arXiv:hep-th/0610325 v2 13 Nov 2006

October, 2006 OCU-PHYS 257 hep-th/0610325

The AdS_5 × S^5 superstrings in the generalized light-cone gauge

H. Itoyama^{ab∗} and T. Oota^{b†}

a Department of Mathematics and Physics, Graduate School of Science Osaka City University b Osaka City University Advanced Mathematical Institute (OCAMI)

3-3-138, Sugimoto, Sumiyoshi-ku, Osaka, 558-8585, Japan

Abstract

The κ-symmetry-fixed Green-Schwarz action in the AdS_5 × S^5 background is treated canonically in a version of the light-cone gauge. After reviewing the generalized light-cone gauge for a bosonic sigma model, we present the Hamiltonian dynamics of the Green-Schwarz action by using the transverse degrees of freedom. The remaining fermionic constraints are all second class, which we treat by the Dirac bracket. Upon quantization, all of the transverse coordinates are inevitably non-commutative.

∗e-mail: itoyama@sci.osaka-cu.ac.jp †e-mail: toota@sci.osaka-cu.ac.jp

1 Introduction

Since the proposal of AdS/CFT correspondence, it has become an important issue to quantize the type IIB Green-Schwarz superstrings [1, 2] in the AdS_5 × S^5 background [3]. One of the difficulties in quantizing the Green-Schwarz superstrings stems from the existence of the local κ symmetry, which halves the fermionic degrees of freedom. In the canonical Hamiltonian formalism, the local κ symmetry yields fermionic constraints. The half of these are first-class and the remaining half are second-class constraints. Covariant separation of the first and the second class constraints is a difficult task [1, 2, 4].

In the flat Minkowski target space, there was an attempt to quantize the action covariantly by introducing an infinite number of ghosts (see for example [5]). Other direction for covariant quantization is to add extra degrees of freedom in order to replace the second-class constraints with the first-class ones [6, 7, 8, 9, 10, 11, 12].

A less ambitious way to quantize the Green-Schwarz action is to abandon the covariance and to go to a non-covariant gauge. In flat target space, the Green-Schwarz action in the light-cone gauge becomes extremely simple [1, 2]. Light-cone quantization of quantum field theory was first recognised and developed in connection with the current algebra in the infinite momentum frame [13, 14, 15]. Light-cone quantization of (super)-strings played important roles in the development of string theory in seventies [16, 17, 18, 19] and that of superstring theory in eighties [1, 2]. Various gauges for the AdS_5 × S^5 superstrings have been proposed [20, 21, 22, 23, 24, 25].

Recently, the Hofman-Maldacena limit [26] has attracted much attention [27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. It is a limit which takes the energy E and one of the angular momenta J infinite while keeping E − J finite. E and J are eigenvalues of Cartan generators of SO(2, 4) and SO(6) group respectively. In the Hofman-Maldacena limit, both the string and the dual gauge theory describe excitations called giant magnons and their generalizations. Good agreement in some physical quantities is found.

One way to take the Hofman-Maldacena limit is to employ a version of light-cone gauge in which E − J appears as the light-cone energy. A sizable amount of literature has been accumulated which are devoted to the discussion of this gauge [53, 54, 55, 56, 25, 57, 49]. This gauge is sometimes referred to as the uniform light-cone gauge and is a generalization of that of [17] in the flat Minkowski space to the AdS background. The light-cone direction X^± is chosen such that X^± = (1/ √ 2)(t ± φ), where t is the global time direction of AdS_5 and φ is a certain angle of S^5. The vectors ∂/∂X^± are Killing vectors of the target space geometry. The transverse direction manifestly keeps the covariance under a SO(4)×SO(4) subgroup of the local Lorentz group SO(1, 4)×SO(5) [57]. The treatment of the fermionic second class constraints remains to be investigated however. In order to treat these remaining constraints, it is necessary to introduce the Dirac bracket.

In this paper, we study the AdS_5 ×S^5 superstring in the generalized light-cone gauge as a constrained Hamiltonian system. In section 2, we review the generalized light-cone gauge for the bosonic sigma models, emphasizing the central object, the light-cone Hamiltonian. In section 3, we study the case of the Green-Schwarz superstring. The fermionic secondclass constraints lead to the highly non-trivial Dirac bracket among the transverse degrees of freedom. If iℏ times the Dirac bracket is replaced with the graded commutator, all of the transverse coordinates are inevitablly non-commutative. Since the Dirac brackets are not c-number, several subtleties such as operator ordering remain to be investigated. In the Appendix, we give some details on the induced vielbeins.

2 Bosonic sigma models in the generalized light-cone gauge

2.1 Bosonic sigma model

In order to explain the generalized light-cone gauge, let us consider the following bosonic sigma model: S = 1 2π ∫ d^2ξ L, (2.1)

where the Lagrangian density is given by L = − 1 2 √ λh^{ij} G_{m n}(X)∂_iX^m∂_j X^n. (2.2)

We assume that the target space is D-dimensional: X^m = X^m(ξ), (m = 0, 1, . . . , D − 1), and G_{m n}(X) is the metric of the target space. Here

(ξ^0, ξ^1) = (τ, σ), h^{ij} = √ −gg^{ij}, i, j = 0, 1, (2.3) and λ is the coupling constant. h^{ij} is the Weyl-invariant combination of the world-sheet metric g_{ij}. Since det h^{ij} = −1, we choose h^{00} and h^{01} as the independent Lagrange multipliers. We also use the following notation for the Lagrange multipliers: e^0 = 1/(2h^{00}), e^1 = (h^{01}/h^{00}).

Equations of motion for this model are given by

∂_i(h^{ij} G_{m n}∂_j X^n) = 1 2 h^{ij} (∂_mG_{k l})∂_iX^k∂_j X^l. (2.4)

Here ∂_m = ∂/∂X^m.

Let us introduce the conjugate momenta by P_m := ∂L/∂Ẋ^m.

P_m = − √ λG_{m n}h^{0i}∂_iX^n. (2.5)

Let G^{m n} be the inverse of the metric G_{m n}. The equations of motion (2.4) and the definition of the conjugate momenta (2.5) can be converted into the equations of motion in the first order form:

Ẋ^m = − 1√ λh^{00} G^{m n}P_n − ( h^{01} h^{00} ) ∂_1X^m,

Ṗ_m = ∂_1 [ − ( h^{01} h^{00} ) P_m − √ λ h^{00}

G_{m n}∂_1X^n ]

+ √ λ 2h^{00} [ 1 λ (∂_mG^{k l})P_kP_l + (∂_mG_{k l})∂_1X^k∂_1X^l ] . (2.6)

The Hamiltonian density is given by

H = P_mẊ^m − L = −e^0Φ_0 − e^1Φ_1, (2.7)

where Φ_0 := 1 √ λ G^{m n}P_mP_n + √ λG_{m n}∂_1X^m∂_1X^n, Φ_1 := P_m∂_1X^m. (2.8)

The Virasoro constraints are given by Φ_0 ≈ 0, Φ_1 ≈ 0. The Hamiltonian density vanishes weakly: H ≈ 0. Using (2.6), we can check that the Virasoro constraints are consistent with the time evolution Φ̇_0 = −2(∂_1e^1)Φ_0 − 8(∂_1e^0)Φ_1 − ∂_1Φ_0 − 2∂_1Φ_1, Φ̇_1 = −2(∂_1e^0)Φ_0 − 2(∂_1e^1)Φ_1 − e^0∂_1Φ_0 − e^1∂_1Φ_1.

