arXiv:1303.1037v4 [hep-th] 23 May 2013

Imperial-TP-AT-2013-01 HU-EP-13/10

On string theory on AdS_3 × S^3 × T^4 with mixed 3-form flux: tree-level S-matrix

B. Hoare^{a,1} and A.A. Tseytlin^{b,2}

a Institut für Physik, Humboldt-Universität zu Berlin, Newtonstraße 15, D-12489 Berlin, Germany

b The Blackett Laboratory, Imperial College, London SW7 2AZ, U.K.

Abstract

We consider superstring theory on AdS_3 × S^3 × T^4 supported by a combination of RR and NSNS 3-form fluxes (with parameter of the NSNS 3-form q). This theory interpolates between the pure RR flux model (q = 0) whose spectrum is expected to be described by a (thermodynamic) Bethe ansatz and the pure NSNS flux model (q = 1) which is described by the supersymmetric extension of the SL(2, R) × SU(2) WZW model. As a first step towards the solution of this integrable theory for generic value of q we compute the corresponding tree-level S-matrix for massive BMN-type excitations. We find that this S-matrix has a surprisingly simple dependence on q: the diagonal amplitudes have exactly the same structure as in the q = 0 case but with the BMN dispersion relation e^2 = p^2 + 1 replaced by the one with shifted momentum and mass, e^2 = (p ± q)^2 + 1 − q^2. The off-diagonal amplitudes are then determined from the classical Yang-Baxter equation. We also construct the Pohlmeyer reduced model corresponding to this superstring theory and find that it depends on q only through the rescaled mass parameter, μ → √ 1 − q^2 μ, implying that its relativistic S-matrix is q-independent.

1ben.hoare@physik.hu-berlin.de 2Also at Lebedev Institute, Moscow. tseytlin@imperial.ac.uk

Contents

1 Introduction 3

2 Bosonic string action on R × S^3 with B-flux 4 2.1 Explicit form of the Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2 Dispersion relation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.3 Gauge fixing and expansion of the action to quartic order . . . . . . . . . . . . . 8

3 Tree-level S-matrix of bosonic string on R × S^3 with B-flux 10 3.1 Vanishing B-flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 3.2 Non-vanishing B-flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4 Tree-level S-matrix of AdS_3 × S^3 × T^4 superstring with mixed flux 15 4.1 Vanishing B-flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 4.2 Non-vanishing B-flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

5 Concluding remarks 21

Appendices 22

A Expansion of the action of AdS_3 × S^3 × T^4 string theory with B-flux 22 A.1 Bosonic sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 A.2 Fermionic sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

B Comments on symmetry algebra of the superstring S-matrix 26

C Faddeev-Reshetikhin model for the string on R × S^3 with B-flux 30

D Pohlmeyer-reduced theory for superstring on AdS_3 × S^3 × T^4 with mixed flux 34 D.1 Pohlmeyer reduction of bosonic AdS_3 × S^3 string in embedding coordinates . . . 35 D.1.1 PR model for string on R × S^3 . . . . . . . . . . . . . . . . . . . . . . . 35 D.1.2 PR models for strings on AdS_3 × S^1 and AdS_3 . . . . . . . . . . . . . . . 36 D.1.3 Comments on relation between classical solutions of string and PR models 38 D.2 Pohlmeyer reduction in group-theoretic approach . . . . . . . . . . . . . . . . . 40 D.3 Pohlmeyer reduction for superstring on AdS_3 × S^3 with mixed flux . . . . . . . 43

1 Introduction

The subject of this paper is the superstring theory on AdS_3 × S^3 × T^4 space-time supported by a combination of RR and NSNS 3-form fluxes. The corresponding type IIB supergravity background is the near-horizon limit of the mixed NS5-NS1 + D5-D1 solution that is the basis for an interesting example of AdS/CFT duality [1, 2]. In the near-horizon limit the dilaton is constant, the 3-form fluxes through AdS_3 and S^3 have related coefficients and the radii of the two spaces are equal.

The S-duality symmetry of type IIB supergravity transforms the NSNS 3-form into the RR 3-form, so that if the coefficients of the NSNS and RR fluxes are chosen as q and q^′, respectively, then they enter symmetrically into the supergravity equations, e.g., as q^2 + q^{′2} = 1 (we set the curvature radius to 1). The perturbative fundamental superstring theory is not invariant under the S-duality and should thus depend non-trivially on the parameter q.^1

We shall assume that 0 ≤ q ≤ 1, with q = 0 corresponding to the AdS_3 × S^3 × T^4 theory with pure RR flux and q = 1 – to the AdS_3 × S^3 × T^4 theory with pure NSNS flux. The NSNS flux theory is given by the superstring generalization of the SL(2) × SU(2) WZW model while the RR flux theory has a Green-Schwarz (GS) formulation [3, 4] similar to the one [5] in the AdS_5 × S^5 case. The “mixed” theory for generic value of q (first discussed in GS formulation in [3]) has a nice^{P SU(1,1|2)×P SU(1,1|2)}

SU(1,1)×SU(2) supercoset formulation [6], exposing its classical integrability

and UV finiteness.^2

The free string spectrum of the NSNS (q = 1) theory can be found using the chiral decomposition property of the WZW model [7] while the apparently more complicated spectral problem of the RR (q = 0) theory is expected to be solved, as in the AdS_5 ×S^5 case [8], by a thermodynamic Bethe ansatz (for recent progress towards its construction see [9, 10, 11, 12, 13, 14, 15, 16, 17]).

Solving the “interpolating” theory with 0 < q < 1 is thus a very interesting problem as that may help to understand the relation between the more standard CFT approach in the q = 1 case and the integrability-based TBA approach in the q ≠ 1 case.^3

The first step towards constructing the q ≠ 0 generalization of the Bethe ansatz for the string spectrum is to find the corresponding S-matrix for the elementary (BMN-like) massive excitations. Our aim here will be to determine the string tree-level term in this S-matrix following the approach used in the AdS_5 × S^5 case in [23, 24, 25, 26, 27], i.e. computing it directly from the gauge-fixed string action.

We shall start in section 2 with an explicit description of the bosonic part of the string action

1The (leading-order) conformal invariance (or κ-symmetry) conditions of the superstring theory, being equivalent to the supergravity field equations, will still depend on the coefficients of the two types of fluxes through the S-duality invariant combination q^2 + q^{′2}, relating it to the square of the radius of the AdS_3 and S^3 (here set to 1).

2In our notation the parameters of the GS action in [6] are χ = q, κ = √ 1 − q^2.

3It should be noted that the SU(2) principal chiral model with a WZ term was studied in the past using the Bethe ansatz approach [18, 19, 20, 21] but this quantum solution is not directly relevant for the AdS_3 × S^3 × T^4 superstring case where the presence of fermions makes the world-sheet theory UV finite: there is thus no RG flow (or dynamical mass generation in the q = 0 case) while a fiducial (BMN-type [22]) mass scale is introduced by a “vacuum” choice or a gauge fixing.

in the sector corresponding to the string moving on R × S^3. In conformal gauge it is described by the SU(2) principal chiral model with a WZ term (with coefficient proportional to q). Fixing a gauge corresponding the BMN vacuum in which the center of mass of the string moves along a circle in S^3 we expand the action to quartic order in the fields, sufficient to compute the two-particle tree-level S-matrix.

The computation of this S-matrix for the bosonic string on S^3 with B-field flux is the subject of section 3. This S-matrix has a direct generalization to the full bosonic AdS_3 × S^3 sector found by using the expression for the relevant gauge-fixed action given in Appendix A.1.

The simplicity of the bosonic result and the requirements of integrability (symmetry factorization and the Yang-Baxter equation) suggest a natural generalization to the fermionic sector, i.e. leading to the full tree-level S-matrix of the GS superstring theory on AdS_3 × S^3 × T^4 with mixed RR-NSNS flux, which we present in the section 4.

In Appendix A.2 we explain how the quadratic fermionic action that reproduces the nontrivial BBF F part of this S-matrix should follow from the AdS_3 × S^3 × T^4 superstring action upon light-cone gauge fixing and expansion in powers of bosons. A candidate for the symmetry algebra of this S-matrix is discussed in Appendix B where we also comment on the symmetry of the S-matrix in the q = 0 case. Section 5 contains some concluding remarks.

Imposing the conformal gauge, one may solve the Virasoro conditions explicitly and reformulate the classical string theory in terms of current field variables. One way to do this is the Pohlmeyer reduction and another is the Faddeev-Reshetikhin construction (that applies in the bosonic SU(2) case). In Appendix C we construct the Faddeev-Reshetikhin model corresponding to the bosonic string on R × S^3 with B-flux, generalizing the discussion in [28], and present the q ≠ 0 expression for the corresponding tree-level S-matrix (which is different from the bosonic string sigma model one).

In Appendix D we give a detailed construction of the Pohlmeyer-reduced model corresponding to the superstring theory on AdS_3 × S^3 × T^4 with mixed 3-form flux. Somewhat unexpectedly, we find that the reduced action is the same as in the q = 0 case [29, 30] but has the rescaled mass scale parameter, μ → √ 1 − q^2 μ. As a result, the corresponding relativistic S-matrix does not depend on q.

2 Bosonic string action on R × S^3 with B-flux

Let us start with some basic definitions. In general, the bosonic string sigma model action is^4 S = 1 2πα^′ ∫ dτdσ L , L = −^1_2 [√ gg^{ab}G_{mn}(x) + ϵ^{ab}B_{mn}(x) ] ∂_ax^m∂_bx^n . (2.1)

The action of the AdS_3 × S^3 × T^4 superstring theory with mixed 3-form flux has the following structure:

S_{tot} = S_{AdS} + S_S + fermionic terms , (2.2)

where the first two terms are given by the principal chiral models with an extra WZ term for the groups SL(2, R) and SU(2) respectively. The WZ term represents the NSNS 3-form flux

4We use (−, +) world-sheet signature and ϵ^{01} = 1.

(proportional to q).^5 Both the NSNS 3-form coupling and the RR 3-form coupling (proportional to √ 1 − q^2) appear in the fermionic terms.

In general, the string moving on a group space with a B-flux is described, in the conformal gauge, by the the action of a principal chiral model with a WZ term

S =^1_2 h [ ∫ d^2σ^1_2 tr(J^aJ_a) + q ∫ d^3σ^1_3 ϵ^{abc}tr(J_aJ_bJ_c) ] , (2.3)

J_a = g^{−1}∂_ag , h =

R^2 2πα^′ = √ λ 2π . (2.4)

Here h is the effective coupling (string tension). The quantized coefficient of the WZ term is k = √ λ q. q = 1 corresponds to the case of the WZW model. The corresponding classical equations of motion can be written as (∂_± = ∂_0 ± ∂_1)

(1 − q)∂_+J_− + (1 + q)∂_−J_+ = 0 , ∂_+J_− − ∂_−J_+ + [J_+, J_−] = 0 , (2.5)

or as

∂_+J_− +^1_2 (1 + q)[J_+, J_−] = 0 , ∂_−J_+ −^1_2 (1 − q)[J_+, J_−] = 0 , (2.6)

implying the existence of the Lax pair, i.e. the classical integrability of this model.^6 Explicitly, the Lax pair is given by L_± =^1_2 (1 ± q + z^{±1} √ 1 − q^2) J_± , (2.7)

where z is the spectral parameter.^7

In this section we shall concentrate on the sector of the full superstring theory when the string is moving on R × S^3, i.e. when the Lagrangian is L = −^1_2 ∂_+t∂_−t + L_S where L_S is given by (2.3) with g ∈ SU(2).

2.1 Explicit form of the Lagrangian

Using the familiar parametrization of g ∈ SU(2) the Lagrangian L_S may be written as

L_S =^1_2 [ ∂_+θ∂_−θ + sin^2 θ ∂_+ϕ_1∂_−ϕ_1 + cos^2 θ ∂_+ϕ_2∂_−ϕ_2

+ q sin^2 θ (∂_+ϕ_1∂_−ϕ_2 − ∂_+ϕ_2∂_−ϕ_1) ] . (2.8)

5As already mentioned, we shall always assume that 0 ≤ q ≤ 1.

6Let us note that these equations may be written also as ∂^aL_a = 0, L_a ≡ J_a + qϵ_{ab}J^b, where J_a = g^{−1}∂_ag or as ∂^aR_a = 0, R_a ≡ K_a − qϵ_{ab}K^b, where K_a = ∂_ag g^{−1}.

7Local and non-local conserved charges in such model were discussed in [31, 32].

Below we shall use also an alternative parametrization of S^3 in terms of an angle φ and two “cartesian” coordinates y_s (s = 1, 2)^8

L_S = −^1_2 [ G(y)∂^aφ∂_aφ + F (y)∂^ay_s∂_ay_s + 2B_s(y)ϵ^{ab}∂_ay_s∂_bφ ] , (2.9) G = (1 −^1_4 y^2)^2 (1 +^1_4 y^2)^2

= 1 − y^2F , F = 1 (1 +^1_4 y^2)^2

, (2.10)

B_s = qF (y) ŷ_s , ŷ_s ≡ ϵ_{rs}y_r . (2.11)

Note that (2.9) can be written also as

L_S = −^1_2 [ 1 − (1 − q^2)y^2F (y) ] ∂^aφ∂_aφ −^1_2 F (y)(∂^ay_s + qŷ_sϵ^{ab}∂_bφ)^2 . (2.12)

In particular, for q = 1 (i.e. in the WZW case) eq. (2.12) becomes^9

L_S (q = 1) ≡ L_{WZW} =^1_2 ∂_+φ∂_−φ +^1_2 F (y)(∂_+y_s + ŷ_s∂_+φ)(∂_−y_s − ŷ_s∂_−φ) . (2.13)

Applying T-duality in φ to (2.13) gives the T-dual sigma model which has no WZ term L̃_{WZW} =^1_2 G^{−1}(∂_+φ̃ − F ŷ_s∂_+y_s)(∂_−φ̃ − F ŷ_s∂_−y_s) +^1_2 F ∂_+y_s∂_−y_s =^1_2 ∂_+φ̃∂_−φ̃ +^1_2F̃ (y)(∂_+y_s − ŷ_s∂_+φ̃)(∂_−y_s − ŷ_s∂_−φ̃) −^1_8F̃ (y)F (y)∂_+y^2∂_−y^2 (2.14) F̃ ≡ G^{−1}F = 1 (1 −^1_4 y^2)^2

. (2.15)

The angle φ̃ can be completely decoupled (by a local rotation of y_s with phase φ̃), resulting in the familiar relation [33] to a free field plus a 2d sigma model representing the SU(2)/U(1) coset^{10} L̃_{WZW} =^1_2 ∂_+φ̃∂_−φ̃ +^1_2F̃ (ỹ)[∂_+ỹ_s∂_−ỹ_s −^1_4 F (ỹ)∂_+ỹ^2∂_−ỹ^2] . (2.16)

This observation explains why we will find a relativistic expression when expanding the corresponding Nambu action near φ̃ = σ as discussed below. Note also that this T-dual of the WZW action is parity-invariant, which will also be reflected in the corresponding S-matrix.

2.2 Dispersion relation

The presence of the WZ term does not change the simplest BMN geodesic solution which in the conformal gauge is given by

t = J τ , φ = J τ , y_s = 0 . (2.17)

8A similar parametrization of S^5 (and AdS_5) was used, e.g., in [26]. It is related to the one in (2.8) as follows: if we set y_1 + iy_2 = ye^{iθ}, y = 2 tan^{ϕ1}_2 and φ = ϕ_2 then Gdφ^2 + F dy_sdy_s = dθ^2 + sin^2 θ dϕ^2_1 + cos^2 θ dφ^2 and B_sdy_s = qF ϵ_{rs}y_rdy_s = q sin^2 θ dϕ_1.

9This form reveals the chiral structure of the model as after a local rotation of y_s it is proportional to ∂_+φ∂_−φ + F (ỹ)(∂_+ỹ_s)(∂_−ỹ_s − 2ϵ_{rs}ỹ_r∂_−φ) and, e.g., the equation for φ is readily integrated.

10Setting y_1 + iy_2 = ye^{iθ} we find the corresponding metric to be ds^2 = F (y)dy^2 + F̃ (y)y^2(dθ + dφ̃)^2 + dφ̃^2 = dx^2 + tan^2 x dθ̃^2 + dφ̃^2, where θ̃ = θ + φ̃, etc.

Here J is proportional to the S^3 angular momentum of the string. Our aim will be to study the 2-particle scattering of small y_s excitations around this solution. To find the spectrum of quadratic fluctuations it is sufficient to set φ = J τ in (2.9) and expand in y_s:

L =^1_2 (ẏ^2_r − y^{′2}_r − J^2y^2_r ) + qJ ϵ_{sr}y_sy^′_r + O(y^4)

=^1_2 [ ẏ^2_r − (y^′_r − J qϵ_{sr}y_s)^2 − J^2(1 − q^2)y^2_r ] + O(y^4) . (2.18)

After a local σ-dependent rotation of y_s (which shifts the spatial momentum by J q) one finds two massive modes with m^2 = J^2(1 − q^2). If σ is 2π-periodic as required for the closed-string world sheet, this local rotation of y_s is not possible in general. Indeed, the momentum-space dispersion relation that follows directly from (2.18) is

e^2 − (p ± J q)^2 = (1 − q^2)J^2 , e ≡ p_0 , p ≡ p_1 , (2.19) e = ± √ p^2 ± 2J qp + J^2 , (2.20)

where p takes integer values p = n = 0, 1, 2, ... . One can therefore shift p and get the standard massive relativistic dispersion relation only if J q is integer. Note that in the WZW case we get a massless dispersion relation :

q = 1 : e = ±p ± J . (2.21)

The formal redefinition of y_s or shift of the spatial momentum is allowed, however, in the discussion of the S-matrix we are interested here, for which we consider the limit J ≫ 1, p = n ≫ 1, and thus effectively decompactify the σ direction. Explicitly, we may rescale e → J e, p → J p so that the new momentum p =^n_J takes continuous values. We then find (for the particle e > 0 branch) e = √ p̂^2 + 1 − q^2 , p̂ = p ± q . (2.22)

The minimal energy states correspond to p̂ = 0 and fluctuations near this vacuum have the non-relativistic massive dispersion relation,

e = m + p̂^2 2m + ... , m = √ 1 − q^2 . (2.23)

Therefore, as long as all finite size effects are ignored and p is treated is continuous, it can be shifted by ±q and we end up with the standard massive magnon dispersion relation with q-dependent mass m = √ 1 − q^2.

This suggests that for 0 < q < 1 the corresponding spin chain interpretation (e.g., via the connection to the Landau-Lifshitz model [34, 35]) of this near-BMN expansion should be based again on a picture of magnon scattering near a ferromagnetic vacuum just as for the q = 0 case. As we shall see below (in Appendix D), this conclusion is also supported by the analysis of the corresponding Pohlmeyer-reduced theory which is given again by the complex sine-Gordon model but with the rescaled mass parameter μ → μ √ 1 − q^2.

A similar analysis applies to other massive AdS_3 × S^3 × T^4 superstring modes, which turn out to have the same mass √ 1 − q^2, in agreement with what was found directly in the BMN limit in [22, 36, 6] (see also Appendix A.2).

