arXiv:hep-th/0612038 v1 5 Dec 2006

Preprint typeset in JHEP style - HYPER VERSION

Classical Open String Integrability

Nelia Mann^{1,†} and Samuel E. Vázquez^{2,§}

1 Department of Physics, University of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637 2 Department of Physics, University of California , Santa Barbara, CA 93106 †nelia@theory.uchicago.edu,^§svazquez@physics.ucsb.edu

Abstract: We present a simple procedure to construct non-local conserved charges for classical open strings on coset spaces. This is done by including suitable reflection matrices on the classical transfer matrix. The reflection matrices must obey certain conditions for the charges to be conserved and in involution. We then study bosonic open strings on AdS_5 ×S^5. We consider boundary conditions corresponding to Giant Gravitons on S^5, AdS_4 × S^2 D5-branes and AdS_5 × S^3 D7-branes. We find that we can construct the conserved charges for the full bosonic string on a Maximal Giant Graviton or a D7-brane. For the D5-brane, we find that this is possible only in a SU(2) sub-sector of the open string. Moreover, the charges can not be constructed at all for non-maximal Giant Gravitons. We discuss the interpretation of these results in terms of the dual gauge theory spin chains.

Contents

1. Introduction 1

2. Constructing Conserved Charges for Open Strings 3

3. Canonical Structure 6

4. An SU(2) Sector of Open Strings Ending on Giant Gravitons 8

5. The Full Bosonic Sector for Open Strings Ending on MGGs 11

6. The Bosonic sector for Open Strings Ending on D5-branes 13

7. Bosonic Sector for Strings ending on D7-branes 16

8. Discusssion 17

1. Introduction

In recent years, a great deal of attention has been focussed on the proposed duality between String Theory on an AdS_5 × S^5 background and a N = 4 supersymmetric Yang-Mills theory living on the boundary of this space [1]. These theories, while seemingly very different, have many properties in common, such as global symmetries. Direct comparison of general states in the two theories is made difficult by the weak/strong coupling nature of the duality, and for a long time, could only be applied to special states protected by supersymmetry. More recently, we have been able to apply a variety of tools to study more general states.

In particular, there has been much discussion of integrability on both sides of the dualtiy in the strict large N limit. Investigation of integrability in the gauge theory began when Minahan and Zarembo demonstrated that the one loop anomalous dimension operator, acting on single trace scalar operators, could be interpreted as the Hamiltonian of an integrable spin chain [2]. Therefore, the anomalous dimensions could be found using a Bethe ansatz. This work was quickly extended to the full set of single trace operators at one loop, and has been gradually extended beyond one loop. For some of the work done on this, see [3]. At present, no gauge theory calculation of these single trace operators has contradicted integrability. Moreover,

– 1 – calculations in the gauge theory up to four loops have been shown to be consistent with integrability.

In the string theory, investigations began with the discovery of a complete set of classically conserved non-local charges by Bena, Polchinski, and Roiban [4]; further exploration of these charges can be found in [5]. Now, a great deal of effort has been put into using the tools of integrability on both sides of the duality to find and compare states. For example, operators with large R-charge that can be explored on the gauge theory side using the Bethe ansatz, are dual to semi-classical strings, allowing for direct numerical comparisons [6]. The complete set of non-local charges can be used to generate all such states as solutions to integral equations, which can be compared with those found on the gauge theory side [7]. But of course, the evidence of the structure of integrability itself, on both sides of the duality, is a compelling new argument in favor of the duality.

Another avenue of exploration has been to discuss whether or not the integrability of these systems survives various perturbations and extends to other types of operators or strings. Of particular interest to us has been to explore open strings ending on various types of D-branes embedded in the AdS_5 × S^5 space. These are dual to operators that can, in general, be treated as open spin chains. Although there are other possibilities, in this paper we will discuss three such situations. In the first, we wrap a D3-brane around an S^3 inside the S^5, creating a giant graviton, and discuss the integrability of open strings ending on it. These giant gravitons appear in the N = 4 gauge theory as baryonic operators, and open strings ending on them are dual to hybrid operators formed from combining a baryonic-type of operator with a “word”, a string of fields like those in single-trace operators [8]. In [9, 10] it was shown that these operators can be modeled as open spin chains with the word forming the bulk of the chain, and the baryonic part of the operator creating the boundary interactions. Such scalar open spin chains are known to be integrable at one loop for special, “maximal” giant gravitons. However, for non-maximal giant gravitons they cannot be solved using a Bethe ansatz, though limited evidence for some other form of integrability was found.

Another system we will explore is created when a D5-brane is wrapped around an AdS_4 inside AdS_5 and an S^2 inside the S^5. In this case, we must add an N = 2 hypermultiplet of fundamental matter to the N = 4 theory, and we confine this extra matter to a defect in the 3+1-dimensional space-time. In this case, open strings ending on the D-brane are dual to operators where a “word” of adjoint matter is sandwiched between two fundamental fields confined to the defect. Again, such operators can be thought of as open spin chains, and at one loop and in the scalar sector, they are known to be integrable [11].

Finally, we consider a D7-brane that fills AdS_5 and wraps an S^2 inside the S^5. The gauge theory dual is also created by adding a N = 2 hypermultiplet to N = 4 SYM. This description is only valid in the probe-brane limit, where we keep the

– 2 – number of D7-branes added finite while sending N, the number of D3-branes, to infinity. Outside of this limit, the branes back-react on the space and destroy the conformal symmetry. An open string on this D-brane is also described in the gauge theory, at one-loop, by an integrable spin chain with open boundary conditions [12]. For further work on the integrability of these three types of open spin chains and their dual open strings, see [13]-[21].

Our goal is to examine, for these three systems, whether or not an analog of the set of charges generated in [4] can be found. In order to do this, we will start by discussing how the boundary conditions of putting the 1 + 1-dimensional system on a finite line affect the construction of the charges. In the past, charges have been constructed for systems on a semi-infinite line, and it turns out to be straightforward to generalize this to the finite line. This will be demonstrated in section 2. Another important aspect of integrability is to show that the classically conserved charges are, in fact, in involution. This was done for the closed string in AdS_5 × S^5 in [22], and we will show the finite line variation of this result in section 3. We will find that the existence and involution of these charges then depend on the specific boundary conditions used for the 1 + 1 dimensional system, which will vary depending on what types of D-branes we attach our open strings to.

In section 4, we will study an SU(2) sector of open strings ending on the giant gravitons. We will show that with these boundary conditions, the classical charges can be found when the giant gravitons are maximal, but that the technique fails for non-maximal giant gravitons. We will also discuss how this failure relates to the problems with using a Bethe ansatz for the dual operators. In section 5 we will extend the analysis of maximal giant gravitons to the full bosonic sector, again verifying classical integrability. In section 6 we will switch to the D5-brane system, and show that while restricted to an SU(2) sector the charges do exist, they do not exist for the full bosonic sector. In section 6 we consider the case of the D7-brane. We show that the full bosonic sector is integrable. In section 7 we will discuss our conclusions and the open questions we believe still exist.