(2.9)

There is no secondary constraint.

2.2 Generalized light-cone gauge

Let us decompose the target space index m into m = (a, m), a = ±, m = 1, 2, . . . , D − 2. We assume that the target space metric takes the form

G_{m n}dX^mdX^n = G_{ab}dX^adX^b + G_{mn}dX^mdX^n, (2.10) and ∂/∂X^± are Killing vectors.

We first recall the procedure of the light-cone gauge fixing in the flat target space. In this case, the world-sheet diffeomorphism is fixed by setting the world-sheet metric conformally flat. The residual symmetry is used to set X^+ = κτ.

But in a certain curved target space such as AdS space-time, there is an obstacle in making the world-sheet metric be conformally flat and obey the light-cone gauge condition [25]. Instead, in the generalized light-cone approach, the world-sheet diffeomorphism is fixed by imposing the following two conditions^1:

X^+ = κτ, Ṗ_− = 0. (2.11)

Equation of motion (2.6) for X^+

Ẋ^+ = κ = − 1√ λh^{00} (G^{++}P_+ + G^{+−}P_−) (2.12)

determines the Lagrange multiplier h^{00} as

h^{00} = − 1 √ λκ (G^{++}P_+ + G^{+−}P_−). (2.13)

Equation of motion for P_−

0 = Ṗ_− = ∂_1 [ − ( h^{01} h^{00} ) P_− − √ λ h^{00} G_{−−}∂_1X^− ] (2.14)

fixes h^{01} up to an arbitrary function of τ:

h^{01} = − √ λ P_− G_{−−}∂_1X^− − f(τ) P_− h^{00}. (2.15)

The function f(τ) arises from the residual symmetry. The residual symmetry is fixed by setting f(τ) = 0. Solving the Virasoro constraint Φ_1 = 0 gives the relation ∂_1X^− = −(1/P_−)P_m∂_1X^m.

Therefore, the worldsheet metric is fixed as

h^{00} = − 1 √ λκ (G^{++}P_+ + G^{+−}P_−), h^{01} = √ λ P^2_−

G_{−−}P_m∂_1X^m. (2.16)

The Virasoro constraint Φ_0 = 0 gives a quadratic equation for P_+:

G^{++}P^2_+ + 2P_−G^{+−}P_+ + P^2_−G^{−−} + G^{mn}P_mP_n + λ P^2_−

G_{−−}(P_m∂_1X^m)^2 + λG_{mn}∂_1X^m∂_1X^n = 0. (2.17)

1Here for simplicity we consider the sector with vanishing winding number.

The equations of motion for the dynamical variables in the reduced phase space are given by

Ẋ^m = − √ λ h^{00} [ 1 λ G^{mn}P_n + G_{−−} P^2_−

(P_n∂_1X^n)∂_1X^m ] , Ṗ_m = ∂_1 [ − ( h^{01} h^{00} ) P_m − √ λ h^{00} G_{mn}∂_1X^n ]

+ 1 2 √ λh^{00} [ (∂_mG^{++})P^2_+ + 2(∂_mG^{+−})P_+P_− + (∂_mG^{−−})P^2_− + (∂_mG^{kl})P_kP_l + λ P^2_−

(∂_mG_{−−})(P_n∂_1X^n)^2 + λ(∂_mG_{kl})∂_1X^k∂_1X^l ] .

(2.18)

Using the Poisson bracket {X^m(τ, σ), P_n(τ, σ^′)}_{P.B.} = 2πδ^m_n δ(σ − σ^′), the equations of motion can be rewritten as

Ẋ^m(τ, σ) = {X^m(τ, σ), H_{LC}}_{P.B.}, Ṗ_m(τ, σ) = {P_m(τ, σ), H_{LC}}_{P.B.}. (2.19)

The light cone Hamiltonian is found to be^2

H_{LC} := − κ 2π ∫_π −π dσ P_+. (2.20)

Here P_+ is a solution to the quadratic equation (2.17).

In the Hamilton formalism, the light-cone Hamiltonian H_{LC} can be understood by using a canonical transformation (X^m, P_m) → (X̃^m, P̃_m)

X̃^+ = X^+ − κτ, X̃^− = X^−, X̃^m = X^m, P̃_m = P_m, (2.21)

whose generating functional is given by W (X, P̃ , τ) = ∫ dσ 2π [ (X^+(τ, σ) − κτ)P̃_+(τ, σ) + X^−(τ, σ)P̃_−(τ, σ) + X^m(τ, σ)P̃_m(τ, σ) ] . (2.22) The transformed Hamiltonian is given by H̃ = H + ∂W ∂τ = H_{LC} . (2.23)

2 In addition we must examine the open string and the closed string boundary conditions and the level-matching condition. We will not dwell upon these in this paper.

2.3 AdS_5 × S^5 case

The bosonic part of the Green-Schwarz model for the AdS_5 × S^5 background is a special case of the sigma model (2.2). The coordinates for D = 10-dimensional target space is chosen as

X^m = (X^+, X^−, X^a, X^{4+s}), X^a = z^a, a = 1, 2, 3, 4, X^{4+s} = y^s, s = 1, 2, 3, 4, (2.24) and the AdS_5 × S^5 metric is given by

G_{m n}(X)dX^mdX^n = G_{ab}dX^adX^b + G_z 4∑ a=1 (dz^a)^2 + G_y 4∑ s=1 (dy^s)^2, (2.25)

where G_{++} = G_{−−} = − 1 2 ( 1 + (z^2/4) 1 − (z^2/4)

)_2 + 1 2 ( 1 − (y^2/4) 1 + (y^2/4)

)_2

, (2.26)

G_{+−} = G_{−+} = − 1 2 ( 1 + (z^2/4) 1 − (z^2/4)

)_2 − 1 2 ( 1 − (y^2/4) 1 + (y^2/4)

)_2

, (2.27)

G_z = 1 (1 − (z^2/4))^2

, G_y = 1 (1 + (y^2/4))^2

. (2.28)

Here z^2 = 4∑ a=1 (z^a)^2, y^2 = 4∑ s=1 (y^s)^2. (2.29)

The coupling constant λ is related to the radius R of the AdS_5 and S^5 as follows: √ λ = R^2/α^′.

In the generalized light-cone gauge, P_+ is determined by the following equation

G^{++}P^2_+ + 2BP_+ + C = 0, (2.30)

where B = G^{+−}P_−,

C = G^{−−}P^2_− + 1 G_z 4∑ a=1 P^2_a + 1 G_y 4∑ s=1 P^2_{4+s}

+ λ P^2_−

G_{−−}(P_a∂_1z^a + P_{4+s}∂_1y^s)^2 + λG_z 4∑ a=1 (∂_1z^a)^2 + λG_y 4∑ s=1 (∂_1y^s)^2.