2.3 Gauge fixing and expansion of the action to quartic order

A systematic way to compute the S-matrix for the above elementary massive excitations is to fix a gauge where in addition to t ∼ τ one sets the momentum density corresponding to the angle φ of S^3 to be constant.^{11} This can be done as in [24, 26] (following [35, 38]) by first applying T-duality in the φ direction and then fixing the static gauge t = J τ, φ̃ = J σ.^{12} To compare to the AdS_5 × S^5 case [26] it is useful to consider a one-parameter family of gauges which includes also the uniform light-cone gauge [41, 23]. We shall thus start with the Polyakov action for string in R_t × S^3, set t = u − b φ , b ≡ a 1 − a , (2.24)

where u is a new coordinate and a is a gauge parameter, and then perform the T-duality transformation in the φ direction. The resulting dual Lagrangian is (cf. (2.9),(2.10),(2.11)) L̃ = −√gg^{cd}h_{cd} − bP ϵ^{cd}∂_du(∂_cφ̃ − B_s∂_cy_s) , (2.25) h_{cd} = −Q∂_cu∂_du + P (∂_cφ̃ − B_s∂_cy_s)(∂_dφ̃ − B_s∂_dy_s) + F ∂_cy_s∂_dy_s , (2.26) Q = 1 + b^2P , P = (G − b^2)^{−1} . (2.27)

Finally, we shall fix the following gauge:

u = c τ , φ̃ = c J σ , c ≡ 1 1 − a . (2.28)

Here a = 0 is the analog of the “static” gauge and a =^1_2 is the uniform light-cone gauge (when u = t + φ = 2τ, cf. (2.17)). We shall also rescale σ to absorb the J =^{J√}_λ factor so that the cylinder is decompactified in the J ≫ 1 limit.^{13} The resulting dispersion relation then takes the form (2.22).

Solving for the 2d metric g_{cd} (and setting from now on J = 1 in (2.28) as discussed above) the corresponding Nambu Lagrangian in the gauge (2.24) takes the form L̃ = − √ h + b cP (c − B_sy^′_s) , (2.29) h = [ c^2Q − P (B_rẏ_r)^2 − F ẏ^2_r ][ P (c − B_sy^′_s)^2 + F y^{′2}_s ] + [ P B_sẏ_s(c − B_ry^′_r) − F ẏ_ry^′_r ]_2 . 11Note that in general one cannot fix the conformal gauge and in addition fix the fluctuation of φ to be zero:

the residual conformal transformations are parametrized only by the two functions f(σ^+) and f̃(σ^−) but φ will not satisfy a free massless equation. This is still possible at quadratic order in the expansion in y_s as discussed above._{12}

Use of T-duality here is a formal trick to choose a gauge where the momentum conjugate to φ is fixed; we are not interested in T-dual theory as such. Alternative ways of doing near-BMN expansion were discussed in [39, 40, 41].

13As already mentioned, all finite size effects will be ignored as we will be interested only in the S-matrix.

Expanding L̃ in powers of y_s we get the following Lagrangian

L̃ = L_2 + L_4 + ... ,

L_2 =^1_2 (ẏ^2_s − y^{′2}_s − y^2_s ) + qϵ_{sp}y_sy^′_p , (2.30) L_4 =^1_2 y^2_s y^{′2}_r +^1_2 q [ ẏ_ry^′_rϵ_{sp}y_sẏ_p −^1_2 (ẏ^2_r + y^{′2}_r + y^2_r )ϵ_{sp}y_sy^′_p ] +(a −^1_2 )

{_1

4 (y^2_s )^2 −^1_4 (ẏ^2_s + y^{′2}_s )^2 + (y^′_sẏ_s)^2 + q [ − ẏ_ry^′_rϵ_{sp}y_sẏ_p +^1_2 (ẏ^2_r + y^{′2}_r − y^2_r )ϵ_{sp}y_sy^′_p ]} . (2.31)

The quadratic part L_2 here is the same as in (2.18) leading to the massive dispersion relation (2.22). For q = 0 the quartic part L_4 agrees with eq. (4.16) in [26].^{14} Let us quote also the explicit expressions for a = 0,^1_2 , 1:

L_4(a = 0) =^1_2 [ y^2_s y^{′2}_r −^1_4 (y^2_s )^2 +^1_4 (ẏ^2_s + y^{′2}_s )^2 − (y^′_sẏ_s)^2 ] +q [ ẏ_ry^′_rϵ_{sp}y_sẏ_p −^1_2 (ẏ^2_r + y^{′2}_r )ϵ_{sp}y_sy^′_p ] , (2.32) L_4(a =^1_2 ) =^1_2 y^2_s y^{′2}_r +^1_2 q [ ẏ_ry^′_rϵ_{sp}y_sẏ_p −^1_2 (ẏ^2_r + y^{′2}_r + y^2_r )ϵ_{sp}y_sy^′_p ] , (2.33) L_4(a = 1) =^1_2 [ y^2_s y^{′2}_r +^1_4 (y^2_s )^2 −^1_4 (ẏ^2_s + y^{′2}_s )^2 + (y^′_sẏ_s)^2 ] −^1_2 q y^2_r ϵ_{sp}y_sy^′_p . (2.34)

The gauge dependence of the resulting S-matrix implies that it is not a directly observable quantity; in the corresponding Bethe ansatz it reflects the ambiguity in the choice of the corresponding spin chain length [23, 26, 27].

The above discussion admits a straightforward generalization to the case of bosonic string theory on AdS_3 × S^3: the Lagrangian (2.9) picks up three extra terms representing the AdS_3 part, which can be obtained from the S^3 terms by a formal analytic continuation: φ → t, y_s → iz_s, and then reversing the overall sign. We present the combined action in Appendix A where we also include the massless T^4 directions.

The quadratic Lagrangian L_2 in (2.30) can be “diagonalized” by a σ-dependent rotation of y_s, i.e. by setting

y = y_1 + iy_2 = e^{iqσ}v , y^∗ = y_1 − iy_2 = e^{−iqσ}v^∗ . (2.35)

We then find the standard massive Lagrangian for the complex scalar v

L_2 =^1_2 [ ẏẏ^∗ − (y^′ − iqy)(y^{∗′} + iqy^∗) − (1 − q^2)yy^∗ ] =^1_2 [ v̇v̇^∗ − v^′v^{′∗} − (1 − q^2)vv^∗ ] , (2.36)

corresponding once again to the dispersion relation (2.22) with “shifted” momentum (p̂ → p).

14As was observed there, the quartic part simplifies in the “light-cone” gauge a =^1_2 . This does not appear to apply to the q-dependent terms. Note also that to quartic order the Lagrangian is linear in q. However, the tree S-matrix will not be linear in q as q appears also in the dispersion relation.

Applying the field redefinition (2.35) to L_4 in (2.31) we get^{15}

L_4 =^1_8 { 2q^2(1 − q^2)v^2v^{∗2} + 3iq(1 − q^2)vv^∗(vv^{∗′} − v^∗v^′) + 4(1 − q^2)vv^∗v^′v^{′∗}

+ q^2 [ v^2(v^{′∗2} − v̇^{∗2}) + v^{∗2}(v^{′2} − v̇^2) ] − iq [ vv^′(v^{′∗2} − v̇^{∗2}) − v^∗v^{′∗}(v^{′2} − v̇^2) ]} +^1_4 (a −^1_2 ) { (1 − q^2)^2v^2v^{∗2} − iq(1 − q^2)vv^∗(vv^{∗′} − v^∗v^′) − iq [ vv^′(v^{′∗2} − v̇^{∗2}) − v^∗v^{′∗}(v^{′2} − v̇^2) ] − (v^{′∗2} − v̇^{∗2})(v^{′2} − v̇^2) } . (2.37)

For q = 0 and q = 1 we have

L_4(q = 0) =^1_2 vv^∗v^′v^{′∗} +^1_4 (a −^1_2 ) [ v^2v^{∗2} − (v^{′∗2} − v̇^{∗2})(v^{′2} − v̇^2) ] , (2.38)

L_4(q = 1) =^1_8 [ v^2(v^{′∗2} − v̇^{∗2}) + v^{∗2}(v^{′2} − v̇^2) − i [ vv^′(v^{′∗2} − v̇^{∗2}) − v^∗v^{′∗}(v^{′2} − v̇^2) ]] +^1_4 (a −^1_2 ) [ − i [ vv^′(v^{′∗2} − v̇^{∗2}) − v^∗v^{′∗}(v^{′2} − v̇^2) ] − (v^{′∗2} − v̇^{∗2})(v^{′2} − v̇^2) ] . (2.39)

Note that for q = 1, i.e. at the WZW point, the Lorentz invariance and also the parity invariance of the quartic Lagrangian is restored in the a = 0 gauge:

L_4(q = 1, a = 0) =^1_8 [ v^2(v^{′∗2} − v̇^{∗2}) + v^{∗2}(v^{′2} − v̇^2) + (v^{′∗2} − v̇^{∗2})(v^{′2} − v̇^2) ]

=^1_8 [ − (v^2∂_+v^∗∂_−v^∗ + v^{∗2}∂_+v∂_−v) + ∂_+v∂_−v∂_+v^∗∂_−v^∗ ] . (2.40)

The reason for this was previously mentioned below (2.16).^{16}

3 Tree-level S-matrix of bosonic string on R × S^3 with B-flux

Starting with the Lagrangian (2.30),(2.31) or (2.36),(2.37) it is straightforward (following [24, 25, 26]) to compute the corresponding tree-level 2-particle S-matrix for the elementary massive excitations of the bosonic string on S^3 with non-zero B-field flux.

Despite the apparently complicated dependence of L_4 on q (cf. eq. (2.37)) we shall find that the resulting S-matrix has a very simple structure: its expression for q ≠ 0 can be found from its q = 0 limit by replacing e(p) = √ p^2 + 1 with the modified dispersion relation e(p) = √ (p ± q)^2 + 1 − q^2. Here the plus sign corresponds to, e.g., boson y and the minus sign to y^∗ in (2.36): we assume that y ∼ e^{−ieτ −ipσ} as appropriate for ingoing fields in a scattering amplitude.

15All σ-dependence cancels out of course due to the global U(1) invariance. Therefore the transformation simply amounts to shifts of the spatial derivatives y^′ = v^′ + iqv, y^{′∗} = v^{′∗} − iqv^∗, i.e. shifts of the corresponding spatial momenta.

16Note that for q = 1 we have massless excitations, i.e. v = u_+ + u_− where ∂_−u_+ = 0, ∂_+u_− = 0 are formal “in”-fields. Then integrating by parts we get

L_4(q = 1, a = 0) =^1_4 (u^∗_+u^∗_−∂_+u_+∂_−u_− + c.c.) +^1_8 ∂_+u_+∂_+u^∗_+∂_−u_−∂_−u^∗_− .

While the meaning of the corresponding S-matrix is not immediately clear, there are no LL or RR, only LR scattering processes (see also section 3.2 below).

The S-matrix may be written as

S = I+ ih^{−1} T , h^{−1} ≡ 2π √ λ , (3.1)

where I is the identity operator, and T is the interaction part of the scattering operator. As the theory under consideration is an integrable one we should have particle-number conservation and thus we can represent T as a map from two-particle states to two-particle states (p and p^′ are spatial momenta) T |y_m(p)y_n(p^′)⟩ = T^{rs}_{mn}(p, p^′) |y_r(p)y_s(p^′)⟩ . (3.2) The expression for the S-matrix of the R × S^3 theory in the case of the vanishing NSNS flux (for q = 0) is a truncation [25] of the S^5 part of the AdS_5 × S^5 result in [26]. Let us start with summarizing this expression and then present our result for non-zero q.

3.1 Vanishing B-flux

Considering only the S^3 sector (i.e. two massive states) we may simply take the S^5 expression for the S-matrix in [26] and restrict the SO(4) index to an SO(2) index (the same result follows of course directly from (2.31) with q = 0) T^{rs}_{mn}(p, p^′) = [ p2 + p′2 2(e^′p − ep^′) + ( a −^1_2 ) (ep^′ − e^′p) ] δ^r_mδ^s_n − pp^′ e^′p − ep^′ ϵ^r_m ϵ^s_n , e = √ p^2 + 1 , e^′ = √ p^{′2} + 1 . (3.3)

Here ϵ_{rs} = −ϵ_{sr} and ϵ^r_m ϵ^s_n = δ_{mn}δ^{rs} − δ^s_mδ^r_n. It is useful to change the basis of fields from the real y_s = (y_1, y_2) to the complex (y, y^∗) = y_1 ± iy_2 one. We shall use labels + for y and − for y^∗. In this basis one finds that T^{++}_{++} = T^{−−}_{−−} ≠ 0, T^{+−}_{+−} = T^{−+}_{−+} ≠ 0, with all other amplitudes vanishing. Explicitly, T^{±±}_{±±} (p, p^′) = (p + p^′)^2 2(e^′p − ep^′) + ( a −^1_2 ) (ep^′ − e^′p) =^1_2 (p + p^′ p − p^′ ) (ep^′ + e^′p) + ( a −^1_2 ) (ep^′ − e^′p) , T^{±∓}_{±∓} (p, p^′) = (p − p^′)^2 2(e^′p − ep^′) + ( a −^1_2 ) (ep^′ − e^′p) =^1_2 (p − p^′ p + p^′ ) (ep^′ + e^′p) + ( a −^1_2 ) (ep^′ − e^′p) , T^{∓±}_{±∓} (p, p^′) = 0 , e = √ p^2 + 1 , e^′ = √ p^{′2} + 1 , (3.4)

where we have simplified the expressions using the identity

(e^′p + ep^′)(e^′p − ep^′) = (p + p^′)(p − p^′) . (3.5)

The above tree amplitude T ≡ T^{++}_{++} matches [24, 25, 26] the expansion of the AFS [42] spin chain S-matrix in the SU(2) sector.

Let us recall for completeness the expressions for leading-order (tree-level) S-matrices in several similar models. In the Landau-Lifshitz (LL) model [28] (here we use κ = h^{−1} as an effective coupling)

S_{LL}(p, p^′) = 1 +^{iκ pp′}_{p−p′} 1 −^{iκ pp′}_{p−p′} = 1 + 2iκ pp^′ p − p^′ + ... , (3.6)

where T =^{2ipp′}_{p−p′} matches the expansion of the magnon S-matrix in the XXX spin chain Bethe ansatz. In the Faddeev-Reshetikhin (FR) model [28]

S_{FR}(p, p^′) = 1 +^{2iκ}_{x′−x} 1 −^{2iκ}_{x′−x} = 1 + 4iκ x^′ − x + ... , (3.7) x(p) = 1 p [ e(p) + 1 ] , e(p) = √ p^2 + 1 , (3.8)

i.e.

S_{FR}(p, p^′) = 1 + 4iκ pp^′ p(e^′ + 1) − p^′(e + 1)

+ ... = 1 +

2iκ [pp^′ − (e − 1)(e^′ − 1)] pe^′ − p^′e + ... . (3.9)

This agrees with (3.6) for small momenta. The FR S-matrix (3.9) is somewhat similar to the expansion of the BDS [43] spin chain S-matrix given by [24]

S_{BDS}(p, p^′) = 1 +^{iκ}_{u′−u} 1 −^{iκ}_{u′−u} = 1 + 2iκ u^′ − u + ... = 1 + 2iκ pp^′ pe^′ − p^′e + ... , (3.10)

u(p) =^1_2 cot^p_2 √ 1 +^λ_{π2} sin^{2 p}_2 , u_{p→0, λp}2_{=fixed} →^1_p e(p̄) , p̄ =^{√λ}_{4π} p . (3.11)

The asymptotic Bethe ansatz S-matrix [8] contains, in addition to the BDS factor, the dressing phase, given at strong coupling by the AFS expression. The limit that allows to compare to the string world-sheet sigma model S-matrix is p → 0, λ ≫ 1 with λp^2=fixed. In terms of the fixed (rescaled or string sigma model) momenta one then finds for the corresponding leading (string tree-level) part of the spin chain S-matrix [24, 25, 26]

S_{AFS}(p, p^′) = 1 + 2iκ F (p, p^′) pe^′ − p^′e + ... , e = √ p^2 + 1 , (3.12) 2F (p, p^′) pe^′ − p^′e = 2pp^′ pe^′ − p^′e + θ_{AFS}(p, p^′) , (3.13)

θ_{AFS}(p, p^′) =

(p − p^′)^2 2(pe^′ − p^′e) +^1_2 (pe^′ − p^′e) − (p − p^′) , (3.14)

F (p, p^′) = pp^′ − (e − 1)(e^′ − 1) +^1_4 [ pp^′ − (e − 1)(e^′ − 1)

]_2 . (3.15)

A useful equivalent form is 2F (p, p^′) pe^′ − p^′e = (p + p^′)^2 2(e^′p − ep^′) +^1_2 (e^′p − ep^′) − (p − p^′) . (3.16)

The expression (3.16) should be compared to the one for T^{++}_{++} in (3.4) taken in the a = 0 gauge (where the BMN charge J plays the role of the spin chain length)

T^{++}_{++} (p, p^′)_{a=0} =

(p + p^′)^2 2(e^′p − ep^′) +^1_2 (e^′p − ep^′) = e p^{′2} + e^′ p^2 p − p^′ . (3.17)

They match up to the last term in (3.16), which is linear in momentum and hence cancels in the Bethe ansatz equations [26].

3.2 Non-vanishing B-flux

To find the q ≠ 0 generalization of (3.4) let us start with the action (2.36), (2.37) written in terms of the complex scalar v (2.35). The corresponding particle dispersion relation is the standard massive one, e(p) = √ p^2 + 1 − q^2. Labelling again the excitations associated to v and v^∗ with the index + and − the tree-level S-matrix that follows directly from the quartic action (2.37) is found to be^{17} T^{v±±}_{±±}(p, p^′) = p + p^′ ∓ 2q 2(e^′p − ep^′) [ (1 − q^2)(p + p^′ ∓ q) ∓ q(ee^′ − pp^′) ]

+ ( a −^1_2 )[ (ep^′ − e^′p) ∓ q(p + p^′) (ee^′ − pp^′ − (1 − q^2)) e^′p − ep^′ ] , T^{v±∓}_{±∓}(p, p^′) = p − p^′ ± 2q 2(e^′p − ep^′) [ (1 − q^2)(p − p^′ ± q) ± q(ee^′ − pp^′) ]

+ ( a −^1_2 )[ (ep^′ − e^′p) ± q(p − p^′) (ee^′ − pp^′ + (1 − q^2)) e^′p − ep^′ ] , T^{v∓±}_{±∓}(p, p^′) =0 , e = √ p^2 + 1 − q^2 , e^′ = √ p^{′2} + 1 − q^2 . (3.18)

The dependence on q is explicit as well as implicit through the energies e, e^′. These expressions of course agree with (3.4) for q = 0.

Using the generalization of the identity (3.5) to non-zero q^{18}

(e^′p + ep^′)(e^′p − ep^′) = (1 − q^2)(p + p^′)(p − p^′) , (3.19)

the scattering amplitudes (3.18) can be rewritten in the following simple form T^{v±±}_{±±}(p, p^′) = p + p^′ ∓ 2q 2(p − p^′) [ e(p^′ ∓ q) + e^′(p ∓ q) ] + ( a −^1_2 )[ e(p^′ ∓ q) − e^′(p ∓ q) ] , T^{v±∓}_{±∓}(p, p^′) = p − p^′ ± 2q 2(p + p^′) [ e(p^′ ± q) + e^′(p ∓ q) ] + ( a −^1_2 )[ e(p^′ ∓ q) − e^′(p ± q) ] , T^{v∓±}_{±∓}(p, p^′) = 0 , e = √ p^2 + 1 − q^2 , e^′ = √ p^{′2} + 1 − q^2 . (3.20)

17As usual, the factor^1_{4(e′ p−ep′ )} arises when solving the two-dimensional delta-function constraint imposing the energy conservation. The superscript v on T indicates that we are scattering excitations associated to v and v^∗. Later we will return to the S-matrix for y and y^∗.