2. Constructing Conserved Charges for Open Strings

Here we will amend the techniques that have been used to find a family of conserved charges for 1 + 1 dimensional systems on a periodic spatial dimension and for 1 + 1 dimensional systems on a semi-infinite line to show a technique that produces similar charges on a finite line^1.

1The literature on 1 + 1 field theories on the half line is quite vast. The procedure used in this paper to calculate the non-local charges, was first developed in [23] in the context of Affine Toda field theories. It was latter applied for the O(N) sigma model in [24]. The book [25] contains a nice review and many references.

– 3 –

This is needed to study the integrability of open strings. We will assume we are working in the bosonic sector of the worldsheet action for strings in AdS_5 × S^5. However, the essential argument does not depend on these details and could be applied quite generally to integrable systems on a finite line.

The bosonic part of the worldsheet action for a string (either open or closed) in AdS_5 × S^5 takes the form of the Principal Chiral Model. It is written in terms of the current j = g^{−1}dg as S = − √ λ 8π ∫ Tr(j ∧ ∗j) , (2.1)

where g is an element of the coset^{SO(4,2)}_{SO(4,1)} ×^{SO(6)}_{SO(5)} . This current satisfies d ∗ j = 0 , (2.2) and dj − j ∧ j = 0 . (2.3) One must also impose the Virasoro constraints:

Tr(j_αj_β) − 1 2 g_{αβ}g^{γδ}Tr(j_γ j_δ) = 0 . (2.4)

Integrability generally hinges on the ability to create a one-parameter family of flat currents J(x) such that dJ − J ∧ J = 0 , (2.5) which we can do by using J(x) = 1 1 − x^2

[j + x ∗ j] . (2.6)

From them, we can construct an infinite set of conserved charges using the usual Monodromy matrix:

Ω(σ_2, σ_1; x) = P ←−exp (∫_{σ2} σ_1 dσJ_1(σ; x) ) . (2.7)

We have the basic properties, Ω(σ, σ; x) = 1 , (2.8) Ω(σ_3, σ_2; x)Ω(σ_2, σ_1; x) = Ω(σ_3, σ_1; x) , (2.9) Ω(σ_1, σ_2; x)^{−1} = Ω(σ_2, σ_1; x) . (2.10) Moreover, ∂_{σ1} Ω(σ_1, σ_2; x) = J_1(σ_1; x)Ω(σ_1, σ_2; x) , (2.11) ∂_{σ2} Ω(σ_1, σ_2; x) = −Ω(σ_1, σ_2; x)J_1(σ_2; x) , (2.12) δΩ(σ_2, σ_1; x) = ∫_{σ2} σ_1

dσΩ(σ_2, σ; x)δJ_1(σ; x)Ω(σ, σ_1; x) . (2.13)

– 4 –

Using these last relations along with the flatness of J it is easy to prove that,

∂_τ Ω(σ_2, σ_1; x) = −Ω(σ_2, σ_1; x)J_0(σ_1; x) + J_0(σ_2; x)Ω(σ_2, σ_1x) . (2.14)

Therefore, under the periodic boundary conditions of the closed string we have an infinite family of conserved charges,

∂_τ TrΩ_c(x)^n = 0 , (2.15)

where Ω_c(x) ≡ Ω(2π, 0; x).

Using as inspiration both the techniques of open spin chains, their relationships to closed spin chains and the methods for producing charges on a semi-infinite line, we suppose that the correct object to substitute for Ω_c(x) would involve an integral that is taken over the open string from one end to the other, and then back the other direction. We include matrices κ_{0,π} which represent reflection off the ends of the string. Thus we have the objects

Ω(x) ≡ κ_0(x)Ω_R(2π, π; x)κ_π(x)Ω(π, 0; x) , (2.16)

where Ω_R is constructed with the reflected value of the fields:

(j_R)_0(σ) = j_0(2π − σ), (j_R)_1(σ) = −j_1(2π − σ), (2.17)

and σ ∈ [π, 2π]. We find that the charges Ω(x) will satisfy ∂_τ TrΩ(x)^n = 0 when the matrices κ_{0,π} satisfy the conditions

∂_τ κ_0(x) − J_0(0; x)κ_0(x) + κ_0(x)(J_R)_0(0; x) = 0 , (2.18) ∂_τ κ_π(x) − (J_R)_0(0; x)κ_π(x) + κ_π(x)J_0(0; x) = 0 . (2.19)

Given some asymptotic value of the reflection matrices, say at τ = −∞, the most general solution to the above equations is,

κ_0(τ; x) = P ←−exp (∫_τ −∞ dτ^′J_0(τ^′, 0; x) ) κ_0(−∞; x)P ←−exp (∫_{−∞} τ dτ^′(J_R)_0(τ^′, 0; x) ) , κ_π(τ; x) = P ←−exp (∫_τ −∞ dτ^′(J_R)_0(τ^′, π; x) ) κ_π(−∞; x)P ←−exp (∫_{−∞} τ dτ^′J_0(τ^′, π; x) ) . (2.20)

However, this solution is not acceptable because it is non-local in time and it would not be possible to compute Poisson brackets with these reflection matrices. Therefore, we conclude that the reflection matrices must be time independent. This is a significant constraint since, even if we set ∂_τ κ = 0 in (2.18), we are not guaranteed that the solution is time independent since, in general, the matrices J_0 and (J_R)_0 will depend on time.

– 5 –

Using the conformal gauge for the world-sheet metric (which we will maintain for the duration of this paper), the condition on the reflection matrices becomes

[j_0, κ_{0,π}] ± x{j_1, κ_{0,π}} = 0 , (2.21)

where for κ_0 we have a + sign and the currents are evaluated at σ = 0, while for κ_π we have a − sign and the currents are evaluated at σ = π. Therefore, we can look, without loss of generality, to the boundary at σ = 0 and get the other reflection matrix by inverting the sign of x. For the remainder of this paper we will do this, dropping the subscript notation κ_0 → κ and assuming a plus sign in this equation. The question of whether or not open strings with a particular set of boundary conditions (determined by the configuration of the D-brane on which they end) have this complete set of conserved charges, can be answered by exploring whether or not a time-independent solution to equation (2.21) can be found.

3. Canonical Structure

We can also explore whether or not the conserved charges found above are in involution. We will only check this explicitly for open strings in the SU(2) sector. However, for completeness, we present the general procedure. We will use the conformal gauge from now on.