(2.31)

For AdS_5 × S^5, we can take the flat Minkowski limit R → ∞. In this case,

G^{++} = 0 + O(R^{−2}), G^{+−} = −1 + O(R^{−2}). (2.32)

Therefore, in order to have a finite Minkowski limit, the sign for P_+ must be chosen as

P_+ = 1 G^{++} (−B + ϵ_B √ B^2 − G^{++}C), (2.33)

where ϵ_B is 1 for B > 0 and −1 for B < 0.

3 The AdS_5 × S^5 Green-Schwarz superstring in the generalized light-cone gauge

3.1 The Green-Schwarz action in the AdS_5 × S^5 background

The Green-Schwarz superstring in the flat target space was proposed in [1, 2]. Generalization to the action for the curved supergravity backgroud was done in [58].

More explicit Green-Schwarz action in the AdS_5 × S^5 background was constructed in [3] based on the coset superspace P SU(2, 2|4)/(SO(1, 4) × SO(5)). (See also [59, 60]). Originally, the Wess-Zumino term is written in the three-dimensional form. The manifestly two-dimensional form of the Wess-Zumino term was presented in [61, 7, 62].

The Green-Schwarz action for the AdS_5 × S^5 is given by

S_{GS} = 1 2π ∫ d^2ξ L_{GS}, (3.1)

L_{GS} = − 1 2 √ λh^{ij} η_{a b}E^a_i E^b_j + √ λϵ^{ij} ( E^α_i ϱ_{αβ}E^β_j − E^ᾱ_i ϱ_ᾱ¯_βE^{β̄}_j ) . (3.2)

Here E^A_i is the induced vielbein for the type IIB superspace:

E^A_i = E^A_M ∂_iZ^M = E^A_m∂_iX^m + E^A_μ∂_iθ^μ + E^A_{μ̄}∂_iθ̄^{μ̄}. (3.3)

The local Lorentz index A = (a, α, ᾱ) take values in the following way: a = (a, a, 4 + s), a = ±, a = 1, 2, 3, 4, s = 1, 2, 3, 4, α = 1, 2, . . . , 16 and ᾱ = ¯1, ¯2, . . . , ¯16. We use the 16- component notation for Weyl spinors. The constant matrix ϱ in the Wess-Zumino term is given by

CΓ^{01234} = ( ϱ_{αβ} 0 0 ϱ^{αβ} ) , Γ^a = ( 0 (γ^a)^{αβ} (γ^a)_{αβ} 0 ) . (3.4)

It is related to the existence of the self-dual Ramond-Ramond 5-form flux.

In the large radius limit, (3.2) goes to the Lagrangian in the flat Minkowski space up to (divergent) surface terms^3.

3The surface terms purely come from the Wess-Zumino term.

Let us decompose each of the two 16-component Weyl spinors into two 8-component SO(4) × SO(4) spinors:

θ^α = ( θ^{+α} θ^{−α̇} ) , θ̄^ᾱ = ( θ̄+ᾱ θ̄−^˙ᾱ ) , (3.5)

where α = 1, 2, . . . , 8, α̇ = ˙1, ˙2, . . . , ˙8, ᾱ = ¯1, ¯2, . . . , ¯8 and ˙ᾱ = ˙¯1, ˙¯2, . . . , ˙¯8.

We first fix the κ-symmetry by setting θ^{−α̇} = θ̄^{− ˙ᾱ} = 0. In the 32-component notation, these conditions are equivalent to the condition Γ^+Θ = 0. In the large radius limit, it directly goes to the κ-symmetry fixing condition for the flat Minkowski target space.

To simplify expressions, we combine the remaining fermionic coordinates into Ψ^{α̂}:

(Ψ^{α̂}) = ( θ^{+α} θ̄+ᾱ ) , α̂ = ^1, ^2, . . . , ^16. (3.6)

The coordinates for the reduced type IIB superspace is given by Z^M = (X^m, Ψ^{α̂}) = (X^+, X^−, X^m, θ^{+α}, θ̄^{+ᾱ}). We further decompose X^m = (X^a, X^{4+s}) = (z^a, y^s) and choose a representative of the coset superspace as follows

G(Z) = exp ( X^+ ^P_+ + X^− ^P_− ) exp ( θ^{+α} ^Q^+_α + θ̄^{+ᾱ} ^Q_ᾱ^+ ) g_zg_y. (3.7)

Here ^P_±, ^Q^+_α and ^Q^+_ᾱ belong to psu(2, 2|4) generators. The vielbeins E^A_M can be read from the Cartan one-form G^{−1}dG. See Appendix for details.

The κ-symmetry fixed action for AdS_5 × S^5 can be written as

L_{GS} = − 1 2 √ λh^{ij} G_{m n}(X)D_iX^mD_jX^n + 1 2 √ λϵ^{ij} B_{α̂β̂}D_iΨ^{α̂}D_jΨ^{β̂}. (3.8)

The target space metric G_{m n} is the same as the bosonic one (2.25), B_{α̂β̂} = B_{α̂β̂}(Z), and Λ’s are introduced through

D_iX^+ = ∂_iX^+, D_iX^− = ∂_iX^− + Λ^−_{α̂}D_iΨ^{α̂}, D_iX^m = ∂_iX^m + (Λ^m_{nα̂}D_iΨ^{α̂})X^n, D_iΨ^{α̂} = ∂_iΨ^{α̂} + (Λ^{α̂}_{β̂} ∂_iX^+)Ψ^{β̂}.

(3.9)

Here Λ^−_{α̂} and Λ^m_{nα̂} depend only on fermionic variables Ψ^{γ̂} and Λ^{α̂}_{β̂} is a constant. See Appendix for details.

The conjugate momenta are given by

P_+ = − √ λh^{0i}G_{+,a}D_iX^a + P_{α̂}Λ^{α̂}_{β̂} Ψ^{β̂}, P_− = − √ λh^{0i}G_{−,a}D_iX^a, P_m = − √ λh^{0i}G_{mn}D_iX^n, P_{α̂} = − √ λB_{α̂β̂}D_1Ψ^{β̂} + P_−Λ^−_{α̂} + P_mΛ^m_{nα̂}X^n.

(3.10)

We have fermionic primary constraints:

Φ_{α̂} = P_{α̂} + √ λB_{α̂β̂}D_1Ψ^{β̂} − P_−Λ^−_{α̂} − P_mΛ^m_{nα̂}X^n ≈ 0. (3.11)

The Hamiltonian density is given by

H = P_mẊ^m + P_{α̂}Ψ̇^{α̂} − L = −e^0 Φ_0 − e^1Φ_1, (3.12)

where

Φ_0 = 1 √ λ G^{ab}Π_aΠ_b + √ λG_{ab}D_1X^aD_1X^b + 1 √ λ G^{mn}P_mP_n + √ λG_{mn}D_1X^mD_1X^n, (3.13)

Φ_1 = Π_aD_1X^a + P_mD_1X^m. (3.14)

Here Π_+ := P_+ − P_{α̂}Λ^{α̂}_{β̂}Ψ^{β̂} and Π_− := P_−.