18Note also that^{ee′ −pp′+(1−q2 )} e^′ p−ep^′ = e+e^′ p−p^′ and ee^′ −pp^′ −(1−q^2 ) e^′ p−ep^′ = e−e^′ p+p^′ .

We thus discover that the dependence of the S-matrix on q is remarkably simple: it can be absorbed into the shifts of the momentum of the particle v by −q and of the momentum of the antiparticle v^∗ by +q (the denominators are invariant under such shifts). Note that the shifts apply only to the spatial momenta, not to the energies e, e^′.

These momentum shifts are precisely the same as those done in eq. (2.35), which put the action (2.31) into the form (2.37) with a standard massive dispersion relation. Thus undoing these shifts simply amounts to going back to the “unrotated” basis of fields y = y_1 + iy_2, y^∗ = y_1 −iy_2. This leads to the following final very simple expression for the S-matrix and dispersion relations for the (y, y^∗) in the 0 ≤ q ≤ 1 case: T^{±±}_{±±} (p, p^′) = p + p^′ 2(p − p^′)

(e_±p^′ + e^′_±p) + ( a −^1_2 ) (e_±p^′ − e^′_±p) , T^{±∓}_{±∓} (p, p^′) = p − p^′ 2(p + p^′)

(e_±p^′ + e^′_∓p) + ( a −^1_2 ) (e_±p^′ − e^′_∓p) , T^{∓±}_{±∓} (p, p^′) = 0 , e_± = √ (p ± q)^2 + 1 − q^2 , e^′_± = √ (p^′ ± q)^2 + 1 − q^2 , (3.21)

where the ± indices on e indicate that for states with positive/negative charge we take p ± q in the dispersion relation.

The form of the S-matrix is thus formally the same as in (3.4) but with different e(p): all the dependence on q enters through q-dependence of the energy e(p) in (3.21). To summarize, the S-matrix admits two equivalent representations, depending on whether we scatter the rotated fields v or the original fields y which are symbolically (here e(p, m) ≡ √ p^2 + m^2 and p_i = (p, p^′)): T^v ( p_i ± q, e(p_i, 1 − q^2) ) and T ( p_i, e(p_i ± q, 1 − q^2) ) . This remarkable property of the S-matrix, which is by no means obvious from the action (2.31) (having a non-trivial dependence on q) should be a consequence of some symmetry of the underlying integrable model.^{19}

For the natural gauge choice a = 0, for which comparison with the standard spin chain is most direct (length is J), we find the following q-generalization of (3.17)

T^{++}_{++} (p, p^′)_{a=0} = e p^{′2} + e^′ p^2 p − p^′ , e = √ p^2 + 2qp + 1 , e^′ = √ p^{′2} + 2qp^′ + 1 . (3.22)

Let us now comment on some properties of the tree-level S-matrix (3.20). First, it satisfies the following identities T^{v±±}_{±±}(p, p^′) = T^{v±∓}_{±∓}(−p^′, p) | | e^′=− √_{p′2+1−q2} , T^{v±±}_{±±}(p, p^′) + T^{v±±}_{±±}(p^′, p) = 0 , T^{v±∓}_{±∓}(p, p^′) + T^{v∓±}_{∓±}(p^′, p) = 0 , [ T^{v±±}_{±±}(p, p^′) ]_∗ + T^{v±±}_{±±}(p^′, p) = 0 , [ T^{v±∓}_{±∓}(p, p^′) ]_∗ + T^{v∓±}_{∓±}(p^′, p) = 0 , p, p^′ ∈ R . (3.23)

19Let us note also that the corresponding Pohlmeyer-reduced theory depends on q only via the rescaling of the mass parameter by (1 − q^2)^{1/2}. Therefore, its (relativistic) S-matrix takes the same form as in the q = 0 case, see Appendix D.

These are the crossing symmetry, braiding unitarity and hermitian analyticity relations respectively. The latter two combined imply the expected QFT unitarity of the S-matrix. Furthermore, as the T-matrix is diagonal (T^{v∓±}_{±∓}(p, p^′) = 0), it trivially satisfies the classical Yang- Baxter equation.

In the special case of q = 1 when the world-sheet action is given by the SU(2) WZW model we get massless excitations (see (2.21)): there are left- and right-moving modes, for which p = −e = −^1_2 p_L and p = e =^1_2 p_R respectively. To consider the q → 1 limit in the S-matrix (3.20) let us first multiply it by the Jacobian factor e^′p − ep^′.^{20} We may then compute different possible scattering amplitudes, i.e. left-left (LL), right-right (RR), left-right (LR) and left-right (RL), by simply substituting in the on-shell relations into (2.39) as appropriate. The LL and RR amplitudes vanish, while for the LR scattering processes we find^{21}

T̂^{v±±}_{±±}(p_L , p^′_R ) =2p_L p^′_R [(1 − 2a)p_L p^′_R − 1 ± a(p_L + p^′_R )] ,

T̂^{v±∓}_{±∓}(p_L , p^′_R ) =2p_L p^′_R [(1 − 2a)p_L p^′_R + 1 ∓ a(p^′_L − p^′_R )] ,

T̂^{v∓±}_{±∓}(p_L , p^′_R ) =0 , (3.24)

and the RL scattering amplitudes immediately follow from these. For the gauge choice a = 0 this tree-level S-matrix is relativistically invariant as expected (see (2.40)).

The simple structure of the S-matrix (3.21) in the R × S^3 sector we have found above has a direct analog in the case of strings moving in AdS_3 × S^1 (one needs just to reverse sign of the first term in T^{++}_{++} , etc.). Using the Lagrangian of Appendix A we have also computed the full bosonic S-matrix in the AdS_3 × S^3 sector and again the results for q = 0 and 0 < q ≤ 1 are found to be related by momentum shifts in the energy as described above.^{22} This pattern also suggests a generalization to the full AdS_3 × S^3 × T^4 superstring with 0 ≤ q ≤ 1, which is discussed in the next section.

4 Tree-level S-matrix of AdS_3 × S^3 × T^4 superstring with mixed flux

The bosonic-sector results of the previous section suggest a natural generalization to the full tree-level world-sheet S-matrix for the massive BMN modes of superstring theory on AdS_3 × S^3 × T^4 with a mixed RR-NSNS flux.

4.1 Vanishing B-flux

Let us start with the q = 0 (pure RR flux) case. The corresponding massive tree-level S-matrix can be found from its known AdS_5 × S^5 counterpart [26] by a suitable truncation. Below

20One can easily see that for massless scattering states the inverse of this factor can be divergent and as such it should be regularized properly. We shall avoid this issue by working with the standard QFT amplitudes, i.e. coefficients of δ^{(2)}(p_1 + p_2 + p_3 + p_4).

21Note that if the in-state consists of a left mode and a right mode, then simple 2-d kinematical considerations show that the out-state must also consist of a left mode and a right mode. Furthermore, the momentum of the ingoing left mode should equal the momentum of the outgoing left mode and similarly for the right mode.

22In Appendix A we comment also on the S-matrix including the massless T^4 modes.

we present the resulting AdS_3 × S^3 S-matrix in the basis where the massive excitations are represented by two complex bosonic (y_±, z_±)^{23} and two complex fermionic (ζ_±, χ_±) fields:^{24} Boson-Boson T |y_±y_±^′⟩ = (l_1 + c) |y_±y_±^′⟩ T |y_±y_∓^′⟩ = (l_2 + c) |y_±y_∓^′⟩ + l_4 |ζ_±ζ_∓^′⟩ + l_4 |χ_±χ_∓^′⟩ T |z_±z_±^′⟩ = (−l_1 + c) |z_±z_±^′⟩ T |z_±z_∓^′⟩ = (−l_2 + c) |z_±z_∓^′⟩ − l_4 |χ_±χ_∓^′⟩ − l_4 |ζ_±ζ_∓^′⟩ T |y_±z_±^′⟩ = (l_3 + c) |y_±z_±^′⟩ + l_5 |ζ_±χ_±^′⟩ − l_5 |χ_±ζ_±^′⟩ T |y_±z_∓^′⟩ = (l_3 + c) |y_±z_∓^′⟩ T |z_±y_±^′⟩ = (−l_3 + c) |z_±y_±^′⟩ − l_5 |χ_±ζ_±^′⟩ + l_5 |ζ_±χ_±^′⟩ T |z_±y_∓^′⟩ = (−l_3 + c) |z_±y_∓^′⟩

Fermion-Fermion T |ζ_±ζ_±^′⟩ = c |ζ_±ζ_±^′⟩ T |ζ_±ζ_∓^′⟩ = l_4 |y_±y_∓^′⟩ − l_4 |z_±z_∓^′⟩ T |χ_±χ_±^′⟩ = c |χ_±χ_±^′⟩ T |χ_±χ_∓^′⟩ = −l_4 |z_±z_∓^′⟩ + l_4 |y_±y_∓^′⟩ T |ζ_±χ_±^′⟩ = l_5 |y_±z_±^′⟩ + l_5 |z_±y_±^′⟩ T |ζ_±χ_∓^′⟩ = c |ζ_±χ_∓^′⟩ T |χ_±ζ_±^′⟩ = −l_5 |z_±y_±^′⟩ − l_5 |y_±z_±^′⟩ T |χ_±ζ_∓^′⟩ = c |χ_±ζ_∓^′⟩ Boson-Fermion T |y_±ζ_±^′⟩ = (l_6 + c) |y_±ζ_±^′⟩ − l_5 |ζ_±y_±^′⟩ T |y_±ζ_∓^′⟩ = (l_7 + c) |y_±ζ_∓^′⟩ + l_4 |χ_±z_∓^′⟩ T |ζ_±y_±^′⟩ = (l_8 + c) |ζ_±y_±^′⟩ − l_5 |y_±ζ_±^′⟩ T |ζ_±y_∓^′⟩ = (l_9 + c) |ζ_±y_∓^′⟩ − l_4 |z_±χ_∓^′⟩ T |y_±χ_±^′⟩ = (l_6 + c) |y_±χ_±^′⟩ − l_5 |χ_±y_±^′⟩ T |y_±χ_∓^′⟩ = (l_7 + c) |y_±χ_∓^′⟩ − l_4 |ζ_±z_∓^′⟩ T |χ_±y_±^′⟩ = (l_8 + c) |χ_±y_±^′⟩ − l_5 |y_±χ_±^′⟩ T |χ_±y_∓^′⟩ = (l_9 + c) |χ_±y_∓^′⟩ + l_4 |z_±ζ_∓^′⟩ T |z_±ζ_±^′⟩ = (−l_6 + c) |z_±ζ_±^′⟩ + l_5 |ζ_±z_±^′⟩ T |z_±ζ_∓^′⟩ = (−l_7 + c) |z_±ζ_∓^′⟩ + l_4 |χ_±y_∓^′⟩ T |ζ_±z_±^′⟩ = (−l_8 + c) |ζ_±z_±^′⟩ + l_5 |z_±ζ_±^′⟩ T |ζ_±z_∓^′⟩ = (−l_9 + c) |ζ_±z_∓^′⟩ − l_4 |y_±χ_∓^′⟩ T |z_±χ_±^′⟩ = (−l_6 + c) |z_±χ_±^′⟩ + l_5 |χ_±z_±^′⟩ T |z_±χ_∓^′⟩ = (−l_7 + c) |z_±χ_∓^′⟩ − l_4 |ζ_±y_∓^′⟩ T |χ_±z_±^′⟩ = (−l_8 + c) |χ_±z_±^′⟩ + l_5 |z_±χ_±^′⟩ T |χ_±z_∓^′⟩ = (−l_9 + c) |χ_±z_∓^′⟩ + l_4 |y_±ζ_∓^′⟩ (4.1) Here the functions l_i and c depending on momenta are given by

l_1(p, p^′) =

(p + p^′)^2 2(e^′p − ep^′) , c(p, p^′) = ( a −^1_2 ) (ep^′ − e^′p) , l_2(p, p^′) =

(p − p^′)^2 2(e^′p − ep^′) , l_3(p, p^′) = −

(p − p^′)(p + p^′) 2(e^′p − ep^′) , l_4(p, p^′) = − pp^′ 2(e^′p − ep^′) [√ (e + p)(e^′ − p^′) − √ (e − p)(e^′ + p^′) ] , l_5(p, p^′) = − pp^′ 2(e^′p − ep^′) [√ (e + p)(e^′ − p^′) + √ (e − p)(e^′ + p^′) ] , 23Here y_+,y_− are bosonic S^3 excitations denoted by (y, y^∗) = y_1 ± iy_2 above. z_+, z_− are there counterparts (z, z^∗) = z_1 ± iz_2 in the AdS_3 sector (see Appendix A). A prime on a field indicates that it has momentum p^′.

24This ansatz is only valid at tree level: at higher loop orders additional scattering processes will appear. For example, the |y_±y_∓^′⟩ → |z_±z_∓^′⟩, |z_±z_∓^′⟩ → |y_±y_∓^′⟩, |y_±z_±^′⟩ → |z_±y_∓^′⟩, |z_±y_±^′⟩ → |y_±z_±^′⟩ amplitudes, and similar amplitudes involving the fermions, should all be non-zero at 1-loop. Their vanishing at the tree level is actually a requirement of symmetry factorization – see discussion below.

l_6(p, p^′) =

(p + p^′)p^′ 2(e^′p − ep^′) , l_7(p, p^′) = − (p − p^′)p^′ 2(e^′p − ep^′) l_8(p, p^′) =

(p + p^′)p 2(e^′p − ep^′) , l_9(p, p^′) = (p − p^′)p 2(e^′p − ep^′) , e = √ p^2 + 1 , e^′ = √ p^{′2} + 1 . (4.2)

Using the identity (3.5) the functions l_i can be simplified as follows:

l_1(p, p^′) =

(p + p^′)(e^′p + ep^′) 2(p − p^′)

, l_2(p, p^′) =

(p − p^′)(e^′p + ep^′) 2(p + p^′) , l_3(p, p^′) = − 1 2 (e^′p + ep^′) , l_4(p, p^′) = − pp^′ 2(p + p^′) [√ (e + p)(e^′ + p^′) − √ (e − p)(e^′ − p^′) ] , l_5(p, p^′) = − pp^′ 2(p − p^′) [√ (e + p)(e^′ + p^′) + √ (e − p)(e^′ − p^′) ] , l_6(p, p^′) = p^′(e^′p + ep^′) 2(p − p^′)

, l_7(p, p^′) = − p^′(e^′p + ep^′) 2(p + p^′) , l_8(p, p^′) = p(e^′p + ep^′) 2(p − p^′)

, l_9(p, p^′) = p(e^′p + ep^′) 2(p + p^′)

. (4.3)

This S-matrix is invariant under a U(1)^3 symmetry with the fields {y_±, z_±, ζ_±, χ_±} charged as follows ± {α_1 + α_2, α_1 − α_2, α_1 + α_3, α_1 − α_3} . (4.4)

The index ± that the fields carry indicates the charge under the U(1) symmetry with parameter α_1. Crucially, with respect to this U(1) there are no reflection processes. More precisely, the association of the momenta to the U(1) charge of the states is preserved by the scattering process.

One may wonder a priori why the above truncation of the AdS_5 × S^5 S-matrix should indeed represent the massive sector of the S-matrix of the AdS_3 × S^3 × T^4 theory with pure RR flux. This is to large extent fixed by the correspondence of the spectra and bosonic sectors and by the expected supersymmetries. The symmetry algebra of the AdS_5 × S^5 S-matrix is known to be ( psu(2|2) ⊕ psu(2|2) ) ⋉ R^3 ≡ psu(2|2)^2 ⋉ R^3 , while we find that the corresponding symmetry in the AdS_3 × S^3 × T^4 theory is [ps(u(1|1)^2)]^2 ⋉ R^3 with the two central elements in the first factor identified (see Appendix B for details and notation).^{25}

25There appears to be some confusion in the literature regarding the symmetry preserved by the BMN vacuum in this theory (of course, as in the AdS_5 × S^5 case, not all of the symmetry of the S-matrix may be visible in the off-shell Lagrangian, see, e.g., [27]). In the discussion of the giant magnons in the SU(2) sector of the AdS_3 ×S^3 ×T^4 theory in [10] the remaining symmetry was claimed to be su(1|1)^2, but it was implicitly assumed that two copies of this algebra should appear as a symmetry when discussing the S-matrix (cf. eq. (3.18) in the first paper in [10]). In [13] the symmetry of the S-matrix for the AdS_3 × S^3 × S^3 × S^1 theory was assumed to be su(1|1) while the corresponding symmetry for AdS_3 × S^3 × T^4 case was doubled: su(1|1)^2. In [14] the symmetry of the S-matrix of the AdS_3 × S^3 × S^3 × S^1 theory was taken as (u(1) � su(1|1)^2) ⋉ R^2 , which is consistent with

Indeed, psu(2|2) has a ps(u(1|1)^2) subgroup preserved by the truncation. The resulting [ps(u(1|1)^2)]^2 ⋉ R^3 symmetry matches (modulo the quantum deformation and central elements) the symmetry of the S-matrix of the corresponding Pohlmeyer-reduced theory [50]. While the limiting AdS_3 × S^3 × T^4 case was not explicitly discussed in [14] (which considered the AdS_3 × S^3 × S^3 × S^1 theory), we believe the massive sector of the corresponding string treelevel (strong-coupling) S-matrix should match the above result (4.1),(4.2),(4.3). It should also be in agreement with the tree-level part of the expression in [17] found by direct string-theory computation and claimed to be in agreement with [14].^{26}

Indeed, as we shall explain in Appendix A.2, the quadratic fermionic action that reproduces all of the above amplitudes involving two fermions and two bosons is the same as the AdS_3 × S^3 × T^4 limit of the action found in [12, 17] directly from the AdS_3 × S^3 × S^3 × S^1 superstring action. This explicitly confirms that the S-matrix (4.1) is in agreement with the world-sheet theory.

4.2 Non-vanishing B-flux

The above observations combined with the q ≠ 0 bosonic sector results and the requirements of integrability allow us to conjecture the expression for the tree-level S-matrix for the massive states of the superstring theory with a non-zero NSNS flux (q ≠ 0). From the direct computation of the yy → yy amplitudes in the S^3 sector in the previous section and of the yy → zz and zz → zz amplitudes, which follow from the quartic Lagrangian in Appendix A, we know that to find the q ≠ 0 generalization of the functions l_{1,2,3} and c one should take the q = 0 expressions given in (4.3) and modify the dispersion relation e → e_± = √ (p ± q)^2 + 1 − q^2 , e^′ → e^′_± = √ (p^′ ± q)^2 + 1 − q^2 , (4.5)

where, as in (3.21), for states with positive/negative charge we use e_+/e_−, i.e. we shift the momentum in the dispersion relation by ±q.

The functions l_{6,7,8,9} are then constrained by the first requirement of integrability – the symmetry factorization property of the S-matrix. In the q = 0 case the symmetry algebra of the S-matrix takes the form of a direct sum with central extensions – see Appendix B. Combined with integrability this implies the S-matrix should factorize under this structure. In the theory with mixed RR and NSNS flux, i.e. q ≠ 0, the global symmetry of the string Lagrangian is unaltered and the symmetry algebra of the S-matrix should be unchanged – q should appear in the particular representation used. Therefore, we expect the S-matrix will still factorize in the same way.

Let us first briefly review the factorization in the q = 0 case. Formally defining the following

the above symmetry algebra [ps(u(1|1)^2)]^2 ⋉ R^3 (with the two central elements in the first factor identified) for the AdS_3 × S^3 × T^4 case, taking into account that the symmetry should be doubled and the central extensions identified in this limit.

