction from the membrane of 11D. Second, we fully discuss the κ-symmetry transformation and its geometrical meaning from the point of view of the embedding of the 2d-theory into 10d space-time. Third, for the case of supergravity bosonic backgrounds that preserve some supersymmetry, we will give the supersymmetric transformation of the world-sheet variables that correspond to symmetries of the action. Forth, we will derive the type-IIb superstring action and give the explicit T-duality rules that interrelate the type-IIa and type-IIb theories. At last, we will give the κ-symmetry and supersymmetry transformations for the type-IIb case. In the appendix we include conventions, definitions and the T-duality rules of Hassan.

To begin the actual derivation of the above results, our starting point is the supersymmetric membrane action in 11D, i.e. S = − ∫ d^3ξ √ det(−G) − 1 6 ∫ d^3ξε^{ijk}B_{kji} , (4) where i = (0, 1, 2) and (G,B) are the pull-back to the membrane of the metric and 3- form super-fields of N=1 11D supergravity. Then, we borrow from [2] the expression corresponding to the expansion in normal coordinates, in a general bosonic background, up to second order in the fermions,

S = S^{(0)} + S^{(2)} , (5)

S^{(0)} = − ∫ d^3ξ √ − det(G) − 1 6 ∫ d^3ξε^{ijk}b_{kji} , (6) S^{(2)} = i 2 ∫ d^3ξ { √ − det(G) [ ȳΓ^i∇_iy + ȳT_iΓ^iy ] − 1 2 ε^{ijk} [ȳΓ_{ij}∇_ky + ȳT_iΓ_{jk}y] } , (7)

where (G, b) are the bosonic pull-back of (G,B), y is a real Majorana 32 component spinor, Γ are real gamma matrices, ∇_i is the usual pull-back of the spinor covariant derivative and T_i is the pullback of T_m =^1_{36} (δ^n_mΓ^{pqr} +^1_8 Γ_m^{npqr})H_{npqr} (see the appendix for more details). To obtain the type-IIa string action we perform a double dimensional reduction of the above expression. Using the typical KK-ansatz for the 11D metric

ds^2_{(11)} = e^{− 23 ϕ}ds^2_{(10)} + e^{43 ϕ}(dz − C_mdx^m)^2 , (8)

after some straight forward but tedious algebra, we get the type-IIa string action (1) and (2) in general bosonic backgrounds expanded up to second order in the fermions.

At this point, it is important to remark that this action is by construction κ-symmetric and supersymmetric (for the case of bosonic backgrounds with surviving supersymmetries). The above statement requires some attention and so, before deriving the type-IIb string action, we pause and discuss these symmetries.

The κ-symmetry of the above actions can be understood as inherit from the superfield κ-symmetry of the membrane in 11D [3]. Recall that only by fixing κ-symmetry we get

– 2 – the world-sheet supersymmetric theory transforming the 10D spinors into two dimensional ones. In our case, the resulting expanded action in normal coordinates, after double dimensional reduction, is written in terms of the pull-back of a covariant expansion of the 10d supergravity fields. This expansion comes in terms of covariant derivatives, curvature tensor, and the torsion. In principle the above type of lagrangian contains too much information, related to the generalizations of concepts like extrinsic curvature, that are by no means related to a pure supersymmetric two-dimensional world-sheet theory. Therefore, the role of κ-symmetry is to eliminate all this redundant information obtaining a world-sheet theory. In other words κ-symmetry is the responsible to eliminate from the action all the geometrical information of the embedding that is not strictly speaking twodimensional. In practice the expressions for the infinitesimal transformations, that leave our action invariant up to second order in y, are given by

δ_κy^α = (1 + Γ_F )κ , δ_κx^m = i 2 ȳΓ^m(1 + Γ_F )y , δ_κA = δ_κx^m∂_mA , (9)

where Γ_F =^1_2^√_{−g} ϵ^{ij} Γ_{ij}Γ^{11} and A is a general field of the supergravity background. These transformation rules are derivable using the normal coordinate formalism (see for example [1]).