First, we need to find the canonical structure of the model at hand. For the Principal Chiral Model, it is well known that Poisson brackets of the current J_1 can be written in the r − s formalism introduced by Maillet [26, 27, 28], {J_1(σ, x)^⊗, J_1(σ^′, x^′)} = r^′(σ, x, x^′)δ(σ − σ^′) +[r(σ, x, x^′), J_1(σ, x) ⊗ 1 + 1 ⊗ J_1(σ^′, x^′)]δ(σ − σ^′) −[s(σ, x, x^′), J_1(σ, x) ⊗ 1 − 1 ⊗ J_1(σ^′, x^′)]δ(σ − σ^′) −[s(σ, x, x^′) + s(σ^′, x, x^′)]δ^′(σ − σ^′) . (3.1) The explicit form of the functions r and s depends on the model, but they only depend on the current j and not on its derivatives. The terms with derivatives on the delta function are called “Non-Ultra-Local” (NUL).

Using the properties of the transfer matrix, one can easily show that

{Ω(σ_1, σ_2; x)^⊗, Ω(σ^′_1, σ^′_2; x^′)} = ∫_{σ1} σ_2 dσ ∫_σ′_1

σ^′_2

dσ^′ (Ω(σ_1, σ; x) ⊗ Ω(σ^′_1, σ^′; x^′))

×{J_1(σ; x)^⊗, J_1(σ^′; x)} (Ω(σ, σ_2; x) ⊗ Ω(σ^′, σ^′_2; x^′)) . (3.2)

It is well known that the NUL terms in (3.1) produce a discontinuity in (3.2) when any of the end points σ_i, σ^′_i coincide. The correct brackets are defined by the Maillet’s

– 6 – regularization procedure [26, 27, 28]. We will not go into the details of this which is reviewed in [22]. Here we will only need the following result [26] (see also [25]),

{Ω(σ_1, σ_2; x)^⊗, Ω(σ_1, σ_2; x^′)} = ϵ(σ_1 − σ_2) [r(σ_1, x, x^′)Ω(σ_1, σ_2; x) ⊗ Ω(σ_1, σ_2; x^′) −Ω(σ_1, σ_2; x) ⊗ Ω(σ_1, σ_2; x^′)r(σ_2, x, x^′)] , (3.3)

were ϵ(σ) = sign(σ). The consistency of the Poisson Brackets, imply that

0 = {Ω(σ_1, σ_2; x)^⊗, Ω(σ_1, σ_2; x^′)Ω(σ_2, σ_1; x^′)} = (1 ⊗ Ω(σ_1, σ_2; x^′)){Ω(σ_1, σ_2; x)^⊗, Ω(σ_2, σ_1; x^′)} +{Ω(σ_1, σ_2; x)^⊗, Ω(σ_1, σ_2; x^′)}(1 ⊗ Ω(σ_2, σ_1; x^′)). (3.4)

Using (3.3) and (3.4) we get,

{Ω(σ_1, σ_2; x)^⊗, Ω^{−1}(σ_1, σ_2; x^′)} = ϵ(σ_1 − σ_2) [Ω(σ_1, σ_2; x) ⊗ 1) r(σ_2, x, x^′) ( 1 ⊗ Ω^{−1}(σ_1, σ_2; x^′) ) − ( 1 ⊗ Ω^{−1}(σ_1, σ_2; x^′) ) r(σ_1, x, x^′) (Ω(σ_1, σ_2; x) ⊗ 1] . (3.5)

It is easy to show that, in conformal gauge, Ω_R(2π, π; x) = Ω(0, π; −x). Thus,

Ω(x) ≡ κ_0(x)Ω^{−1}(π, 0; −x)κ_π(x)Ω(π, 0; x) . (3.6)

Let us now assume that the reflection matrices do not depend on the fields or their derivatives. This is not completely general, but will suffice for the cases examined in this paper. Using (3.3) and (3.5), it is a matter of algebra to compute the Poisson brackets of the transfer matrices (3.6).

The result is that, { TrΩ(x), TrΩ(x^′)} = 0 , (3.7) provided that the reflection matrices obey,

[r(0, x, x^′), κ_0(x) ⊗ κ_0(x^′)] +(κ_0(x) ⊗ 1)r(0, x, −x^′)(1 ⊗ κ_0(x^′)) −(1 ⊗ κ_0(x^′))r(0, x, −x^′)(κ_0(x) ⊗ 1) = 0 , (3.8)

with a similar equation for the other boundary. This was the condition found in [24] for the case of the O(N) model on the half line. Here we see that it also applies in the case of two boundaries.

If the current j takes value in the Lie algebra su(2), it was shown in [22] that r(σ, x, x^′) takes the simple form, r(x, x^′) = 2π √ λ x^2 + x^{′2} − 2x^2x^{′2} (x − x^′)(1 − x^2)(1 − x^{′2})

(t^a ⊗ t^a) , (3.9)

where t^a are the su(2) generators normalized as Tr(t^at^b) = −δ^{ab}. We will come back to this case in the next sections.

– 7 –

4. An SU(2) Sector of Open Strings Ending on Giant Gravitons

The above analysis gives us a quite general method for exploring whether or not open strings with a particular set of boundary conditions are integrable. We would now like to apply this method to a few different cases; this will serve to illustrate the technique as well as giving us insight into these systems. The first case we will consider is that of open strings ending on giant gravitons in AdS_5 × S^5. The giant gravitons (GG) we will be considering with wrap an S^3 inside the S^5. They were first explored in [29], and open strings ending on them have been studied in [10]. Both the GGs themselves and the open strings ending on them, can be understood in the dual N = 4 super Yang-Mills theory as a particular type of operator [8], and the integrability of these operators was explored in [9]. If we write the metric of AdS_5 × S^5 in terms of global coordinates

ds^2 = − cosh^2 ρdt^2 + dρ^2 + sinh^2 ρdΩ^{′2}_3 + sin^2 θdϕ^2 + dθ^2 + cos^2 θdΩ^2_3 , (4.1)

then we locate the D3-brane that is the giant graviton at ρ = 0 and θ = θ_0, so that it will wrap the Ω_3 3-sphere. The giant graviton then carries angular momentum along the ϕ direction, so ϕ = ϕ(τ); in fact, we set ϕ = t. Using

dΩ^2_3 = cos^2 ψdφ^2 + dψ^2 + sin^2 ψdη^2, (4.2)

the coordinates φ, ψ, η, and t parametrize the D-brane. The maximal giant graviton (MGG) has θ_0 = 0.

To simplify matters we will only consider an SU(2) sector to begin with. Here we will find it easiest to amend the form of the action (2.1) to read S = − √ λ 4π ∫ [ 1 2 Tr(j ∧ ∗j) + dt ∧ ∗dt ] , (4.3)

where j = −g^{−1}dg and g = ( Z Y −Ȳ Z̄ ) ∈ SU(2) , (4.4)

where |Z|^2 + |Y |^2 = 1. In terms of the coordinates of the 5-sphere given above, we have Z = sin θe^{iϕ}, Y = cos θe^{iφ}. (4.5) (Choosing the SU(2) sector involves restricting the string to ρ = 0 and ψ = 0 everywhere on the string.)