26Let us mention also a remark in the first paper in [11] that the proposed Bethe ansatz agrees in the AdS_3 × S^3 × T^4 limit with the standard AdS_5 × S^5 one in the psu(1, 1|2) sector. This is again consistent with the S-matrix truncation picture.

tensor products |y⟩ = |ϕ⟩ ⊗ |ϕ⟩ , |z⟩ = |ψ⟩ ⊗ |ψ⟩ , |ζ⟩ = |ϕ⟩ ⊗ |ψ⟩ , |χ⟩ = |ψ⟩ ⊗ |ϕ⟩ , (4.6) where |ϕ⟩ is bosonic and |ψ⟩ is fermionic, the factorization then means that the S-matrix for {y, z, ζ, χ} can be constructed from an S-matrix for {ϕ, ψ}. For example, T | |y_+ζ^′_+⟩ =(I⊗ T̂ + T̂ ⊗ I) ( | |ϕ_+ϕ^′_+⟩ ⊗ | |ϕ_+ψ^′_+⟩ ) , T | |z_+χ^′_−⟩ = − (I⊗ T̂ + T̂ ⊗ I) ( | |ψ_+ψ^′_−⟩ ⊗ | |ψ_+ϕ^′_−⟩ ) , (4.7)

where the minus sign in the second case comes from moving two fermions past each other. In the q = 0 case the factorized tree-level S-matrix for {ϕ, ψ} is then given by T̂ |ϕ_±ϕ_±^′⟩ =1 2 (l_1 + c) |ϕ_±ϕ_±^′⟩ , T̂ |ϕ_±ϕ_∓^′⟩ = 1 2 (l_2 + c) |ϕ_±ϕ_∓^′⟩ + l_4 |ψ_±ψ_∓^′⟩ , T̂ |ψ_±ψ_±^′⟩ =1 2 (−l_1 + c) |ψ_±ψ_±^′⟩ , T̂ |ψ_±ψ_∓^′⟩ = 1 2 (−l_2 + c) |ψ_±ψ_∓^′⟩ + l_4 |ϕ_±ϕ_∓^′⟩ , T̂ |ϕ_±ψ_∓^′⟩ =1 2 (l_3 + c) |ϕ_±ψ_∓^′⟩ , T̂ |ϕ_±ψ_±^′⟩ = 1 2 (l_3 + c) |ϕ_±ψ_±^′⟩ − l_5 |ψ_±ϕ_±^′⟩ , T̂ |ψ_±ϕ_∓^′⟩ =1 2 (−l_3 + c) |ψ_±ϕ_∓^′⟩ , T̂ |ψ_±ϕ_±^′⟩ = 1 2 (−l_3 + c) |ψ_±ϕ_±^′⟩ − l_5 |ϕ_±ψ_±^′⟩ . (4.8)

It is worth noting that this factorized S-matrix (4.8) has a U(1)^2 symmetry under which {ϕ, ψ} have charges {1, 0} and {0, 1} respectively.

The factorization relies on the following identities

l_6 = 1 2 (l_1 + l_3) , l_8 = 1 2 (l_1 − l_3) , l_7 = 1 2 (l_2 + l_3) , l_9 = 1 2 (l_2 − l_3) . (4.9)

Observing that the ++ → ++ scattering amplitudes in (4.1) are only built from the ++ → ++ amplitudes in (4.8) and the same is true for the +− → +−, −+ → −+ and −− → −− scattering processes, the requirement that the tree-level S-matrix of the q ≠ 0 theory should factorize for any value of q implies that the functions l_{6,7,8,9} should be given by the same generalization procedure as was found for the functions l_{1,2,3} and c, i.e. their q ≠ 0 form should be the same as in (4.3) with the dispersion relation modified as in (4.5).

The factorization property does not constrain l_4 and l_5. To fix l_4 and l_5 we use a second requirement of integrability – the classical Yang-Baxter equation.^{27} The Yang-Baxter equation

27We have defined the S-matrix (S) as a map from the space |Φ_i(p)Φ_j (p^′)⟩ to |Φ_k(p)Φ_l(p^′)⟩, which at leading order is just the identity (3.1),(3.2). However, the S-matrix (S̃) that naturally satisfies the Yang-Baxter equation (for example, through the use of ZF operators) S̃_{12}(p^′, p^{′′})S̃_{23}(p, p^{′′})S̃_{12}(p, p^′) = S̃_{23}(p, p^′)S̃_{12}(p, p^{′′})S̃_{23}(p^′, p^{′′}) ,

is a map from the space |Φ_i(p)Φ_j (p^′)⟩ to |Φ_l(p^′)Φ_k(p)⟩, i.e. the momenta are interchanged. This S-matrix is related to ours by composing with the permutation operator (S̃ = PS), which flips the two outgoing states picking up a minus sign when they are both fermions. Therefore, at leading order it is given by the permutation operator. Using these relations it is simple to find the appropriate classical Yang-Baxter equation (i.e. with the required minus signs) that our tree-level S-matrix is required to satisfy.

should apply to the massive subsector of the S-matrix of the AdS_3 × S^3 × T^4 theory.^{28} We then find that the functions l_4 and l_5 should depend on q not only through e, e^′ but also explicitly and are generalized to q ≠ 0 in slightly different ways depending on the charges of the excitations being scattered: l^{±∓→±∓} 4 (p, p^′) = − pp^′ 2(p + p^′) [√ (e_± + p ± q)(e^′_∓ + p^′ ∓ q) − √ (e_± − p ∓ q)(e^′_∓ − p^′ ± q) ] , l^{±±→±±} 5 (p, p^′) = − pp^′ 2(p − p^′) [√ (e_± + p ± q)(e^′_± + p^′ ± q) + √ (e_± − p ∓ q)(e^′_± − p^′ ∓ q) ] . (4.10)

Here the superscripts label the different scattering processes and e_± and e^′_± are given by their q-dependent expressions in (4.5).

In summary, our result for the tree-level S-matrix for the massive states of the mixed-flux AdS_3 × S^3 × T^4 superstring theory is given by (4.1) with the parametrizing functions l_{1,2,3,6,7,8,9} and c given by (4.3) and the functions l_{4,5} given by (4.10) with the dispersion relation modified as in (4.5). Alternatively, the S-matrix can be represented as a tensor product of two copies of the factorized S-matrix (4.8) with the corresponding parametrizing functions l_{1,2,3}, c and l_{4,5} generalized to q ≠ 0 as described above.

In Appendix A.2 we shall present the action quadratic in both fermions and bosons that reproduces the corresponding amplitudes of the q ≠ 0 generalization of the S-matrix described above and explain how this action should follow from the gauge-fixed superstring action. This providing a strong indication that this S-matrix is consistent with the AdS_3×S^3×T^4 world-sheet theory for q ≠ 0.

The factorized S-matrix (4.8) has a non-local supersymmetry – see Appendix B – (the nonlocality appears in the form of a braiding in the coproduct [37, 26, 27]). It is therefore natural to expect that the q ≠ 0 generalization of this S-matrix will be invariant under a modified supersymmetry algebra with structure constants depending on q. It would be interesting to determine this algebra and relate its central extension to a q-modified dispersion relation. We shall discuss a candidate for this symmetry algebra in Appendix B.

A natural generalization of the standard magnon dispersion relation might be the following: for the positively/negatively charged states we should have

e^2_± = 1 − q^2 + (2h sin p 2 ± q)^2 , (4.11)

where h should be identified with the string tension, h =^{√λ}_{2π} =^{R2}_{2πα′} .^{29} Note that for q = 1 eq.

28In a general integrable theory the truncated S-matrix for the scattering of all particles of a given mass should satisfy the Yang-Baxter equation in its own right. This is a consequence of the fact that the scattering of particles of different mass should be diagonal in the space of masses (there can still be a non-trivial S-matrix in flavour space) by the conservation of higher charges (see also comments in Appendix A).

29 It is unclear whether the expression for h is renormalized for q ≠ 0. In the q = 0 case it appears that it is not. There is though a 1-loop shift in h(λ) in the case of another 1-parameter deformation – the AdS_3 × S^3 × S^3 × S^1 theory [15, 16]. To investigate this question by a direct 1-loop computation is an open problem.

(4.11) reduces to e_± = 2h sin^p_2 ± 1 leading to a massless dispersion relation for small p.

This relation may be viewed as a “lattice” generalization of the above string world-sheet dispersion relation (4.5) with “^p_2 → sin^p_2 ”. Indeed, in the BMN limit when h is large and the momentum p is small, scaling as h^{−1}, we find, after redefining p → h^{−1}p

e^2_± = 1 − q^2 + (p ± q)^2 + O(h^{−2}) . (4.12)

This matches the result (2.22),(3.21) we obtained directly from the string perturbation theory. In the semiclassical (“giant magnon” [44]) limit when h is large and p stays finite we get from (4.11) e_± = 2h sin p 2 ± q + O(h^{−1}) . (4.13)

This suggests that the leading classical energy (minus the angular momentum) of the giant magnon solution should be unaltered by the q-deformation. The expansion (4.13) predicts the presence of a string 1-loop correction to the giant magnon energy proportional to q (there was no 1-loop correction in the q = 0 case [45, 10]). It would be interesting to derive this correction by a direct string-theory computation and thus check the conjectured form of the dispersion relation (4.11).

5 Concluding remarks

In this paper we have found the generalization of the tree-level S-matrix for massive BMN-type excitations of the AdS_3 × S^3 × T^4 superstring theory in the case of non-zero NSNS 3-form flux (parametrized by q ∈ (0, 1)). We have directly computed the S-matrix in the bosonic sector discovering its very simple dependence on q via the modified dispersion relation. Using the requirements of integrability (factorization and Yang-Baxter properties of the S-matrix) we then suggested its generalization to the full superstring case.

While we have little doubt (on the basis of integrability and arguments in Appendix A.2) in the correctness of the proposed fermionic part of the q ≠ 0 S-matrix, it would be useful to check it in full (including 4-fermion part) by starting directly with the component form of the corresponding superstring action.

One straightforward extension of the computations presented in this paper is to the similar case of the AdS_3 × S^3 × S^3 × S^1 theory with mixed 3-form flux [9, 6], generalizing the recent discussion of the q = 0 case in [17]. It would be important also to generalize the semiclassical 1- loop computations done in the AdS_3×S^3×T^4 theory with pure RR flux [10, 12, 51, 15, 16, 52, 17] to the q ≠ 0 case in order to check non-renormalization of the effective string tension h and determine the corresponding 1-loop dressing phases.

The next obvious step is to use the information about the S-matrix to conjecture the corresponding q ≠ 0 generalization of the asymptotic Bethe ansatz which for q = 0 was first conjectured (by analogy with the AdS_5 × S^5 case) in [9].^{30} It is natural to expect that as long as q < 1 (i.e. away from the WZW point or the case of pure NSNS flux) the underlying

30The full structure of the asymptotic Bethe ansatz still remains to be understood already in the q = 0 case of the AdS_3 × S^3 × T^4 superstring, cf. [11, 13, 14, 16, 17].

integrable system should be similar to the one describing the pure RR case (q = 0), i.e. there should be a “ferromagnetic” BPS vacuum with standard massive BMN excitations (with a candidate dispersion relation suggested above in (4.11)).^{31}

Acknowledgments

We are grateful to A. Babichenko for many useful discussions and collaboration in the initial stages of this project. We would like to thank T. Klose, M. Kruczenski and R. Roiban for important explanations and comments and also S. Frolov, O. Ohlsson Sax, R. Roiban, A. Torrielli, L. Wulff and K. Zarembo for useful discussions and comments on the draft. We thank A. Sfondrini for pointing out misprints in eq. (4.1) in the original version of this paper. BH is supported by the Emmy Noether Programme “Gauge fields from Strings” funded by the German Research Foundation (DFG). The work of AAT is supported by the ERC Advanced Grant No.290456: “Gauge theory – string theory duality” and also by the STFC grant ST/J000353/1.

Appendix A:

Expansion of the action of AdS_3 × S^3 × T^4 string theory with B-flux

Here we shall discuss quadratic and quartic terms in the expansion of AdS_3 × S^3 × T^4 string action that are relevant for the derivation of the S-matrix in 4.

A.1 Bosonic sector

The generalization of the Lagrangian (2.9) to the case when the string moves on AdS_3 ×S^3 ×T^4 can be written as

L = −^1_2 [ − Ĝ(z)∂^at∂_at + F̂ (z)∂^az_s∂_az_s + 2ϵ^{ab}B̂_s(z)∂_az_s∂_bt + G(y)∂^aφ∂_aφ + F (y)∂^ay_s∂_ay_s + 2ϵ^{ab}B_s(y)∂_ay_s∂_bφ + ∂^ax_k∂_ax_k ] , (A.1) G = (1 −^1_4 y^2)^2 (1 +^1_4 y^2)^2

= 1 − y^2F , F = 1 (1 +^1_4 y^2)^2

, (A.2)

Ĝ = (1 +^{14} z^2)^2 (1 −^1_4 z^2)^2

= 1 + z^2F̂ , F̂ = 1 (1 −^1_4 z^2)^2

, (A.3)

B_s(y) = qF (y)ϵ_{rs}y_r , B̂_s(z) = qF̂ (z)ϵ_{rs}z_r . (A.4)

31It should be emphasized again that the superstring theory case considered here, where there are no UV divergences and the mass scale is introduced by the choice of a vacuum or a gauge, is very different from the case of the quantum bosonic SU(2) principal chiral model with a WZ term [18, 20, 21]. There, in the absence of the WZ term (for q = 0), there is a dynamical mass generation and thus a massive S-matrix [48]. However, for q ≠ 0 there is an RG flow (of h and thus of q in (2.3)) between the trivial UV (q = 0) and non-trivial WZW (q = 1) fixed points, so that there is no mass generation and the underlying S-matrix is massless.

Here x_k are the “massless” T^4 fields. The AdS_3 and S^3 parts are related by the formal analytic continuation t → φ, z_r → iy_r and then reversing the overall sign of the Lagrangian.^{32} Following the discussion in section 2, let us consider the redefinition of t as in (2.24) and then T-dualize in the φ direction. This leads to the following generalization of (2.25),(2.26),(2.27): L̃ = −√gg^{cd}h_{cd} − P ϵ^{cd}∂_du [ bĜ(∂_cφ̃ − B_s∂_cy_s) + GB̂_s∂_cz_s ] , (A.5)

h_{cd} = −Q∂_cu∂_du + P (∂_cφ̃ − B_s∂_cy_s + bB̂_s∂_cz_s)(∂_dφ̃ − B_s∂_dy_s + bB̂_s∂_dz_s) +F ∂_cy_s∂_dy_s + F̂ ∂_cz_s∂_dz_s + ∂_cx_k∂_dx_k , (A.6) Q = GĜP , P = (G − b^2Ĝ)^{−1} . (A.7)

Fixing the gauge in (2.28) (with J = 1) we get the following generalization of (2.29) L̃ = − √ h + cP [ bĜ(c − B_sy^′_s) + GB̂_sz^′_s ] , (A.8) h = [ c^2Q − P (B_sẏ_s − bB̂_sż_s)^2 − F ẏ^2_s − F̂ ż^2_s − ẋ^2_k ]

× [ P (c − B_ry^′_r + bB̂_rz^′_r)^2 + F y^{′2}_r + F̂ z^{′2}_r + x^{′2}_k ]

+ [ P (B_sẏ_s − bB̂_sż_s)(c − B_ry^′_r + bB̂_rz^′_r) − F ẏ_ry^′_r − F̂ ż_rz^′_r − ẋ_kx^′_k

]_2 . (A.9)

Expanding L̃ in powers of y_s and z_s we get the following generalization of (2.30),(2.31)

L̃ = L_2 + L_4 + ... ,

L_2 =^1_2 (ż^2_s − z^{′2}_s − z^2_s ) + qϵ_{sr}z_sz^′_r +^1_2 (ẏ^2_s − y^{′2}_s − y^2_s ) + qϵ_{sr}y_sy^′_r +^1_2 (ẋ^2_k − x^{′2}_k ) , (A.10)

L_4 =^1_4 [ y^2_s (2y^{′2}_r + ż^2_r + z^{′2}_r ) − z^2_s (2z^{′2}_r + ẏ^2_r + y^{′2}_r ) + (y^2_s − z^2_s )(ẋ^2_k + x^{′2}_k ) ]

+q [_1 2 (ẏ_ry^′_r + ż_rz^′_r + ẋ_kx^′_k)ϵ_{sp}(y_sẏ_p − z_sż_p)

−^1_4 (ẏ^2_r + y^{′2}_r + ż^2_r + z^{′2}_r + ẋ^2_k + x^{′2}_k )ϵ_{sp}(y_sy^′_p − z_sz^′_p) −^1_4 (y^2_r − z^2_r )ϵ_{sp}(y_sy^′_p + z_sz^′_p) ]

+(a −^1_2 )

{_1

4 (y^2_s + z^2_s )^2 −^1_4 (ẏ^2_s + y^{′2}_s + ż^2_s + z^{′2}_s + ẋ^2_k + x^{′2}_k )^2 + (ẏ_sy^′_s + ż_sz^′_s + ẋ_kx^′_k)^2 +q [ − (ẏ_ry^′_r + ż_rz^′_r + ẋ_kx^′_k)ϵ_{sp}(y_sẏ_p + z_sż_p)

+^1_2 (ẏ^2_r + y^{′2}_r − y^2_r + ż^2_r + z^{′2}_r − z^2_r + ẋ^2_k + x^{′2}_k )ϵ_{sp}(y_sy^′_p + z_sz^′_p) ]} . (A.11)

The kinetic terms for y_s and z_s are the same, implying the same massive dispersion relation (2.22) while x_k are massless.

As there are no cubic terms in the bosonic Lagrangian, and there cannot be a boson−boson− fermion cubic term when fermions are included, the above quartic Lagrangian (ignoring the massless fields x_k) is sufficient to compute the tree-level S-matrix for the four massive bosons, y_s and z_s. The result of this computation was summarized in sections 3 and 4.

32The sign of coefficient in B̂_s(z) can be opposite to that of in B_s(y) but the two cases are related, e.g., by coordinate redefinition t → −t. The expansion of the action below in the case of B̂_s(z) = −qF̂ (z)ϵ_{rs}z_r can be found by reversing the sign of ϵ_{rs}z_r in all terms where it appears.

Furthermore, the tree-level S-matrix truncated to just the massive mode sector (including all massive bosons and fermions) should satisfy the classical Yang-Baxter equation in its own right as by integrability (i.e. as a consequence of the existence of higher conserved charges) the scattering of particles of different mass should be diagonal in the space of masses (there can still be a non-trivial S-matrix in flavour space). It would be of interest to compute the S-matrix for the scattering of both the massless excitations with the massive excitations and amongst themselves. At tree level the allowed scattering processes following from (A.11) are (here x_L and x_R stand for the left- and right-moving components of x_k)

y/zy/zx_Lx_L y/zy/zx_Rx_R x_L x_Lx^R x_R

where along each line the spatial momentum is unchanged.