The supersymmetry transformations (again up to second order in y) are also derived within the same approach and are given by δ_ϵy = ϵ , δ_ϵx^m = − i 2 ȳΓ^my , δ_ϵA = δ_ϵx^m∂_mA , (10)

where again A is a general field of the supergravity background and the fermion ϵ is actually a killing spinor of the bosonic background, i.e. δ_ϵψ_m = δ_ϵλ = 0, where ψ_m and λ are the gravitino and the dilatino respectively (see appendix for explicit expressions). Therefore a translation along its orbit corresponds to a supersymmetry transformation of the lagrangian.

Now that we understand the two more relevant symmetries of the above action, let us concentrate on the type-IIb case. In order to obtain the corresponding action for the type-IIb string, we perform a T-duality transformation, assuming the existence of a killing direction x^9. First of all, we rewrite the action (1) and (2) in the following form, S_{(IIa)} = − ∫ d^2ξ √ − det(G) + 1 2 ∫ d^2ξϵ^{ij} B_{ij} , (11)

where G_{mn} = g_{mn} − iȳΓ_{(m}D_{n)}y , B_{mn} = b_{mn} − iȳΓ^{11}Γ_{[m}D_{n]}y , (12)

and we have used the fact that this action comes from the pull-back of the normal coordinate expansion of the vielbein and other supergravity fields obtaining, among other things, the pull-back of the covariant derivative of the fermionic variables y. Then, as is usual in this the context, T-duality is implemented with the help of a Lagrange multiplier Z and

– 3 – a world-volume vector V_i (taking the place of ∂_ix^9), by introducing a term of the form ϵ^{ij} ∂_iV Z_j into the action. Since the action formally has the same form as the bosonic string action, we only get the usual Busher rules^2 once we solve for V_i.

Ĝ_{99} = 1

G_{99} Ĝ_{m̃ñ} = G_{m̃ñ} − G^{m̃9}G^{ñ9} − B^{m̃9}B^{ñ9} G_{99}

Ĝ_{m̃9} = B^{m̃9} G_{99} ^B_{m̃ñ} = B_{m̃ñ} − B^{m̃9}G^{ñ9} − G^{m̃9}B^{ñ9} G_{99}

^B_{m̃9} = G^{m̃9} G_{99}

, (13)

where m̃ = 0, . . . , 8. The important ingredient comes when we rewrite the fermionic part of the fields, (G, B) in terms of type-IIb variables. At this point, because of the nature of normal coordinate expansion, we can use the transformation rules of Hassan (see the appendix) to obtain the desired result. The corresponding T-duality rules can be found in the appendix, here we write the final form of the transformed fields (Ĝ, B̂):^3 Ĝ_{mn} = ĝ_{mn} − iȳΓ_{(m}D̂_{n)}y , B̂_{mn} = b̂_{mn} − iȳΓ̂Γ_{[m}D̂_{n]}y , (14)

where Γ̂ = σ_3 ⊗ Γ^{11}, (y, D̂) are define as in (3) and (ĝ_{mn}, b̂_{mn}) are transformed metric and NS field in the type-IIb theory. Therefore, after some trivial manipulation we find that the expanded up to second order in the fermions type-IIb fundamental string action in general bosonic backgrounds is given by equation (1) and (3).

Finally, it only remains to obtain the explicit form for the supersymmetry and κsymmetry transformations for the type-IIb action. To derive the rules for these symmetries we adapt an argument presented in [5]. Let us begin with the derivation of the κ-symmetry rules for the type-IIb superstring. We use the fact that originally the vector field V_i obeys the constraint ϵ^{ij}∂_iV_j = 0. At this point we know that the action is invariant under the transformation (9). Therefore, since this constraint is invariant under κ-symmetry, the variation of S, in which we take V_i as independent variable, should be proportional to ϵ^{ij} ∂_iV_j . Such a term can be easily isolated to be δ_κS ∼ ∫ ϵ^{ij}∂_iV_j [ δ_κx^mb_{9m} − i 2 ȳΓ^{11}(1 + Γ_F )κ ] . (15)

Hence, to have a κ-invariant action, we must take δ_κZ = i 2 b_{9m}ȳΓ^m(1 + Γ_F )κ − i 2 ȳγ^{11}(1 + Γ_F )κ , (16)

that, written in-IIb T-dual variables,^4 takes the form δ_κZ = i 2 ȳ(1 + Γ̂_F )κ , (17)

2See [4] and references therein.

