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Abstract

In this paper, we review the recently discovered asymptotic integrability in the
planar ' = 4 SYM theory and discuss its breakdown beyond the asymptotic
region due to the wrapping interactions. We also discuss novel dynamical tests
of the AdS/CFT correspondence one can perform in the special cases when

the wrapping interactions may be neglected.
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1. Introduction

The AdS/CFT correspondence, proposed by Maldacena [1] in 1997, stating that the string
theory on the AdSs x S° is dual to N/ = 4 supersymmetric Yang-Mills in four dimensions,
has become one of the prime subjects of interest in gauge and string theory. Since it is a
strong/weak coupling duality, it offers the unique possibility to investigate a four-dimensional
interacting gauge theory beyond perturbation theory.

In the last few years, thanks to asymptotic integrability, great progress has been made in
confirming the above conjecture in the planar limit. This led, at the same time, to precious
insights and to a deeper understanding of both the related theories. Very briefly the history of
the asymptotic integrability in the planar V' = 4 SYM theory can be summarized as follows.

In the seminal paper of Minahan and Zarembo [2], the one-loop integrability of the
dilatation operator in certain subsectors of the gauge side of the correspondence was
discovered. Later on Beisert [3] found the complete one-loop dilatation operator and the
one-loop Bethe equations were written down in [4]. Afterwards Beisert and Staudacher [5]
conjectured the form of the all-loop asymptotic Bethe equations (ABE) up to the so-called
dressing factor, which only contributes starting from the four-loop order. Recently, relying
on the crossing equation proposed in [6] and assuming certain transcendentality properties,
Beisert et al [7] were able to uniquely fix this factor and therefore completed the work of
finding the asymptotic spectrum of the planar ' = 4 SYM theory. The asympoticity of
these equations means that for a generic operator with L constituent fields the corresponding
anomalous dimension can be calculated correctly up to the O(g2") order.

The appearance of the asymptotic integrability suggests that the spectral problem of the
AdS/CFT correspondence is intimately related to the dynamics of some lower dimensional
model (integrable one-dimensional spin chain? two-dimensional sigma model?). This relation
is very surprising, in particular, from the perspective that both the string theory on AdSs x S°
and the A/ = 4 gauge theory are higher dimensional quantum theories! It is the purpose of
this paper to explain how this link can be established for ‘long’ operators. The treatment of
the operators of arbitrary length is currently beyond reach and will require revealing the ‘true’
nature of the lower dimensional model.

In this paper we will lay all the necessary foundations (sections 1-3) required to present
the set of the asymptotic Bethe equations which, up to the wrapping order, determine the
anomalous dimension of any single trace operator of the planar N = 4 supersymmetric Yang—
Mills theory. In section 4 we will discuss analytic properties of operators belonging to a
particular subsector of the theory, the s(2) sector. The shortest of these operators describe the
leading breaking of the Bjorken scaling and their leading anomalous dimension at unphysical
negative values of the spin is determined by the celebrated BFKL equation. In section 5, we
will discuss this relation and use the results of section 4 in order to check the veracity of the
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asymptotic Bethe equations beyond the asymptotic region. The asymptotic Bethe equations
fail this test and, therefore, must be modified at and beyond the wrapping order. On the
other hand, since the wrapping order is controlled by the length L, it is possible to study
non-petrubative behaviour of the anomalous dimensions in the limit L — oo. This question
is the subject of section 6 where novel dynamical tests of the AdS/CFT correspondence, one
can perform with the help of the asymptotic Bethe equations, are presented. In section 7, we
discuss an interesting observation relating the Bethe equations of the one of the subsectors of
the full theory to the Bethe equations of the Hubbard model. This relationship, though only
valid to the first three orders of perturbation theory, suggests that a well-defined short-range
model may be capable to account for the wrapping interactions.

Note added: This work is a shortened version of the author’s PhD thesis submitted to Humboldt
University, Berlin

Note added: After this review was written, the Y-system for planar AdS/CFT correspondence
[8] and subsequently a set of TBA equations [9—11] have been proposed. Both sets of equations
are conjectured to describe correctly the spectrum of any state/operator. We will, however,
not discuss these recent proposals in this paper.

2. The N = 4 super Yang-Mills theory and the AdS/CFT correspondence

In this section we will briefly review the gauge theory side of the AdS/CFT duality and
subsequently formulate the precise correspondence.

2.1. Gauge theory side

2.1.1. The N = 4 super Yang—Mills theory. The N' = 4 super Yang—Mills theory (SYM) is a
maximally supersymmetric gauge theory in four dimensions without spin-2 fields (gravitons).
In what follows we will review the aspects of this theory necessary to study the integrable
structures appearing in the planar limit. For more details and references see [12].

The constituents of the N' = 4 gauge theory are six scalar fields ®,,, four fermionic
fields Wy, U$ and the gauge fields A,. Anticipating the transformation rules under gauge
transformations, we will regard the covariant derivative D,,

Dy, =0, —igA,, DW = [D,, W] = 8, WV — ig A, W +igWA,, Q2.1

rather than the gauge field as the fundamental field. Here WV stands for a representative of the
fundamental fields

W = (Dy, Yaa, U5, Ou). (2.2)
The Greek indices belong to the Lorenz algebra so(3,1) = su(2) x su(2), with u, v, ...
running from 1 to 4 and «, B, ... as well as ¢, ,3, ... taking values 1, 2. The Latin indices

correspond to the R-symmetry algebra s0(6) = su(4). The scalar fields are assumed to be in
the fundamental representation of s0(6) and thus m, n, ... run from 1 to 6, whereas fermions

transform in the spinor representation and the corresponding indices a, b, ... take values
1,...,4. All fields are assumed to be in the adjoint representation of the gauge group U (N),
and under the local transformations U (x) € U(N) they transform as

Wi = UWEU ™Y, (Ap)s > ULADF U, —ig™ 9, Uk, (2.3)

with the repeating indices being summed over. In what follows, we will suppress the U (N)
indices. The field strength tensor F,,, is defined through

Fuv =ig ' [Dy, D1 = 8,4, — 3,4, —iglA,, Al (2.4)

3
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and transforms canonically under local gauge transformations
Fuv > UF U (2.5)
The Lagrangian of the A = 4 SYM theory is composed of terms of dimension four only
Lo(x, g) = Tr (3F" Fyp + 3P4 "Dy @y — 18°[D", ][, 1]
+WodP DI, — JigWyaon e [0, Wy ] — LigWiol e’ [, U1)).
In the above formula o# and ¢” denote the chiral gamma matrices in four and six dimensions.
The equations of motion following from this Lagrangian are invariant under the N' = 4

super Poincaré symmetry algebra. The infinitesimal bosonic shifts can be parametrized by
shou=0,1,2,3

8 = s" Py, (2.6)
and under this transformation the set (2.2) transforms as
8D, =igs" F, 8s<I'>m = s“DMCFm, @7
8sWoa = s"Dy Wy, 8y = s"D, Vg,
where we have assumed an adjoint action of the generators on the fields
W =[5, W]. (2.8)
The infinitesimal fermionic translations are parametrized by Grassman variables
8y = wy 05, 2.9)

and the corresponding field transformations read
8,D, = igwgsaﬂa,f}"\il””,

o _ab
Sy @y = w0, Vs,

8uWaa = 3180040, apw [ @, "1 = S L6 0wl T 10
Sy Wg = a:bafﬂwfl)“@".

The transformation laws under the action of Q can be obtained by replacing
U W, W W (2.11)

in (2.10).

Using the explicit form of the parametrizations (2.6) and (2.9) and with the help of the
equations of motion one can derive from (2.7), (2.10) and the conjugated transformations the
following algebraic relations between the generators

{04, 04} = —2igegpo @™, [P Q4] = —igeapol” W2,
{Quar Opp) = —2ige440. P, [Py, Qaal = —iged,gafykllya, (2.12)
{04, 03} = 2850, Py, [Py, P)] = —igFpu.
In this paper we will work with fields in the chiral notation

W = (Dap, Pavs Vo, V2, Fup, Fap). (2.13)
The relation to the previous canonical notation is given by

Dy ~ 0P Dyg,

Fuv ~ 027 5500 Fop + 097 £,5000 Fop, (2.14)

ba
q)m ~ 0, q)ab'
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In a similar way we redefine the translation operator P, (and later also the conformal boost
operator K*)

P, ~ Uﬁﬁpdﬂ- (2.15)

The advantage of this notation is the occurrence of the ‘fermionic’ indices of su(2) x su(2)
and su(4) only.

2.1.2. The conformal and superconformal symmtery. The N = 4 gauge theory posses a
further classical symmetry, the conformal symmetry [13]. What, however, distinguishes this
field theory from other massless field theories is the preservation of the conformal symmetry
after the quantization. A simple consequence of this fact is the vanishing of the beta function
B :Ma—g =0. (2.16)
ou
Thus the charge does not get renormalized and the momentum—energy tensor remains traceless.
The only divergent quantities are the wavefunctions of the fields from which follows that the
scaling dimensions of the operators receive quantum corrections. Indeed, the conformal
symmetry constraints severely the form of the two-point correlations functions. While for any
two local scalar fields O, (x;) and Og(x,) the Poincaré symmetry implies that

(Oa(@1)Op(x2)) = fag(x1 — x2), 2.17)
with f(x) being an arbitrary scalar function, the conformal symmetry constraint its form to
A A Cap(g)
Oa(x1)0p(x2)) = ————. 2.18
(Oa(x1)Op(x2)) = P (2.18)

The quantity A(g) is the scaling dimension of an operator and, as announced before, receives
quantum corrections

A(g) = Ao+ ¥ (9). (2.19)

Here, Ay denotes the canonical dimension and y (g) the anomalous part. Standard arguments
of the renormalization theory relate y (g) of an operator to the corresponding wavefunction
renormalization % log Z. The conformal symmetry also constraints up to a constant the form
of the three-point function

. . N Capc(g)
(Oa(x1)Op(x2)Oc(x3)) = 12 ArAT e gy | Ahe—Ba [y, [Ac+Ba—aa (2.20)
where |x12| = |x; — x|, etc. The correlation functions of four and more fields are not fully

determined by the conformal symmetry.

Although the dimension of any operator may be found directly from the correlation
functions (2.18) and (2.20) it is more convenient, as it will become clear later, to consider the
dilatation operator. The dilatation operator D is one of the generators of the conformal algebra
whose eigenvalues are precisely the scaling dimensions

DO (x) = A(g)O4(x). (2.21)

The two spacetime symmetry algebras, the conformal algebra and the supersymmetry algebra
(together with the so(6) flavour algebra), combine to the superconformal algebra psu(2, 2|4).
The generators and the structure relations of this algebra are presented and discussed in
section 4. It is the unparalleled amount of the symmetries at the quantum level that is
responsible for many interesting properties of the N = 4 gauge theory.
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Figure 1. An example of a planar and non-planar Feynman diagram. The grey box represents a
single-trace operator composed of two elementary fields.

2.1.3. The ’t Hooft limit. In the renowned article of 't Hooft [14] a novel limit for gauge
theories with the U (N) gauge groups was proposed, namely N +— oo. In this section we will
briefly discuss this limit for the N' = 4 SYM theory.

A common normalization of the actions of the Yang—Mills theories is

2
S=— [ d*xLyulx, D). (2.22)
gYM
For the purpose of the large N expansion it is convenient to rescale all fields with g = # gV N
Wi gW, (2.23)
leading to
d*x
S=N | —Llx, 8. (2.24)
872

All fields in the theory are assumed to be in a Hermitian adjoint representation of the gauge
group U(N) and thus can be represented by N x N Hermitian matrices ;. To each upper
index one assigns an incoming arrow and to each lower index an outgoing arrow!

|4 R —
In this notation every propagator is depicted by two parallel lines. For gauge invariant operators
all indices must be contracted, resulting in the ‘fat” Feynman diagrams (see figure 1). In this
case the contribution of each diagram can be written as [14]

#N 228 (gz)z’ (2.25)

where # is a number, g, denotes the genus of the surface spanned by the diagram and £ counts
the loop order. Therefore any physical quantity n must admit the following expansion:

n=no+ Zg'] Z Wn(j.ge)f (2.26)

Jj=1 8.=0

with 1o being the classical contribution. This applies, in particular, to the scaling dimension
A(g, N) of the operators.