A.2 Fermionic sector

A systematic derivation of the gauge-fixed superstring action to quartic order in both bosons and fermions goes beyond the scope of the present paper. Here we shall limit ourselves to a discussion of terms quadratic in fermions and quadratic in bosons that are relevant for the derivation of the most non-trivial parts of the S-matrix (4.1), i.e. scattering processes such as F F → BB, BB → F F and BF → BF , which, in particular, involve the functions l_4 and l_5 in (4.10).^{33}

We shall start with the general form of the quadratic term in the type IIB superstring action (thus avoiding gauge-fixing subtleties of truncating to the supercoset action [9, 6]), as was also done in the absence of B-flux in [12, 17]. The fermionic “kinetic” term in the IIB GS superstring action in a curved background is a direct generalization of its flat-space form:

L_2 = i(η^{ab}δ_{IJ} − ϵ^{ab}ρ_{3IJ} )∂_ax^me^{m̂} θ̄^I Γ_{m̂}(D_b)^{JK} θ^K , (A.12)

D_a = ∂_a +^1_4 ∂_ax^ke^{k̂} [ (ω_{m̂n̂k̂} −^1_2 ρ_3H_{m̂n̂k̂})Γ^{m̂n̂} −^1_{3!} ρ_1F_{m̂n̂l̂}Γ^{m̂n̂l̂}Γ_{k̂} ] , (A.13)

ρ_3 =

( 1 0

0 −1 ) , ρ_1 =

( 0 1 1 0 ) , (A.14)

where m̂, etc., are tangent-space indices, θ^I are two real MW spinors and ρ_a act in the I, J = 1, 2 space. D_a is the generalized covariant derivative that appears in the Killing spinor equation or gravitino transformation law in type IIB supergravity (we have included only NSNS and RR 3-form background field couplings). The tangent space components of the fluxes corresponding to the metric in (A.1) are^{34}

H_{t̂r̂}′_ŝ′ = −2qϵ_{r̂}′_ŝ′ , H_{φ̂r̂ŝ} = −2qϵ_{r̂ŝ} , (A.15)

33Note that according to (4.1) the amplitudes F F → F F corresponding to quartic fermionic terms in the action vanish in the light-cone gauge a =^1_2 where c = 0 (see (4.2)).

34Here r̂^′, ŝ^′ denote the spatial AdS_3 directions z_s and r̂, ŝ – the S^3 transverse directions y_s.

F_{t̂r̂}′_ŝ′ = −2 √ 1 − q^2 ϵ_{r̂}′_ŝ′ , F_{φ̂r̂ŝ} = −2 √ 1 − q^2 ϵ_{r̂ŝ} . (A.16)

One may expand the action to quadratic order in bosonic fields using that

e^{φ̂} = 1 −^1_2 y^2_s + ... , e^ŝ = 1 −^1_4 y^2_s + ... , ω_{^3ŝ} = −y_sdφ + ... , ω_{ŝr̂} = y_{[s}dy_{r]} + ... , (A.17)

and similar relations for the AdS_3 part. The leading term in the fermionic action in the lightcone gauge is found by setting

t = τ , φ = τ , (A.18)

i.e. choosing u ≡ t + φ = 2τ, v ≡ t − φ = 0 (cf. (2.17),(2.24)) and fixing the l.c. kappasymmetry gauge Γ^vθ^I = 0. One then finds as in [36] that the fermions split into two groups: 4 massive and 4 massless. The massive ones, denoted by ζ_{R,L} and χ_{R,L} (corresponding to ζ_+ and χ_+ in (4.1)), have the following action

L_2 = iζ^∗_R (∂_− + iq)ζ_R + iζ^∗_L (∂_+ − iq)ζ_L − √ 1 − q^2 ( ζ^∗_R ζ_L + ζ^∗_L ζ_R ) + iχ^∗_R (∂_− + iq)χ_R + iχ^∗_L (∂_+ − iq)χ_L − √ 1 − q^2 ( χ^∗_R χ_L + χ^∗_L χ_R ) . (A.19)

Here the q-dependent derivative shifts come from the NSNS flux (A.15) term and the mass terms – from the RR flux (A.16) term in D in (A.13). The equations of motion that follow from (A.19) are

(∂_− + iq)ζ_R + i √ 1 − q^2 ζ_L = 0 , (∂_+ − iq)ζ_L + i √ 1 − q^2 ζ_R = 0 , (A.20)

and similar ones for χ. Combining them gives the following second-order equation

(∂_+ − iq)(∂_− + iq)ζ_{R,L} + (1 − q^2)ζ_{R,L} = 0 , (A.21)

which is the same as the free equation for the massive fields (y, y^∗) and (z, z^∗) in the bosonic sector following from (A.10) (note that (∂_+ − iq)(∂_− + iq) = ∂^2_0 − (∂_1 − iq)^2, cf. (2.36)). This implies that all massive bosons and fermions have the same dispersion relation (2.22) or (4.5).

The structure of (A.12) and the expansions (A.17) imply that there are no terms quadratic in fermions and linear in the “transverse” bosons (y_s, z_r). To find terms that are quadratic in both the fermions and the bosons one may follow the same procedure as used in the purely bosonic case in section 2.3 and the previous subsection, i.e. apply T-duality in the φ direction and then fix the gauge (2.28) where u = 2τ, φ̃ = 2σ (here we choose a =^1_2 , J = 1) together with Γ^vθ^I = 0. An alternative is to follow the approach of [40] used for q = 0 in [12, 17].

Here we will not give a systematic derivation of the resulting Lagrangian and just indicate which types of terms one should expect to find. Let us focus on the terms involving y and ζ only. As ∂φ terms will appear in the H_3 and F_3 parts of D in (A.13) the corresponding fermionic terms linear in ∂_aφ will enter the action in the same way as the bosonic WZ term b_a = ϵ_{ab}ϵ_{rs}y_r∂_by_s in (A.9),(A.11), i.e. there will be products of the connection terms q(ζ^∗_R ζ_R − ζ^∗_L ζ_L ) and √ 1 − q^2 ( ζ^∗_R ζ_L + ζ^∗_L ζ_R ) with the bosonic second-derivative terms ∂y∂y. In addition, there will be also q-dependent terms where the fermionic kinetic term is multiplied by the bosonic b_a term, i.e. we should get terms like ζ^∗_L ζ^′_L (qϵ_{rs}y_rẏ_s) and similar ones with qϵ_{rs}y_ry^′_s.^{35} To simplify the resulting action one is allowed to use the linearized equations of motion (A.20) as this does not change the S-matrix (in particular, one can always eliminate terms with time derivatives of the fermions).

Let us consider for simplicity a subset of quartic terms involving only y and ζ_R , ζ_L . Then the Lagrangian that reproduces the yyζζ amplitudes in (4.1) (involving the functions l_{4,5,6,7,8,9} given in (4.2) with (4.5) and (4.10)) is found to be^{36}

L_4 = −^1_2 [√ 1 − q^2 ζ^∗_L ζ_R +^q_2 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) ] ∂_+y^∗∂_−y

−^1_2 [√ 1 − q^2 ζ^∗_R ζ_L +^q_2 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) ] ∂_−y^∗∂_+y + [_i 4 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) +^q_2 ζ^∗_L ζ^′_L ] y^∗∂_+y + [ −^i_4 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) +^q_2 ζ^{′ ∗}_L ζ_L ] ∂_+y^∗y − [_i 4 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) −^q_2 ζ^∗_R ζ^′_R ] y^∗∂_−y − [ −^i_4 (ζ^∗_R ζ_R − ζ^∗_L ζ_L ) −^q_2 ζ^{′ ∗}_R ζ_R ] ∂_−y^∗y +^i_4 (ζ^∗_R ∂_+ζ_R − ∂_+ζ^∗_R ζ_R + ζ^∗_L ∂_−ζ_L − ∂_−ζ^∗_L ζ_L )y^∗y . (A.22)

The structure of other terms, e.g., involving yyχχ, is very similar. We observe that the qdependent terms here indeed have the structure expected from the T-duality based gauge-fixing procedure outlined above.

In the limit of q = 0 the Lagrangian (A.22) reduces to

L_4 = −^1_2 ζ^∗_L ζ_R ∂_+y^∗∂_−y −^1_2 ζ^∗_R ζ_L ∂_−y^∗∂_+y +^i_2 (ζ^∗_R ζ_R − ζ^∗_L ζ_L )y^∗y^′ −^i_2 (ζ^∗_R ζ_R − ζ^∗_L ζ_L )y^{′∗}y +^i_4 (ζ^∗_R ∂_+ζ_R − ∂_+ζ^∗_R ζ_R + ζ^∗_L ∂_−ζ_L − ∂_−ζ^∗_L ζ_L )y^∗y . (A.23)

This Lagrangian matches the AdS_3 × S^3 × T^4 limit of the corresponding part of the AdS_3 × S^3 × S^3 × S^1 Lagrangian found in [12, 17]. Indeed, relabelling y, ζ_{R,L} → y_2, χ_{1±}, it is the same as the α → 1 limit of eq. E.1 in [17] (keeping only the fields y_2, χ_1 there), or equivalently, as the limit α → 0 (keeping only the fields y_3, χ_1 there).

The above discussion thus gives a strong indication that the expression for the q-dependent Smatrix found in section 4.2 using integrability constraints follows also directly from the AdS_3 × S^3 × T^4 superstring action.

Appendix B:

Comments on the symmetry algebra of the superstring S-matrix

Below we shall first describe the supersymmetry of the tree-level S-matrix of the massive modes in the AdS_3 × S^3 × T^4 theory with pure RR flux (q = 0) which can be found by analyzing the algebra underlying the supercoset formulation of the theory. We shall then comment on possible q ≠ 0 generalization of it.

35Equivalently, the T-dualization procedure with the fermionic terms included should lead to q-dependent “cross-terms” similar to the ones in (A.11) (for a =^1_2 ) with ∂x_k∂x_k terms replaced by the fermionic kinetic terms._{36}

To recall, in (4.1) we used the notation (y_+, y_−) = (y, y^∗) and ζ_{R,L} = ζ_{+,−}.

Let us start with briefly reviewing the symmetry of the AdS_5 × S^5 theory based on the superalgebra psu(2, 2|4), which we formulate in terms of 8 × 8 (traceless and supertraceless) supermatrices:

∗∗∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗ •••••••••••• •••• (B.1) Here the top left 4 × 4 block is the su(2, 2) bosonic subalgebra with signature (+, +, −, −), while the bottom right 4 × 4 block is the su(4) bosonic subalgebra. The top right and bottom left 4 × 4 blocks contain the Grassmann-odd parts of the algebra. The BMN geodesic can then be written as a supergroup-valued solution: f = exp(J τ diag(i, i, −i, −i, i, i, −i, −i)) , (B.2) which preserves the symmetry algebra psu(2|2)^2 plus central extensions. The psu(2|2)^2 algebra is denoted by the shaded regions in (B.1).^{37}

The truncation to the AdS_3 × S^3 × T^4 theory is found by taking the elements of psu(2, 2|4) marked ∗ and • in (B.1). Each of these sets forms a u(1, 1|2) superalgebra; however, combined they give ps(u(1, 1|2)^2), where the ps projections correspond to the vanishing of the overall trace and supertrace. Eq. (B.2) is still a solution here and this allows us to write down the symmetry algebra preserved by the BMN geodesic in the AdS_3 × S^3 × T^4 theory. It can be found by taking the “intersection” of the shaded areas and the ∗ and • regions in (B.1). The resulting algebra is

[ps(u(1|1)^2)]^2 = [u(1) � psu(1, 1)^2]^2 ⋉ u(1)^2 → [u(1) � psu(1|1)^2]^2 ⋉ u(1) , (B.3)

where we have dropped one of the u(1) central extensions (∗ = i, • = −i) as it acts trivially. This is in agreement with the fact that the global bosonic symmetry is U(1)^3 (cf. (4.4)).

The massive tree-level S-matrix (in the case of vanishing RR flux, i.e. q = 0) (4.1),(4.2) should therefore have symmetry given by (B.3) (up to central extensions encoding the energy and momentum), while the factorized S-matrix (4.8),(4.2) should only have half this symmetry.

Explicitly, the generators of the supersymmetry algebra of the factorized S-matrix (4.8) in the q = 0 case are: two U(1) generators R and L; four supercharges Q_{±∓} and S_{±∓} (+ and − denote the charges under the U(1) × U(1) bosonic subalgebra) and three central extensions C, P and K. The commutation relations are given by

[R, R] = 0 , [L, L] = 0 , [R, Q_{±∓}] = ±iQ_{±∓} , [L, Q_{±∓}] = ∓iQ_{±∓} ,

37That is, this is the subalgebra of psu(2, 2|4) that commutes with the solution. We use the notation a^2 ≡ a⊕a for an algebra a. Below ⋉ stands for central extension.

[R, S_{±∓}] = ±iS_{±∓} , [L, S_{±∓}] = ∓iS_{±∓} , {Q_{±∓}, S_{±∓}} = 0 , {Q_{±∓}, S_{∓±}} = ∓^i_2 (R + L) + C , {Q_{±∓}, Q_{±∓}} = 0 , {Q_{±∓}, Q_{∓±}} = P , {S_{±∓}, S_{±∓}} = 0 , {S_{±∓}, S_{∓±}} = K . (B.4)

They are consistent with the following set of reality conditions

R^† = −R , L^† = −L , Q^†_{±∓} = S_{∓±} , P^† = K , C^† = C . (B.5)

This superalgebra is a centrally-extended semi-direct sum of u(1) (generated by R − L) with two copies of the superalgebra psu(1|1), i.e.

[u(1) � psu(1|1)^2] ⋉ u(1) ⋉ R^3 . (B.6)

The central extensions are R + L, C, P and K.

Indeed, we expect R + L to be central as it has the same action on the tensor product states (4.6) whether acting on the first or the second entry. As with the other three central extensions, C, P and K, there is therefore only a single copy of this u(1) central extension when we consider the symmetry of the full S-matrix

[u(1) � psu(1|1)^2]^2 ⋉ u(1) ⋉ R^3 , (B.7)

in agreement with (B.3).

From this discussion it is natural to expect the symmetry algebra for q ≠ 0 to be the same as in the q = 0 case. The dispersion relation (4.11) should then follow from a modification of the representation. Indeed, the fact that R + L is central suggests its eigenvalue can be altered allowing the parameter q to be introduced. We leave the detailed study of the relevant representation in the q ≠ 0 case for the future.

To conclude this appendix, we will briefly discuss the details of the invariance of the tree-level S-matrix under supersymmetry in the case q = 0 following the AdS_5 × S^5 story [37, 26, 27, 46, 47]. The particular representation of interest to us consists of one complex boson and one complex fermion. The generators have the following action on the one-particle states R |ϕ_±⟩ = ±i |ϕ_±⟩ , R |ψ_±⟩ = 0 , L |ϕ_±⟩ = 0 , L |ψ_±⟩ = ±i |ψ_±⟩ , Q_{±∓} |ϕ_±⟩ = 0 , Q_{±∓} |ψ_±⟩ = a |ϕ_±⟩ , Q_{±∓} |ϕ_∓⟩ = b |ψ_∓⟩ , Q_{±∓} |ψ_∓⟩ = 0 , S_{±∓} |ϕ_±⟩ = 0 , S_{±∓} |ψ_±⟩ = c |ϕ_±⟩ , S_{±∓} |ϕ_∓⟩ = d |ψ_∓⟩ , S_{±∓} |ψ_∓⟩ = 0 , C |ϕ_±⟩ = C |ϕ_±⟩ , P |ϕ_±⟩ = P |ϕ_±⟩ , K |ϕ_±⟩ = K |ϕ_±⟩ , C |ψ_±⟩ = C |ψ_±⟩ , P |ψ_±⟩ = P |ψ_±⟩ , K |ψ_±⟩ = K |ψ_±⟩ . (B.8)

Here a, b, c, d, C, P and K are representation parameters that will eventually be functions of the energy and momentum of the state. For the supersymmetry algebra to close the following constraints should be satisfied ab = P , cd = K , ad = C + 1 2 , bc = C − 1 2 . (B.9)

These can easily be seen to imply that

C^2 = 1 4 + P K , (B.10)

which is just the shortening condition for this atypical representation. Physically, it will be interpreted as the dispersion relation, with C playing the rôle of the energy and P and K defined in terms of the momentum. The representation parameters are further constrained by the reality conditions (B.5)

a^∗ = d , b^∗ = c , P^∗ = K , C^∗ = C . (B.11)

We can solve the set of equations (B.9) for a, b, c, d in terms of C, P and K: a = γ √ P ( 2C + 1 2C − 1 ) 1_4 , b = γ^{−1} √ P (2C − 1 2C + 1

) 1_4 , c = γ √ K (2C − 1 2C + 1

) 1_4 , d = γ^{−1} √ K ( 2C + 1 2C − 1 ) 1_4 , (B.12)

where γ is a phase parametrizing the normalization of the fermionic states with respect to the bosonic ones and can therefore be set to one.

To define the action of the symmetry on the two-particle states we need to introduce the coproduct

Δ(R) = R ⊗ I+ I⊗ R , Δ(L) = L ⊗ I+ I⊗ L , Δ(Q) = Q ⊗ I+ U ⊗ Q , Δ(S) = S ⊗ I+ U^{−1} ⊗ S , Δ(P) = P ⊗ I+ U^2 ⊗ P , Δ(C) =C ⊗ I+ I⊗ C , Δ(K) = K ⊗ I+ U^{−2} ⊗ K , (B.13)

and the opposite coproduct, defined as

Δ^{op}(J) = P(Δ(J)) , (B.14)

where J is an arbitrary generator and P defines the graded permutation of the tensor product.

We have deformed the coproduct from the usual one via the introduction of the new abelian generator U (Δ(U) = U ⊗ U) [47]. This is done according to a Z-grading of the algebra, whereby the charges −2, −1, 1, 2 are associated to the generators K, S, Q, P and the remaining generators are uncharged. The action of U on the single particle states is given by U |ϕ_±⟩ = U |ϕ_±⟩ , U |ψ_±⟩ = U |ψ_±⟩ . (B.15) This braiding allows for the existence of the non-trivial S-matrix.

The first consequence of this non-trivial braiding is found by requiring that for the central extensions the coproduct should equal to its opposite, implying

P ∝ (1 − U^2) , K ∝ (1 − U^{−2}) . (B.16)

We fix the normalization of P relative to K by taking both constants of proportionality to be h 2 = √ λ 4π . (B.17)

Acting on the single-particle states gives us the relations P = h 2 (1 − U^2) , K = h 2 (1 − U^{−2}) , (B.18)

where U should satisfy, as a consequence of (B.11), the following reality condition

U^∗ = U^{−1} . (B.19)

Motivated by the well-known construction in the AdS_5 × S^5 case (implying a similar one in the AdS_3 × S^3 × T^4 case with q = 0) we identify C with the energy and define U in terms of the spatial momentum as C = e 2 , U = e^{− i2 p} . (B.20)

Using (B.18) and (B.20) we can substitute in for C, P and K in terms of the energy and momentum in the shortening conditions (B.10) to find the following dispersion relation

e^2 = 1 + 4 h^2 sin^2 p 2 . (B.21)

In terms of the energy and momentum the representation parameters a, b, c and d (B.12) are a = √ h 2 (1 − e^{−ip}) ( e + 1 e − 1 ) 1_4 , b = √ h 2 (1 − e^{−ip}) (e − 1 e + 1

) 1_4 , c = √ h 2 (1 − e^{ip}) (e − 1 e + 1

) 1_4 , d = √ h 2 (1 − e^{ip})

( e + 1 e − 1 ) 1_4 . (B.22)

Rescaling p → h^{−1}p and expanding the various representation parameters to the appropriate order in h^{−1} we find that the factorized tree-level S-matrix (4.8) of the theory with pure RR flux (q = 0) co-commutes with this symmetry.