We will also need to use the boundary conditions for these strings. Keeping in mind that we need δϕ = δt at the boundary, variation of the action gives us ∫ dτ √ −gg^{σα} [ δt(−∂_αt + sin^2 θ_0∂_αϕ) + δφ cos^2 θ_0∂_αφ ] |^{σ=π}_{σ=0} = 0 . (4.6)

– 8 –

Therefore, at each boundary we need,

(−t^′ + sin^2 θ_0ϕ^′) = 0 , (4.7) φ^′ = 0 . (4.8)

We are using the notation that f^′ and ḟ stand for derivatives of the function f(τ, σ) with respect to σ and τ respectively. Note that, as opposed to the case of the closed string, the EOM of t is not completely decoupled from the rest of the coordinates. Therefore, in general we do not have the simple solution t ∼ τ.

Now, lets consider what condition (2.21) will give us. In the SU(2) sector we can simplify matters by expressing the current j and the reflection matrix κ as linear combinations of sigma matrices and the 2 × 2 identity matrix:

j_α = j^a_ασ^a, κ = κ^0I + κ^aσ^a (4.9)

in which case we can use the familiar identities [σ^a, σ^b] = 2iϵ^{abc}σ^c and {σ^a, σ^b} = 2δ^{ab}I to rewrite (2.21) as

0 xj^1_1 xj^2_1 xj^3_1 xj^1_1 0 −ij^3_0 ij^2_0 xj^2_1 ij^3_0 0 −ij^1_0 xj^3_1 −ij^2_0 ij^1_0 0 κ^0 κ^1 κ^2 κ^3

≡ M⃗κ = 0. (4.10)

It is clear that in order for this equation to have a non-trivial solution we need det M = 0. It is straightforward to demonstrate that this implies Tr(j_0j_1) = 0. In addition, because we need κ̇ = 0, we also must have det Ṁ = 0. This gives Tr(∂_0j_0∂_0j_1) = 0. The first of these conditions implies that

sin^2 θ_0 ϕ̇ ϕ^′ = 0. (4.11)

This condition is always satisfied for the MGG.

In this case, one can show that the only possible time independent reflection matrix is given by, κ_{MGG} ∝ σ^3 . (4.12) Using [σ^a ⊗ σ^a, σ^3 ⊗ σ^3] = 0 , σ^3σ^a ⊗ σ^aσ^3 − σ^aσ^3 ⊗ σ^3σ^a = 0 , (4.13) one can show that the condition (3.8) is indeed satisfied. Therefore, the conserved charges are in involution for an SU(2) open string on a MGG.

On the other hand, for non-maximal GGs (θ_0 ≠ 0), one clearly has an extra condition on the string at the boundaries: ϕ^′ = 0. Thus, open strings ending on giant gravitons will not, in general, be proven integrable by this method. Even assuming assuming ϕ^′ = 0 at the boundary, det M = 0 gives an additional condition:

cos θ_0 sin θ_0(φ̇ − ϕ̇) [ θ^′(φ̈ + ϕ̈) − θ̇^′(φ̇ + ϕ̇) ] = 0. (4.14)

– 9 –

This condition is not implied by either the EOMs or the Virasoro constraints.

The condition ϕ^′ = 0 at the string boundary has an interesting physical meaning. We know that for the closed string there are conserved charges associated with leftand right-multiplication of an element of SU(2). These would be

Q_R = √ λ 4π ∫ γ ∗j , Q_L = √ λ 4π ∫ γ ∗(gjg^{−1}) , (4.15)

where γ is any closed curve winding once around the world-sheet. Because they are conserved classically, we can focus on just the ‘highest weight’ solutions with

Q_R = 1 2i Rσ^3, Q_L = 1 2i Lσ^3, R, L ∈ R^+. (4.16)

In contrast, the analogous charges are not both conserved for general open strings. In this case, we have

∂_τ Q_R = √ λ 4π (∗j)_0|^{σ=π}_{σ=0} , (4.17) and ∂_τ Q_L = √ λ 4π [∗(gjg^{−1})]_0|^{σ=π}_{σ=0} . (4.18)

Then, it is easy to show that

∂_τ (L + R) = − √ λ π sin^2 θ_0 ϕ^′|^{σ=π}_{σ=0} , (4.19) ∂_τ (L − R) = 0 . (4.20)

The non-conservation of L + R for these open strings reflects the way that the open string is dragged behind the giant graviton and the two objects can exchange angular momentum [10]. In the gauge theory dual, it was shown that this requires that the dual open spin chain is not of fixed length and cannot be solved by a simple Bethe ansatz. Note that in the special case of the maximal giant graviton θ_0 = 0 no such problem exists, as L + R is conserved and the dual spin chains do not change length and can be solved using a Bethe ansatz (at least at one loop).

Now we see that the condition ϕ^′ = 0 at the boundary corresponds to requiring, by hand, that the quantity R+L is conserved and thus that angular momentum is not being exchanged between the open string and the giant graviton. The same feature that provides an obstacle to integrability in the dual open spin chains is standing in our way here. However, the second condition (4.14) demonstrates that ϕ^′ = 0 by itself is not a good enough constraint to give us this construction of charges. We could solve the problem by adding the requirement ϕ = t = ±φ at the boundaries, which corresponds to the endpoints of the string following null geodesics along the giant graviton. Alternatively, we could consider an “extremal giant graviton” with θ_0 =^π_2 along with the boundary condition ϕ^′ = 0. But these are all extremely

– 10 – restrictive constraints, so it is clear that the general open string ending on a nonmaximal giant graviton cannot be demonstrated to be integrable by this approach. On the other hand, our failure to find a complete set of non-local conserved charges by this technique is not sufficient to demonstrate that these open strings are not integrable.

5. The Full Bosonic Sector for Open Strings Ending on MGGs

In the previous section, we showed that in the SU(2) sector, open strings ending on MGGs are classically integrable. Here we would like to extend the analysis, just for the MGGs, to the full bosonic sector.

For the full bosonic model, we consider the coset

AdS_5 × S^5 = SO(4, 2) SO(5, 1) × SO(6) SO(5) . (5.1)

One can embed and element g_a of the coset SO(4, 2)/SO(5, 1) into the group SU(2, 2) which is locally isomorphic to SO(4, 2). Similarly, we can embed an element g_s of SO(6)/SO(5) into SU(4) which is isomorphic to SO(6). The embedding is the following [30]: g = ( g_A 0 0 g_S ) , (5.2)

where,

g_A =

0 Z_3 −Z_2 Z̄_1 −Z_3 0 Z_1 Z̄_2 Z_2 −Z_1 0 −Z̄_3 −Z̄_1 −Z̄_2 Z̄_3 0

, g_S =

0 Y_1 −Y_2 Ȳ_3 −Y_1 0 Y_3 Ȳ_2 Y_2 −Y_3 0 Ȳ_1 −Ȳ_3 −Ȳ_2 −Ȳ_1 0

. (5.3)

Since g_A obeys SU(2, 2) it satisfies,

g^†_AEg_A = E , E = diag(−1, −1, 1, 1) . (5.4)

Analogously, g^†_Sg_S = ∑ i |Y_i|^2 = 1. Moreover,

−|Z_3|^2 + |Z_1|^2 + |Z_2|^2 = −1 . (5.5)

We can parametrize AdS_5 × S^5 as,

Z_1 = sinh ρξ_1 , Z_2 = sinh ρξ_2 , Z_3 = cosh ρe^{it} , Y_2 = cos θΩ_2 , Y_3 = cos θΩ_3 , Y_1 = sin θe^{iϕ} , (5.6)

where ∑ i |ξ_i|^2 = 1 and ∑ i |Ω_i|^2 = 1.