3We should point out that the transformation rule of the dilaton is obtained with no need of including quantum corrections. Basically it is the curved space-time structure what provides a classical derivation for the dilaton T-duality.

4ΓF 1 dualize to Γ̂F 1, as can be read directly from the T-duality transformation rule of the action.

– 4 – where Γ̂_F =^1_2^√_{−g} σ_3 ⊗ ϵ^{ij}Γ_{ij}Γ^{11} and the fermions y are in the same convention of (3). The other variables T-dualize trivially and it is now easy to complete the derivation of the transformation rules. Hence we get (up to second order in y),

δ_κy^α = (1 + Γ̂_F )κ , δ_κx^m = i 2 ȳΓ^m(1 + Γ̂_F )y , δ_κA = δ_κx^m∂_mA , (18)

where A is a general field of the supergravity background.

The supersymmetry transformations (again up to second order in y) are derived in the same footing, and are given by δ_ϵy = ϵ , δ_ϵx^m = − i 2 ȳΓ^my , δ_ϵA = δ_ϵx^m∂_mA , (19)

where again A is a general field of the supergravity background and we are assuming that the fermion ϵ is actually a killing spinor of the bosonic background.

In this letter we have provided a new form for the type-IIa/b superstring actions, expanded up to second order in the fermions in general bosonic backgrounds.

There are two previous works on this subject. First [6], where the type-IIb Green- Schwarz superstring action is expanded in the N=2 10D superfield formulation. In this work, no discussion on supersymmetry, k-symmetry and T-duality is given. Second we have [7], which also starts from 11D as we do. Nevertheless, in that work the component expansion of the superfields is obtained using the so-called gauge completion expansion [8]. This method is based on a laborious comparison order-by-order between component supersymmetric transformations and superspace coordinate transformations. On the contrary, the normal coordinate expansion [1] used here, gives a much more friendly framework with more powerful results (the action of the superstring is a good example).

We were able to cast the action in a “covariant” form for supersymmetry, κ-symmetry and T-duality. Also, we would like to stress that we consider only up to second order terms in the fermion expansion, not because of a limitation of the method but it was merely a choice that we took for brevity. The normal coordinate expansion can be carried out up to 32nd order if you wish, since it is defined by an iterative method with very simple rules.

We have also given a generalization of the T-duality rules for these actions, that are in agreement with the rules of Hassan [9, 10] (derived using pure supergravity arguments) and could be confronted with those found in [7]. T-duality rules for the Green-Schwarz superstring in superspace formalism were studied in [11] (see also [12]). Nevertheless, these studies are given in terms of superfields and therefore the structure of the T-duality rules for the components is implicit. It would be very interesting to compare both approaches by a normal coordinate expansion of their results.

As a last comment, it seems that the superstring actions founded here are well suited for studies on quantum properties like the beta function, the extension of the action to include couplings to the dilaton, etc.

Acknowledgments

We thank J. Gomis, M. Grisaru, D. Marolf and D. Zanon for useful discussions. This

– 5 – work was supported by INFN, MURST and by the European Commission RTN program HPRN-CT-2000-00131, in association with the University of Torino.