Since the action (3.8) is a singular system, it is necessary to introduce fermionic Lagrange multipliers χ^{α̂} for (3.11). The Hamilton form of the equations of motion are given by Ż^M (τ, σ) = {Z^M (τ, σ), H}_{P.B.} + 1 2π ∫ dσ^′ {Z^M (τ, σ), Φ_{α̂}(τ, σ^′)}_{P.B.} χ^{α̂}(τ, σ^′), (3.15) Ṗ_M (τ, σ) = {P_M (τ, σ), H}_{P.B.} + 1 2π ∫ dσ^′ {P_M (τ, σ), Φ_{α̂}(τ, σ^′)}_{P.B.} χ^{α̂}(τ, σ^′), (3.16)

where H = 1 2π ∫ dσ H. (3.17)

The singularity of the action comes from the fact that Ψ̇^{α̂} or equivalently D_0Ψ^{α̂} does not appear in (3.10); Ψ̇^{α̂} can not be expressed by the phase space variables. The equations of motion (3.15) for Z^M = Ψ^{α̂} can be rewritten as D_0Ψ^{α̂} = χ^{α̂}. Therefore, the introduction of the fermionic Lagrange multipliers χ^{α̂} is eventually equivalent to converting D_0Ψ^{α̂} into χ^{α̂}.

3.2 Generalized light-cone gauge

We first reduce the phase space from Γ = {(X^m, P_m, Ψ^{α̂}, P_{α̂})} to Γ^∗ = {(X^m, P_m, Ψ^{α̂}, P_{α̂})} by taking the generalized light-cone gauge and by solving the Virasoro constraints Φ_0 = 0 and Φ_1 = 0.

Let us take the generalized light-cone gauge:

X^+ = κτ, Ṗ_− = 0. (3.18)

The Virasoro constraint Φ_1 = 0 is solved by setting D_1X^− = −(1/P_−)P_mD_1X^m. The bosonic Lagrange multipliers are determined as

h^{00} = − 1 √ λκ (G^{++}Π_+ + G^{+−}P_−), h^{01} = √ λ P^2_−

G_{−−}P_mD_1X^m. (3.19)

The Virasoro constraint Φ_0 = 0 yields the following quadratic equation

(G^{++}Π^2_+ + 2G^{+−}P_− Π_+ + G^{−−}P^2_−) + G^{mn}P_mP_n + λ P^2_−

G_{−−}(P_mD_1X^m)^2 + λG_{mn}D_1X^mD_1X^n = 0,

(3.20)

which gives a solution P_+ = P_{α̂}Λ^{α̂}_{β̂}Ψ^{β̂} + Π^{(sol)}_+ . (3.21)

Here Π^{(sol)}_+ = 1 G^{++} ( −B + ϵ_B √ B^2 − G^{++}C̃ ) , (3.22)

with B = G^{+−}P_−, ϵ_B = sign(B),

C̃ = G^{−−}P^2_− + 1 G_z 4∑ a=1 P^2_a + 1 G_y 4∑ s=1 P^2_{4+s}

+ λ P^2_−

G_{−−}(P_aD_1z^a + P_{4+s}D_1y^s)^2 + λG_z 4∑ a=1 (D_1z^a)^2 + λG_y 4∑ s=1 (D_1y^s)^2.

(3.23)

The time evolution for the reduced phase variables is given by

Ḟ (τ, σ) = {F (τ, σ), H_{LC}}^∗_{P.B.} + 1 2π ∫ dσ^′{F (τ, σ), Φ_{α̂}(τ, σ^′)}^∗_{P.B.} χ^{α̂}(τ, σ^′). (3.24)

Here {F, G}^∗_{P.B.} is the Poisson bracket in the reduced phase space Γ^∗. The light-cone Hamiltonian is given by H_{LC} = − κ 2π ∫_π −π dσ P_+, (3.25) and Φ_{α̂} is the fermionic constraints in the reduced phase space:

Φ_{α̂} = P_{α̂} + √ λB_{α̂β̂} ∂_1Ψ^{β̂} − P_−Λ^−_{α̂} − P_mΛ^m_{nα̂}X^n. (3.26)

As in the bosonic case, the light-cone Hamiltonian can be understood by canonical transformation. It can be also explained by using the first order form of the action: S = 1 2π ∫ d^2ξ ( P_+Ẋ^+ + P_−Ẋ^− + P_mẊ^m + P_{α̂}Ψ̇^{α̂} − H − Φ_{α̂}χ^{α̂} ) . (3.27)

By taking the generalized light-cone gauge and by substituting the solutions of the Virasoro constraints into the action, we have S = 1 2π ∫ d^2ξ ( P_mẊ^m + P_{α̂}Ψ̇^{α̂} − H_{LC} − Φ_{α̂}χ^{α̂} ) . (3.28)

Here H_{LC} = −κP_+ and we have dropped the total τ-derivative term P_−Ẋ^−.

We can see that the remaining fermionic constraints Φ_{α̂} ≈ 0 are second class:

{Φ_{α̂}(τ, σ), Φ_{β̂}(τ, σ^′)}^∗_{P.B.} = −2πC_{α̂β̂}(τ, σ)δ(σ − σ^′), (3.29)

where

C_{α̂β̂} = P_−(∂Λ^−_{α̂}/∂Ψ^{β̂} ) + P_−(∂Λ^−_{β̂}/∂Ψ^{α̂}) − P_mX^n ( Λ^m_{kα̂}Λ^k_{nβ̂} + Λ^m_{kβ̂}Λ^k_{nα̂} − (∂Λ^m_{nα̂}/∂Ψ^{β̂} ) − (∂Λ^m_{nβ̂}/∂Ψ^{α̂}) ) + √ λ(∂_1B_{α̂β̂}) − √ λ [ (∂_mB_{α̂γ̂} )Λ^m_k^_βX^k + (∂_mB_{β̂γ̂} )Λ^m_{kα̂}X^k − (∂B_{α̂γ̂} /∂Ψ^{β̂} ) − (∂B_{β̂γ̂} /∂Ψ^{α̂}) ] ∂_1Ψ^{γ̂} .

We assume that C is invertible. For AdS_5 × S^5, this is indeed the case since the terms in the first line of the above equation start with an invertible matrix:

P_−(∂Λ^−_{α̂}/∂Ψ^{β̂} ) + P_−(∂Λ^−_{β̂}/∂Ψ^{α̂}) = 2 √ 2 i P_− (γ_+)_{α̂β̂} + O(Ψ^2), (3.30)

(γ_+)_{α̂β̂} = ( 0 (γ_+)_α¯_β (γ_+)_{ᾱβ} 0 ) = ( 0 1_8 1_8 0 ) . (3.31)

The consistency of the time evolution of the fermionic constraints (Φ̇_{α̂} = 0) determines the fermionic Lagrange multipliers as follows χ^{α̂}(τ, σ) = ( C^{−1}(τ, σ) )_{α̂}^_β X_{β̂}(τ, σ). (3.32)

Here X_{β̂}(τ, σ) = {Φ_{β̂} (τ, σ), H_{LC}}^∗_{P.B.}. Since the explicit form of X_{β̂} is rather lengthy and is not necessary here, we do not write it in this paper.