– 11 –

The boundary conditions for the MGG are: ρ = 0, θ = 0, ϕ = t, and Neumann in the other directions. (Note that the complication in the boundary condition (4.7) is removed by restricting to the maximal giant graviton.)

Given the form of the group element g, we can take the reflection matrices as, κ = ( κ_A 0 0 κ_S ) . (5.7)

Therefore we can separate the problem in the AdS_5 and S^5 part. The AdS currents j_A at the boundaries are,

(j_A)_0 = i∂_0t diag(1, 1, −1, −1) , (5.8)

(j_A)_1 = iρ^′ ( 0 A −A^† 0 ) , (5.9)

where, A = ie^{it} (¯ ξ_1 ξ_2 ξ̄_2 −ξ_1 ) ∈ SU(2) . (5.10)

Therefore it is very easy to see that, just like in the SU(2) case, we can satisfy Eq. (2.21) if we take κ_A along (j_A)_0. That is,

κ_A ∝ diag(1, 1, −1, −1) . (5.11)

The S^5 looks a little messier but also has a simple solution. We have,

(j_S )_0 = 3∑ a=1 ( α^aσ^a 0 0 β^aσ^a ) , (5.12)

where

α^1 = Ω̇_2Ω̄_2 + Ω_3 ˙Ω̄_3 , β^1 = Ω̇_2Ω̄_2 + Ω̄_3Ω̇_3 , (5.13) α^2 = −iRe(Ω_2 ˙Ω̄_3 − Ω̄_3Ω̇_2) , β^2 = −iRe(Ω_2Ω̇_3 − Ω_3Ω̇_2) , (5.14) α^3 = iIm(Ω_2 ˙Ω̄_3 − Ω̄_3Ω̇_2) , β^3 = iIm(Ω_2Ω̇_3 − Ω_3Ω̇_2) . (5.15)

Moreover, (j_S )_1 = iθ^′ ( 0 B −B^† 0 ) , (5.16)

where, B = ie^{iX0} (¯ Ω_3 Ω_2 Ω̄_2 −Ω_3 ) ∈ SU(2) . (5.17)

Again, κ_S ∝ diag(1, 1, −1, −1) will do the trick. Clearly, the classical integrability of open strings ending on maximal giant gravitons is valid for the entire bosonic sector.

– 12 –

6. The Bosonic sector for Open Strings Ending on D5-branes

We can obtain a different set of boundary conditions for our open strings by attaching them to D5-branes, arranged so that the brane wraps an AdS_4 inside the AdS_5, and an S^2 inside the S^5. We will stay in the probe brane limit for this calculation, neglecting the back reaction of the D-branes on the spacetime. However, the gauge theory results of one-loop integrability for the dual open spin chains made no distinction between this limit and the more general situation where the number of D5-branes is comparable to the number of D3-branes. We will study the bosonic sector of open strings attached to this brane using the same set up as in the previous section. Therefore, the starting point is a matrix g in the block diagonal form of (5.2).

Now, the form of g_S we want to use is the same as that given in (5.3), except we will use angular coordinates defined as

Y_1 = X_1 + iX_2, Y_2 = X_3 + iX_4, Y_3 = X_5 + iX_6 , (6.1)

with

X_1 = cos θ cos φ cos η , X_2 = cos θ cos φ sin η , X_3 = cos θ sin φ , X_4 = sin θ sin ψ , X_5 = sin θ cos ψ cos ξ , X_6 = sin θ cos ψ sin ξ . (6.2)

The brane is located at θ = 0, so the variables φ and η satisfy Neumann boundary conditions, while θ satisfies Dirichlet boundary conditions. Note that an SU(2) sector is achieved by requiring φ = ψ = 0 along the whole string (so all derivatives of these variables are also zero).

We can calculate that j_{S,0} = ( f gσ^1 −ḡσ^1 −f ) , (6.3)

with f = i cos^2 φ η̇ , (6.4) and g = e^{iη}(φ̇ − i sin φ cos φ η̇) , (6.5)

while j_{S,1} = θ^′ ( α^aσ^a β^0I + β^aσ^a γ^0I + γ^aσ^a δ^aσ^a ) . (6.6)

– 13 –

These variables are not all independent:

α^3 = δ^3 = i sin φ sin ψ , α^2 = δ^2 = i sin φ cos ψ cos ξ , α^1 = −δ^1 = −i sin φ cos ψ sin ξ , β^0 = −γ̄^0 = −i cos φ cos ψ sin ξe^{iη} , β^3 = −γ̄^3 = cos φ cos ψ cos ξe^{iη} ,

β^1 = γ^1 = 0 , β^2 = −γ̄^2 = − cos φ sin ψe^{iη} . (6.7)

It is clear that if a general string ending on the D5-brane is to be integrable, we must have [j_{S,0}, κ_S ] = 0 and {j_{S,1}, κ_S } = 0 separately, because otherwise we can not have θ^′ and η̇ and φ̇ independent. (The EOM do not give any natural relations between these at the boundary.) Considering the first condition, and making

κ_S = ( A B C D ) , (6.8)

we find that

[j_{S,0}, κ_S] = ( gσ^1C + ḡBσ^1 2fB + g(σ^1D − Aσ^1) 2fC + ḡ(Dσ^1 − σ^1A) −ḡσ^1B − gCσ^1 ) . (6.9)

In order for this to vanish, we need C = B = 0 and σ^1D − Aσ^1 = Dσ^1 − σ^1A = 0. In turn, if we write A = a^0I + a^aσ^a and D = d^0I + d^aσ^a, then this gives us

a^0 = d^0, a^1 = d^1, a^2 = −d^2, a^3 = −d^3. (6.10)

Furthermore, we find that

{j_{S,1}, κ_S } = (6.11)

2a^0α^aσ^a + 2α^aa^aI 2a^0(β^aσ^a + β^0I) +2(β^0a^1 − iβ^2a^3 + iβ^3a^2)σ^1 2a^0(γ^aσ^a + γ^0I) +2(γ^0a^1 + iγ^2a^3 − iγ^3a^2)σ^1 2d^0δ^aσ^a + 2δ^ad^aI .

This can be made to vanish if we set a^0 = 0 and have

a^1 cos ψ sin ξ − a^2 cos ψ cos ξ − a^3 sin ψ = 0 . (6.12)

The problem is that the variables ψ and ξ are not necessarily constant in time because they express the direction the string moves off in as it leaves the D-brane. Thus there is no way to define a non-trivial κ_S that is independent of time.