Conventions and definitions

For both 11D and 10D cases, we use for curved space indeces the letters m, n, . . . and a, b, . . . for flat space indices. We also underline explicit flat space indices (e.g., 0, 1, etc.), to differentiate them from explicit curved indices. We take the metric to have signature (−, +, . . . , +) and use the Clifford algebra

{Γ^a, Γ^b} = 2η^{ab} , (20)

where Γ^a are real gamma matrices and η^{ab} is the 10D Minkowski metric. We also set ϵ^{12...} = 1, define Γ^{11} = Γ^0 · · · Γ^9 and use the notation Γ_{a1···an} = Γ_{[a1} · · · Γ_{an]} denoting antisymmetrization with the corresponding weight 1/n! ; e.g. Γ_{01} =^1_2 (Γ_0Γ_1 − Γ_1Γ_0).

We use real Majorana anticommuting spinors of 32 components, denoted y^α or θ^μ. The conjugation operation is defined by, ȳ = y^T C , ȳ_β = y^αC_{αβ} , (21)

where T corresponds to transpose matrix multiplication; e.g. y^αC_{αβ} instead of C_{αβ}y^β, and C_{αβ} is the antisymmetric charge conjugation matrix with inverse C^{αβ}. The indices of a spinor and a bispinor M^α_β are lowered and raised via matrix multiplication by C so that we have C_{αβ}C^{βγ} = δ^γ_α , M^β_α = C_{αγ} M^γ_δC^{δβ} , θ̄Mξ = θ̄_αM^α_βξ^β = θ^αM_{αβ} ξ^β . (22)

We take C = Γ^0 and we use the usual Pauli matrices,

σ^1 = ( 0 1 1 0 ) σ^2 = ( 0 −i i 0 ) σ^3 = ( 1 0 0 −1 ) . Also for the RR field strength we have F^{(n)}_{m1···mn} = n∂_{[m1} C^{(n−1)}_{m2···mn]} − n! 3!(n − 3)! H_{[m1m2m3} C^{(n−3)}_{m4···mn]} . Supergravity conventions. For the supergravity conventions and definitions we follow [9] and [13].

The type-IIa bosonic part of the action is given by

S_{IIa} = 1 2κ^2_{10} ∫ d^{10}x √ −g { e^{−2ϕ} [ R + 4(∂ϕ)^2 − 1 2 · 3!

H^2 ] −

− 1 2 · 2!

(F^{(2)})^2 − 1 2 · 4!

(F^{(4)})^2 } + 1 4κ^2_{10} ∫ b ∧ dC^{(3)} ∧ dC^{(3)}

– 6 – and the supersymmetry transformations for the gravitino ψ_m and dilatino λ are δψ_m = [ ∂_m + 1 4 ω_{mab}Γ^{ab} + 1 4 · 2!

H_{mab}Γ^{ab}Γ^φ + + 1 8 e^ϕ ( 1 2! F^{(2)}_{ab} Γ^{ab}Γ_mΓ^φ + 1 4! F^{(4)}_{abcd}Γ^{abcd}Γ_m )] ϵ ,

δλ = [ 1 2 ( Γ^m∂_mϕ + 1 2 · 3! H_{abc}Γ^{abc}Γ^φ ) +

+ 1 8 e^ϕ ( 3 2! F^{(2)}_{ab} Γ^{ab}Γ^φ + 1 4! F^{(4)}_{abcd}Γ^{abcd} )] ϵ . (23)

The type-IIb bosonic part of the action is given by

S_{IIb} = 1 2κ^2_{10} ∫ d^{10}x √ −g { e^{−2ϕ}[R + 4(∂ϕ)^2 − 1 2 · 3!

H^2] − 1 2 (F^{(1)})^2 − 1 2 (F^{(1)})^2 − − 1 2 · 3!

(−F^{(3)})^2 1 4 · 5!