The (equal τ) Dirac bracket is given by {F, G}_{D.B.} = {F, G}^∗_{P.B.} + 1 2π ∫ dσ{F, Φ_{α̂}(τ, σ)}^∗_{P.B.} ( C^{−1}(τ, σ) )_{α̂}^_β {Φ_{β̂}(τ, σ), G}^∗_{P.B.}. (3.33) Using the Dirac bracket we can choose (X^m, P_m, Ψ^{α̂}) as dynamical variables and P_{α̂} can be treated as the solution of the fermionic constraints:

P_{α̂} = − √ λB_{α̂β̂}∂_1Ψ^{β̂} + P_−Λ^−_α + P_mΛ^m_{nα̂}X^n. (3.34)

The time evolution of the dynamical variables are now given by

Ḟ = {F, H_{LC}}_{D.B.}. (3.35) Let U^m_{α̂} = Λ^m_{nα̂}X^n, V_{mα̂} = √ λ(∂_mB_{α̂β̂})∂_1Ψ^{β̂} − P_nΛ^n_{mα̂}. (3.36)

The Dirac bracket among the dynamical variables are given by {X^m(τ, σ), X^n(τ, σ^′)}_{D.B.} = −2π U^m_{α̂} ( C^{−1} )_{α̂}^_β U^n_{β̂} δ(σ − σ^′), {X^m(τ, σ), P_n(τ, σ^′)}_{D.B.} = 2π ( δ^m_n − U^m_{α̂} ( C^{−1} )_{α̂}^_β V_{nβ̂} ) δ(σ − σ^′), {X^m(τ, σ), Ψ^{α̂}(τ, σ^′)}_{D.B.} = −2π U^m_{β̂} ( C^{−1} )^_{βα̂} δ(σ − σ^′), {P_m(τ, σ), P_n(τ, σ^′)}_{D.B.} = −2π V_{mα̂} ( C^{−1} )_{α̂}^_β V_{nβ̂} δ(σ − σ^′), {P_m(τ, σ), Ψ^{α̂}(τ, σ^′)}_{D.B.} = −2π V_{mβ̂} ( C^{−1} )^_{βα̂} δ(σ − σ^′), {Ψ^{α̂}(τ, σ), Ψ^{β̂}(τ, σ^′)}_{D.B.} = 2π ( C^{−1} )_{α̂}^_β δ(σ − σ^′).

(3.37)

The quantization of these transverse degrees of freedom is then a straightforward task: to replace iℏ times the Dirac bracket by the graded commutator. Because of the fermionic constraints, all corresponding quantum operators become non-commutative.

Acknowledgements

We would like to thank Makoto Sakaguchi and Kentaroh Yoshida for useful discussions. This work is supported by the 21 COE program “Construction of wide-angle mathematical basis focused on knots” and in part by the Grant-in Aid for Scientific Research (No. 18540285) from Japan Ministry of Education.

A Details on the induced vielbein

The psu(2, 2|4) generators are given by ^P_a = ( ^P_â, ^P_{â′} ), ^J_{âb̂} = − ^J_{b̂â}, ^J_{â′b̂′} = − ^J_{b̂′â′} , ^Q_α, ^Q_ᾱ, (A.1) where a = 0, 1, 2, . . . , 9, â, b̂ = 0, 1, 2, 3, 4, â^′, b̂^′ = 5, 6, 7, 8, 9, α = 1, 2, . . . , 16, ᾱ = ¯1, ¯2, . . . , ¯16. The bosonic generatros are chosen to be anti-Hermitian and ( ^Q_α)^† = ^Q_ᾱ. The non-zero commutation relations are given by

[ ^P_â, ^P_{b̂}] = ^J_{âb̂}, [ ^P_â′ , ^P_{b̂}′ ] = − ^J_â′_{b̂}′ , (A.2) [ ^P_â, ^J_{b̂ĉ}] = η_{âb̂} ^P_ĉ − η_{âĉ} ^P_{b̂}, [ ^P_â′ , ^J_{b̂}′_ĉ′ ] = δ_â′_{b̂}′ ^P_ĉ′ − δ_â′_ĉ′ ^P_{b̂}′ , (A.3) [ ^J_{âb̂}, ^J_{ĉd̂}] = η_{b̂ĉ} ^J_{âd̂} + 3 terms, [ ^J_â′_{b̂}′ , ^J_ĉ′_{d̂}′ ] = δ_{b̂}′_ĉ′ ^J_â′_{d̂}′ + 3 terms, (A.4) [ ^Q_α, ^P_a] = i 2 (γ_aϱ)_α^β ^Q_β, [^Q_ᾱ, ^P_a] = − i 2 (γ_aϱ)_ᾱ^{β̄} ^Q¯_β, (A.5) [ ^Q_α, ^J_{âb̂}] = 1 2 (γ_{âb̂})_α^β ^Q_β, [ ^Q_α, ^J_â′_{b̂}′ ] = 1 2 (γ_â′_{b̂}′ )_α^β ^Q_β, (A.6) [^Q_ᾱ, ^J_{âb̂}] = 1 2 (γ_{âb̂})_ᾱ^{β̄} ^Q¯_β, [^Q_ᾱ, ^J_â′_{b̂}′ ] = 1 2 (γ_â′_{b̂}′ )_ᾱ^{β̄} ^Q¯_β, (A.7)

{ ^Q_α, ^Q¯_β} = −2i(γ^a)_α¯_β ^P_a + (γ^{âb̂}ϱ)_α¯_β ^J_{âb̂} − (γ^{â′b̂′} ϱ)_α¯_β ^J_â′_{b̂}′ . (A.8) Here η_{âb̂} = diag(−, +, +, +, +). We define ^P_± = 1√ 2 ( ^P_0 ± ^P_9), γ_± = 1 2 (γ_0 ± γ_9). (A.9)

(γ_+)_{αβ} = ( (γ_+)_{αβ} 0 0 0 ) = ( 1_8 0 0 0 ) , (γ_−)_{αβ} = ( 0 0 0 (γ_−)_{α̇}˙_β ) = ( 0 0 0 1_8 ) . (A.10)

In our notation,

(γ^a)_{αβ} = ( 0 (γ^a)_α˙_β (γ^a)_{α̇β} 0 ) , (γ^{4+s})_{αβ} = ( 0 (γ^{4+s})_α˙_β (γ^{4+s})_{α̇β} 0 ) , (A.11)

for a = 1, 2, 3, 4 and s = 1, 2, 3, 4.

If we decompose the fermionic generators into ^Q_α = ( ^Q^+_α , ^Q^−_{α̇} ), ^Q_ᾱ = (^Q^+_ᾱ , ^Q^−_{˙ᾱ} ), some of commutation relations can be rewritten as follows:

[ ^Q^+_α , ^P_+] = i √ 2 (γ_+ϱ)_α^β ^Q^+_β , [ ^Q^−_{α̇} , ^P_+] = 0, (A.12)

[ ^Q^+_α , ^P_−] = 0, [ ^Q^−_{α̇} , ^P_−] = i √ 2 (γ_−ϱ)_{α̇}^{β̇} ^Q^−_{β̇} , (A.13)

{ ^Q^+_α , ^Q^+_{β̄} } = 2 √ 2i (γ_+)_α¯_β ^P_− + (γ^{ab}ϱ)_α¯_β ^J_{ab} − (γ^{a′b′} ϱ)_α¯_β ^J_a′_b′ . (A.14)

Here a, b = 1, 2, 3, 4, a^′, b^′ = 5, 6, 7, 8.