– 14 –

If we were to limit down to an SU(2) sector, this solves the problem by restricting the direction that the string can move off in as it leaves the D-brane: specifically, if ψ = 0 then a^1 = a^2 = 0 is a valid solution. Thus we conclude that a non-trivial κ_S is possible for an SU(2) subsector.

One can also show that there are no non-trivial solutions for κ_A. To see this, we can parameterize g_A in (5.3) using the Poincaré patch as in [31]. Namely,

Z_1 = Z_1 + iZ_2 , Z_2 = Z_3 + iZ_4 , Z_3 = Z_0 + iZ_5 , (6.13)

where

Z_0 = 1 2 ( e^ϕ + 2(xx̄ + x^+x^−)e^ϕ + e^{−ϕ} ) , Z_5 = e^ϕ √ 2 (x^+ − x^−) ,

Z_1 = 1 2 ( e^ϕ − 2(xx̄ + x^+x^−)e^ϕ − e^{−ϕ} ) , Z_2 = e^ϕ √ 2 (x^+ + x^−) ,

Z_3 = e^ϕ √ 2 (x + x̄) , Z_4 = −i e^ϕ √ 2 (x − x̄) , (6.14)

and,

x^± = 1 √ 2 (x^3 ± x^0) , x = 1 √ 2 (x^1 + ix^2) , x̄ = 1 √ 2 (x^1 − ix^2) . (6.15)

The AdS_5 metric in these coordinates is given by,

ds^2 = e^{2ϕ}η_{μν} dx^μdx^ν + dϕ^2 , (6.16)

so that the D5-brane is located at x_3 = 0, and all other coordinates have Neumann boundary conditions.

In this case we find that

j_{A,a} = −g^{−1}_A ∂_ag_A = (_{−1} 2 ∂_aϕ 0 −ie^ϕ∂_a(x_0I + x_1σ_3 + x_2σ_1 + x_3σ_2)^1_2 ∂_aϕ ) , (6.17)

so that at the boundary of the open string we have

j_{A,1} = ( 0 0 −ix^′_3e^ϕ 0 ) , (6.18) and j_{A,0} = ( −^1_2ϕ̇I 0 −ie^ϕ(ẋ_0I + ẋ_1σ_3 + ẋ_2σ_1)^1_2ϕ̇I ) . (6.19)

Now, if we need to satisfy {κ_A, j_{A,1}} = [κ_A, j_{A,0}] = 0 for some

κ_A = ( A B C D ) , (6.20)

– 15 – then it is straightforward to verify that, barring any further restrictions on the AdS coordinates, we need the conditions

A = D, B = C = 0, {A, σ^2} = 0, [A, σ^3] = 0, [A, σ^1] = 0 (6.21)

which can not all be satisfied. It is therefore not possible to generate a working κ_A or a working κ_S . One should note that were it possible to generate one, but not the other, we would be able to produce an infinite set of non-local charges by setting the other part of the reflection matrix to zero. However, this would result in charges that were completely independent of motion either on the AdS_5 or on the S^5; these would not suggest integrability because they would not be complete. For example, we would not be able to use these charges to generate all classical solutions using the algebraic curve method.

Again, if we restrict ourselves to the SU(2) sector, the string will be located at the origin of AdS in global coordinates. This is the same boundary condition as with the MGG. Therefore, using the global coordinates, we have the solution κ_A ∝ diag(1, 1, −1, −1).

Now, in the gauge theory the SU(2) sector is closed to all orders, and we know that it is integrable at one loop. This suggests that possibly the open string in an SU(2) sector attached to these D-branes might satisfy exact integrability. As mentioned earlier, the gauge theory result of integrability was independent of the number of D5-branes used. Therefore, a possible next step would be to examine the SU(2) sector of these open strings away from the probe limit, where they would more in a more complicated background. What is interesting is that in the full bosonic sector, in contrast with the results for the giant gravitons, here we have a disagreement between the results of the one loop gauge theory calculations and the classical string results. The one loop gauge theory calculation indicated integrability in the full bosonic sector [11]. Based on the large λ result from the string theory, it seems unlikely this result would extend to higher loops.

To close this section, let us check that the conserved charges are in involution for the SU(2) sector. For this, we note that the problem is exactly the same as with the MGG. We can use the embedding (4.5), but now with ϕ^′ = 0 at the boundaries. However, this change does not matter since, in these coordinates, the D5-brane is at θ_0 = 0. Therefore, we get exactly the same reflection matrix κ ∝ σ^3 which we know satisfy the constraints (3.8). We conclude that the conserved charges for the SU(2) sector of these open stings are also in involution.

7. Bosonic Sector for Strings ending on D7-branes

In this section, we consider the case of a D7-brane that wraps an AdS_5×S^3 spacetime. The holographic dual is N = 4, SU(N) SYM theory in which we add one N = 2

– 16 – hypermultiplet of fundamental matter. The integrability of this system was studied in [12]. Conformal symmetry is only present in the strict large N limit, which corresponds to the probe brane limit. As in the case of the D5-brane, this is the limit that we study in this paper.

The one-loop open spin chain describing the SO(6) scalar fluctuations of the D7-brane was shown to be integrable in [12]. For the corresponding classical open strings, we now show that the full bosonic sector is also integrable.

As before, we can separate the reflection matrix in the AdS part (κ_A) and the S^5 part (κ_S ). Since the D7-brane fills the AdS_5 space, all of the coordinates in these directions have Neumann boundary conditions. Therefore, we have that

j_{A,1} = −g^{−1}_A ∂_1g_A = 0 , (7.1)

at the boundaries of the open string. The condition (2.21) becomes simply [j_{A,0}, κ] = 0. Since we do not have any further restrictions for j_{A,0}, we may choose κ ∝ 1. On the other hand, κ_S will need to obey similar conditions as for the MGG. Using the angular coordinates established in section 5, we locate the brane at θ = 0, with Ω_2 and Ω_3 satisfying Neumann boundary conditions. Following through, we get the same block structure for the matrices j_{A,0} and j_{A,1} as for the MGG, and we thus have the same solution κ_S ∝ diag(1, 1, −1, −1). Therefore, in this case we have found that the classical open strings are integrable. This suggests that the underlying spin chain on the gauge theory side might be integrable to all loops.

Finally, let us mention that if we restrict the string to the SU(2) sector, we get exactly the same problem as with the MGG. Thus, the charges will also be in involution.

8. Discusssion

In this paper, we have developed a technique to construct non-local conserved charges for classical open strings on coset spaces. The procedure was adapted from existing techniques used for 1+1 field theories on the half line. The procedure involved the introduction of suitable “reflection matrices” into the classical transfer matrix. These reflection matrices needed to obey certain conditions in order for the charges to be conserved, and in involution.