(F^{(5)})^2 } + 1 4κ^2_{10} ∫ b ∧ dC^{(2)} ∧ dC^{(4)}

and the supersymmetry transformations for the gravitino ψ_m and dilatino λ are,

δψ_{(1,2)m} = [ ∂_m + 1 4 ω_{mab}Γ^{ab} ± 1 4 · 2! H_{mab}Γ^{ab} +

+ 1 8 e^ϕ ( ∓F^{(1)}_a Γ^a − 1 3! F^{(3)}_{abc}Γ^{abc} ∓ 1 4! F_{abcd}Γ^{abcd} ) Γ_m ] ϵ_{(1,2)} ,

δλ_{(1,2)} = [ 1 2 ( Γ^m∂_mϕ ± 1 2 · 3! H_{abc}Γ^{abc} ) + 1 2 e^ϕ ( ±F^{(1)}_a Γ^a + 1 2 · 3!

F^{(3)}_{abc}Γ^{abc} )] ϵ_{(1,2)} .

In the above expressions κ_{10} = 2π[(2πl_s)^8g^2_s ]^{−1} and for the type-IIB case, we use the convention that the self duality constraint on F^{(5)} is imposed by hand at the level of the equations of motion and we have used the following convention for differential forms,

w^{(p)} = 1 p! dx^{m1} ∧ · · · ∧ dx^{mp} w_{mp···m1} . T-duality rules. Here we follow the Hassan formalism of [9] for T-duality: since we wish to apply T-duality along the 9th direction, let us introduce the following useful objects ( m̃, ñ = 0, . . . , 8) Ω = 1 √ g_{99}

Γ^{11}Γ_9 ⇒ Ω^2 = −1 E_{mn} = g_{mn} + b_{mn} (Q_±)^m_n = ( ∓g_{99} ∓(g ∓ b)_{9ñ} 0 1_9 )

(Q^{−1}_± )^m_n = ( ∓g^{−1}_{99} −(g ∓ b)_{9ñ} 0 1_9 ) . (24)

– 7 –

The T-duality rules for E_{mn} are,^5 Ẽ_{m̃ñ} = E_{m̃ñ} − E_{m̃9}g^{−1}_{99} E_{9ñ} Ẽ_{m̃9} = E_{m̃9}g^{−1}_{99} Ẽ_{9m̃} = −E_{9m̃}g^{−1}_{99} Ẽ_{99} = g^{−1}_{99} . (25)

For the transformation of the vielbein and the spinors, we will use the Hassan conventions to avoid ambiguities.^6 The transformation rules for the vielbein are ẽ^m_a ≡ e^m_{(−)a} = (Q_−)^m_ne^n_a ⇒ ẽ^a_m ≡ e^a_{(−)m} = (Q^{−1}_− )^n_me^a_n . (26) We will also need the alternative transformed vielbein e^m_{(+)a} = (Q_+)^m_ne^n_a = Λ^b_ae^m_{(−)b} ⇒ e^a_{(+)m} = (Q^{−1}_+ )^n_me^a_n = e^b_{(−)m}Λ_b^a . (27) Therefore going from IIa to IIb, we have: y_+ = y_1 ⇒ ȳ_+ = ȳ_1 y_− = −Ωy_2 ⇒ ȳ_− = ȳ_2Ω D^{(0)}_m y_+ = (Q^{−1}_+ )^n_m(D̂^{(0)}_{(1)n}y_1) D^{(0)}_m y_− = −Ω(Q^{−1}_− )^n_m(D̂^{(0)}_{(2)n}y_2) W_my_+ = −Ω(Q^{−1}_− )^n_m(Ŵ_{(1)n}y_1) W_my_− = (Q^{−1}_+ )^n_m(Ŵ_{(2)n}y_2) .

Conversely, going from IIb to IIa we have y_1 = y_+ ⇒ ȳ_1 = ȳ_+ y_2 = Ωy_− ⇒ ȳ_2 = −ȳ_−Ω D̂^{(0)}_{(1)m}y_1 = (Q^{−1}_+ )^n_m(D^{(0)}_n y_+) D̂^{(0)}_{(2)m}y_2 = Ω(Q^{−1}_− )^n_m(D^{(0)}_n y_−) Ŵ_{(1)m}y_1 = Ω(Q^{−1}_− )^n_m(W_ny_+) Ŵ_{(2)m}y_2 = (Q^{−1}_+ )^n_m(W_ny_−) .