Using the coset representative (3.7) with

g_z = exp ( X^a ^P_a ) , X^a = z^a z log ( 1 + (1/2)z 1 − (1/2)z ) , (A.15)

g_y = exp ( X^{4+s} ^P_{4+s} ) , X^{4+s} = −i y^s y log ( 1 + (i/2)y 1 − (i/2)y ) , (A.16)

we can calculate the vielbeins for the reduced type IIB superspace as follows:

G^{−1}dG = E^a ^P_a + E^α ^Q_α + E^ᾱ ^Q_ᾱ + (spin connection part). (A.17)

Let us define a 16 × 16 matrix M^2 by

M^2 = ( (M^2)^α_β (M^2)^α¯_β (M^2)^ᾱ_β (M^2)^ᾱ¯_β ) , (A.18)

where the matrix elements are defined by

ad^2(θ^+ ^Q^+ + θ̄^+ ^Q^+)( ^Q^+_α ) = ^Q^+_β (M^2)^β_α + ^Q^+_{β̄} (M^2)^{β̄}_α, (A.19)

ad^2(θ^+ ^Q^+ + θ̄^+ ^Q^+)(^Q_ᾱ^+) = ^Q^+_β (M^2)^β_ᾱ + ^Q^+_{β̄} (M^2)^{β̄}_ᾱ. (A.20)

Explicit form of the matrix elements are given by

(M^2)^α_β = 1 2 (θ^+γ_{ab})^α(θ̄^+γ^{ab}ϱ)_β − 1 2 (θ^+γ_a′_b′ )^α(θ̄^+γ^{a′b′} ϱ)_β,

(M^2)^α¯_β = − 1 2 (θ^+γ_{ab})^α(θ^+γ^{ab}ϱ)¯_β + 1 2 (θ^+γ_a′_b′ )^α(θ^+γ^{a′b′} ϱ)¯_β,

(M^2)^ᾱ_β = 1 2 (θ̄^+γ_{ab})^ᾱ(θ̄^+γ^{ab}ϱ)_β − 1 2 (θ̄^+γ_a′_b′ )^ᾱ(θ̄^+γ^{a′b′} ϱ)_β,

(M^2)^ᾱ¯_β = − 1 2 (θ̄^+γ_{ab})^ᾱ(θ^+γ^{ab}ϱ)¯_β + 1 2 (θ̄^+γ_a′_b′ )^ᾱ(θ^+γ^{a′b′} ϱ)¯_β.

(A.21)

Let cosh M − 1_{16}

M^2 = ( (K_{11})^α_β (K_{12})^α¯_β (K_{21})^ᾱ_β (K_{22})^ᾱ¯_β ) , sinh M M = ( (L_{11})^α_β (L_{12})^α¯_β (L_{21})^ᾱ_β (L_{22})^ᾱ¯_β ) . (A.22)

The induced vielbeins are calculated as follows: E^±_i = e^±_+∂_iX^+ + e^±_−D_iX^−,

E^a_i = 1 1 − (z^2/4) D_iz^a, E^{4+s}_i = 1 1 + (y^2/4) D_iy^s, E^{+α}_i = U^α_β ( (L_{11}D_iθ^+)^β + (L_{12}D_iθ̄^+)^β ) , E^{−α̇}_i = V^{α̇}_β ( (L_{11}D_iθ^+)^β + (L_{12}D_iθ̄^+)^β ) , E^{+ᾱ}_i = U^ᾱ¯_β ( (L_{21}D_iθ^+)^{β̄} + (L_{22}D_iθ̄^+)^{β̄} ) , E^{− ˙ᾱ}_i = V^{˙ᾱ}¯_β ( (L_{21}D_iθ^+)^{β̄} + (L_{22}D_iθ̄^+)^{β̄} ) ,

(A.23)

where

e^±_+ = 1 2 [( 1 + (z^2/4) 1 − (z^2/4) ) ± ( 1 − (y^2/4) 1 + (y^2/4) )] , e^±_− = 1 2 [( 1 + (z^2/4) 1 − (z^2/4) ) ∓ ( 1 − (y^2/4) 1 + (y^2/4) )] , (A.24)

U^α_β =

(δ^α_β + (1/4)z^ay^s(γ_aγ_{4+s})^α_β) (1 − (z^2/4))^{1/2} (1 + (y^2/4))^{1/2}

, U^ᾱ¯_β = ( δ^ᾱ¯_β + (1/4)z^ay^s(γ_aγ_{4+s})^ᾱ¯_β ) (1 − (z^2/4))^{1/2} (1 + (y^2/4))^{1/2} , (A.25)

V^{α̇}_β =

−iz^a(γ_aϱ)^{α̇}_β + iy^s(γ_{4+s}ϱ)^{α̇}_β 2 (1 − (z^2/4))^{1/2} (1 + (y^2/4))^{1/2}

, V^{˙ᾱ}¯_β = iz^a(γ_aϱ)^{˙ᾱ}¯_β − iy^s(γ_{4+s}ϱ)^{˙ᾱ}¯_β 2 (1 − (z^2/4))^{1/2} (1 + (y^2/4))^{1/2} , (A.26) D_iX^− = ∂_iX^− + 2 √ 2i [ (θ̄^+γ_+K_{11})_α + (θ^+γ_+K_{21})_α ] D_iθ^{+α} + 2 √ 2i [ (θ̄^+γ_+K_{12})_ᾱ + (θ^+γ_+K_{22})_ᾱ ] D_iθ̄^{+ᾱ}, D_iz^a = ∂_iz^a − 2z_b [ (θ̄^+γ^{ab}ϱK_{11})_α − (θ^+γ^{ab}ϱK_{21})_α ] D_iθ^{+α} − 2z_b [ (θ̄^+γ^{ab}ϱK_{12})_ᾱ − (θ^+γ^{ab}ϱK_{22})_ᾱ ] D_iθ̄^{+ᾱ},

D_iy^s = ∂_iy^s + 2y_s′ [ (θ̄^+γ^{4+s,4+s′} ϱK_{11})_α − (θ^+γ^{4+s,4+s′} ϱK_{21})_α ] D_iθ^{+α} + 2y_s′ [ (θ̄^+γ^{4+s,4+s′} ϱK_{12})_ᾱ + (θ^+γ^{4+s,4+s′} ϱK_{22})_ᾱ ] D_iθ̄^{+ᾱ},

D_iθ^{+α} = ∂_iθ^{+α} − i √ 2 (θ^+γ_+ ϱ)^α∂_iX^+,

D_iθ̄^{+ᾱ} = ∂_iθ̄^{+ᾱ} + i √ 2 (θ̄^+γ_+ ϱ)^ᾱ∂_iX^+.