! Recall that the adjoint representation of U (N) can be constructed from the tensor product of the fundamental and
the antifundamental representation.

6
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An interesting limit, as may be seen from (2.26), emerges when N — 00, gyy — 0 and

g’ = ”’1‘2’6“;12\/ = const. This limit is called the planar limit, due to the fact that only the planar

diagrams, that is with g, = O (see figure 1), contribute.

2.1.4. The physical operators. The basis of local physical operators of the theory is spanned
by multiple products of the single-trace operators

O =Tr(Q1Q -+ Q) Tr(Qus1 -+ Q) -+ (2.27)
Taking into account that the covariant derivative must always act on a field one finds
Q; e (D'F, D"w, D" @, D*d, D' F). (2.28)

It can be shown, see e.g. [3], that this set of fields, under the assumption that the Lorenz indices
may not be contracted, is irreducible with respect to Bianchi identities, equations of motion,
etc.

In the planar limit the interactions between operators in different traces in (2.27) are
suppressed and it is sufficient to consider the single-trace operators

Tr(2192 - - 2)). (2.29)

In this paper we will confine ourselves to this case only.

2.2. Formulation of the AdS/CFT correspondence

The AdS/CFT correspondence states that the A = 4 SYM theory is dynamically equivalent to
the IIB superstring theory on AdSs x S3 when the parameters of the both theories are identified
as follows:

4rg” L (2.30)
= , — =4ng. .
N o 8
In this formula R denotes the radius of both AdSs and S° and g, stands for the string coupling
constant. Stated more precisely, to each gauge invariant operator of the A" = 4 gauge theory
there corresponds a dual string state such that all associated physical quantities coincide.

Let |O) be an arbitrary state of the string theory and E (g,, £-) the eigenvalue of this state

8s

with respect to the string Hamiltonian & (defined as an operator conjugated to the AdSs time
variable)

R2
H|O) = E(gs, ?>|0>. 2.31)

By comparing the string and gauge theory symmetry algebras and their representations, one
concludes that the string Hamiltonian should correspond to the dilatation operator on the gauge
theory side. Therefore there should exist a state O(x), such that

DO(x) = A(g, N)O(x) (2.32)
and

R2
E(gx, ?> = A(g, N). (2.33)

In the planar limit this statement reduces to

RZ
E(O, —,> = A(g, 00). (2.34)
o
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According to the above formula scaling dimensions of the planar gauge theory should be
identified with energies of the free string theory! Unfortunately, the quantization of string
theory on AdSs x S° product space have not been yet understood and therefore a direct
verification of (2.33) and (2.34) is not feasible. Despite this fact it is possible to test this
equality in certain special cases, some of which we will discuss later.

The strongest version of the AdS/CFT correspondence states that the duality between the
both theories holds for arbitrary values of N and g ~ A = g2,,N in (2.30). In particular thus
for small gauge groups, as for example SU (2) or SU (3), and for strongly coupled string theory.
A more modest formulation claims the equivalence in the planar limit N — 00, gym — 0
only (the most conservative version requires additionally A — oo such that the supergravity
approximation of string theory is valid). One also cannot exclude that the equivalence of the
both theories holds only asymptotically so that the O (%) expansion of the gauge and string
theory agrees and the discrepancy of the results may be seen only after resummation.

3. Foundations of integrability

The integrability of a physical system has established itself as an important concept in the
mechanics and quantum mechanics since it usually leads to deep insights into the dynamics
of the system. Although it does not necessarily imply solvability, integrability puts severe
constraints on the physical processes excluding in particular any chaotic behaviour.

3.1. Integrability

In this section we will introduce the concept of classical integrability and discuss its possible
extensions to the quantum case.

Let H(q, p) be a Hamiltonian of a system with N-dimensional phase space. The time
evolution of the system is then determined through the Hamilton equations

. 0H :
J
.1
. O0H 1 N G-1)
Pj= aqj J=1 ..., V.

For the Hamilton mechanics the definition of the integrability may be formulated in the
following way.

Definition 1. A system is integrable iff there exist N algebraically independent constants of

motion, that is N functions (L1, ..., L), which satisfy the following two conditions:
@OVi,j: {Li,L;} =0,
@) Vvi: {H,L;} =0.

Here, { , } denotes the Poisson bracket. A common way to quantize a system is to replace the
phase space by a Hilbert space, the variables q, p and the Hamiltonian H through the operators

qq p— P Hw— H, (3.2)
and the Poisson bracket through the commutator
{111 (3.3)

Consequently, one could try to formulate the quantum definition of integrability as follows.
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Definition 2. A quantized system is integrable iff there exist N independent operators
Ly, ..., Ly that commute with each other and with the Hamiltonian H.

Unfortunately, this definition, as we will explain below, is not precise enough (see also the
discussion in [15]).

Let L be one of the constants of motion and let us assume that the spectrum of the system
is not degenerated. It follows from [H, L] = 0 that A and L have common eigenvectors

H\V)) = E;|¥)), LIW)) =n;|¥)), j=1,...,N, (3.4)

where N is the dimension of the corresponding Hilbert space. Therefore the operator L can
be decomposed into the sum of the projectors

N
zZZ”fi’f’ where P; =|W¥;) ® (¥;]. (3.5)
j=1

On the other hand each projector P; can be related to the Hamiltonian as follows:

N A

A H-E;
P = 7 3.6
k= | | E—E, (3.6)
j=1,j#k

Putting this formula into the decomposition (3.5) one finds

N N
i= ZﬂHZFﬂ (E1,...,E))n. (3.7)
j=1 =1

Therefore any two commuting operators are not algebraically independent and the set of
operators {H, Ly, ..., L,} can be at most linearly independent. This, however, is not much of
a constraint on the quantum system since for example {4, A2, H + H?} satisfy this condition.
There are also models known for which the existence of the additional commuting operators
L j»J =1,..., N was shown without immediate consequences for the understanding of the
physics of the system.

A different possibility for defining the quantum integrability offers systems which support
the scattering of particles. These need not be physical, sometimes physical processes can be
simply interpreted as the scattering of certain particles. In what follows, we will discuss such
one-dimensional systems.

Let 1 and 2 be two well-separated particles with asymptotic momenta p; and p,. The
‘incoming’ wavefunction is then given by

W, (x1, x2) ~ expi(pi1xy + pax2) x) K x2. (3.8)
Both momenta satisfy two conservation conditions
(i) the conservation of energy, e.g. E = % ( pf + pg) = const;
(ii) the conservation of momentum P = p; + p» = const.

Therefore after the scattering process the outgoing momenta need to be a permutation of
the incoming

Py = p2, py=p1. (3.9
The complete asymptotic wavefunction can be thus written as
Womp (X1, X2) ~ eXpi(p1x1 + p2x2) + S12(p1, p2) expi(paxi + p1x2) x1 L x. (3.10)

The quantity S(pi, p2) defines the corresponding scattering matrix (S-matrix) and can be
determined using the Hamiltonian. For theories with the underlying translation invariance the

9
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S-matrix depends only on the difference of both momenta S(p; — p2). In the case of three
and more particles the conservation conditions 1 and 2 are not sufficient to determine the
state of the system after scattering. Physically this corresponds to the diffractive three- and
many-body processes. The n-particle wavefunction in the asymptotic region

XKL KL L Xy (3.11)
can be represented as a sum of the diffractive and the non-diffractive part

\llusymp(xla X2y evey xn) ~ Z \II(O') eXpi(pO(l)xl +---+ pa(n)xn) + \Ildil’fmclivc(-xlv X2, ooty xn)v

oell,

(3.12)

where o denotes an element of the permutation group IT,. The non-diffractive part (the Bethe
ansatz) describes a sequence of subsequent two-body processes. Since the wavefunction for
every two-body process can be represented as in (3.10), the coefficients W (o) and W (o) that
correspond to two permutations o and o’ related by a transposition

o ={o(1),00),...,00),0G+1),...,0m) (3.13)
o ={o(),0(),...,0G+1),00),...,0n), (3.14)

must satisfy the following relation:
V(o)
V(o)

Consequently, the non-diffractive part of the wavefunction is fully determined by the two-body
S-matrix. This fact allows for the following definition of the quantum integrability (see [15]).

= Si.iv1(Do(i)s Poi+1))- (3.15)

Definition 3. A quantum system that supports scattering is integrable iff the scattering of the
particles is non-diffractive

Vi e (X1, X2, -+ ., X,) = 0. (3.16)

In particular, this implies that no particles are being created or annihilated in a scattering
process.

The vanishing of the diffractive part of the wavefunction is an indication of the existence
of further conserved quantities (charges). As has already been mentioned, a general three-body
process is inelastic. If, however, in addition to the conservation laws 1 and 2 there exists a
supplementary condition, e.g.

Q3 =pi+p3+---+p) = const, (3.17)

then the outgoing momenta must be again a permutation of the incoming ones. A generic n-
body scattering process is non-diffractive if there exist n conserved, algebraically independent
and symmetric in all variables quantities Q, = Q,(p1, ..., pn), ¥ = 1, ..., n. The first two
of these charges are usually assumed to correspond to the total momentum and the total energy
of the system. The higher charges Qs, ..., O, are in general eigenvalues of the generators
03, ..., 0, of a hidden symmetry which is not manifest at the level of the Hamiltonian or
the equations of motion. No general method is known for how to construct the generators
Q,,r = 3 for an integrable system. For integrable spin chains, however, which we will
consider in this paper one can accomplish this by constructing the transfer matrix, or with the
help of the so-called ‘boost’ operator, see [16].

10
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Yet another possibility for defining the quantum integrability provides the Lax pair. Let
L and A be two N x N matrices, with the elements being functions of the operators of the
system in question, such that

— =i(AL- LA 3.18

5 = i ) (3.18)
is satisfied. The pair {L, A} is called the Lax pair. From relation (3.18) it follows that the time
evolution of L(¢) is implemented by a unitary transformation generated by A

Lty =UA, HLOU(A,1). (3.19)
Upon introducing the determinant f)(k) = det (I: (1) — A]I), one finds thatitis time independent

D) = det(L() — Al) = det(U (A, 1)[L(0) — AIIUT (A, 1))
= det(L(0) — AI) = D(0). (3.20)

Calogero has shown [17] that the operator D()) can be unambiguously defined and that the
following additional relations are satisfied:

[H, D] =0, (D), D) = 0. (3.21)

Moreover, D(}) is, as it follows from the definition, a polynomial of the Nth order in A and
therefore

Doy =>"10;. (3.22)

Substituting the above formula into (3.21), one finds the commutation relations
[H,0;1=0 [0, 0i1=0 jok=1,...,N. (3.23)

Consequently, the existence of a Lax pair not only allows us to show that the system is
integrable in the sense of definition (2), but it also provides a method for constructing all the
higher charges. Unfortunately, no general procedure is known to determine the corresponding
[ and A matrices. It is worth mentioning that a similar method was used to show [18] that the
classical equations of motion of the IIB superstring theory on AdSs x S’ are integrable. This,
in turn, allowed to construct the algebraic curve of the AdS/CFT correspondence [19-21].

None of the attempts to define the quantum integrability discussed above are general
enough to be considered as the final definition. Together, however, they portray plausibly of
what integrability means at the quantum level. Since in this paper we will mainly discuss the
spin chains, it is convenient to assume definition (3) as the criterion of integrability.

3.2. The S-matrix and the Yang—Baxter equation

In this section we will generalize the concept of the S-matrix to the scattering processes with
different types of particles. We will also formulate consistency conditions that the S-matrix of
an integrable system must satisfy.