We studied the bosonic sector of open strings on AdS_5 × S^5, which is given by the coset^{SO(4,2)}_{SO(5,1)} ×^{SO(6)}_{SO(5)} . Boundary conditions corresponding to Giant Gravitons, D5-branes and D7-branes were studied. We found that strings ending on “Maximal” Giant Gravitons and D7-branes were integrable. In contrast, we found that we could not construct non-local charges for open strings on non-maximal Giant Gravitons. This is unless we imposed extra boundary conditions which were very restrictive. Some of these conditions agree with expectations from the gauge theory [10].

– 17 –

For D5-branes, we found that we could only construct the conserved charges for the SU(2) sector. This is very interesting, since the full bosonic sector seems to be integrable at one-loop in the gauge theory [11]. Therefore, it seems that integrability is broken at some higher order in λ, or possibly non-perturbatively, for the full open spin chain. It would be interesting to see this breakdown of integrability by a direct gauge theory calculation. This kind of behavior is not unheard of. Breakdown of perturbative integrability was observed some time ago in the Plane Wave Matrix Model [32]. Nevertheless, we remind the reader that we have only given evidence for non-integrability. It is possible that the construction of classical conserved charges is still possible using a different technique.

For the case of the Maximal Giant Graviton, it has been argued that integrability might be broken at higher loops [20]. This was based on an apparent failure to construct a Perturbative Asymptotic Bethe Ansatz (PABA) for the SU(2) sector. More specifically, the problem arose in trying to explicitly construct the two-particle wavefunction at two loops.

On the other hand, our results indicate that integrability is present at vert strong coupling for the full bosonic sector. It would be odd if integrability were only realized at very weak and very strong coupling, but not for general values of λ. Therefore, we believe that the spin chain describing open strings on Maximal Giant Gravitons might indeed be integrable at higher loops. Our results suggest that more effort should be put into understanding the role of the PABA when boundary conditions are included, and into looking for solutions to the problems proposed in [20].

Let us mention a possible route to make some progress in this direction. It has been recently shown in [33, 34], that one can match the low-energy limit of the Smatrix that enters the PABA, with the quantum S-matrix of the Landau-Lifshitz reduced string action. It is then very desirable to extend these techniques for open strings. In particular, one would like to match the PABA reflection matrices studied in [20, 21] with the quantum reflection matrices that come directly from the reduced sigma model. This can be accomplished by using the techniques discussed in [35, 36]. This is especially interesting since, in contrast with the bulk S-matrix, we have seen that the reflection matrices have a classical limit. Therefore, they allow for a more direct check of the AdS CFT correspondence. In particular, we have seen that, when restricted to the SU(2) sector, the classical reflection matrix has a universal form κ ∝ σ^3. It would be interesting to understand this from the underlying spin chains.

Finally, it would also be interesting to apply our techniques to the full P SU(2, 2|4) sector for the MGG and D7-brane systems. The main complication with this calculation is the need for a gauge choice in the world sheet. One approach that has been used in the past for explicit construction of the matrix g, is to use a light-cone gauge in the Poincaré patch of AdS_5 [38]. This in particular is unsuitable for the Maximal Giant Graviton, since it is located at the center of AdS_5. However, once a gauge choice is made, one can study the boundary conditions on the fermions using the

– 18 – techniques of [39]. Another possible route would be to expand around a plane-wave background. We think that, technical difficulties aside, the full open superstring attached to the MGG is classically integrable.

Acknowledgments

We would like to thank David Berenstein, Joe Polchinski, and Oleg Lunin for useful discussions. The work of S.E.V. was supported, in part, by a National Science Foundation Graduate Fellowship. The work of N.M. was partially supported by National Science Foundation grant PHY00-98395, partially supported by Department of Energy grant 580093, and partially supported by the Enrico Fermi Institute endowment 750573. Any opinions, findings, conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation, the Department of Energy, or the Enrico Fermi Institute.

References

[1] J. M. Maldacena, “The Large N Limit of Superconformal Field Theories and Supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge Theory Correlators from Non-Critical String Theory,” Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109]. E. Witten, “Anti-de Sitter Space and Holography,” Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-th/9802150].

O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, “Large N field Theories, String Theory and Gravity,” Phys. Rept. 323, 183 (2000) [arXiv:hep-th/9905111].

[2] J. A. Minahan and K. Zarembo, “The Bethe-Ansatz for N = 4 Super Yang Mills,” JHEP 0303 (2003) 013 [arXiv:hep-th/0212208].

[3] N. Beisert and M. Staudacher, “The N = 4 SYM Integrable Super Spin Chain,” Nucl.Phys. B670, (2003) 439-463 [arXiv:hep-th/0307042].

N. Beisert, “Higher Loops, Integrability and the Near BMN Limit,” JHEP 0309, 062 (2003) [arXiv:hep-th/0308074].

N. Beisert, “The su(2|3) Dynamic Spin Chain,” arXiv:hep-th/0310252. N. Beisert and M. Staudacher, “Long-Range PSU(2,2—4) Bethe Ansaetze for Gauge Theory and Strings,” Nucl. Phys. B727 (2005) 1-62 [arXiv:hep-th/0504190]. Z. Bern, M. Czakon,, L. Dixon, D. Kosower, and V. Smirnov, “The Four-Loop Planar Amplitude and Cusp Anomalous Dimension in Maximally Supersymmetric Yang-Mills Theory,” arXiv:hep-th/0610248.

– 19 –

[4] I. Bena, J. Polchinski and R. Roiban, “Hidden Symmetries of the AdS_5 × S^5 Superstring,” arXiv:hep-th/0305116.

[5] L. Dolan, C. Nappi, and E. Witten, “A Relation Between Approaches to Integrability in Superconformal Yang-Mills Theory,” JHEP 0310 (2003) 017 [arXiv:hep-th/0308089].

M. Hatsuda, and K. Yoshida, “Classical Integrability and Super Yangian of Superstring on AdS_5 × S^5,” Adv. Theor. Math. Phys 9 (2005) 703-728 [arXiv:hep-th/0407044].

N. Berkovits, “BRST Cohomology and Nonlocal Conserved Charges,” JHEP 0502 (2005) 060 [arXiv:hep-th/0409159].

I. Swanson, “Quantum String Integrability and AdS/CFT,” Nucl. Phys. B709 (2005) 443-464 [arXiv:hep-th/0410282].

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

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

[6] N. Beisert, J. A. Minahan, M. Staudacher and K. Zarembo, “Stringing Spins and Spinning Strings,” JHEP 0309, 010 (2003) [arXiv:hep-th/0306139]. G. Arutyunov, S. Frolov, J. Russo and A. A. Tseytlin, “Spinning Strings in AdS(5) x S**5 and Integrable Systems,” Nucl. Phys. B 671, 3 (2003) [arXiv:hep-th/0307191]. N. Beisert, S. Frolov, M. Staudacher and A. A. Tseytlin, “Precision Spectroscopy of AdS/CFT,” JHEP 0310, 037 (2003) [arXiv:hep-th/0308117].