(A.27)

By comparing with (3.9), we can read off Λ^−_{α̂}, Λ^m_{nα̂}, Λ^{α̂}_{β̂}. For example,

Λ^−_α = 2 √ 2 i [ (θ̄^+γ_+K_{11})_α + (θ^+γ_+K_{21})_α ] , (A.28)

Λ^−_ᾱ = 2 √ 2 i [ (θ̄^+γ_+K_{12})_ᾱ + (θ^+γ_+K_{22})_ᾱ ] . (A.29) The fields B_{α̂β̂} in the Wess-Zumino term are read off from 1 2 ϵ^{ij} B_{α̂β̂} (Z)D_iΨ^{α̂}D_jΨ^{β̂}

= ϵ^{ij} (E^{+α}_i ϱ_{αβ} E^{+β}_j + E^{−α̇}_i ϱ_{α̇}˙_βE^{−β̇}_j − E^{+ᾱ}_i ϱ_ᾱ¯_βE^{+β̄}_j − E^{− ˙ᾱ}_i ϱ_{˙ᾱ} ˙_{β̄}E^{− ˙β̄}_j ).

(A.30)

Our convention for the Levi-Civita symbol is ϵ^{01} = 1.

References

[1] M.B. Green and J.H. Schwarz, “Covariant description of superstrings,” Phys. Lett.

B136 (1984) 367-370.

[2] M.B. Green and J.H. Schwarz, “Properties of the covariant formulation of superstring theories,” Nucl. Phys. B243 (1984) 285-306.

[3] R.R. Metsaev and A.A. Tseytlin, “Type IIB superstring action in AdS_5 × S^5 background,” Nucl. Phys. B533 (1998) 109-126, hep-th/9805028.

[4] T. Hori and K. Kamimura, “Canonical Formulation of Superstring,” Prog. Theor.

Phys. 73 (1985) 476-495.

[5] L. Brink, “Covariant superstrings from the light-cone gauge,” Phys. Lett. B241 (1990) 19-23.

[6] W. Siegel, “Classical superstring mechanics,” Nucl. Phys. B263 (1986) 93-104.

[7] N. Berkovits, “Super-Poincaré Covariant Quantization of the Superstring,” JHEP 0004 (2000) 018, hep-th/0001035.

[8] N. Berkovits, “Covariant Quantization of the Superstring,” Nucl. Phys. Proc. Suppl.

127 (2004) 23-29; Int. J. Mod. Phys. A16 (2001) 801-811, hep-th/0008145; N. Berkovits, “ICTP Lectures on Covariant Quantization of the Superstring,”

hep-th/0209059;

N. Berkovits, “Quantum Consistency of the Superstring in AdS_5 × S^5 Background,” JHEP 0503 (2005) 041, hep-th/0411170.

[9] I. Oda and M. Tonin, “On the Berkovits Covariant Quantization of GS Superstring,” Phys. Lett. B520 (2001) 398-404, hep-th/0109051.

[10] P.A. Grassi, G. Policastro, P. van Nieuwenhuizen, “Covariant Quantization of Superstrings Without Pure Spinor Constraints,” JHEP 0210 (2002) 054, hep-th/0112162; P.A. Grassi, G. Policastro, P. van Nieuwenhuizen, “The Covariant Quantum Superstring and Superparticle from their Classical Actions,” Phys. Lett. B553 (2003) 96-104, hep-th/0209026;

P.A. Grassi, G. Policastro, P. van Nieuwenhuizen, “An Introduction to the Covariant Quantization of Superstrings,” Class. Quant. Grav. 20 (2003) S395-S410,

hep-th/0302147.

[11] Y. Aisaka and Y. Kazama, “A New First Class Algebra, Homological Perturbation and Extension of Pure Spinor Formalism for Superstring,” JHEP 0302 (2003) 017,

hep-th/0212316;

Y. Aisaka and Y. Kazama, “Origin of Pure Spinor Superstring,” JHEP 0505 (2005) 046, hep-th/0502208.

[12] A. Gaona and J.A. García, “BFT embedding of the Green-Schwarz superstring and the pure spinor formalism,” JHEP 0509 (2005) 083, hep-th/0507076.

[13] L. Susskind, “Model of Self-Induced Strong Interactions,” Phys. Rev. 165 (1968) 1535-1546;

L. Susskind, “Hadronic Currents,” Phys. Rev. 165 (1968) 1547-1553.

[14] K. Bardakci and M.B. Halpern, “Theories at Infinite Momentum,” Phys. Rev. 176 (1968) 1686-1699.

[15] J.B. Kogut and D.E. Soper, “Quantum Electrodynamics in the Infinite-Momentum Frame,” Phys. Rev. D1 (1970) 2901-2914.

[16] S. Mandelstam, “Interacting-string picture of dual-resonance models,” Nucl. Phys.

B64 (1973) 205-235;

S. Mandelstam, “Interacting-string picture of the Neveu-Schwarz-Ramond model,” Nucl. Phys. B69 (1974) 77-106;

S. Mandelstam, “Dual-resonance models,” Phys. Rept. 13 (1974) 259-353.

[17] P. Goddard, J. Goldstone, C. Rebbi and C.B. Thorn, “Quantum dynamics of a massless relativistic string,” Nucl. Phys. B56 (1973) 109-135.

[18] J.-L. Gervais and B. Sakita, “Ghost-Free String Picture of Veneziano Model,” Phys.

Rev. Lett. 30 (1973) 716-719.

[19] M. Kaku and K. Kikkawa, “Field theory of relativistic strings. I. Trees,” Phys. Rev.

D10 (1974) 1110-1133;

M. Kaku and K. Kikkawa, “Field theory of relativistic string. II. Loops and Pomerons,” Phys. Rev. D10 (1974) 1823-1843.

[20] I. Pesando, “A κ Gauge Fixed Type IIB Superstring Action on AdS_5 × S^5,” JHEP 9811 (1998) 002, hep-th/9808020;

I. Pesando, “All roads lead to Rome: Supersolvables and Supercosets,” Mod. Phys. Lett. A14 (1999) 343-348, hep-th/9808146;

I. Pesando, “On the Fixing of the κ Gauge Symmetry on AdS and Flat Background: the Lightcone Action for the Type IIb String on AdS_5 ⊗S_5,” Phys. Lett. B485 (2000) 246-254, hep-th/9912284.

[21] R. Kallosh, “Superconformal Actions in Killing Gauge,” hep-th/9807206.

[22] R. Kallosh and J. Rahmfeld, “The GS String Action on AdS_5 × S^5,” Phys. Lett.

B443 (1998) 143-146, hep-th/9808038.

[23] R. Kallosh and A.A. Tseytlin, “Simplifying superstring action on AdS_5 × S^5,” JHEP 9810 (1998) 016, hep-th/9808088.

[24] R.R. Metsaev and A.A. Tseytlin, “Superstring action in AdS_5 × S^5: κ-symmetry light cone gauge,” Phys. Rev. D63 (2001) 046002, hep-th/0007036.

[25] R.R. Metsaev, C.B. Thorn and A.A. Tseytlin, “Light-cone Superstring in AdS Spacetime,” Nucl. Phys. B596 (2001) 151-184, hep-th/0009171.