Let us consider an integrable system with n particles that according to their ‘flavour’ can
be divided into / groups. By flavour we mean a value of same additional charge, e.g. spin,
electrical charge, etc. Let 1 and 2 be two such particles that carry the flavours f}, f, and the
momenta k;, k», respectively. The following two scattering channels are possible*:

{f{’fé’k/l’ké}:{f27f11k27k1}9 {fl/’fz/’k/l’ké}:{f19f27k29k1}' (324)

2 Here we do not consider flavour-changing processes.
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The first scattering channel corresponds to the transition, whereas the second corresponds to
the reflection of the particles. The definition of the corresponding two-body S-matrix must
incorporate the additional quantum numbers fjand f,

Su(p1. p2) b SPE (P, pa). (3.25)

A scattering process of n particles may be decomposed into a sequence of two-body scatterings.
Since the latter are non-diffractive, the momenta of the outgoing particles must be a permutation
of the incoming ones. Every outgoing configuration of the particles may be, however, achieved
in many physically distinct ways similarly as the ordered set {2, 3, 1} can be obtained by
different sequences of transpositions

{2,3,1} =212,72,2,{1,2,3} = Z,Z,{1,2,3} = - - -. (3.26)
Here Z; denotes a transposition of the two neighbouring sites i and i + 1. Using the property

77 =1, (3.27)
both sequences in (3.26) are equivalent if

VAVAYARSWAYAVAR (3.28)

The S-matrix must be consistently defined with respect to the identities (3.27) and (3.28). In
the case of (3.27) this implies that

> S (pa. pSE (b1 p2) = 8767, (3.29)
a,b
where the sum runs over the two possible intermediate states {a,b} = {fi, f>} and

{a, b} = {f2, f1}. Physically, equation (3.29) implies that two subsequent scattering processes
of the same particles are equivalent to no scattering at all, see figure 2. The identity (3.28), on
the other hand, is reflected in the following cubic relation between S-matrices:

Si (P2, POSL (P, PSS (p1 p2) = S5 (1, p2)ST (p1, PO ST (P2, p2), (330)

with the indices a, b, ¢, d, b and ¢ being summed over’. Relation (3.30) is the celebrated
Yang—Baxter equations. It implies that in a non-diffractive scattering process the sequence of
the two-body scattering processes does not matter, see figure 2.

Formulae (3.29) and (3.30) are sufficient* to define consistently the scattering of n
particles. This follows from the fact that the permutation group of n elements I1, may
be defined with help of the 2-cycles Z;,i = 1, ..., n — 1 introduced above. Two arbitrary Z;
and Z; obey

(Z;ZHPr"D =1, (3.31)
where
1 i=j
pG.j) =43 li—jl=1 (3.32)
2 li —jl> L

The first two cases correspond to the identities (3.29) and (3.30). When |i — j| > 1 it follows
from formula (3.31) that 2-cycles commute, which is trivially satisfied by the S-matrices

L1 fifis fifis L1
S}jf;ll (pis Pi+1)Sf;fj/.+l] (pj, pj+1) = Sfjf_;ﬂl (pj. pj+1)S£f "(pi, pis1)-  (3.33)

i+l

3 In the presence of the fermionic particles both (3.29) and (3.30) must be supplemented with extra minus signs.
4 Tt should be stressed, however, that these two relations do not imply non-diffractive scattering. Indeed, examples
are known where the two-body S-matrices satisfy both conditions, but the system is not integrable.
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Figure 2. A schematic representation of relations (3.29) and (3.30).

3.3. Integrable spin chains

In this section we will apply the previously discussed concepts to the case of spin chains. The
latter constitute an important subgroup among the integrable models. Moreover, the asymptotic
integrability in the NV = 4 gauge theory discussed in section 4 is based on identifying the
dilation operator with a Hamiltonian of an integrable long-range spin chain.
The Hilbert space of a spin chain of length L is a tensor product of L local quantum

spaces V

H=VQVR®---QV. (3.34)
Each single quantum space V is a module of the algebra .A.> A spin (particle) is an element of
this module

pa €V, (3.35)

where A denotes the index with respect to the algebra 4. On the Hilbert space H one defines
the Hamiltonian &

H=) Hn, (3.36)

where I:I,‘,,-H acts only on the ith and the (i + 1) th quantum spaces
L RVRVR.---. (3.37)
— ——
i+l
Additionally, the Hamiltonian must commute with the generators of the symmetry algebra
[H, Al =0. (3.38)
In general one can impose two types of the boundary conditions on the spin chains
(i) the open boundary conditions if the last spin L interacts only with preceding (L — 1)th
spin;
(>ii) the closed boundary conditions if the last spin L is assumed to interact with both the
(L — Dth spin and the first spin in the chain.

> Further we will only consider spin chains for which the algebra A coincides with the symmetry algebra of the
Hamiltonian.



J. Phys. A: Math. Theor. 42 (2009) 254002 A Rej

The second case corresponds to a spin chain on a circle and consequently every local
quantity ©; must be related to ®;,; and the domain of summation in (3.36) is extended to
include L. In this paper we will confine ourselves to periodic boundary conditions for which
0O, =0.

The quantum integrability of a spin chain is understood in the sense of definitions 2 or 3.
In this case it is fairly simple to prove the equivalence of the both definitions. The operators

A

O, H—>H r=3,...,L, (3.39)

which commute with the Hamiltonian A are non-local and they act on r neighbouring sites,
that is Q, acts on

RV VY V.. (3.40)
—
i i+l i+r—1

A famous example of an integrable spin chain is the su(2) Heisenberg chain, for which the
spin takes only two values and the corresponding quantum space is assumed to be

vV =C2 (3.41)

The basis in V is spanned by two states: spin +% and spin —% particles, which we will denote
by | 1) and | |) in what follows. The Hamiltonian can be written in the following form:

L

R 1

H:EZW}?M—D, (3.42)
i=1

with the corresponding ground state composed of L spin-up states
HM® 1) =0. (3.43)

Excited states are obtained by replacing some +% spins by the —% particles®. For M excitations
(magnons) the basis is spanned by

X, .., xm) = 1) Q- @INNINB Q- RIN]I)® - (3.44)
— ———— —_—
X[*l xzfxlfl
1<X1<XQ<~"<XM<L, xl,...,xle,Z,.... (345)

Consequently, each eigenvector |W) can be decomposed in this basis
|\I/> = Z \IJ()CI,...,.XM)|.X1,...,XM). (346)
1<x<<xy <L

It is here where the integrability plays its profound role and constraints the coefficients

W(xy, ..., xy) to be determined purely by the Bethe ansatz’
M
W, ..o = Y w(@)exp iy poyx; |- (3.47)
oelly j=1

with the scattering of two magnons, in accordance with (3.15), being determined by the
S-matrix

Y(o) 1 + elPepHiPoi+y _ 9 @iPo(j+n
= S i (Paciys Pocian)) = — e . 3.48
I/I(G) ],j+l(p(f(j) pU(]+1)) 1 +Clp”(/)+1p”“+” _261[)“(/) ( )
© We assume here that the number of the spin-up particles n4 is bigger than or equal to the number of spin-down
particlesny = L —ny. If ny > n4 one should take ||) ® --- || ) as the reference vacuum.

7 One can also reverse this logic and show that the state (3.46) together with the ansatz (3.47) is under the condition
(3.48) an eigenstate of the Hamiltonian (3.42). Moreover, it can also be proven [22] that all 2L states can be
parametrized like this.

14
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It is convenient to introduce the so-called rapidities

i
w=—-cot X k=1,2,.... M, (3.49)
2%

which allow to write the S-matrix elements in the algebraic form

Uo(j) — Uo(j+1) — 1

Sj i1 (Uo (), Ug(j+1)) = - (3.50)
JsJ+ () (J+D) Uo () — o (et +1
The periodic boundary conditions imply that the wavefunctions must obey
W(xy,...,xy) =W, ..., xpy,x1 + L), (3.51)
which in turn leads to the celebrated Bethe equations
ue + 4\ " M w—u;+i
< %) =[] —2X— k=12...Mm (3.52)
U — 5 jzl’#kuk—uj—l

In the case of the Heisenberg spin chain the excitations are all of the same type, once the
reference vacuum has been chosen. For the spin chains with generic underlying symmetry
algebras the module V is generally /-dimensional. Let us consider such a generic spin chain
with K particles of type 1, K, particles of type 2, etc so that

Ki>K, > > K, Ki+Ky)+---+K;,=1L. (353)

Physical choice corresponds to picking up the most numerous particles (of type 1) as the
reference vacuum?®

Or=1&- - ®[1), (3.54)
L
and to consider the remaining particles as the excitations on this vacuum. This choice, however,
breaks the underlying symmetry of the module. The excitations transform under the residual
symmetry. Under the assumption that the spin chain is integrable an arbitrary eigenstate of
the Hamiltonian can be represented by a partial state |A; ... Ax); (with A; =2,3,...,]) and
a set of momenta {py, ..., pi}

1) = §'A; - A, (3.55)
with
|Ay - Ap)y = > eiPitglpaie QPR A LAy i) (3.56)
1<i1 i <~ <ik <L
and
AL A i = D ® - @) IA)® N ® - @) @A) ®---.  (3.57)

i1—1 ir—ij—1

The operator S is the many-body scattering matrix of the first level, which due to the
integrability can be written as a sum over all the possible permutations

§'= Z S‘;, (3.58)
oell;
with the permutation o corresponding to a given sequence of the two-body processes
N Q 1Al ALA"
=11 3 (A5 AL =) (Sh) ) 1A A (3.59)
@i,j)eo Ay, Ay

8 Hereby we assume that this choice is consistent with respect to the Hamiltonian.
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It should be stressed that the S-matrix (scattering operator) 3'{2 isa(—1?%x(-132
dimensional matrix governing the scattering of two excitations of different flavours. The
above construction can be, however, repeated after the most numerous excitations (of type 2)
are chosen to be reference vacuum of the spin chain with M = L — K sites

O =12---2)1. (3.60)
M
The remaining excitations B; = 3,4, ...,/ on this vacuum scatter with the S-matrix of the

second level S, which can be decomposed similarly to (3.58) and (3.59). Repeating this
procedure (I — 1) times results in clearing entirely the spin chain from excitations. It should be
noted that the action of the S-matrix on the first level vacuum is trivial, whereas the action on
the vacuum of the second level results in a non-trivial scalar phase’. In the first approximation
(the first level spin chain) one assumes all of the excitations A;,i = 2, ..., [ to scatter with the
same phase as the particles of type 2. The error committed in this way is partially compensated
by considering scattering processes on the vacuum of the second level, where the remaining
(I — 3) excitations scatter with a phase different from the one for the preceding level. The
requirement of consistency between the first and the second level scattering allows us to find
explicitly the form of the second level S-matrix. Recursive application of this method allows
us to determine the S-matrices of the kth level, with k = 1,2,...,1 — 1. The periodicity
conditions for each of these spin chains lead to the nested Bethe equations. This method is
known in the literature as the nested Bethe ansatz [23].

The scattering in generic integrable spin chains (with arbitrary values of the spin or with
non-compact symmetry algebras) can be uniformly described with the concept of the R-matrix.
In the following we will only consider systems with the underlying translation invariance. Let
pa and pp € V be two particles with the spectral parameter u; and u, respectively. The
R-matrix is defined as an operator that commutes the both elements of the corresponding
modules

Pp(u2) ® pa(ur) = Ry5uy — u2)pauy) ® ppuz). (3.61)
Since commuting the modules twice should be equivalent to the action of the identity operator,
we impose

REp(uz — uy)REE (uy — ug) = 8087, (3.62)
Similarly to (3.30) the consistency of the scattering processes requires the R-matrix to obey
the Yang—Baxter equation
Ri6 (s — un)REE (w1 — uz) Ry (w1 — u2) = REF(ury — u) RS (uy — us) Rz = u3).