Appendix C:

Faddeev-Reshetikhin model for the string on R × S^3 with B-flux

As already discussed in section 2, the motion of the bosonic string on S^3 with B-flux is described in conformal gauge by the SU(2) principal chiral model with a WZ term

S = −^1_2 h [ ∫ d^2σ^1_2 tr(J_+J_−) − q ∫ d^3σ^1_3 ϵ^{abc}tr(J_aJ_bJ_c) ] , J_a = g^{−1}∂_ag . (C.1)

Fixing the residual conformal diffeomorphism symmetry by choosing t = μτ, the conformal gauge (Virasoro) conditions are

trJ^2_± = −2μ^2 , (C.2)

while the first-order form of the equations of motion is as in (2.5),(2.6):

∂_+J_− +^1_2 (1 + q)[J_+, J_−] = 0 , ∂_−J_+ −^1_2 (1 − q)[J_+, J_−] = 0 . (C.3)

Note that the 1 ± q factors here can be formally absorbed by a rescaling of either J_± or σ^±. Let us write down the action that leads to these equations for the currents, generalizing the q = 0 case discussed in [19, 28].^{38} For g ∈ SU(2) we may solve the conditions (C.2) in terms of two unit 3-vector fields S^k_± ( σ̂^k are Pauli matrices and k = 1, 2, 3)

J_± = iμS^k_±σ̂^k , S^k_±S^k_± = 1 . (C.4)

The equations of motion (C.3) then become

∂_+S^i_− + μ(1 + q)ϵ^{ijk}S^j_+S^k_− = 0 , ∂_−S^i_+ − μ(1 − q)ϵ^{ijk}S^j_+S^k_− = 0 . (C.5)

The equations (C.5) follow from the following action, generalizing the action in the q = 0 case given in [28] (that leads to the FR Hamiltonian [19]) S = ∫ d^2σ [ (1 − q)C_+(S_−) + (1 + q)C_−(S_+) −^1_2 (1 − q^2)μ^2 S^k_+S^k_− ] , (C.6)

where^{39}

C_±(S) ≡ −^1_2

∫_1 0 dx ϵ^{ijk}S_i∂_xS_j ∂_±S_k , δC_± =^1_2 ϵ^{ijk}δS_iS_j ∂_±S_k . (C.7)

In what follows we shall rescale τ, σ by μ, i.e. effectively set μ = 1 and assume that σ is non-compact.

We observe that there is a simple way to relate the actions (C.6) with q = 0 and q ≠ 0. Let us make the following conformal transformation

σ̃^+ = (1 + q)σ^+ , σ̃^− = (1 − q)σ^− , σ^± =^1_2 (τ ± σ) . (C.8)

Since the action (C.6) is not conformally invariant it will change and become formally the same as at q = 0:

S̃ = ∫ d^2σ̃ [ C̃_+(S_−) + C̃_−(S_+) −^1_2 S^k_+S^k_− ] . (C.9)

38The Hamiltonian in the case of a non-zero coefficient of the WZ term was also discussed in [19] but our approach will be different.

39Note that C_a enters the the SU(2) Landau-Lifshitz action, which can be written as ∫ d^2σ [ C_0(n) −^1_4 n^{′2}_i ] where n_i is a unit vector with equations of motion ṅ_i = ϵ_{ijk} n_j n^{′′}_k .

Let us note that the same transformation applied in the Pohlmeyer-reduced (PR) theory (which is also constructed by starting with first-order equations for the currents and solving the Virasoro conditions) will also remove the q-dependent factor (1 − q^2) from the mass term and will therefore relate the q = 0 and q ≠ 0 theories (see Appendix D).^{40}

More explicitly, (C.8) implies that

τ̃ = τ + qσ , σ̃ = σ + qτ , (C.10) e = ẽ + qp̃ , p = p̃ + qẽ , ẽ = e − qp 1 − q^2 , p̃ = p − qe 1 − q^2

, (C.11)

where p_a = (p_0, p_1) ≡ (e, p) is the 2-momentum conjugate to σ^a = (τ, σ) (i.e. p_aσ^a = p̃_aσ̃^a). Since this is a conformal transformation rather than a Lorentz boost the mass gets rescaled: p^2_a = (1 − q^2)p̃^2_a.

Let us now explicitly solve the unit-vector constraints in (C.4) by introducing two independent complex scalar fields as

S^1_± + iS^2_± = 2 √ 1 − |ϕ_±|^2 ϕ_± , S^3_± = 1 − 2|ϕ_±|^2 . (C.12)

Substituting into (C.6) we find the following first-order action for ϕ_+, ϕ_− (generalizing the corresponding action [28] in the q = 0 case) S = ∫ d^2σ { i(1 − q) ϕ^∗_−∂_+ϕ_− + i(1 + q) ϕ^∗_+∂_−ϕ_+

−(1 − q^2) [√ (1 − |ϕ_+|^2)(1 − |ϕ_−|^2)(ϕ^∗_+ϕ_− + ϕ^∗_−ϕ_+)

−|ϕ_+|^2 − |ϕ_−|^2 + 2|ϕ_+|^2|ϕ_−|^2 ]} . (C.13)

If we rescale ϕ_± to have canonically normalized kinetic terms then q will enter the potential terms in a complicated way. However, the coordinate transformation (C.8),(C.10) provides a short-cut to determine the dependence on q by starting with the q = 0 expression.

Let us first look at quadratic terms in (C.13) near the trivial vacuum ϕ_± = 0:^{41}

L_2 = i(1 − q)ϕ^∗_−∂_+ϕ_− + i(1 + q)ϕ^∗_+∂_−ϕ_+ + (1 − q^2) (ϕ_+ − ϕ_−)(ϕ^∗_+ − ϕ^∗_−) . (C.14)

For q = 0 the dispersion relation is [28]

(e + 1)^2 − p^2 = 1 , (C.15)

so that there is a particle (magnon or BMN) state which is light at small p and an antiparticle state that decouples at low momenta. For q ≠ 0 we find^{42}

(e + 1)^2 − (p + q)^2 = 1 − q^2 , (C.16)

40q will still enter non-trivially in the relation between the PR and string sigma model solutions. 41It is easy to see that ϕ_± = 0 is the only choice for a vacuum state, modulo SO(3) rotation. 42The same result is found using (C.11) to get the generalization of the dispersion relation at q = 0: (ẽ + 1)^2 − p̃^2 = 1.

which has a solution e = √ (p + q)^2 + 1 − q^2 − 1 . (C.17)

This is the same dispersion relation (up to an overall energy shift) as was found from the S^3 string sigma model in (2.20). If we allow for the overall shifts of the energy and the momentum then the dispersion relation becomes the standard massive one with q-dependent mass

e^2 − p^2 = 1 − q^2 . (C.18)

Equivalently, starting with the q ≠ 0 action in (C.13) and doing the U(1) redefinition

ϕ_± → e^{iτ̃} ϕ_± , τ̃ = τ + qσ , (C.19)

one removes the |ϕ_+|^2 +|ϕ_−|^2 term from the quadratic part of (C.13) (while the remaining terms stay invariant) thus ending up with the dispersion relation (C.18) with unshifted momentum and energy.

Next, let us discuss the S-matrix starting with the q = 0 case. Following [28] we redefine ϕ_± → e^{iτ} ϕ_± in the q = 0 analog of (C.13) so that the |ϕ_+|^2 + |ϕ_−|^2 quadratic terms are eliminated, or equivalently, shift e in (C.15) to get the standard relativistic dispersion relation e^2 − p^2 = 1. The interaction vertices and thus the S-matrix will still be non-relativistic.^{43} After the field redefinition making the ϕ_+, ϕ_− propagator the standard Lorentz-invariant massive one (so that we have both positive and negative energy states) one is still to decide how to quantize the theory.^{44} This will not be important at the tree level we are interested in here as the tree-level S-matrix is given simply by the quartic vertices in the action.

The prescription of [28] gave the following quantum S-matrix^{45}

S_{FR}(p, p^′) = x − x^′ − 2iκ x − x^′ + 2iκ = 1 + 4iκ x^′ − x + ... , (C.20)

where x = x(p) (and similarly x^′ = x(p^′)) is related to the momentum p as x = 1 p ( √ p^2 + 1 + 1) , p = 2x x^2 − 1 , e = x^2 + 1 x^2 − 1

. (C.21)

To find the q ≠ 0 generalization of this S-matrix we may use the coordinate or momentum transformation trick (C.10),(C.11): we first put tildes on p, p^′ in (C.20),(C.21) and then use

43Recall that the origin of this non-invariance is in the Virasoro plus temporal gauge conditions that are solved by (C.4): originally the currents S_± should transform as vectors but the invariance is then broken by the unit-norm condition. One may formally ask for ϕ_± in (C.13) to transform under Lorentz boosts as 2d Weyl fermions making their kinetic terms invariant but then the interaction terms in (C.13) will still fail to be invariant.

44In [28] the “wrong” vacuum was chosen in which the negative energy states are all empty with a hidden motivation of getting a standard “ferromagnetic” type S-matrix. This amounts to the use of the retarded rather than the causal propagator (just as was the case in the LL model). Then it is straightforward to compute the corresponding two-particle S-matrix as it will be given simply by summing bubble graphs [28].

45Here the energies are e = √ p^2 + 1 and e^′ = √ p^{′2} + 1. Recall that we set the scale parameter or effective coupling μ equal to 1. Below we also inserted as formal coupling constant κ as in (3.7).

(C.11) where now e^2 − p^2 = 1 − q^2, i.e.^{46}

x̃ = x(p̃) = 1 p̃ ( √ p̃^2 + 1 + 1) , p̃ = p − q √ p^2 + 1 − q^2 1 − q^2 , ẽ = √ p̃^2 + 1 , (C.22)

with the corresponding S-matrix now being given by (cf. (C.20),(3.9))

S(p, p^′) = x̃ − x̃^′ − 2iκ x̃ − x̃^′ + 2iκ = 1 + 4iκ x̃^′ − x̃ + .... = 1 + 4iκp̃p̃^′ p̃(ẽ^′ + 1) − p̃^′(ẽ + 1)

+ ... , (C.23)

where we have explicitly shown the tree-level part.

In contrast to what we observed in the sigma model case in section 3, here the q-dependence of the tree-level S-matrix cannot be found by just generalizing the dispersion relation as in (3.21). This may not be surprising given that the FR S-matrix (3.9) did not agree with the string sigma model S-matrix in (3.17) already in the q = 0 case.

Indeed, despite sharing the same classical integrable structure the R × S^3 gauge-fixed string sigma model, its Faddeev-Reshetikhin formulation and its Pohlmeyer reduction all have different tree-level S-matrices. This may be attributed to the fact that these S-matrices are computed for different objects (and also are effectively gauge-dependent quantities).

Appendix D:

Pohlmeyer-reduced theory for superstring on AdS_3 × S^3 × T^4 with mixed flux

Pohlmeyer reduction (PR) for classical string theory on AdS_3 × S^3 leads to a combination of complex sine-Gordon and complex sinh-Gordon models which admits a natural superstring generalization [29, 30]. The corresponding S-matrix near trivial (BMN-type) vacuum is relativistic and was studied in [49, 50]. Given that string supercoset sigma model and its PR counterpart are closely related (at least at the classical and 1-loop level) sharing, in particular, the same integrable structure, it is of interest to study how the PR model gets modified upon switching on non-zero NSNS 3-form flux, i.e. for q ≠ 0. As we will show below, somewhat unexpectedly, the modification is remarkably simple: one just needs to replace the mass parameter μ of the PR theory (which is essentially the same as the BMN parameter J in the string sigma model context setting the mass scale via the Virasoro condition) as μ → √ 1 − q^2 μ . (D.1)

As a result, the PR theory depends on q only through the mass √ 1 − q^2 μ of the elementary excitations which will thus have the same dispersion relation as “rotated” string excitations in (2.36) (i.e. with unshifted momentum p = p̂ in (2.22)).

We shall first consider the bosonic theory in the conformal gauge where the starting equations are the same as in the FR case – eqs.(C.1),(C.2). Before turning to the group-theoretic formulation that naturally generalizes to the superstring (supercoset) case it is useful to describe the

46Note that compared to (C.16) here there are no shifts of p_0 and p_1 as we assumed that the original q = 0 kinetic term took a standard massive form due to the ϕ_± redefinition – see (4.2) and the surrounding discussion.

construction of the bosonic PR theory using explicit embedding coordinate parametrization of the sigma model.

D.1 Pohlmeyer reduction of bosonic AdS_3 × S^3 string in embedding coordinates D.1.1 PR model for string on R × S^3 We shall start with the string action (2.3) in the conformal gauge written in terms of R^4 embedding coordinates S = √ λ 2π (_1 2 ∫ d^2σ [ ∂_+X · ∂_−X + Λ(X^2 − 1) ] +^1_3 q ∫ d^3σ ϵ^{abc}ϵ_{mnpq}X_m∂_aX_n∂_bX_p∂_cX_q ) . (D.2)

The resulting equations of motion and the Virasoro constraints are^{47}

∂_+∂_−X_m − ΛX_m + qK_m = 0 , X^2_m = 1 , K_m = ϵ_{mnpl}X_n∂_+X_p∂_−X_l , (D.3) (∂_±X_m)^2 = μ^2 . (D.4) Note that here X · ∂_±X = 0 , Λ = −∂_+X · ∂_−X . (D.5) Next, we introduce the fields (φ, χ) of the reduced theory^{48} ∂_+X · ∂_−X = μ^2 cos 2φ , K · ∂^2_±X = f_±(φ)∂_±χ , (D.6) where f_±(φ) are to be determined. As the set of vectors {X, ∂_+X, ∂_−X, K} form a basis of R^4 (assuming φ is non-zero) we can write ∂^2_±X as linear combinations of them

∂^2_±X = −μ^2X + 2∂_±φ cot 2φ ∂_±X − 2∂_±φ csc 2φ ∂_∓X + f_±∂_±χ μ^4 sin^2 2φ

K . (D.7)

Taking the inner product we find the following equation of motion for φ

∂_+∂_−φ + f_+f_−∂_+χ∂_−χ 2μ^6 sin^3 2φ + μ^2(1 − q^2) 2 sin 2φ = 0 . (D.8)

If we assume that f_+ = −f_− then f_+ = −f_− = A sin^2 φ , (D.9) is a solution of ∂_− (∂2_+X · K f_+ ) − ∂_+ (∂2_−X · K f_− ) = 0 . (D.10)

47Note that when varying the WZ term the four vectors δX and ∂_aX are orthogonal to X (as can be seen by varying or differentiating the sphere constraint, X^2 = 1). Therefore they only span a three-dimensional subspace of R^4 so that ϵ_{mnpq} δX_m∂_aX_n∂_bX_p∂_cX_q = 0.

48Note that as the Virasoro constraints imply that ∂_+X and ∂_−X are vectors with norm μ, φ is half the angle between them.

Another solution is f_+ = f_− = B cos^2 φ . (D.11) Note that in solving (D.10) the q-dependence drops out and therefore these solutions are exactly the same as in the q = 0 case. Taking f_± to be given by (D.9) we get for χ

∂_−(tan^2 φ ∂_+χ) + ∂_+(tan^2 φ ∂_−χ) = 0 . (D.12)

Choosing A = 4μ^3 the equation of motion for φ (D.8) is then given by

∂_+∂_−φ − sec^2 φ tan φ ∂_+χ∂_−χ +^1_2 (1 − q^2)μ^2 sin 2φ = 0 . (D.13)

The equations (D.12) and (D.13) are those of the complex sine-Gordon model with mass-squared (1 − q^2)μ^2, i.e. they can be found from the following Lagrangian

L = ∂_+φ∂_−φ + tan^2 φ ∂_−χ∂_+χ +^1_2 (1 − q^2)μ^2 cos 2φ . (D.14)

Thus the only effect of q in the PR theory is to modify the mass parameter. In particular, at the WZW points q = ±1 we find, as might be expected, a massless theory (representing the SU(2)/U(1) gauged WZW model). In the above derivation the rôles of the two solutions (D.9),(D.11) can be interchanged. This modifies the reduced theory Lagrangian (D.14) by the replacement tan^2 φ → cot^2 φ.

D.1.2 PR models for strings on AdS_3 × S^1 and AdS_3

The reduction for strings on AdS_3 × S^1 works in much the same way as that for strings on R_t × S^3. Here we start with the action S = √ λ 2π (_1 2 ∫ d^2σ [ ∂_+Y · ∂_−Y + Λ̃(Y^2 + 1) ] +^1_3 q ∫ d^3σ ϵ^{abc}ϵ_{μνρσ} Y^μ∂_aY^ν ∂_bY^ρ∂_cY^σ ) , (D.15)

where Y^μ are the coordinates on R^{2,2} with signature (−, −, +, +) and Λ̃ is a Lagrange multiplier imposing the AdS_3 constraint. We fix the conformal gauge as well as the S^1 angle φ = μτ. The resulting equations of motion and the Virasoro constraints are then

∂_+∂_−Y_μ − Λ̃Y_μ + qK̃_μ = 0 , Y^2 = −1 , K̃^μ = ϵ^μ_{νρσ}Y^ν ∂_+Y^ρ∂_−X^σ , (D.16) (∂_±Y )^2 = −μ^2 . (D.17)

Introducing the reduced theory fields ϕ and ϑ

∂_+Y · ∂_−Y = −μ^2 cosh 2ϕ , K̃ · ∂^2_±Y = ±4μ^3 sinh^2 ϕ ∂_±ϑ , (D.18)

we find that they satisfy the following second-order equations

∂_+∂_−ϕ − sech^2 ϕ tanh ϕ ∂_+ϑ∂_−ϑ +^1_2 (1 − q^2)μ^2 sinh 2ϕ = 0 ,

∂_−(tanh^2 ϕ ∂_+ϑ) + ∂_+(tanh^2 ϕ ∂_−ϑ) = 0 . (D.19)

These equations are those of the complex sinh-Gordon model that follow from the Lagrangian^{49} L = ∂_+ϕ∂_−ϕ + tanh^2 ϕ ∂_−ϑ∂_+ϑ −^1_2 (1 − q^2)μ^2 cosh 2ϕ . (D.20) Again, the only effect of q is to modify the mass parameter and q = ±1 corresponds to a massless theory (SL(2, R)/U(1) gauged WZW model).

It is of interest to consider the case when the string moves just on AdS_3 [30, 55] that corresponds to the limit μ → 0. To take the μ → 0 limit of the Lagrangian (D.20) we should first generalize it by introducing the auxiliary field a_±

L =∂_+ϕ∂_−ϕ + sinh^2 ϕ ∂_−ϑ∂_+ϑ

− a_− sinh^2 ϕ ∂_+ϑ − a_+ sinh^2 ϕ ∂_−ϑ + a_+a_− cosh^2 ϕ −^1_2 (1 − q^2)μ^2 cosh 2ϕ . (D.21) Integrating out a_± gives back (D.20). To get a finite and non-trivial μ → 0 limit we shift ϕ and rescale ϑ and a_± as {ϕ, ϑ, a_±} → {ϕ − log μ, μ ϑ, μ a_±} . (D.22) The resulting Lagrangian is then given by L = ∂_+ϕ∂_−ϕ +^1_4 e^{2ϕ}(∂_+ϑ − a_+)(∂_−ϑ − a_−) −^1_4 (1 − q^2)e^{2ϕ} . (D.23) This can be written as L = ∂_+ϕ∂_−ϕ +^1_4 e^{2ϕ}∂_+ξ_+∂_−ξ_− −^1_4 (1 − q^2)e^{2ϕ} , (D.24) a_± ≡ ∂_±ξ̃_± , ξ_± ≡ ϑ − ξ̃_± . (D.25) One can alternatively get this Lagrangian through the reduction procedure for μ = 0, starting with the following definitions of the reduced-theory fields ∂_+Y · ∂_−Y = −^1_2 e^{2ϕ} , K̃ · ∂^2_±Y = ±^1_4 e^{4ϕ}∂_±ξ_± . (D.26) Note that in the course of taking the μ → 0 part of the diffeomorphism symmetry has been restored. This is a consequence of the fact that for μ → 0 the conformal-gauge constraints (D.17) are invariant under conformal reparametrizations. The conformal reparametrizations acting on the reduced-theory fields are given by

σ^± → f_± (σ^±) , ∂_± → f^′_± ∂_± , e^{2ϕ} → f^′_+ f^′_− e^{2ϕ} , ξ_± → f^{−1}_∓ ξ_± . (D.27) To describe the physical degrees of freedom of the string this symmetry should be fixed. One way of doing this is to observe that the classical equations for ξ_± imply ∂_±U_∓ = 0 , U_± ≡ e^{2ϕ}∂_±ξ_± , (D.28) where U_± transform under the conformal reparametrizations (D.27) as U_± → f^{′2}_± U_±. Therefore, these fields can be fixed to be equal to γ = {+1, 0, −1} depending on their sign. Then the Lagrangian (D.24) becomes L = ∂_+ϕ∂_−ϕ +^1_4 γ e^{−2ϕ} −^1_4 (1 − q^2)e^{2ϕ} . (D.29) As long as q ≠ ±1 we can shift ϕ to find that this Lagrangian is equivalent to either the sinh-Gordon, Liouville or cosh-Gordon Lagrangian respectively. In the case of q = ±1 we have either the Liouville Lagrangian, a free boson or the Liouville Lagrangian with the “wrong” sign of the potential.