References

[1] I.N. McArthur, Superspace normal coordinates, Class. and Quant. Grav. 1 (1984) 233;

J.J. Atick and A. Dhar, Normal coordinates, theta expansion and strings on curved superspace, Nucl. Phys. B 284 (1987) 131;

5Here and in the rest of this work, in ambiguous cases, we will put a tilde over the transformed fields 6We recalled that there are two possible choices e^m_{(±)a} for the transformed vielbein, related by a Lorentz transformation Λ^ba.

– 8 –

M.T. Grisaru and D. Zanon, The Green-Schwarz superstring sigma model, Nucl. Phys. B 310 (1988) 57;

M.T. Grisaru, H. Nishino and D. Zanon, Beta functions for the Green-Schwarz superstring, Nucl. Phys. B 314 (1989) 363;

M.T. Grisaru, M.E. Knutt-Wehlau and W. Siegel, A superspace normal coordinate derivation of the density formula, Nucl. Phys. B 523 (1998) 663 [hep-th/9711120]; S.J. Gates Jr., M.T. Grisaru, M.E. Knutt-Wehlau and W. Siegel, Component actions from curved superspace: normal coordinates and ectoplasm, Phys. Lett. B 421 (1998) 203 [hep-th/9711151].

[2] M.T. Grisaru and M.E. Knutt, Norcor vs. the abominable gauge completion, Phys. Lett. B 500 (2001) 188 [hep-th/0011173].

[3] 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, Ann. Phys. (NY) 185 (1988) 330.

[4] E. Alvarez, L. Alvarez-Gaumé and Y. Lozano, An introduction to T duality in string theory, Nucl. Phys. 41 (Proc. Suppl.) (1995) 1 [hep-th/9410237].

[5] E. Bergshoeff and P.K. Townsend, Super D-branes, Nucl. Phys. B 490 (1997) 145 [hep-th/9611173].

[6] S. Mizoguchi, T. Mogami and Y. Satoh, Penrose limits and Green-Schwarz strings,

hep-th/0209043.

[7] M. Cvetič, H. Lu, C.N. Pope and K.S. Stelle, T-duality in the Green-Schwarz formalism and the massless/massive IIA duality map, Nucl. Phys. B 573 (2000) 149 [hep-th/9907202].

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

A. Dasgupta, H. Nicolai and J. Plefka, Vertex operators for the supermembrane, J. High Energy Phys. 05 (2000) 007 [hep-th/0003280];

J. Plefka, Vertex operators for the supermembrane and background field matrix theory, Int. J. Mod. Phys. A 16 (2001) 660 [hep-th/0009193];

K. Millar, W. Taylor and M. Van Raamsdonk, D-particle polarizations with multipole moments of higher-dimensional branes, hep-th/0007157.

[9] S.F. Hassan, T-duality, space-time spinors and RR fields in curved backgrounds, Nucl. Phys.

B 568 (2000) 145 [hep-th/9907152].

[10] S.F. Hassan, Supersymmetry and the systematics of T-duality rotations in type-II superstring theories, Nucl. Phys. 102 (Proc. Suppl.) (2001) 77 [hep-th/0103149]; S.F. Hassan, SO(d, d) transformations of Ramond-Ramond fields and space-time spinors, Nucl. Phys. B 583 (2000) 431 [hep-th/9912236].

[11] B. Kulik and R. Roiban, T-duality of the Green-Schwarz superstring, J. High Energy Phys.

09 (2002) 007 [hep-th/0012010].

[12] I.A. Bandos and B. Julia, Superfield T-duality rules, hep-th/0303075.

[13] E. Bergshoeff, R. Kallosh, T. Ortin, D. Roest and A. Van Proeyen, New formulations of d = 10 supersymmetry and D8-O8 domain walls, Class. and Quant. Grav. 18 (2001) 3359 [hep-th/0103233].

– 9 –