(3.63)

Finally, the R-matrices acting on separated modules commute with each other. To a spin chain
with L lattice sites one can associate the monodromy matrix
AALA RAA CraAr- CiA
{T. (u)}BB:BZZ B, — CL LIBL( )RC;;BLLJ (u)--- RBIBII(“)a (3.64)
which can be intuitively interpreted as a quantity describing an external ‘ghost’ particle
circulating around the spin chain. The external quantum space V, is also assumed to be a
module of the symmetry algebra A, though this module must not necessarily coincide with

the physical one V. The trace of the monodromy matrix with respect to the external quantum
space

AAA
T(“) ={T, (u)}AB:BZZ ot (3.65)
9 Here we do not allow for the processes 2+ 2+ A + Ay, with A} # Ay # 2.
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defines the transfer matrix. If the external quantum space coincides with the physical one, the
transfer matrix becomes a generating matrix of the higher conserved charges

oo
TP w) =Uexpiy w0, (3.66)
r=2
where U stands for the translation operator
U=TY0)= PPz Py (3.67)
Here P, , denotes the permutation operator between the ath and bth vector space. In particular
the Hamiltonian can be represented as follows:

=02 = 5 (00w 510w
1 du u=0

As an example, let us consider the X X X spin chain with the s[(2) symmetry algebra. The
modules V can be classified according to the value of the spin s/2. Let |\V) be an eigenvector

(3.68)

of the Hamiltonian corresponding to M excitations with the rapidities u;i = 1,..., M. The
state |W) is also an eigenstate of the fundamental transfer matrix (3.66)
TP =T, ur, . up)¥), (3.69)
with
o0
T<f>(u,u1,...,uM)=Uexpizu’*1Q, (3.70)
r=2
and

U lﬂ[uj+i% 0 i %( 1 1 ) 371
- sl r=_ SIv—T ek :
j=t%i s re i\ + i) (u; —i%)
For the XXX spin chains 7/)(u) is a polynomial of the order L in u. On the other
hand, the eigenvalue TO @, uy, ..., uy) exhibits poles that depend on the Bethe roots
uj,j =1,..., M. Requiring these poles to cancel for arbitrary value of L one finds the
Bethe equations

we+i5\" L u—uj+i
2) = 1‘[ = k=1,2,...,M. (3.72)
uk—lz jzl,#kuk—uj—l

The case s = 1 corresponds to the Heisenberg spin chain discussed above.
For the XX X s spin chains it is convenient to introduce, beside the fundamental transfer

matrix, also the auxiliary transfer matrix 7 (i) by choosing the external quantum space to
be V, = C2. It was shown in [24] that there exists an operator Q(u) such that

[Qw), QW) =[0w), T )] =0 (3.73)

and
L L
(u + 1%) Ou+i) + <u - %) O —i) = TOw) Ow). (3.74)

According to the relation (3.73) both 7@ (v) and Q(u) can be diagonalized simultaneously.
Let |®) be such eigenstate parametrized by the Bethe roots u;,i = 1, ..., M. Equation (3.74)
then becomes a functional equation relating the eigenvalue of the auxiliary transfer matrix to
the eigenvalue of the Baxter operator O (i)

L L
(u + 1%) O +i) + (u _ %) O —i)=TOWOow), (3.75)
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Here, we have suppressed the explicit dependence of the eigenvalues on {u;}. Equation (3.75)
is called the Baxter equation in the literature. Under the following ansatz,

M
Q) = [ Jw—up, (3.76)
j=1
one re-derives the Bethe equations (3.72).

4. Integrability in the A" = 4 super Yang-Mills theory

The discovery of the asymptotic integrability in the planar A" = 4 SYM theory has permitted
to compare the observables on the both sides of the correspondence that are not affected
by the wrapping interactions and therefore paved the way for the novel dynamical tests of
the correspondence. In this section we will present the building blocks of the asymptotic
integrability and discuss the asymptotic spectral equations.

4.1. The psu(2, 2|4) super spin chain

4.1.1. Lie superalgebras and superconformal alegbras. 1In this section we review briefly the
essential definitions and results of the Lie superalgebras, of which we will make use in what
follows.

A Lie superalgebra A is an algebra with a Z, grading equipped with a multiplication that
obeys the following conditions:

(1) skew-symmetry
Ya,be A: (a,b) = —(=1)E@sB) (p g), 4.1)
(ii) generalized Jacobi identity

Va,b,ce A: (=19 (@ (b, c)) + (=D P (b, (c, a)) + (=1)*“P(c, (a, b)),
(4.2)

where g(.) denotes the grade of an element'?. The subset
Ao={ae A:g(a) =0} 4.3)

is in view of the conditions (4.1) and (4.2) an ordinary Lie algebra. The fermionic component
of A

Ai={aeA: gl =1} 4.4)
can be interpreted as a linear representation of Ay since
(Ao, Ay) € Ay 4.5)

Definition 4. A simple Lie superalgebra A for which the representation of its even subalgebra
Ao on its odd part A, is completely reducible is called a classical Lie superalgebra.

It can be proven that for classical Lie superalgebras the representation of .4y on A, is either

(1) irreducible, or
(ii) is a direct sum of two irreducible representations of 4.

10 1n what follows the multiplication of two fermionic elements will be denoted by {, }.
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This feature allows us to define Lie superalgebras of, correspondingly, the first and the
second kind.

Definition 5. A classical Lie superalgebra A equipped with a non-degenerate bilinear
invariant form is called a basic Lie superalgebra.

Similarly to the case of the classical semi-simple Lie algebras one can introduce for the basic

Lie superalgebras the Cartan subalgebra  and the root system {E,(;y}, i = 1, ..., n such that
(H;, H;) =0,
(H;, Exq(j)) = £M;;E1qj), (4.6)

(Eagy> E—agjy) = 8ij H;,

where M;; is the Cartan matrix in the {H;} basis of the Cartan subalgebra. However, in
contradistinction to the case of Lie algebras, the choice of the Dynkin diagram is not unique.
This is due to the fact that there exists a residual freedom in the choice of the odd (fermionic)
roots. A complete classification of the fundamental classical Lie superalgebras was given in
[25].

A superconformal algebra is defined to be a Lie superalgebra A for which the even
part Ay contains the conformal subalgebra so(d, 2) that is spinorially represented on the odd
component A4;.

4.1.2. The psu(2, 2|4) superconformal algebra and its representations. The su(2,2|4) Lie
superalgebra is a superalgebra of the first type, which in the Kac classification corresponds
to the A(3, 3) @ 1 Lie superalgebra, see [26] for a pedagogical discussion of this issue. The
bosonic (even) component is spanned by su(2, 2) @ su(4) @ u(1). Taking the isomorphism
su(2,2) ~ so(4, 2) into account one concludes that su(2, 2|4) is a superconformal algebra
in four dimensions (the requirement of the spinor representation of the so(4, 2) on the odd
component of the superalgebra will be met by the explicit construction below). The set of
generators of su(2, 2|4) is spanned by

{Lﬁ,i%,Paﬁ,Kag,D; RZ;C|Q§,Qad,SZ‘,Sd“}. 4.7)
Here, the generators carry ‘fermionic’ indices of s1(2) and su(4) respectively and are assumed

to transform canonically. The non-vanishing commutation relations of the su(2, 2|4) are given
by

{[D, Psgl; —[D, Koplt = {Pap s Kopl, (4.8)
[[D, 0%]; [D. 8¢]: —[D. Qaa]: —ID, 51} = 1{ Q% S%: D S}, 4.9)
[K“F, Pysl = 80 L8 +62L0 + 525/ D, (4.10)
(Din O3} = 88Psp. (557} = 037,

(8%, Py, | = 6204 [K“?, 0yl = 5fsg, (4.11)
(5%, Py, =505, [K*P. Q5] = 835%,

{82, 05} =80L% + 85 R, + 38585(D — O, (4.12)
{5, Opp} =3gig —8§R§+%628:§(D+C). (4.13)

It follows from the above relations that the generator C plays the role of the central charge
and consequently that su(2, 2|4) is reducible. The irreducible part of this algebra, psu(2, 2|4),
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O——0O—0O—0O--0

Figure 3. Beauty diagram.

can be obtained by considering representations with vanishing central charge. It should be
stressed, however, that the psu(2, 2|4) algebra contrary to the su(2, 2|4) does not possess the
defining 8 x 8 matrix representation.

The above commutation rules are also valid after quantization, with all the generators
except for L%, I:g and R} receiving quantum corrections

psu(2,2(4) > J : J = J(g). (4.14)
At weak coupling one expects the following expansion:

[o¢]
J@) =) Jyg¥. (4.15)
j=1

At the one-loop level there is a particularly useful choice of the corresponding Dynkin diagram
of the su(2, 2|4) superalgebra, see figure 3. The positive and negative roots that correspond
to this diagram are given by

J* e {KP, S5%, 8% LY < B), L% (¢ < B), Ri(a < b)}. (4.16)
J'e {Lj;(azﬁ),zg(a:ﬁ),R,‘;(azb),D,c}, 4.17)
J7 e {Pup. Q4 Qaa, Ly > B), Li( > B), Rj(a > b)}. (4.18)

In the /¥ = 4 SYM theory only non-compact and infinite representations of this
superalgebra are of physical relevance, which is due to the presence of derivatives of fields
(each field can be differentiated infinitely many times). Each state in theory can be identified
through the following set of Dynkin labels:

{A,s1,82,q1, p. q2, B, L}, 4.19)

where A is the eigenvalue of the dilatation operator, the weights [si, s2] classify the spinor
representations of the Lorentz algebra so0(3, 1) = su(2) x su(2) and [q;, p, g2] correspond to
the flavour algebra so(6). The relation of these labels to the eigenvalues of the Cartan algebra
elements (4.17) is given by the following formulae:

s;=L13— L}, sp=1L13—L}, (4.20)
q1 = R} — R!, p=R;—R3, ¢ =R, — R;. (4.21)

The remaining quantities B and L are not related to the weights of the su(2, 2|4) superalgebra
and can be seen as eigenvalues of the external automorphisms. The length L counts the number
of fields in the trace (2.29) and is equal to 1 independently of the value of k for each field in
(2.28). The hypercharge B, on the other hand, measures the hyperspin of the multiplet (2.28)
and is a multiple of % All physical operators of the theory can be classified in the highest
weight multiplets. Each such multiplet is defined by the state of highest weight (the so-called
primary field) O =\0)

vt JH o) =0. (4.22)
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Other states of a given multiplet can be obtained by collective action of the lowering operators
J_on|O)

JrJdy - Jg o). (4.23)
An important example of a highest weight multiplet are the %-BPS operators
12)L =Tr(2h), Z = . (4.24)

These highest weight states are additionally annihilated by a half of the supersymmetry
generators and consequently their scaling dimension is protected and does not receive quantum
corrections, see discussion in section 7.1.
For the purpose of representing fields it is very convenient to use the oscillator realization

of the psu(2, 2|4). The oscillators are defined as follows:

(a) bosonic (a“, ajx) corresponding to the one copy of the su(2) subalgebra ,

(b) bosonic (b‘j‘, bL) corresponding to the second copy of the su(2) subalgebra ,

(c) fermionic (¢, cL) of the su(4) subalgebra

and are assumed to obey the following commutation relations:

a T _ s« (] 71 _ o a T _ ga

[a®, ay] = &% [b% b.] =53 {¢“.c,} =55 (4.25)

The elements of the psu(2, 2|4) Lie superalgebra (for g = 0) can be then represented through

o _ ol pga _ leapt oy Fa _ hinwt _ lsapihy

Lﬂ = aza 2Sﬂaya , LB = bBb 2(Sﬁbyb , 4.26)

D=1+ %a;ay + %b},bi’, RY = ch“ - %SZCI-CC,

C=1-lala” + 1plb" — lcfe, B =1+3ala” — Iblb", (427
¢ =alc?, D4a = blch, P,; =alb!,

a N Q ¢ oh =TT (4.28)

S¢ = ¢za%, S = b%c?, K% = a*pP,

Using formulae (4.25) one can easily show that the above realization of the generators obeys
the commutation relations (4.8)—(4.13). The set of physical excitations on the vacuum state
(which is annihilated by all ‘undaggered’ oscillators) is spanned by states for which the central
charge

C =1-1ala” + bl — Lefe (4.29)

vanishes. One can easily check that this set coincides with the set of the irreducible
fields (2.28)

DEF = (@) (b1 (ch"0),
DAY =~ @)™ (bh(ch'10),
DFd ~ (ah* (b (c)?|0), (4.30)
DAY =~ @) "™ (ch)?0),
DEF = () (bN**(ch*|0).
Unfortunately, a very inconvenient feature of this definition is that the vacuum state itself does
not belong to this class

Cl|0) = 1. 4.31)
One way to overcome this difficulty is to replace the ¢* and ¢* oscillators thorugh d,, @ = 1, 2
dl = ¢, d = (4.32)
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In this notation the Z field is annihilated by all oscillators and can therefore serve as a vacuum
state. The consequence of such a redefinition is the breakdown of the su(4) symmetry to
su(2) x su(2). On the other hand, the central charge can be rewritten in a more transparent
form

C = 3(Np + Na) — 3(Na + No), (4.33)

where N denotes the counting operators (e.g. N, = a;ay). It follows from (4.33) that the
excitations on the vacuum state | Z%) := |Z) ® - - - ® | Z) can only be created pairwise
[ S——

L
(ADMANHM|ZEy, (4.34)

with A = {a;,a,,¢;, ¢} and A = {by,b,,d;, d}. There are consequently 4 x 4 = 16
fundamental excitations on each lattice site |Z). Each field in (4.30) is either a fundamental
excitation or can be represented by a multiple excitation (a composition of the fundamental
excitations) of a lattice site.