[26] D.M. Hofman and J.M. Maldacena, “Giant magnons,” J. Phys. A39 (2006) 13095- 13118, hep-th/0604135.

[27] N. Dorey, “Magnon bound states and the AdS/CFT correspondence,” J. Phys. A39 (2006) 13119-13128, hep-th/0604175.

[28] T. McLoughlin and X. Wu, “Kinky Strings in AdS_5 × S^5,” JHEP 0608 (2006) 063,

hep-th/0604193;

T. McLoughlin and I. Swanson, “Integrable twists in AdS/CFT,” JHEP 0608 (2006) 084, hep-th/0605018.

[29] R. Roiban, A. Tirziu and A.A. Tseytlin, “Asymptotic Bethe ansatz S-matrix and Landau-Lifshitz type effective 2-d actions,” J. Phys. A39 (2006) 13129-13169,

hep-th/0604199.

[30] N. Gromov and V. Kazakov, “Asymptotic Bethe ansatz from string sigma model on S^3 × R,” hep-th/0605026.

[31] A. Mauri, S. Penati, M. Pirrone, A. Santambrogio and D. Zanon, “On the perturbative chiral ring for marginally deformed N = 4 SYM theories,” JHEP 0608 (2006) 072, hep-th/0605145.

[32] H.Y. Chen, N. Dorey and K. Okamura, “Dyonic Giant Magnons,” JHEP 0609 (2006) 024, hep-th/0605155;

H.Y. Chen, N. Dorey and K. Okamura, “On the Scattering of Magnon Boundstates,”

hep-th/0608047;

H.Y. Chen, N. Dorey and K. Okamura, “The Asymptotic Spectrum of the N = 4 Super Yang-Mills Spin Chain,” hep-th/0610295.

[33] D. Berenstein and R. Cotta, “Aspects of emergent geometry in the AdS/CFT context,” Phys. Rev. D47 (2006) 026006, hep-th/0605220.

[34] G. Arutyunov, S. Frolov and M. Zamaklar, “Finite-size Effects from Giant Magnons,”

hep-th/0606126.

[35] J.A. Minahan, A. Tirziu and A.A. Tseytlin, “Infinite spin limit of semiclassical string states,” JHEP 0608 (2006) 049, hep-th/0606145.

[36] N. Beisert, “On the scattering phase for AdS_5 × S^5 strings,” hep-th/0606214;

N. Beisert, R. Hernandez, E. Lopez, “A Crossing-Symmetric Phase for AdS_5 × S^5 Strings,” hep-th/0609044;

N. Beisert, “The Analytic Bethe Ansatz for a Chain with Centrally Extended su(2|2) Symmetry,” nlin.SI/0610017;

N. Beisert, B. Eden and M. Staudacher, “Transcendentality and Crossing,”

hep-th/0610251.

[37] C.-S. Chu, G. Georgiou and V.V. Khoze, “Magnons, Classical Strings and β- Deformations,” hep-th/0606220.

[38] M. Spradlin and A. Volovich, “Dressing the Giant Magnon,” hep-th/0607009.

[39] N.P.Bobev and R.C. Rashkov, “Multispin Giant Magnons,” Phys. Rev. D74 (2006) 046011, hep-th/0607018.

[40] M. Kruczenski, J. Russo and A.A. Tseytlin, “Spiky strings and giant magnons on S^5,” hep-th/0607044.

[41] P. Bozhilov and R.C. Rashkov, “Magnon-like dispersion relation from M-theory,”

hep-th/0607116.

[42] W.-H. Huang, “Giant magnons under NS-NS and Melvin fields,” hep-th/0607161. [43] S.E. Vazquez, “BPS Condensates, Matrix Models and Emergent String Theory,”

hep-th/0607204.

[44] M. Beccaria and L.D. Debbio, “Bethe Ansatz solutions for highest states in N = 4 SYM and AdS/CFT duality,” JHEP 0609 (2006) 025, hep-th/0607236.

[45] C. Gomez and R. Hernandez, “The Magnon kinematics of the AdS/CFT correspondence,” hep-th/0608029.

[46] R. Roiban, “Magnon Bound-state Scattering in Gauge and String Theory,”

hep-th/0608049.

[47] D.H. Correa and G.A. Silva, “Dilatation operator and the super Yang-Mills duals of open strings on AdS giant gravitons,” hep-th/0608128.

[48] K. Okamura and R. Suzuki, “A Perspective on Classical Strings from Complex Sine- Gordon Solitons,” hep-th/0609026.

[49] G. Arutyunov, S. Frolov, J. Plefka and M. Zamaklar, “The Off-shell Symmetry Algebra of the Light-cone AdS_5 × S^5 Superstring,” hep-th/0609157.

[50] S. Hirano, “Fat Magnon,” hep-th/0610027.

[51] S. Ryang, “Three-Spin Giant Magnons in AdS_5 × S^5,” hep-th/0610037. [52] S. Schafer-Nameki, M. Zamaklar, K. Zarembo, “How Accurate is the Quantum String Bethe Ansatz?,” hep-th/0610250.

[53] M. Kruczenski, A.V. Ryzhov and A.A. Tseytlin, “Large spin limit of AdS_5 ×S^5 string theory and low energy expansion of ferromagnetic spin chains,” Nucl. Phys. B692 (2004) 3-49, hep-th/0403120.

[54] M. Kruczenski and A.A. Tseytlin, “Semiclassical relativistic strings in S^5 and long coherent operators in N = 4 SYM theory,” JHEP 0409 (2004) 038, hep-th/0406189.

[55] G. Arutyunov and S. Frolov, “Integrable Hamiltonian for Classical Strings on AdS_5 × S^5,” JHEP 0502 (2005) 059, hep-th/0411089.

[56] G. Arutyunov and S. Frolov, “Uniform Light-Cone Gauge for Strings in AdS_5 × S^5:

Solving su(1|1) Sector,” JHEP 0601 (2006) 055, hep-th/0510208.

[57] S. Frolov, J. Plefka and M. Zamaklar, “The AdS_5 × S^5 Superstring in Light-Cone Gauge and its Bethe Equations,” J. Phys. A39 (2006) 13037-13082, hep-th/0603008.

[58] M.T. Grisaru, P. Howe, L. Mezincescu, B.E.W. Nilsson and P.K. Townsend, “N = 2 superstrings in a supergravity background,” Phys. Lett. B162 (1985) 116-120.

[59] R. Kallosh, J. Rahmfeld and A. Rajaraman, “Near horizon superspace,” JHEP 9809 (1998) 002, hep-th/9805217.

[60] R.R. Metsaev and A.A. Tseytlin, “Supersymmetric D3 brane action in AdS_5 × S^5,” Phys. Lett. B436 (1998) 281, hep-th/9806095.

[61] N. Berkovits, M. Bershadsky, T. Hauer, S. Zhukov and B. Zwiebach, “Superstring Theory on AdS_2 × S^2 as a Coset Supermanifold,” Nucl. Phys. B567 (2000) 61-86,

hep-th/9907200.

[62] R. Roiban and W. Siegel, “Superstrings on AdS_5 × S^5 supertwistor space,” JHEP 0011 (2000) 024, hep-th/0010104.