[7] V. A. Kazakov, A. Marshakov, J. A. Minahan, K. Zarembo, “Classical/Quantum Integrability in AdS/CFT,” JHEP 0405 (2004) 024 [arXiv:hep-th/0402207]. S. Schafer-Nameki, “The Algebraic Curve of 1-loop Planar N=4 SYM,” Nucl. Phys. B714 (2005) 3-29 [arXiv:hep-th/0412254].

N. Beisert, V. A. Kazakov, K. Sakai, K. Zarembo, “The Algebraic Curve of Classical Superstrings on AdS_5 × S^5,” Commun. Math. Phys. 263 (2006) 659-710 [arXiv:hep-th/0502226].

[8] V. Balasubramanian, D. Berenstein, B. Feng and M. x. Huang, “D-branes in Yang-Mills theory and emergent gauge symmetry,” JHEP 0503, 006 (2005) [arXiv:hep-th/0411205].

V. Balasubramanian, M. Berkooz, A. Naqvi and M. J. Strassler, “Giant gravitons in conformal field theory,” JHEP 0204, 034 (2002) [arXiv:hep-th/0107119].

[9] D. Berenstein, and S. Vazquez, “Integrable Open Spin Chains from Giant Gravitons,” JHEP 0506 (2005) 059 [arXiv:hep-th/0501078].

– 20 –

[10] D. Berenstein, D. H. Correa and S. E. Vazquez, “A study of open strings ending on giant gravitons, spin chains and integrability,” arXiv:hep-th/0604123.

D. Berenstein, D. H. Correa and S. E. Vazquez, “Quantizing open spin chains with variable length: An example from giant gravitons,” Phys. Rev. Lett. 95, 191601 (2005) [arXiv:hep-th/0502172].

[11] O. DeWolfe, and N. Mann, “Integrable Open Spin Chains in Defect Conformal Field Theory,” JHEP 0404 (2004) 035 [arXiv:hep-th/0401041].

[12] T. G. Erler and N. Mann, “Integrable open spin chains and the doubling trick in N = 2 SYM with fundamental matter,” JHEP 0601, 131 (2006) [arXiv:hep-th/0508064].

[13] B. J. Stefanski, “Open Spinning Strings,” JHEP 0403 (2004) 057

[arXiv:hep-th/0312091].

[14] B. Chen, X. J. Wang, and Y. S. Wu, “Integrable Open Spin Chains in Super Yang-Mills and the Plane-Wave/SYM Duality,” JHEP 0402 (2004) 029 [arXiv:hep-th/0401016].

[15] Y. Susaki, Y. Takayama, K. Yoshida, “Open Semiclassical Strings and Long Defect Operators in AdS/CFT,” arXiv:hep-th/0410139.

[16] B. Chen, X. Wang and Y. Wu, “Open Spin Chain and Open Spinning String,” arXiv:hep-th/0403004.

[17] T. McLoughlin and I. Swanson, “Open String Integrability and AdS/CFT,” arXiv:hep-th/0504203.

[18] Y. Susaki, Y. Takayama, and K. Yoshida, “Integrability and Higher Loops in AdS/dCFT Correspondence,” Phys. Lett. B624 (2005) 115 [arXiv:hep-th 0504209].

[19] K. Okamura, Y. Takayama, and K. Yoshida, “Open Spinning Strings and AdS/dCFT Duality,” JHEP 0601 (2006) 112 [arXiv:hep-th/0511139].

[20] A. Agarwal, “Open Spin Chains in Super Yang-Mills at Higher Loops: Some Potential Problems with Integrability,” JHEP 0608 (2006) 027 [arXiv:hep-th/0603067].

[21] K. Okamura, and K. Yoshida, “Higher Loop Bethe Ansatz for Open Spin-Chains in AdS/CFT,” JHEP 0609 (2006) 081 [arXiv:hep-th/0604100].

[22] N. Dorey and B. Vicedo, “A symplectic structure for string theory on integrable backgrounds,” arXiv:hep-th/0606287.

[23] P. Bowcock, E. Corrigan, P. E. Dorey and R. H. Rietdijk, “Classically integrable boundary conditions for affine Toda field theories,” Nucl. Phys. B 445, 469 (1995) [arXiv:hep-th/9501098].

– 21 –

[24] E. Corrigan and Z. M. Sheng, “Classical integrability of the O(N) nonlinear sigma model on a half-line,” Int. J. Mod. Phys. A 12, 2825 (1997) [arXiv:hep-th/9612150].

[25] A. R. Chowdhury and A. G. Choudhury, “Quantum Integrable Systems”, Chapman & Hall/CRC research notes in mathematics series, 435, (2004).

[26] J. M. Maillet, “New Integrable Canonical Structures In Two-Dimensional Models,” Nucl. Phys. B 269, 54 (1986).

[27] J. M. Maillet, “Hamiltonian Structures For Integrable Classical Theories From Graded Kac-Moody Algebras,” Phys. Lett. B 167, 401 (1986).

[28] M. Forger, M. Bordemann, J. Laartz and U. Schaper, “The Lie-Poisson structure of integrable classical nonlinear sigma models,” Commun. Math. Phys. 152, 167 (1993) [arXiv:hep-th/9201051].

[29] J. McGreevy, L. Susskind, and N. Toumbas, “Invasion of the Giant Gravitons from Anti de Sitter Space,” arXiv:hep-th/0003075.

[30] G. Arutyunov and S. Frolov, “Integrable Hamiltonian for classical strings on AdS(5) x S**5,” JHEP 0502, 059 (2005) [arXiv:hep-th/0411089].

[31] L. F. Alday, G. Arutyunov, and A. A. Tseytlin, “On Integrability of Classical SuperStrings in AdS_5 × S^5,” JHEP 0507 (2005) 002 [arXiv:hep-th/0502240].

[32] T. Klose, “On the breakdown of perturbative integrability in large N matrix models,” JHEP 0510, 083 (2005) [arXiv:hep-th/0507217].

[33] T. Klose and K. Zarembo, “Bethe ansatz in stringy sigma models,” J. Stat. Mech.

0605, P006 (2006) [arXiv:hep-th/0603039].

[34] 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) [arXiv:hep-th/0604199].

[35] J. D. Kim, “Boundary reflection matrix in perturbative quantum field theory,” Phys.

Lett. B 353, 213 (1995) [arXiv:hep-th/9504018].

[36] Z. Bajnok, G. Bohm and G. Takacs, “On perturbative quantum field theory with boundary,” Nucl. Phys. B 682, 585 (2004) [arXiv:hep-th/0309119].

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

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

[38] R. R. Metsaev and A. A. Tseytlin, “Superstring action in AdS(5) x S(5):

kappa-symmetry light cone gauge,” Phys. Rev. D 63, 046002 (2001) [arXiv:hep-th/0007036].

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

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

– 22 –