4.1.3. One-loop Bethe equations. It was shown in [4] that the one-loop dilatation operator
D; (see (4.15)) may be identified with the Hamiltonian of an integrable psu(2, 2|4) super spin
chain. The Bethe ansatz techniques for integrable spin chains with general simple Lie algebras
as the symmetry algebras have been developed in [27, 28] and subsequently generalized to
the case of superalgebras [29]. This allowed Beisert and Staudacher [4] to write down the
one-loop Bethe equations of the planar N' = 4 SYM theory.

As it was explained in section 2.1.4, in the planar limit it is sufficient to consider only the
single trace operators. The eigenstates of the one-loop dilatation operator D, W = Yy (@)W
are linear combinations of the basis states (2.28)

W=a; Tr(Q Q) +ay Tr(Q) - Q)+ (4.35)

Since the length operator commutes at the one-loop order with the dilatation operator, only
basis states of equal length need to be taken into account. The complete one-loop dilatation
operator was found in [3]. Remarkably, it acts only on neighbouring fields in each trace'!

L
Dy =Y Hin, (4.36)
i=1

which allows us to identify the single trace operators with states of a closed spin chain
Tr(Qy--- Q) = Q- QL) = [21) @ - ® [€21). (4.37)
It follows from the cyclicity of the trace that
Q- Q-+ Q) = (DB RRENQ L QQ ), (4.38)

where the prefactor (—1) %2812 corresponds to the overall sign of the permutations of
fermionic fields. The integrability of D, was shown in [4] by an explicit construction of the
psu(2, 2|4) R-matrix.

Let H be a Hamiltonian of an integrable super spin chain with s[(K | N) symmetry algebra.
The diagonalization of this operator can be performed using the techniques of nested Bethe
ansatz, as discussed in section 3.3. For arbitrary values of K and N and arbitrary spin
representation it is, however, more convenient to use transfer matrices. The transfer matrices

1 The explicit form of fl,-_,-H can be found in [3].
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for such spin chains were constructed in [27, 28]. The corresponding Bethe equations can be
casted in the following form [29]:

i L M 17‘[

(uj+§VK.f ) _ u/ _M[+§ KK (4 39)

— 15 ) = | | i ) :
“j = 2Vk; 1=tz T T

where Mgk, denotes the symmetric Cartan matrix and Vi, is the spin representation vector.
There are all together M excitations (with respect to the vacuum state), among which K| of
the type 1, K, of the type 2, etc. With the help of the Bethe roots u ; one can parametrize each
conserved quantity

(i) the momentum (the eigenvalue of the translation operator on the lattice, see (3.67))

M i
uj+ 3V,

eiP = ei(p1+---+pM) = ; v s (440)
j=1 1T 2K
(ii) the energy
u i i
E=cL+t - — ' , 4.41)
Jg;(”‘j*'%vl(f “J'_%VK/)

(iii) the higher conserved charges

M . .
Q =c¢Lt) ( ! - ! )H) : (4.42)

=1 (“.i + %VK/)r_l (”j —5Vk,

The constants ¢ and ¢, depend on the choice of the Dynkin diagram. Physically they
correspond to the values of the energy and the conserved higher charges of the chosen vacuum
state.

The psu(2, 2|4) superalgebra is a real form of the complex s[(4|4) superalgebra and
therefore the spectral equations of an integrable spin chain with the psu(2,2|4) as the
underlying symmetry algebra should also be contained in (4.39). The highest weight state
corresponding to the Dynkin diagram presented in the previous section is a %-BPS field and as
such is a suitable choice of the vacuum. The set of all excitations on this vacuum is a closed
sector of the theory. Moreover, every highest weight state can be represented in the form
(4.34), which implies that this set coincides with the excitation sector of the full planar A" = 4
SYM theory. The choice of vacuum breaks, however, the original psu(2, 2|4) symmetry. The
residual symmetry is

5u(2]2) ® su(2]2) (4.43)

and transforms the sets {a], a}, ¢!, ¢} } and {b], b}, d], d}} in (4.34), respectively. The central
charge H of both superalgebras should be identified with the anomalous dilatation operator
8D = D — Dy in the following way (see [12]):

M 1.
H="1+_-5D. (4.44)
2 2

It should be stressed, however, that the overall central charge of the residual symmetry algebra
is 2H. The first level S-matrix can be decomposed into a product of two su(2|2) S-matrices

Spgu(2,2\4)(171, p2) = So(p1, p2) - (Ssu(2\2) (p1,p2) ® §5u(2\2) (p1, p2)), (4.45)

where Sy(p1, p2) is a scalar function.
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The form of the S, su(2/2)S-matrices in the asymptotic regime have been derived recently
in [30]. The derivation makes use of the central extension of the su(2|2), where the additional
central elements are related to some braiding element which modifies the coalgebra structure,
see [31]. This S-matrix is also invariant under a Yangian [32], see also [33].

The one-loop Bethe equations can be found directly form (4.39). The Cartan matrix
corresponding to the Dynkin diagram presented in the previous section reads

2|+ ] 0] 0|0} 0] O0
+1 |0 |=1]0 0] 0710
O|-1|+2|-1|0] 0] O
Mg g, =100 | -1]+2]-1]0 ) 0], (4.46)
0|0 |0 |—-1|+2]|-1]0
010|010 |—-1] 0]+l
0|0 | 0] 0 |O0]+1]-2
whereas the representation vector takes the following form:
vV =1(0,0,0,1,0,0,0). (4.47)

Thus, the one-loop spectral equations of the planar /' = 4 SYM are given by

K] . K2
1 1—[ M[ﬁk_ul,j_ll—[ul,k_uz,j-*_

Ul — UL +1 i1 Ul — U2 j —

=

[T

j=Lj#k
K i K3 i
1 uz,k—ul,j+§ U — U3, j — 35
= i i
i1 U g — UL j 24 Upp — U3z j+3
K2 i K3 . K4 i
! Uz g —U2,j — 5 Uz —uszj+1 Uz —U4,j — 5
- i . i
Uz — Uzt Uk — U3 — 10 D U3 — U4t 5
j=1 J 2 j=1,j#k > sJ j=1 > sJ 2

i\ L K3 i Ky . Ks i
(Lt4yj+§> _1—[u4,k—u3,j—§ 1—[ u4,k—u4,.,-+11—[u4,k—u5,j—§ (448)
1 1 : 1 :
Usj — > Usp — U3+ 5 Ugp — Ugj — 1 Uaj — Us j+ 2
47— 3 joi Mad Uz R Hak T Ua M4k —Usjt 5
i Ks . Ky i
! Usk — Uej — 5 u5$k_u5,j+1l_[u5vk_u4qj_§
Usi — Up j+ = L oUusgp—Us;—11 Y usp—ug i+
=1 5.k 6, 2 =1, j#k 5.k 5,j =1 5.k 4,j 2
K7 Ks

. K» i
| = 1—[ u7’k—u7,]~—11—[ u7,k_u6,j+§

=1k Uz — U7 +1 i
One notes that the above system of equations is symmetric with respect to the main equation
(for the momentum-carrying roots u4). This reflects the decomposition of the S-matrix (4.45).

Since the trace is cyclic (see (4.38)) the total momentum must be a multiplicity of 27 and
consequently the Bethe equations must be supplied with the condition

K4

1=ef =[] 212

e —
j=1

(4.49)

Y [T
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aga1 a{c1 (:ic2 c;di d;d1 b‘;d2 b£b1

Figure 4. Beauty diagram with the positive simple roots and the corresponding excitation numbers.

The excitation numbers {K;},i = 1,...,7 appearing in the above equations are uniquely
determined through the Dynkin labels of a state'?:

A0 —3(L—B)—is

K
Kl Ao— (L—B)
2
Ks Ag—5(L—B)—3p—3q — 0
Kol =1 Ao -p—301—3q |- (4.50)
§5 Ag—3(L+B)—5p—1iq1— 30
6
X, Ao— (L+B)

18— XL +B)—1s
As mentioned before, the anomalous part of the dilatation operator can be identified with the
Hamiltonian of the psu(2, 2|4) super spin chain and thus the energies of the states of this spin

chain should be proportional to the eigenvalues of the dilatation operator. Explicitly, after
solving the Bethe equations'? the anomalous dimension can be determined from

Ky . .
y :2g22( ——— i)+0(g4), 4.51)
j=1

u;+ % uj— 3
as follows from (4.41). For the choice of the representation vector made in (4.47) only
the excitations (magnons) of type 4 carry the momentum. This allows for the following
interpretation. A magnon is created by exciting the fourth node of the Dynkin diagram, which
corresponds to the action of the fourth positive root on the vacuum state Tr (Z L), see figure 4.
Exciting subsequently the neighbouring nodes changes the flavour of the magnon, but does not
create any new ‘particles’. In a similar manner, one can excite further nodes (though always
those adjacent to the already excited ones) and as a result the following inequalities must be
satisfied:

Ki<K)<K3<Ky2Ks52Kg 2 K. (4.52)

A detailed study of the psu(2, 2|4) representations [34] shows that no adjacent excitation
numbers K; and K;,; may be equal.

4.2. Wrapping interactions

The anomalous dimensions at higher orders of perturbation theory can be determined in two
different manners. The first method amounts to evaluating the correlation functions (2.18)
or (2.20) of the corresponding operators to the desired order. Alternatively, as shown in
[35], one can derive the dilatation operator using some further constraints (BMN scaling [36],

12 These relations can be derived from the weights of the corresponding oscillators.

13 The roots u j are in general complex. Since the Bethe equations are invariant under complex conjugation, the
complex solutions form pairs (u, u}f).

25



J. Phys. A: Math. Theor. 42 (2009) 254002 A Rej

integrability, the closure of the symmetry algebra, etc). For the full planar A" = 4 SYM theory
this is a very tedious task already at the two-loop order and this method was only applied in
some closed subsectors [37-39].

As it was explained in section 2.1.3 Feynman diagrams of a U (N) gauge theory consist
of the ‘fat’ propagators and can be classified according to the genus of the associated surface.
In each genus class one can furthermore distinguish the so-called wrapping diagrams. In what
follows, we will discuss these diagrams in the planar limit.

Let O(x) be a single trace operator, which for the sake of simplicity we will assume to be
built out of two scalar fields

The corresponding two-point function can be determined using the well-known formula
(0|@o(x)@0(y) el /2L () |0)
(0] & [ d*zLin(2) |0)

and the Wick theorem. In the above formula Oy denote the asymptotic fields and Li, the
interaction part of the Lagrangian. In order to define the wrapping interactions it is convenient
to introduce the so-called spectator fields v, ¥, see [40]. The fields ¥ are inserted into the
trace O(x) in the following way:

Tr(®1 (x)D2(x)) = Tr(y (x) D1 ()Y (x) P2 (x) ¥ (x)). (4.55)

Similarly ¥ are inserted into O(y). The both auxiliary fields ¥ und v should be contracted
while calculating (4.54) (it should be noted, however, that ¥ and v are free fields) and their
contraction will be graphically represented by

YT () ===

|

(010x)O(»)]0) =

(4.54)

We exclude, however, such contractions for which two lines of the spectator fields cross each
other. Also two adjacent parallel lines are considered to be equivalent.