49An alternative Lagrangian with tanh^2 ϕ → coth^2 ϕ is found by taking instead K̃ · ∂^2_±Y = 4μ^3 cosh^2 ϕ ∂_±ϑ .

D.1.3 Comments on relation between classical solutions of string and PR models

Solutions of the reduced theory with q ≠ 0 are formally related to solutions of the reduced theory with q = 0 through the following conformal rescaling of the 2d coordinates

σ^± → (1 ± q)^{−1}σ^± , ∂_± → (1 ± q)∂_± . (D.30)

A similar observation was made in the discussion of the FR model (cf. (2.5),(C.8)).^{50} Indeed, if we formally consider the transformation (D.30) in (2.5) without letting J_± transform then we recover the equations of the principal chiral model with q = 0. Since the fields of the PR theory are essentially the currents of the string sigma model, this explains why the transformation (D.30) maps between q = 0 and q ≠ 0 cases of the reduced theory.

The standard prescription (for q = 0) of how to reconstruct string sigma model solutions from the solutions of the PR theory is to take a solution of the complex sine-Gordon equations (φ_0, χ_0) and solve the second-order linear equation

∂_+∂_−X_m + μ^2 cos 2ϕ_0 X_m = 0 . (D.31)

For non-zero q this equation is modified, implying that, while the solutions of the reduced theories with q = 0 and q ≠ 0 are related simply by (D.1), the corresponding solutions of the string theory will in general have a more non-trivial relation.

Another general conclusion is that since the 1-loop string partition function should be equal to the 1-loop partition function of the PR theory [53] and the latter should depend on q only via μ^2 → (1−q^2)μ^2 the same should apply to the string partition function. Let us now consider some simple examples of solutions, introducing the following explicit coordinates on S^3

X_1 + iX_2 = sin θ e^{iϕ1} , X_3 + iX_4 = cos θ e^{iϕ2} , (D.32)

in terms of which the Lagrangian in (D.2) is given by (2.8), i.e.

L = ∂_+θ∂_−θ + sin^2 θ ∂_+ϕ_1∂_−ϕ_1 + cos^2 θ ∂_+ϕ_2∂_−ϕ_2 + q sin^2 θ (∂_+ϕ_1∂_−ϕ_2 − ∂_+ϕ_2∂_−ϕ_1) . (D.33)

Let us first consider the analogue of the BMN solution

X_1 + iX_2 = 0 , X_3 + iX_4 = e^{iμτ} , θ = ϕ_1 = 0 , ϕ_2 = μτ , (D.34)

for which the corresponding reduced theory solution is the vacuum one

φ = 0 , χ = 0 . (D.35)

Expanding (D.33) around (D.34) to the leading order gives

L = ∂_+θ∂_−θ + θ^2∂_+ϕ_1∂_+ϕ_2 − μ^2θ^2 + qμθ^2(∂_+ϕ_1 − ∂_−ϕ_1) + ∂_+ϕ_2∂_−ϕ_2 . (D.36)

50Let us note that this transformation relating solutions to solutions is a symmetry for generic q only if σ is decompactified.

Transforming (θ, ϕ_1) to cartesian coordinates we find the following spectrum of fluctuation frequencies ± √ (p − qμ)^2 + (1 − q^2)μ^2 , ± √ (p + qμ)^2 + (1 − q^2)μ^2 , ±p , (D.37)

where p is spatial momentum (which is integer if σ is 2π periodic). Expanding (D.14) around (D.35) in a similar way gives

L = ∂_+φ∂_−φ + φ^2∂_+χ∂_−χ − (1 − q^2)μ^2φ^2 . (D.38)

Transforming to cartesian coordinates we find the following spectrum of fluctuation frequencies 2 × ± √ p^2 + (1 − q^2)μ^2 . (D.39)

This is the same as the massive part of the string spectrum in (D.37) up to q-shifts in the spatial momentum.

Another simple explicit solution is the circular spinning string

X_1 + iX_2 = √ ν + q 2ν e^{i(ν−q)τ +iσ} , X_3 + iX_4 = √ ν − q 2ν e^{i(ν+q)τ −iσ} , sin^2 θ = ν + q 2ν , ϕ_1 = (ν − q)τ + σ , ϕ_2 = (ν + q)τ − σ , (D.40)

where μ = √ ν^2 + 1 − q^2 . (D.41)

Translated into the reduced theory this solution becomes^{51}

cos 2ϕ = ν^2 − 1 − q^2 ν^2 + 1 − q^2 , θ = (ν^2 − q^2) (τ − qσ) √ ν^2 + 1 − q^2

. (D.42)

Expanding (D.33) around (D.40) and (D.14) around (D.42) to quadratic order, we find the following characteristic equations respectively

(ω^2 − p^2) [ (ω^2 − p^2) ( ω^2 − p^2 + 4(1 − q^2) ) − 4μ^2(ω + qp)^2 ] = 0 , (ω^2 − p^2) ( ω^2 − p^2 + 4(1 − q^2) ) − 4μ^2(ω + qp)^2 = 0 . (D.43)

51 One may wonder how the form of this solution is consistent with the claim that the PR solutions should depend on q only via μ̄ = μ √ 1 − q^2. The PR equations are invariant under the formal transformation: σ^± → (1 ∓ q)^{−1}σ^± and μ → (1 − q^2)^{1/2}μ (see also the related transformation (D.30)). Performing this transformation on the (ϕ, θ) solution above we find

cos 2ϕ = 1 − 2μ̄^{−2} , θ = (μ̄ − μ̄^{−1})τ , μ̄ = μ √ 1 − q^2 .

That is the solution can be put into a form such that it depends on q only via μ̄ and thus satisfies the PR equations. This transformation does not respect σ-periodicity. However, if and when the reduction procedure preserves the periodicity of a classical string solution is a subtle issue even for q = 0 [53, 54], which we will not address here.

Ignoring the trivial (longitudinal) string massless mode, we get the same characteristic equation, i.e. the same spectrum of fluctuation frequencies and the same 1-loop partition function.

Note that for q = 0 we get of course the same frequencies ± √ p^2 + 2(μ^2 − 1) ± 2 √ (μ^2 − 1)^2 + μ^2p^2 (D.44)

as found for the same solution in the AdS_5 × S^5 case. At the WZW point, q = 1, we get {−p , −p , p ± 2μ} , (D.45) i.e. the spectrum is massless up to a shift in the momentum.

D.2 Pohlmeyer reduction in group-theoretic approach

To extend the Pohlmeyer reduction to include fermions we need first to formulate it in terms of group variable parametrization based on describing the principal chiral model for group G as the^{G×G}_G coset sigma model corresponding the symmetric coset space G_L × G_R G_0

, (D.46)

where G_{L,R} are two copies of the group G = SU(2) and G_0 is the diagonal subgroup isomorphic to G. Taking a group-valued field f = ( g_L 0 0 g_R ) ∈ G_L × G_R , (D.47)

we construct the left-invariant current

J = f^{−1}df = ( J_L = g^{−1}_L dg_L 0 0 J_R = g^{−1}_R dg_R ) ∈ g_L ⊕ g_R . (D.48)

The algebra g_L ⊕ g_R admits an Z_2 automorphism Ω ( a_L 0 0 a_R ) = ( a_R 0 0 a_L ) (D.49)

with the invariant subspace given by the diagonal subalgebra g_0 . The trace is clearly invariant under this automorphism and hence we have the following orthogonal decomposition of the algebra g_L ⊕ g_R = g_0 ⊕ p . (D.50) Decomposing the left-invariant current (D.48) under the orthogonal decomposition (D.50)

J = A + P , A = ( A 0 0 A ) , A = 1 2 (J_L + J_R ) , P = ( P 0 0 −P ) , P = 1 2 (J_L − J_R ) , (D.51) the action (2.3) can be written as

S = − √ λ 2π [ ∫ d^2x^1_2 Tr(P_+P_−) − q ∫ d^3x^2_3 ϵ^{abc} ~Tr(P_aP_bP_c) ] . (D.52)

Here ~Tr is defined as ~Tr ( a_L 0 0 a_R ) = Tr(a_L ) − Tr(a_R ) . (D.53)

Tr is normalized to -1 compared to tr which is normalized to -2. If the usual trace is used in the WZ term it vanishes as a consequence of the Z_2 automorphism of the algebra.^{52} To recover the action (2.3) from (D.52) we notice that the latter admits the following gauge symmetry

f → fg_0 , g_0 ∈ G_0 , A → g^{−1}_0 Ag_0 + g^{−1}_0 dg_0 , P → g^{−1}_0 Pg_0 , (D.54)

which follows from the cyclicity of both Tr and ~Tr. Using this symmetry to fix g_R = 1 we find that A = P. Defining J = 2A = 2P (D.55) and substituting into (D.52) we recover (2.3).

The equations of motion following from (D.52) can be projected onto g_L^{53}

D_−P_+ + D_+P_− − 2q[P_−, P_+] = 0 , D_± = ∂_± + [A_±, ] , (D.56)

while the conformal gauge Virasoro constraints are given by

Tr(P^2_±) = −μ^2 . (D.57)

Another condition is the flatness condition for the current J

dJ + J ∧ J = 0 , (D.58)

which can be decomposed under the orthogonal decomposition (D.50) and projected onto g_L to give

dP + A ∧ P + P ∧ A = 0 , dA + A ∧ A + P ∧ P = 0 . (D.59)

The equation of motion (D.56) and the first equation of (D.59) can be rewritten as

D_+P_− + q[P_+, P_−] = 0 , D_−P_+ − q[P_−, P_+] = 0 . (D.60)

The Pohlmeyer reduction starts by introducing a constant matrix T̃ = ( T 0 0 −T ) ∈ p nor-

malized as Tr T̃^2 = −1. We then solve the Virasoro conditions fixing the G_0 gauge symmetry as P_+ = μT , P_− = μg^{−1}T g , g ∈ G = SU(2) . (D.61)

52In particular, this action written in terms of P agrees with the action in [6]. 53Or alternatively onto g_R – by construction, the equations are equivalent.

Substituting into (D.60) we find that these equations are solved by parametrizing

A_+ = g^{−1}∂_+g + g^{−1}A_+g − qμT , A_− = A_− + qμg^{−1}T g , (D.62)

where A_± take values in the subalgebra of g = su(2) that commutes with T (we shall denote this subalgebra as h). This is a u(1) subalgebra that is spanned by T itself.

Finally, to find the equation of motion of the reduced theory we substitute (D.61) and (D.62) into the second equation of (D.59) to give

∂_−(g^{−1}∂_+g + g^{−1}A_+g) − ∂_+A_− + [A_−, g^{−1}∂_+g + g^{−1}A_+g] = (1 − q^2)μ^2[T, g^{−1}T g] . (D.63)

Again, as in the embedding coordinate parametrization of the previous section, we see that the only effect of the WZ term is to rescale the mass-squared parameter μ^2 by (1−q^2). We can then follow the final steps of the usual PR approach [29, 30] to find a gauged WZW model for the coset G/H = SU(2)/U(1) plus an integrable potential with coefficient (1 − q^2)μ^2. Choosing a particular parametrization of g and integrating out the gauge field A_± one recovers the complex sine-Gordon model in agreement with the embedding coordinate reduction approach.^{54} In particular as the gauge group is abelian the WZW model can be either vector or axially gauged. In the former case we find the complex sine-Gordon Lagrangian with cot^2 φ and in the latter case with tan^2 φ – see the comment below eq. (D.14). Note also that the reduced theory for q = 1, i.e. for the SU(2) WZW model, is given by the standard SU(2)/U(1) gauged WZW model.

A similar construction in the case of G = SL(2, R) will lead to the reduced theory given by the gauged WZW model for the coset G/H = SL(2, R)/U(1) plus an integrable potential with coefficient (1 − q^2)μ^2, equivalent after gauge fixing to the complex sinh-Gordon model (in agreement with the discussion in section D.1.2).

In general, the above reduction procedure will work for any sigma model with a target space of the form (D.46) (times R_t) but for generic G there will be additional rank G − 1 massless modes (for any value of q).

Finally, let us give also the expression for the Lax connection corresponding to reduced theory equations. The set of sigma model equations (D.59) and (D.60) follow from a Lax connection with spectral parameter z (cf.(2.7))

L_± = A_± ± qP_± + z^{±1} √ 1 − q^2 P_± . (D.64)

Substituting the change of variables (D.61), (D.62) we find the Lax connection of the reduced theory:

L_+ = g^{−1}∂_+g + g^{−1}A_+g + z √ 1 − q^2 μ T , L_− = A_− + z^{−1} √ 1 − q^2 μ g^{−1}T g . (D.65)

Again, the dependence on q is only via the rescaling of μ by √ 1 − q^2.

54Let us note again that while in the reduced theory solutions for zero and non-zero q are formally related by the simple transformation (D.30), the corresponding string solutions will have a more non-trivial relation. This can be seen from the change of variables (D.61) and (D.62), where the q does not enter via a rescaling of μ by √ 1 − q^2.

D.3 Pohlmeyer reduction for superstring on AdS_3 × S^3 with mixed flux

Here we follow [29, 30] and start from the coset superspace P SU(1, 1|2)_L × P SU(1, 1|2)_R SU(1, 1) × SU(2) , (D.66)

where denominator is the diagonal subgroup of the bosonic subgroup of the numerator. The algebra has Z_4 orthogonal decomposition, which schematically takes the form 1 2 (a + b) 0 0 0 0^1_2 (c + d) 0 0 0 0^1_2 (a + b) 0 0 0 0^1_2 (c + d) 0 + 0^1_2 (α + iβ) 0 0 1 2 (ν + iδ) 0 0 0 0 0 0^1_2 (β − iα) 0 0^1_2 (δ − iν) 0 1 + 1 2 (a − b) 0 0 0 0^1_2 (c − d) 0 0 0 0^1_2 (b − a) 0 0 0 0^1_2 (d − c) 2 + 0^1_2 (α − iβ) 0 0 1 2 (ν − iδ) 0 0 0 0 0 0^1_2 (β + iα) 0 0^1_2 (δ + iν) 0 3 We decompose the left-invariant Maurer-Cartan one-form as

J = g^{−1}dg = J_0 + J_1 + J_2 + J_3 , dJ + J ∧ J = 0 . (D.67)

The resulting equations of motion can be written in terms of J projected onto one copy of P SU(1, 1|2) J | | |_{P SU(1,1|2)L} = J0 + J1 + J2 + J3 , (D.68)

where J_{0,2}/J_{1,3} are elements of the Grassmann-even/odd subalgebra of P SU(1, 1|2).

The superstring action is [6]^{55} S = √ λ 2π [ ∫ d^2x^1_2 STr [ J_{2+}J_{2−} +^1_2 √ 1 − q^2(J_{1+}J_{3−} − J_{1−}J_{3+}) ]

− q ∫ d^3x ϵ^{abc} ~STr [_2 3 J_{2a}J_{2b}J_{2c} + J_{1a}J_{3b}J_{2c} + J_{3a}J_{1b}J_{2c} ] . (D.69)

The equations of motion are then given by (D_± = ∂_± + [J_{0±}, ])

D_−J_{2+} + D_+J_{2−} + √ 1 − q^2 ( [J_{1−}, J_{1+}] − [J_{3−}, J_{3+}] )

− q ( 2[J_{2−}, J_{2+}] + [J_{1−}, J_{3+}] + [J_{3−}, J_{1+}] ) = 0 , (D.70)

[J_{2+}, J_{3−} −^{1+} √_{1−q2} q J_{1−}] − [J_{2−}, J_{3+} +^{1−} √_{1−q2} q J_{1+}] = 0 , (D.71)

[J_{2+}, J_{1−} −^{1−} √_{1−q2} q J_{3−}] − [J_{2−}, J_{1+} +^{1+} √_{1−q2} q J_{3+}] = 0 , (D.72)

55This is equivalent to the action in [6] up to sign conventions. The action has κ-symmetry, is integrable, and reduces to the standard supercoset GS action in the limit q → 0.

to be supplemented by the Maurer-Cartan equations

∂_−J_{0+}−∂_+J_{0−} + [J_{0−}, J_{0+}] + [J_{2−}, J_{2+}] + [J_{1−}, J_{3+}] + [J_{3−}, J_{1+}] = 0 , (D.73) D_−J_{2+} − D_+J_{2−} + [J_{1−}, J_{1+}] + [J_{3−}, J_{3+}] = 0 , (D.74) D_−J_{1+} − D_+J_{1−} + [J_{2−}, J_{3+}] + [J_{3−}, J_{2+}] = 0 , (D.75) D_−J_{3+} − D_+J_{3−} + [J_{2−}, J_{1+}] + [J_{1−}, J_{2+}] = 0 , (D.76)

and the Virasoro constraints STr(J^2_{2 ±}) = 0 . (D.77) Let us introduce the parameter^{56} ζ = 1 − √ 1 − q^2 q = q 1 + √ 1 − q^2

. (D.78)

Taking linear combinations of (D.71) and (D.72), they can be written as

[J_{2+}, J_{1−} − ζJ_{3−}] = [J_{2−}, J_{3+} + ζJ_{1+}] = 0 , (D.79)

while combining (D.70) and (D.74) we find the following first-order equations for J_{2±}

D_+J_{2−} + q [J_{2+}, J_{2−}] −^1_2 q [J_{1−} + ζ^{−1}J_{3−}, J_{3+} + ζJ_{1+}] = 0 , (D.80) D_−J_{2+} − q [J_{2−}, J_{2+}] −^1_2 q [J_{1−} − ζJ_{3−}, J_{3+} − ζ^{−1}J_{1+}] = 0 . (D.81)

Note that in the q → 0 limit we have ζ → 0 and qζ^{−1} → 2 and hence these equations agree with the usual ones at q = 0.

On the equations of motion (i.e. using (D.79)) we can choose the following κ-symmetry gauge

J_{1−} = ζJ_{3−} ≡ ζQ_− , J_{3+} = −ζJ_{1+} ≡ −ζQ_+ . (D.82)

Then (D.80) and (D.81) simplify to the form which is the same as in the bosonic case (D.60). Therefore, the Pohlmeyer reduction can be carried out in the same way as before, i.e. we first solve the Virasoro constraints (D.77) using the G-gauge symmetry as

J_{2+} = μT , J_{2−} = μg^{−1}T g , (D.83)

where T ∈ su(1, 1) ⊕ su(2) ⊂ psu(1, 1|2) satisfies STr(T^2) = 0, is non-zero in both the su(1, 1) and su(2) sectors of the algebra. Explicitly, we can write T as T = μT_1 +μT_2 where T_1 ∈ su(1, 1) and T_2 ∈ su(2) and Tr(T^2_1 ) = Tr(T^2_2 ). The matrix T defines an additional Z_2 orthogonal decomposition of the algebra psu(1, 1|2):

psu(1, 1|2) = psu(1, 1|2)^⊥ ⊕ psu(1, 1|2)^‖ , [T, psu(1, 1|2)^⊥] = 0 , {T, psu(1, 1|2)^‖} = 0 . (D.84) We can then solve the first-order equations (D.80) and (D.81) in the κ-symmetry gauge (D.82):

J_{0+} = g^{−1}∂_+g + g^{−1}A_+g − qμT , J_{0−} = A_− + qμg^{−1}T g . (D.85)

56Note that for the three special points q = {0, ±1}, we have ζ = q.