A wrapping diagram is defined to be a Feynman diagram such that for every contraction
of the spectator fields all the lines of the spectator fields cross the lines of the other fields.
An example of such diagram is shown in figure 5. Because of their topological definition,
wrapping diagrams can contribute starting from the order O(g?L) only (at lower orders at
least one contraction line of the spectator fields does not cross any contraction line of the
other fields). In some special cases, the wrapping interactions may be delayed even beyond
this order, as for example happens for operators that can be identified within different closed
subsectors and with different corresponding lengths.

As mentioned before, it was possible to determine the dilatation operator to the first few
orders in some simple closed subsectors [37-39]. Thereby it was assumed that the loop order ¢
is smaller than the length L of a state on which the dilatation operator acts. The reason for this
is precisely the wrapping interactions, which are highly non-local and cannot be determined
through the symmetry algebra. Moreover, the form of the wrapping interactions is different
for different lengths.

4.3. Asymptotic Bethe Ansatz

At higher loops it is currently unknown with Hamiltonian of which integrable spin chain one
should identify the dilatation operator. Despite this fact, based on the analysis of the closed
subsectors [37, 38], a conjecture on the form of the asymptotic all-loop Bethe equations for
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Figure 5. An example of a planar wrapping diagram that contributes to the two-point correlation
function. The grey rectangle represents a single trace operator, which is composed from two
fundamental fields.

the planar A" = 4 SYM theory was made in [5], which subsequently, under the assumption of
factorizability of the S-matrix, was rigorously proven in [30].

The Dynkin diagram (Beauty) that we have considered so far is, however, unsuitable for
the purpose of formulating the asymptotic all-loop spectral equations. The reason for this is
that the s0(6) subsector, which can be consistently obtained by truncating all except the three
middle nodes of the diagram, is not a closed subsector beyond the one-loop level. Let X, )
and Z denote the fields of the s0(6) subsector. The following mixing process

XVZ «— UV, (4.56)

where U, V denote fermionic fields, must be taken into account already at the two-loop order
(this process lowers also the length of the state, see discussion below). One concludes therefore
that s0(6) Dynkin diagram should not appear as a subdiagram of the psu(2, 2|4) at higher loop
order.

A suitable all-loop choice of the psu(2, 2|4) Dynkin diagram is presented in figure 6.
In contrast to the Beauty diagram it contains four rather than two simple positive fermionic
roots. Another pleasant feature of this diagram is that the corresponding vacuum state remains
unchanged

|12\t =Tr(2h). (4.57)

Similarly to the previous case, there are 16 fundamental excitations altogether. We present
them in figure 6, which should be understood as follows. The field X corresponds to a single
excitation of the main (momentum-carrying) node and generally a state in the ith column and
Jjth row is obtained through exciting once (i — 1) nodes left to the central node and (j — 1)
nodes to the right.

As in the one-loop case, one associates with each single trace operator a state of a closed
spin chain. The all-loop system exhibits, in contradistinction to the usual spin chains, many
novel features. First of all, the length of the spin chain must be smaller than the loop-order,
else the non-local wrapping interactions need to be taken into account and their influence on
the dynamics of the system is currently unknown. Generically, the £-loop Hamiltonian acts
simultaneously on £+1 adjacent lattice sites. A feature that rarely occurs for integrable systems.
In what follows, the regime L > ¢ will be called the asymptotic region and all quantities
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Figure 6. All-loop Dynkin diagram of psu(2, 2|4) together with the 16 fundamental excitations.

defined therein will be marked as asymptotic. Probably the most striking feature of this
asymptotic all-loop spin chain are the fluctuations of length due to the flavor changing mixing
processes, e.g. (4.56). This may seem to invalidate the above definition of the asymptotic
region, however the supersymmetry delays the wrapping interactions for the operators with
lower length mixing with the higher length operators. Despite all these unusual properties
the asymptotic all-loop spin chain seems to be integrable, though this has not been proven
rigorously yet. On the other hand, the perturbative asymptotic integrability for the first few
orders of perturbation theory have been confirmed in some subsectors of the full theory, see
[41] and [5]. Under the assumption that this holds to all-loop order in the asymptotic region,
Beisert have derived [30] the corresponding S-matrix (4.45) up to an overall scalar factor. The
asymptotic scattering matrix due to the assumed integrability remains, in contradistinction
to the Hamiltonian, local also at higher loop orders. Because of the decomposition (4.45) it
suffices to construct one copy of the su(2|2)S-matrix. It turns out, however, that each su(2|2)
algebra must be extended with two additional local charges in order to overcome the very
restrictive particle representations of s1(2|2). These additional charges vanish on the physical
states, which in both cases is equivalent to the momentum constraint 1 = el = ei(P1+-+ru),
It is interesting to note that after introduction of these charges the corresponding S-matrix is
uniquely determined through the invariance condition

vV J e su22) x u(l)?: [JRI+I® J, Ssuoi(p1, p2)1 = 0.  (4.58)
As was explained in section 3.3, the Bethe equations can be obtained from the periodicity
conditions of the kth level spin chain, where in this case k = 1, 2, 3, 4 (the total number of
excitations is four).

To formulate these equations it is necessary to introduce, in addition to the rapidity u, the
deformation variables

1 4g2 n i
x(u):zu 1+ 1—7 , X (u):x(u:l:§>. (4.59)
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The asymptotic all-loop Bethe equations [5, 30] can then be written as
Ky XI j

1 =elf = el tre) — 1_[ =4

>
j=1 Yaj
Ky

K> i 2 +
1_1—[ Ml,k_u2,j+% Hl_g/xl,kx4,j
= - —

U —U2,j — 5 =1 - gz/xl,kx4’j

K> . K3 i i
| 1—[ uz,k—uz,j—ll—[ Uz —usj+5 Ugk — Ui j+ 5

Upp — Uy, j +1 Upy — Uz — 5
J=1,j#k 2.k 2,j =1 2,k 3,j 2

L
+ - 2 /[y + =
X4k Xip =X, 1= & xix
N s
4k /) =i ek \Tak T X4 l—g /x4,kx4,j

y ﬁl—gz/x;kxlj l_[x4k X3, l_[x4k X5,j Hl_g /x4kx7j

_ o2 — — Y ,
1 g/)c4 XL x4k X3 Xig X5 1 g/x4ykx7,1

o2 (X4 4 X4,}) (4.60)

1_ﬁu5,k—u6,+% K X5k — Xg

B Ms,k—ué,J—%jzlxs,k—x;j’

| — T Uk — Up lﬁuék u5]+% K7 uék_um.,.%
j=1,j#k Ue k — Us,j +1 i Mﬁk—usj—%jzl Uek — U7 — 5
K¢ i Ky

2 +
_1—[ Uz —ue,jt ;3 l—[ l—g /x7,kx4,j
= - =

. _ 1 ) ]
o Mk — e = g o L= 87 X xy

The scalar factor o(u, v) occurring on the right-hand side of the fourth equation is the
so-called dressing factor and is closely related to So(pi, p2) in (4.45)

_ g
x"(u) — x+(v) - xT(u)x—(v)

So (u, v) = O =) T xﬁ(;;;(u) o (u,v). (4.61)
In [42] its most general form was advocated to be
o (u, v) = exp(2if (u, v)), (4.62)
where the phase 6 (u, v) is given through
o0 o
O up) =Y Y Brretsan(@) (@r ) grrsan () — qr () qrersn () - (4.63)

r=2 v=0
In [7], based on the transcendental properties of the scaling function and homogeneity of its
power expansion in g, the explicit form of the coefficients ;. ,+142,(g) Was proposed

o0
Brreiian(g) = Y g 2 grmi (4.64)
n=v
where

B =0 for p<r+v—1, (4.65)
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together with
(r+v-+12) vy 7 — D(r +2v) 2u+1 2u+1

=2(—1 R S 2 +1). 4.66
BUE, = 2(=1) sl (RN | M {ETER) (4.66)

It turns out that the dressing factor contributes at weak coupling starting from the four-loop
order only, see [43]-[45]. The excitation numbers, similarly to the one-loop case, are uniquely
determined through the labels of the state in question. The explicit relation for the all-loop
Dynkin diagram reads

3(L=B) = 3p— 1341 +q2)

ii 00— 3(p+s1) — 181 +q2)

K, Ag—3(L—B)—3p—3Bq1+q)
Kil=|A0—p—5@1+q) . (4.67)
? Ao~ (L +B)—Lp—1g+3q)

k] | 3801+ — @ +3)

5(L+B)—5p—1(q1 +3q2)

The expression for the anomalous dimension (4.51) is generalized as follows:

K4
1 1
ABA __ 2ABA+ 4ABA+._.=22 < — > (468)
Y &N &N 8 ]2:1: (x*(uy)  (x~(u;))

As it was discussed in the preceding section, starting from the order O(g*") one needs to
take the wrapping interactions into account and consequently equations (4.60) are generically
not reliable starting from this order. In some subsectors, as for example in the case of
the sl(2) subsector discussed in the following section, the wrapping corrections are delayed
by supersymmetry and the asymptotic Bethe equations (4.60) remain valid up to the order
O(g?*?). In this paper all quantities that have been calculated with the help of the asymptotic
Bethe ansatz will be marked with the label ‘ABA’.
The higher conserved charges are given by

& < 1 1
ABA __ ABA (1) — D02 — . 4.69
Qr qu (”J) 8 ; <(x+(uj))r—l (x—(uj))r—l) ( )

j=1

For symmetric root distribution all odd charges (4.69) vanish.
Physical solutions of the system (4.60), that is solutions that correspond to physical states
of the theory, must have different values of the rapidities at each nesting level

Vji#k: U U n=1,...,7 (4.70)

since in the opposite case the corresponding wavefunction vanishes.

5. Analytical properties of twist operators

Twist operators have played a major role in performing tests of the AdS/CFT correspondence
since they are conjectured to be dual to the so-called spinning string on the AdSs x S°, which
in some limit may be treated semiclassically. In this section we will review the analytic
properties of twist operators.

30



J. Phys. A: Math. Theor. 42 (2009) 254002 A Rej

5.1. The sl(2) subsector

The s1(2) subsector is a closed subsector, with operators being composed from scalar fields Z
and covariant derivatives D

Te(DMZE) + - ... (5.1

The dots in (5.1) stand for all possible permutations of the derivatives over the Z fields with
suitable coefficients in front. The length of these operators is equal to the number of the Z
fields (see 4.1.2) and the covariant derivatives D should be interpreted as excitations on the
Tr(Z%) vacuum. The number of excitations is unbounded M = 0, 1, 2, ... and may exceed
the length of the operator. This is due to the fact that the s[(2) representation is infinite
dimensional. The simplest operators in this sector are composed of two scalar fields and
arbitrary number of covariant derivatives

Te(ZDMZ) + .- .. (5.2)

The weights of the s[(2) operators can be immediately read off from their field content
(5.1). The labels of the primary state must be, however, slightly shifted in order to comply
with the unitarity [34]

{A07S17s25q15 p’q27BaL} == {L+M— 19M_ 17M_ 1’ 13L _27 1507L}~ (5‘3)

This corresponds to the action of some lowering operators J ~ in (4.18). A twist of an operator
is defined as

T=A —%(sl+s2). 5.4)

According to this definition the twist of these operator is equal to L.