Here A_± ∈ psu(1, 1|2)^⊥_{even} ≡ h, i.e. h is the subalgebra of su(1, 1)⊕su(2) that commutes with T , i.e. it is u(1) ⊕ u(1) generated by T_1 and T_2. The Pohlmeyer reduction proceeds by substituting the κ-symmetry fixing (D.82) in equations (D.75) and (D.76)

D_−Q_+ − ζ D_+Q_− − ζ [J_{2−}, Q_+] − [J_{2+}, Q_−] = 0 , ζ D_−Q_+ + D_+Q_− − [J_{2−}, Q_+] + ζ [J_{2+}, Q_−] = 0 . (D.86)

Taking linear combinations, and substituting in for J_{2±} from (D.83) and J_{0±} from (D.85) we find the following equations for Q_± (D_± = ∂_± + [A_±, ])

D_−Q_+ − μ √ 1 − q^2[T, g^{−1}(gQ_−g^{−1})g] = 0 , D_+(gQ_−g^{−1}) − μ √ 1 − q^2[T, gQ_+g^{−1}] = 0 . (D.87) Defining

Q^‖_+ = c Ψ_R , (gQ_−g^{−1})^‖ = c Ψ_L , Q^⊥_+ = c Ψ̃_R , (gQ_−g^{−1})^⊥ = c Ψ̃_L , c = √ qμ 2ζ , (D.88)

and projecting onto the parallel and perpendicular subspaces (D.84) we find that Ψ̃_{L,R} satisfy

D_−Ψ̃_R = D_+Ψ̃_L = 0 , (D.89)

and the residual κ-symmetry can be used to fix them to zero. The final system of equations describing the reduced theory is given by (D.73) and (D.87) after substituting in for the new set of variables {g, A_±, Ψ_{R,L}}

∂_−(g^{−1}∂_+g + g^{−1}A_+g) − ∂_+A_− + [A_−, g^{−1}∂_+g + g^{−1}A_+g]

= (1 − q^2)μ^2[T, g^{−1}T g] + √ 1 − q^2 μ [Ψ_R, g^{−1}Ψ_Lg] , (D.90) D_−Ψ_R − √ 1 − q^2 μ [ T, g^{−1}Ψ_Lg] = 0 , D_+Ψ_L − √ 1 − q^2 μ [ T, gΨ_R g^{−1}] = 0 (D.91)

Therefore, we find the same reduced system of equations as in the q = 0 theory, but with μ → √ 1 − q^2 μ. We can then follow the final steps of the usual PR approach [29, 30] to find the corresponding action of the PR model as that of the gauged WZW model for the coset SU(1,1)×SU(2) U(1)×U(1) plus a potential and fermionic terms (k is the coupling of the PR model) S = k 4π STr [_1 2 ∫ d^2σ g^{−1}∂_+g g^{−1}∂_−g −^1_3 ∫ d^3σ ϵ^{mnl} g^{−1}∂_mg g^{−1}∂_ng g^{−1}∂_lg + ∫ d^2x [ A_+∂_−gg^{−1} − A_−g^{−1}∂_+g − g^{−1}A_+gA_− + A_+A_− + (1 − q^2)μ^2 g^{−1}T gT ]

+ ∫ d^2x ( Ψ_LT D_+Ψ_L + Ψ_RT D_−Ψ_R + √ 1 − q^2μ g^{−1}Ψ_LgΨ_R )] . (D.92)

Let us note that as in the bosonic models of sections D.1 and D.2, the reduced theory solutions for zero and non-zero q are formally related by the simple transformation (D.30) along with

Ψ_R → √ 1 + q Ψ_R , Ψ_L → √ 1 − q Ψ_L . (D.93)

However, the corresponding string solutions will have a more non-trivial relation. This can be seen from the change of variables used above: (D.83),(D.85),(D.82),(D.88), which is not just given by rescaling μ by √ 1 − q^2. The same is then true also for the corresponding reduced theory action (D.92).

The set of supercoset sigma model equations (D.70)–(D.76) follow from the flatness condition for the following Lax connection (with spectral parameter z)^{57}

L_+ =z^{−1}q̃(J_{3+} + ζJ_{1+}) + J_{0+} + qJ_{2+} + z q̃(J_{1+} − ζJ_{3+}) + z^2 √ 1 − q^2 J_{2+} ,

L_− =z q̃(J_{1−} − ζJ_{3−}) + J_{0−} − qJ_{2−} + z^{−1}q̃(J_{3−} + ζJ_{1−}) + z^{−2} √ 1 − q^2 J_{2−} , (D.94)

with

q̃^2 = q √ 1 − q^2 2ζ . (D.95)

On substituting here the change of variables used in the Pohlmeyer reduction we find

L_+ =g^{−1}∂_+g + g^{−1}A_+g + z(μ √ 1 − q^2)^{1/2} Ψ_R + z^2μ √ 1 − q^2 T ,

L_− =A_− + z^{−1}(μ √ 1 − q^2)^{1/2} g^{−1}Ψ_Lg + z^{−2}μ √ 1 − q^2 g^{−1}T g . (D.96)

This gives indeed the Lax connection of the PR theory. Note again that q enters here only via a simple rescaling of the mass parameter μ → √ 1 − q^2 μ.

In the q = 0 case the PR model expanded near the trivial vacuum has the same massive spectrum (with mass μ) as the BMN-type spectrum of small fluctuations in the string sigma model. The corresponding massive tree-level S-matrix of the Pohlmeyer reduction of the superstring on AdS_3 × S^3 is relativistically invariant [49, 50]. It formally has the same structure as the superstring S-matrix in (3.1),(4.1) with √ λ → k being the coupling of the reduced theory and with the functions of momenta l_{1,2,3,4,5} given by (here the function c = 0)

l_1 = coth^{θ̂}_2 , l_2 = − tanh^{θ̂}_2 , l_3 = 0 , l_4 = −^1_2 sech^{θ̂}_2 , l_5 =^1_2 csch^{θ̂}_2 . (D.97)

Here θ̂ is the difference of the two rapidities

θ̂ = θ − θ^′ , p = μ sinh θ , e = μ cosh θ , p^′ = μ sinh θ^′ , e^′ = μ cosh θ^′ . (D.98)

The functions l_{6,7,8,9} are then defined as in (4.9). The 1-loop result for the PR S-matrix and a conjecture for its all-order expression based on supersymmetry was given in [50].

Since the generalization to the q ≠ 0 case is found simply by replacing μ → √ 1 − q^2 μ in the relativistic PR Lagrangian (D.92), the corresponding S-matrix thus remains the same as in the q = 0 case.

57Up to sign conventions this is equivalent to the Lax connection in [6] written in light-cone coordinates.

References

[1] J. M. Maldacena, “The Large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [hep-th/9711200].

[2] A. Giveon, D. Kutasov and N. Seiberg, “Comments on string theory on AdS_3,” Adv.

Theor. Math. Phys. 2, 733 (1998) [hep-th/9806194].

[3] I. Pesando, “The GS type IIB superstring action on AdS_3 × S^3 × T^4,” JHEP 9902, 007 (1999) [hep-th/9809145].

[4] J. Rahmfeld and A. Rajaraman, “The GS string action on AdS_3×S^3 with Ramond-Ramond charge,” Phys. Rev. D 60, 064014 (1999) [hep-th/9809164]. J. Park and S. -J. Rey, “Green- Schwarz superstring on AdS_3 × S^3,” JHEP 9901, 001 (1999) [hep-th/9812062]. R. R. Metsaev and A. A. Tseytlin, “Superparticle and superstring in AdS_3 × S^3 Ramond-Ramond background in light cone gauge,” J. Math. Phys. 42, 2987 (2001) [hep-th/0011191].

[5] R. R. Metsaev and A. A. Tseytlin, “Type IIB superstring action in AdS_5 ×S^5 background,” Nucl. Phys. B 533, 109 (1998) [hep-th/9805028].

[6] A. Cagnazzo and K. Zarembo, “B-field in AdS_3/CFT_2 Correspondence and Integrability,” JHEP 1211, 133 (2012) [arXiv:1209.4049].

[7] J. M. Maldacena and H. Ooguri, “Strings in AdS_3 and SL(2, R) WZW model 1.: The Spectrum,” J. Math. Phys. 42, 2929 (2001) [hep-th/0001053]. J. M. Maldacena, H. Ooguri and J. Son, “Strings in AdS_3 and the SL(2, R) WZW model. Part 2. Euclidean black hole,” J. Math. Phys. 42, 2961 (2001) [hep-th/0005183].

[8] N. Beisert, C. Ahn, L. F. Alday, Z. Bajnok, J. M. Drummond, L. Freyhult, N. Gromov and R. A. Janik et al., “Review of AdS/CFT Integrability: An Overview,” Lett. Math. Phys. 99, 3 (2012) [arXiv:1012.3982].

[9] A. Babichenko, B. Stefanski, Jr. and K. Zarembo, “Integrability and the AdS_3/CFT_2 correspondence,” JHEP 1003, 058 (2010) [arXiv:0912.1723].

[10] J. R. David and B. Sahoo, “S-matrix for magnons in the D1-D5 system,” JHEP 1010, 112 (2010) [arXiv:1005.0501]. “Giant magnons in the D1-D5 system,” JHEP 0807, 033 (2008) [arXiv:0804.3267].

[11] O. Ohlsson Sax and B. Stefanski, Jr., “Integrability, spin-chains and the AdS_3/CFT_2 correspondence,” JHEP 1108, 029 (2011) [arXiv:1106.2558]. O. O. Sax, B. Stefanski, Jr and A. Torrielli, “On the massless modes of the AdS_3/CFT_2 integrable systems,” arXiv:1211.1952.

[12] N. Rughoonauth, P. Sundin and L. Wulff, “Near BMN dynamics of the AdS_3 ×S^3 ×S^3 ×S^1 superstring,” JHEP 1207, 159 (2012) [arXiv:1204.4742]. P. Sundin and L. Wulff, “Classical integrability and quantum aspects of the AdS_3 × S^3 × S^3 × S^1 superstring,” JHEP 1210, 109 (2012) [arXiv:1207.5531].

[13] C. Ahn and D. Bombardelli, “Exact S-matrices for AdS_3/CFT_2,” arXiv:1211.4512. [14] R. Borsato, O. O. Sax and A. Sfondrini, “All-loop Bethe ansatz equations for AdS_3/CFT_2,” arXiv:1212.0505. “A dynamic su(1|1)^2 S-matrix for AdS_3/CFT_2,” arXiv:1211.5119.

[15] M. C. Abbott, “Comment on Strings in AdS_3 × S^3 × S^3 × S^1 at One Loop,” JHEP 1302, 102 (2013) [arXiv:1211.5587].

[16] M. Beccaria, F. Levkovich-Maslyuk, G. Macorini and A. A. Tseytlin, “Quantum corrections to spinning superstrings in AdS_3 × S^3 × M^4: determining the dressing phase,” arXiv:1211.6090.

[17] P. Sundin and L. Wulff, “Worldsheet scattering in AdS_3/CFT_2,” arXiv:1302.5349. [18] A. M. Polyakov and P. B. Wiegmann, “Goldstone Fields in Two-Dimensions with Multivalued Actions,” Phys. Lett. B 141, 223 (1984).

[19] L. D. Faddeev and N. Y. Reshetikhin, “Integrability Of The Principal Chiral Field Model In (1+1)-dimension,” Annals Phys. 167, 227 (1986).

[20] A. B. Zamolodchikov and A. B. Zamolodchikov, “Massless factorized scattering and sigma models with topological terms,” Nucl. Phys. B 379, 602 (1992). P. Fendley and H. Saleur, “Massless integrable quantum field theories and massless scattering in (1+1)-dimensions,” hep-th/9310058.

[21] D. Bernard, “On symmetries of some massless 2-D field theories,” Phys. Lett. B 279, 78 (1992) [hep-th/9201006].

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

[23] S. Frolov, J. Plefka and M. Zamaklar, “The AdS_5 × S^5 superstring in light-cone gauge and its Bethe equations,” J. Phys. A 39, 13037 (2006) [hep-th/0603008]. G. Arutyunov, S. Frolov and M. Zamaklar, “Finite-size Effects from Giant Magnons,” Nucl. Phys. B 778, 1 (2007) [hep-th/0606126].

[24] R. Roiban, A. Tirziu and A. A. Tseytlin, “Asymptotic Bethe ansatz S-matrix and Landau- Lifshitz type effective 2-d actions,” J. Phys. A 39, 13129 (2006) [hep-th/0604199].

[25] R. Roiban, “Magnon Bound-state Scattering in Gauge and String Theory,” JHEP 0704, 048 (2007) [hep-th/0608049].

[26] T. Klose, T. McLoughlin, R. Roiban and K. Zarembo, “Worldsheet scattering in AdS_5 × S^5,” JHEP 0703, 094 (2007) [hep-th/0611169].

[27] G. Arutyunov and S. Frolov, “Foundations of the AdS_5 × S^5 Superstring. Part I,” J. Phys.

A 42, 254003 (2009) [arXiv:0901.4937].

[28] T. Klose and K. Zarembo, “Bethe ansatz in stringy sigma models,” J. Stat. Mech. 0605, P05006 (2006) [hep-th/0603039].

[29] M. Grigoriev and A. A. Tseytlin, “Pohlmeyer reduction of AdS_5 × S^5 superstring sigma model,” Nucl. Phys. B 800, 450 (2008) [arXiv:0711.0155].

[30] M. Grigoriev and A. A. Tseytlin, “On reduced models for superstrings on AdS_n × S^n,” Int. J. Mod. Phys. A 23, 2107 (2008) [arXiv:0806.2623].

[31] A. P. Veselov and L. A. Takhtajan, “Integrability of the Novikov equations for principal chiral fields with a multivalued Lagrangian,” Sov.Phys.Dokl. 29 (1984) 994. L. Faddeev and L. Takhtajan, “Hamiltonian Methods In The Theory Of Solitons”. Springer, 1987

[32] J. M. Evans, M. Hassan, N. J. MacKay and A. J. Mountain, “Conserved charges and supersymmetry in principal chiral and WZW models,” Nucl. Phys. B 580, 605 (2000) [hep-th/0001222].

[33] E. B. Kiritsis, “Duality in gauged WZW models,” Mod. Phys. Lett. A 6, 2871 (1991). [34] M. Kruczenski, “Spin chains and string theory,” Phys. Rev. Lett. 93, 161602 (2004) [hepth/0311203].

[35] 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. B 692, 3 (2004) [hep-th/0403120].

[36] J. G. Russo and A. A. Tseytlin, “On solvable models of type 2B superstring in NS NS and RR plane wave backgrounds,” JHEP 0204, 021 (2002) [hep-th/0202179].

[37] G. Arutyunov and S. Frolov, “On AdS(5) x S5 String S-matrix,” Phys. Lett. B 639, 378 (2006) [hep-th/0604043].

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

[39] S. Frolov and A. A. Tseytlin, “Semiclassical quantization of rotating superstring in AdS(5) x S5,” JHEP 0206, 007 (2002) [hep-th/0204226].

[40] C. G. Callan, Jr., H. K. Lee, T. McLoughlin, J. H. Schwarz, I. Swanson and X. Wu, “Quantizing string theory in AdS(5) x S5: Beyond the pp wave,” Nucl. Phys. B 673, 3 (2003) [hep-th/0307032]. C. G. Callan, Jr., T. McLoughlin and I. Swanson, “Holography beyond the Penrose limit,” Nucl. Phys. B 694, 115 (2004) [hep-th/0404007].

[41] G. Arutyunov and S. Frolov, “Uniform light-cone gauge for strings in AdS(5) x S5: Solving SU(1|1) sector,” JHEP 0601, 055 (2006) [hep-th/0510208].

[42] G. Arutyunov, S. Frolov and M. Staudacher, “Bethe ansatz for quantum strings,” JHEP 0410, 016 (2004) [hep-th/0406256].

[43] N. Beisert, V. Dippel and M. Staudacher, “A Novel long range spin chain and planar N = 4 super Yang-Mills,” JHEP 0407, 075 (2004) [hep-th/0405001].

[44] D. M. Hofman and J. M. Maldacena, “Giant Magnons,” J. Phys. A 39, 13095 (2006) [hep-th/0604135].

[45] G. Papathanasiou and M. Spradlin, “Semiclassical quantization of the giant magnon,” JHEP 0706 (2007) 032 [arXiv:0704.2389].

[46] N. Beisert, “The SU(2|2) dynamic S-matrix,” Adv. Theor. Math. Phys. 12 (2008) 945 [hep-th/0511082]. “An SU(1|1)-invariant S-matrix with dynamic representations,” Bulg. J. Phys. 33S1, 371 (2006) [hep-th/0511013]. “The Analytic Bethe Ansatz for a Chain with Centrally Extended su(2|2) Symmetry,” J. Stat. Mech. 0701 (2007) P01017 [nlin/0610017].

[47] C. Gomez and R. Hernandez, “The Magnon kinematics of the AdS/CFT correspondence,” JHEP 0611 (2006) 021 [hep-th/0608029]. J. Plefka, F. Spill and A. Torrielli, “On the Hopf algebra structure of the AdS/CFT S-matrix,” Phys. Rev. D 74 (2006) 066008 [hepth/0608038].

[48] A. B. Zamolodchikov and A. B. Zamolodchikov, “Factorized s Matrices in Two-Dimensions as the Exact Solutions of Certain Relativistic Quantum Field Models,” Annals Phys. 120, 253 (1979).

[49] B. Hoare and A. A. Tseytlin, “Tree-level S-matrix of Pohlmeyer reduced form of AdS_5 ×S^5 superstring theory,” JHEP 1002 (2010) 094 [arXiv:0912.2958].

[50] B. Hoare and A. A. Tseytlin, “Towards the quantum S-matrix of the Pohlmeyer reduced version of AdS_5 ×S^5 superstring theory,” Nucl. Phys. B 851, 161 (2011) [arXiv:1104.2423].

[51] V. Forini, V. G. M. Puletti and O. Ohlsson Sax, “Generalized cusp in AdS_4 × CP^3 and more one-loop results from semiclassical strings,” arXiv:1204.3302 [hep-th].

[52] M. Beccaria and G. Macorini, “Quantum corrections to short folded superstring in AdS_3 × S^3 × M^4,” arXiv:1212.5672 [hep-th].

[53] B. Hoare, Y. Iwashita and A. A. Tseytlin, “Pohlmeyer-reduced form of string theory in AdS_5 × S^5: Semiclassical expansion,” J. Phys. A 42, 375204 (2009) [arXiv:0906.3800].

[54] Y. Iwashita, “One-loop corrections to AdS_5 × S^5 superstring partition function via Pohlmeyer reduction,” J. Phys. A 43 (2010) 345403 [arXiv:1005.4386].

[55] B. Hoare and A. A. Tseytlin, “Pohlmeyer reduction for superstrings in AdS space,” J.

Phys. A 46, 015401 (2013) [arXiv:1209.2892].