The closure of the s[(2) subsector is also reflected in the compact form of the corresponding
Bethe equations. It follows from (5.3) together with (4.67) that the excitation numbers on the
all-loop diagram (figure 6) are given by

{Ki, Ky, K3, K4, K5, K¢, K7} ={0,0,M — 1, M, M — 1,0, 0}. (5.5)
Since the third and the fifth equations can be written as
P(x3) =0, P(xsx) =0, (5.6)
with
M M M—1 M—1
Px)=]](x-xi)) ]_[ —xp=c[]a-xmp=c[[ex—uxs). (5.7)
j=1 j=1 j=1 j=1
one concludes that
X3,k = X5,k for k=1,...,M—1. (58)
Moreover, it follows from (5.7) that
P(xzk)_ “ xz,k_xét_,j_ X Hx4k_x5k (5.9)
P(x;,k) j=1,j#k x4_,k _XI,,‘ j=1 4_k — X3k x4k — X5k

This identity allows us to reduce the system of three equations to the equation for the main
roots us ;. k =1,..., M only

+\ L M +1 — 2
(x—'i> oy &I oxp 2i0 g, ). (5.10)

— — o2 /x” +
Xy ik xp—x; 1—g%/x;
i#k
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On the solutions of this equation one needs to impose the momentum constraint

M

X
]‘[ =1. (5.11)
k=1x

At the one-loop order equation (5.10) reduces to the Bethe equations of the non-compact
XXX _ 1 spin chain

i L M .
up+ 3 up, —u; —1i
( 21) :]‘[’“—J,. (5.12)
Up — 5 il uk—uj+1
J#k

a‘||”+

The non-compactness is due to the covariant derivatives, which can occur in arbitrary number
at each lattice site.
The Baxter equation, cf (3.75), corresponding to (5.12) takes the following form:

iNL iNL
(u+%) Q(u+i)+<u—%) 0@ — i) = 1 () Q(w), (5.13)
where 1 (1) = T® (u) is the eigenvalue of the auxiliary transfer matrix
t) =2ul + g ut 2+ 4 g, (5.14)

The coefficient g;_; is always zero and g;_, corresponds to the eigenvalue of the Casimir
opertor

g2 =—Jo(Jo+1) — 3L, Jo=M+1L. (5.15)

The remaining charges ¢,,r = 0, ..., L — 3 constitute a complete set of quantum numbers
that describe uniquely any given state. Equation (5.13), after fixing the charges, is a difference
equation of the second order and thus has two algebraically independent solutions. One of the
solutions is, however, non-polynomial and we exclude it by the ansatz

M
Q) = [ Ju —up. (5.16)
j=1

Given a solution, the one-loop anomalous dimension (4.51) can be found from

ABA 2 ’ i / i 4
Yyt =12g <Q <§> -0 (— 5)) +0(g"), (5.17)

as can be easily checked using (5.16).

A very interesting feature of twist operators is their scaling behaviour for large values of
the spin. This was first observed in [46] at the one-loop order and was confirmed to hold to all
orders in [47] and [7]. More precisely, the limit is defined through M — oo, with L growing
slower than logarithmically with M. The anomalous dimension to the leading order is hence
given by

A—Ag=y(g) = f(g)logM + - -- L — o0, M—oo0 L<KlogM. (5.18)

The universal scaling function f(g) depends only on the coupling constant g and coincides,
at least up to three-loop order (see [47]), with the L = 2 scaling function. We will discuss this
limit in detail in section 7.
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5.2. Twist-two operators

In this section we will discuss a special case of L = 2, in which the anomalous dimension may
be found in a closed form as a function of M. We start by noting that in this case the transfer
matrix takes a particularly simple form

tw) =2u* — (M*+ M +1), (5.19)
and the difference equation (5.13)
i\* i\ 1
(u N 5) O +i)+ <u _ 5) O —i) = (2142 - <M2 M 5)) 0w) (5.20)
is solved by the continuous Hahn polynomials
Q) =3F(—M, M+1,5 —iu; 1,1; 1). (5.21)

The Bethe roots are simply zeros of this polynomial (see (5.16)). It is easily seen that for twist-
two operators M must take even values since the roots of (5.21) do not obey the momentum
constraint (4.49) for odd M.

Using the formula (5.17), one finds

YU (M) = 8g2S1(M) + O(g™h), (5.22)

where S; is the harmonic sum
M
Si(M) =) 1 (5.23)
j=1

Formula (5.22) determines the anomalous dimension of twist-two operators as a function of
the spin M, a rare occurrence even at the one-loop level.

At higher loops it is also possible to reformulate the Bethe equations (5.10) in the form
of the Baxter equation, see [48]. This allows us to expand and subsequently solve the Baxter
equation order by order in perturbation theory, see [49]. In this paper, however, we will
not present these solutions, but rather concentrate on the corresponding expressions for the
anomalous dimension. Remarkably, one can guess them in a fairly simple manner using the
so-called transcendentality principle. This method was introduced in [50] and is based on
the previous observations made in [51]. It assumes that at each order of the perturbation
theory £ the anomalous dimension is expressed through the generalized harmonic sums of the
order (2¢ — 1), or through the products of zeta functions and harmonic sums for which the
sum of the arguments of the zeta functions and the orders of the harmonic sums is equal to
(2¢ — 1). The generalized harmonic sums are defined by the following recursive procedure
(see [52)):

M M

Sa(M) =" Gent@)’ Saoa, (M) = Sen@)) g ). (5.24)

ja cap A2
j=1 Jj=1

The order £ of each sum S, 4, is given by the sum of the absolute values of its indices

.....

= lai|+---lan, (5.25)

and the order of a product of harmonic sums is equal to the sum of orders of its constituents.
The canonical basis of the harmonic sums of ¢ th order is spanned by

{Sa“ ) SaZl-“ZZ’ L} Sa“,a“,.“,au :

€= lan| = lax| +lan| = = lau| + lan| +- - + |ag|}, (5.26)
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where M dependence of the sums is implicit. Each ¢ th order product of harmonic sums can
be decomposed in this basis.

We will discuss the aforementioned method of determining the higher order corrections to
the anomalous dimension of twist-two operators taking the two-loop order as an example. In
this case, according to the transcendentality principle, the order of the allowed harmonic sums
is three (the products of zeta functions and harmonic sums do not contribute at this order) and
thus the basis (5.26) takes the following form:

{83, 83, S2.1, S1.2, S—2.1, S1,-25 S0, S—12, S—2.-1, S—1,-2,

St S—rts St—11 St -1, S—r -0 S—n -1 St—1,-1, S—r - -1} (5.27)
It was conjectured in [53] that the index —1 does not appear in the harmonic sums contributing
to the anomalous dimension. Although some Feynman diagrams may lead to harmonic sums

with index —1, their total sums should cancel. Moreover, each sum for which its first k indices
are equal to 1 scales in the limit M — oo as

St g an (M) = #1og" (M) for M >> 1. (5.28)

One thus concludes that in view of the scaling properties of the anomalous dimension (5.18)
also S;,1,1 may not contribute to this order. The physical basis of the harmonic sums at the
two-loop order is consequently a small subset of (5.27)

{83, 83, 8,1, 81,2, S—2.1, S1,-2}- (5.29)

The two-loop y,;** anomalous dimension can be expanded in this basis

Vit (M) = 1 S3(M) + c2S_3(M) + 3821 (M) + c4S12(M) + c5S_2 1 (M) + c6S1,—2(M)
(5.30)

with ¢y, ..., ¢ being coefficients one still needs to determine. However, it is possible to find
the two-loop correction to the anomalous dimension for the first few values of M from (5.10)
together with (4.68). This is further simplified due to the fact that the one-loop roots are
known, see (5.21). Expanding the roots to the two-loop order in (5.10)

ue = ul + g2’ + O(g*), (5.31)
one finds using (5.12) a linear system of equations for u,(cl), which can be easily solved with
the help of any algebra program (e.g. Mathematica). The coefficients cy, ..., cg may thus be
easily determined

v (M)

BT S3+ 83 —2(S12+285,1) — 25 2. (5.32)

It is only a bit more involved to repeat this procedure for the three-loop correction, with the
result being

ABA
Y6 (M)
= =28 +285 5 —4(S14+ S4,1) — 5(S23+ 832) +4(S122+ S212+822,1)

64
+4(S300+ 8131+ 8113) — 4541 —285 3 20— 832—285 2 3—881 4
=283, 2—98 3+285 5 51 +285 51, 2+881 31 +281 2 2+28 2>
+ 12S1,1._3 + 451,2’_2 + 652,_2’1 + 452,1’_2 — 851’1,_2’1. (533)
The both expressions (5.32) and (5.33) coincide with the field theory computations, see [53]
and [51]. The effectiveness of this method can be, however, appreciated starting from the
four-loop order, where the usual perturbative calculations become very involved. In [50]

the four-loop contribution to anomalous dimension was found. We reproduce this result in
table 1, where in the last row the contribution of the dressing phase was printed in boldface.
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ABA
Table 1. The result for %, see [50].

45 7+6S87+2(S_313+5322+8-331+5241)+3(=S_25

+8-23,-2) +4(S—214 —S-2-2-21—8-212-2—5-221-2—51,-213
=81,-222 = 81,-23.1) +5(=8-34+ 52, 2-3) +6(=S5 2

+81,-24 —S-2,21,-2—81,-22,-2)+7(=8S2,5+8_322
+82,-3-2+82-23)+8(S_412+S-421—S55-2—S543

=S 21,-2-2+S81,-21,1,-2) +983, 2,2 — 1081 22, 2 + 11832 2
+12(=S-61+S-22,-3+S14—2+S84, 21 +S41,—2—5-311,-2 —5-22,-21
=$1,1.23 —=S81.1.3.-2 —=51.132 — 81213 — S1.22,-2 — S1.2.22 — S1.23.1 — S1.3,1,-2
=813,1,2 = S132,1 — 82,212 — 82,221 — S2,1,1,3 — S2,1,2,—2 — $2,1,2,2
—85,131— 522125212 — 8221 —531,1 —S3,1,1,—2 — $3,1,1,2 — $3,1,2.1
—=832,1,1) + 1382, 23 — 1482 21,2 +15(823,2 + $3.2,-2)
+16(S—41,—2+S—2.1,-4—S-2-212—5-2-221—5-21,-22—5211-3
=S1,-3.12 —=S1,-321 —=S1,-2,-22 — S2,—2.—2.1 + S—2.1.1.-2.1 + S1,1,-2.1,—2
+81,1,-2,12 + S1,1,-2,2,1) — 17852 + 18(—=84,—3 — S¢,1 + $1,-3,3)

+20(=S1,—6 — S1.6 — S43+S—5,1,1 +S—4,21+S5S-3 22+ 5241
+8-2,32+8133+83,13+ 8331 —S1,1,-23 — S1,2,-2,—2 — $2,1,-2,-2)
—21834+22(S1,—2,—4 + 5223+ 8232+ 83,22+ 8322) +23(=5-3,4

=852+ 82,-2,-3) +24(=S-4, 3+ S1,—4.—2— S1,-31,—2 — S1.1.1.4 — S1.1.4.1
=813,-21 = S141,1 — 83,211 — 31,21 — Sa111+ S22 11,1+ S-2,1,-2,1,1
+S1,—2. 21,10+ S1,-2,1,—21 + S1.1,—2,—2,1 + S1,1,1,—2,—2 + S1.1.2,-2,1 + S1,2,1,-2.1
+82,1,1,-2,1) + 2582, 3,2 +26(—=S25 + S1,42 + S2,4.1 + S4,1,2 + Sa2,1)
+28(S124+ 82,14 — S—3.1,-2.1 —S-2,1,-3.1 — S1,-2,1,-3) +30S5_3.1,—3
+32(S1,50 + 85,11 — S—3,-2.1.1 — S-2,-3,1.1 — S1,-3,-2.1 — S1.-2.-3.1

=82, -21+S12, 21,1+ 521,211 — S1,1,1,-2.1,1) +36(S1,1,5 + S1,3,-3

+83,1,-3 = S1.1,-3,-2 =S1.1.-2,-3 —=S1.1.2.-3 =S1.2.-2.2 —S1.2.1,-3 = S2.1,-2.2
—$2,1,1,-3) +388_3, 3,1 +40(=S51,—4,1,1 — 82,-3,1,1 + S1,1,1,-2,2)

—4183 4 +42(=82,—5 + S1,—42 + S1,-3,-3) +44(S1,—5,1 + S2, 32+ 83,-3.1)
+46822, -3 +4881,1,-3,1,1 + 60(S1,1,—5 — S1,1,-32) + 6252, 4.1 + 6451,1,1,-3,1
+68(S12,—4+82.1,-4 — S1.2,-3.1 — $2,1,-3,1) — 7281,1,1,—4 — 80S1,1,—4,1
—¢(3)S51(S3 —S_3+25_21).

In the following section, we will use this result in order to test the veracity of equations (5.10)
since one expects the wrapping interactions to contribute at this order.

One can also use the above procedure in order to determine the higher conserved charges.
It turns out that the £th loop correction to the 2rth charge Q,,'* is composed of harmonic
sums of the (2¢ + 2r — 3)th order. Since harmonic sums of different orders are algebraically
independent, this confirms the algebraic independence of the higher charges and furnishes an
indirect proof of the asymptotic integrability.

5.3. The one-loop nonlinear integral equation

In this section we will introduce the concept of the holes which are dual excitations to the
magnons. With the help of the counting function we will rewrite the one-loop Bethe equations
for the s[(2) subsector in the form of a nonlinear integral equation. This new representation
allows us to understand the integrability from the ‘dual’ side and to investigate analytically
many limiting cases.

14 All odd charges vanish due to the u — —u symmetry of the root distribution.
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5.3.1. Magnons and holes. Using the ansatz (5.16) the left-hand side of the Baxter
equation (5.13) becomes a polynomial of the (L + M) th order and according to the fundamental
theorem of algebra it must posses (L + M) roots. Putting

U = U k=12,...., M, (5.34)

the right-hand side of (5.13) vanishes and one obtains the Bethe equations (5.12). The
remaining L solutions are roots of the transfer matrix eigenvalue # (1)

L

t(u) = 2]_[ (e —u). (5.35)
These additional roots will be called holes in what follows. For u = ul((k) the Baxter
equation (5.13) gives
k) i M (k) .
u,’ +x —u;—
<%) :H% k=1.2,....L. (5.36)
U — 3 j=1 U T U1
JFk

The right-hand side of this equation contains the product over the usual Bethe roots and
consequently the hole roots may be found only after the Bethe roots are determined. This is
related to the fact that the charges ¢, discussed in the previous section, may be expressed
through the Bethe roots uy, as can be seen from (5.13) together with (5.16). By comparing
(5.14) and (5.35) one concludes that

Z ul = (5.37)

which corresponds to the momentum constraint (4.49) for the holes. Intuitively, one can
consider the hole roots as rapidities of the Z fields. We will discuss this point below.

In what follows we will confine ourselves to the ground states (states with the lowest
anomalous dimension in the sector) and to even values of the Lorentz spin M, in which case
both the magnon roots and the hole roots are real and symmetrically distributed around the
origin. We will further assume that L <« M. The charges g in (5.14) depend in general on
M, however for the assumed values of parameters it was shown in [46] that the second charge
q» is strongly dominating. This implies that two hole roots are much bigger than the other

uV @ |2 M
=—u - —. (5.38)
In order to derive an integral equation we rewrite the one-loop equations in the logarithmic
form

2L arctan Quy) = 2an; — 2 arctan(ug — u;), (5.39)

where we have chosen Arctan branch of the logarithms and grouped the roots as follows:

= k=13 M-l (5.40)
U_ = —Ug —2,2,..., ) . .
In [47] it was conjectured that the mode numbers n; of the ground states are given by

-2 1 3 M—1
sgn(k) for k=+-+— + .

=k+
T 272 2

(5.41)
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The value of the roots grow monotonically with n;. The mode numbers of the hole roots, as
we will show below using the counting function, can be splitted into two groups. The two
universal holes have large mode numbers

w1 L+M-—1 02 L+M—-1
ny = — ny” = — (5.42)
The rest of the hole roots fills the gap around zero, opened by the distribution of the magnon
roots
P L-3 L-3
nhe{—TT} (5.43)

Hence the following inequality between magnon and hole roots is satisfied

| > el > uy” (j #1,2). (5.44)

5.3.2. The counting function and the nonlinear integral equation. A particularly suitable
quantity to describe simultaneously magnons and holes is the scaling function, see [54]. In
the case of the s[(2) operators it is convenient to adopt the following definition (see [55]):

1 < . [iE+u
Z(u)=Lop\u, = |+ Z ¢ — ug, 1), where ¢ (u,§) =ilog| - . (5.45)
2 My ™ i€ —u
The origin of its name is due to the relation
Z(+00) = £ (L + M) (5.46)

in conjunction with

. 1 M—1
Zuj)=nm2n;+68—1) ]Z:l:z,...,:l:T (5.47)
Z(w) =x(2n" +8 - 1) k=1,...,L, (5.48)

as can be easily confirmed using (5.45) and (5.12). Here, we have introduced
§ =L mod?2. (5.49)

Therefore Z(u) is a continuous function which, whenever u is equal to the magnon or the hole
root, returns the corresponding mode number. With the help of the counting function it is
straightforward to determine the expression for the mode numbers of the holes. Directly from
(5.41) together with (5.46)—(5.48) one confirms the validity of (5.42) and (5.43).

The derivation of the nonlinear integral equation is based on the following fundamental
identity (see [54] and references therein):

M L . x4
L) == [~ Srwzws |
k=1 j=1 - -

*du , 8 iZ(u+i0)
;f (w)Imlog[l +(=1)°e 1,

o0

(5.50)

which can be proven by contour integration methods. Applying this identity to the sum in
(5.45) one finds after performing Fourier transformation [55] the integral equation for the
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scaling function'

)
Z) = iL log ~4/2 %10 Z ilog —1(” u))
T (1/2— i) —u?)
+ lim d—viilog Mlmlog[l + (—1)% &2+, (5.52)
a—oco |, w du ['Gi(u —v))
The nonlinear term must be regularized due to the asymptotic behaviour of the integrand. It
should be stressed that the nonlinear term may not be integrated by parts, else the equation
would become linear what contradicts the nonlinearity of the Bethe equations. The reason
for this is discontinuities of the term Imlog[1 + (—1)? el#@“*?], which need to be taken into
account while integrating.
The identity (5.50) allows us to express all higher charges (4.69) through the counting
function Z(u)

0, = —/—qp(u)Z(u) qu ! /i—vq;(v)lmlog[l +(=1)2 & Z0H0] - (553)

j=1

Here, g,(u), p = 1,2, ... denote the corresponding charge densities. The first charge also
needs to be regularized

s
a—00 —u

P = lim —/ —P(M)Z(u) Zp e / d”p/(u)lmlog[l+(—1)5eiz<"+i°>]
_ <

(5.54)
with p(u) = ¢;(u) being the momentum density of a magnon
1 +1/2
p(w) = +log L2 (5.55)
1 u—1i/2
Using the antisymmetry of Z(u) and p(u) one finds the usual momentum constraint (4.49)
P=0. (5.56)
In a similar manner, the one-loop anomalous dimension y;** is given by
ys™ =4yl +2 Z v (172 +iu)) + v (1/2 —iu”)}
j=I
® dv, d? r'{1/2+iv) L
+2 [ —i— (log ————— ) Imlog[1 + (—1)? &0+, 5.57
/mnldvz(ogF(l/Z—iv)>m0g[ DT 67

where yg denotes the Euler—Mascheroni constant.

Equation (5.52) together with the equation for the holes (5.48) and the mode numbers
(5.42) and (5.43) are completely equivalent to the Bethe equations (5.12) for the ground
states'®.

15 Due to superficial divergencies, it is more transparent to apply (5.50) to the second derivative of the corresponding
sum subsequently integrating twice. The integration constants are fixed by antisymmetry of Z(u) and

lim Z'(u) = 0. (5.51)
U—>00

16 The generalization to all operators in the sector is fairly simple, though we will not consider it in this paper.
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As it was shown in [55], the last term in (5.52), which we will call Imlog-term in what
follows, at large values of M and for u << M can be approximated through

“dv.d I'(—i(u — o

fim [ 9% 10 DI T VD p el + (<) 2040] ~ 2100 24, (5.58)
a—oo J_ m du ' —v))

Therefore the equation for the ‘small’ holes (5.48) ul(lj ), Jj =3,4,..., L takes the following
explicit form:

L
r (5 +iuy ) _ ﬁ T (i —uj)) 5.59)
r (l B i“k(lk)) s T =) '

The product on the right-hand side runs over all hole roots, while the equation itself is valid
for k = 3,4, ..., L. This equation was first derived with the help of the Baxter equation in
[46], where also its solutions have been studied in detail. In particular, it was shown that the
small hole roots ul(f)(j =3,4,..., L) scale like

L L?
3 @ (L) =
max {uy”, uy’, ...y }~clogM+O(log2M> (5.60)

when M > 1.

All physical quantities can be expressed through hole rapidities and therefore holes can
be considered as dual excitations of the spin chain. Since the number of holes is equal to the
number of Z fields, this suggests to identify them with the Z fields. In the dual description
the Z fields scatter on the (unphysical) Tr(D¥) vacuum. Thereby two of the holes move very
fast and scatter with itself and the remaining slow holes uflj ), j=3,4,..., L. Itis instructive
to note that for the twist-two operators there are no slow holes and the scattering of the fast

holes can be seen as the two-body problem. This clarifies the exact solvability in this case.

5.3.3. The thermodynamic limit. In the case of compact spin chains one usually defines
the thermodynamic limit by taking the length of the spin chain to be infinite. Non-compact
spin chains offer, in addition, the possibility to take the number of excitations very large, as
compared to the length. In the context of the AdS/CFT correspondence this is often much
more interesting than the usual thermodynamic limit. In this section we will assume L — oo
and M — oo such that

L <M. (5.61)

For these values of L and M the mode numbers are explicitly known, see (5.41).

It was conjectured in [56] that in this limit the magnon roots densely cover the interval
(—00, —a) U (a, 00)."” Therefore it is appropriate to introduce the density of roots. We define
it through

> s —uy), (5.62)

- 2

1
po(u) = M
j

from which the normalization condition follows

(/_a+/oo> dv po(v) = 1. (5.63)

17 Accordingly, one may show using the properties of orthogonal polynomials that the roots of (5.21) condense on
the whole real axis when M — oo.
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Each sum over the Bethe roots can be expressed through the density as follows:

<

—1

2 —a u(M)
Y ) =M(/ +f )dvpo(v)fw), (5.64)
i —uM) Ja
- 2
where u (M) denotes the boundary of the magnon distribution
lim u(M) = oo. (5.65)
M— 00

Some expressions, as we will see below, need to be regularized with u(M).
The mode numbers (5.41) can also be obtained from the function'®

M—

2

n(u) =——+ O(u—u;)+ sgn(u), n(uy) = ny. (5.66)
i j

|
:M“

j= Ml

N‘

One then notes the following relation between n(u) and the density:
L

M
Thus in the limit M — oo,cf (5.47),

_14d — 2 onw) 5.67
po(u) = W (n(u)— 2 Sgn(u>. (5.67)

1 d
MEZ(M) =2mpo(u) + 2w

Upon differentiating (5.45), one obtains with the help of (5.64) and (5.68) an integral equation
for the density

L-2 L 1 —a (M)
2mpo(u) + 27 S(uy— —————2 </ dv _,_/ dv) po(v)

M MM2+Z u(M) (u—v)2+1:
(5.69)

This equation must be supplemented with the normalization condition (5.63). We will discuss
equation (5.69) in detail in section 7.

It follows from (5.60) that in the limit (5.18) three cases should be distinguished. In the
first one L is kept fixed or goes to infinity slower than logarithmically with respect to M. Then
a = 0. In the second case L = jlog M and according to (5.60) the boundary parameter a is
constant @ = a(j). The last case applies to L diverging faster than logarithmically, when a is
non-constant anymore and grows with M. We will not discuss the last case in this paper.

(=2 5.68
i (u). (5.68)

5.4. The nonlinear integral equation at higher orders

In this section we will generalize the nonlinear integral equation to higher orders of the
perturbation theory.

Similarly to the one-loop case the counting function is defined as the logarithm of the
corresponding Bethe equations (5.10)

. M .
2+ +u—
—x(l/ “) +1 E log e

Z(u) =iLlog X(/2—uw) =T =)

M 1+ 3—2 M
_ i Z log X(I/2+M);2(1/2_Mk) +2 Z 0(u, ug). (5.70)
k=1 1+ x(i/2—u)x (i/2+uy) k=1

18 This continuation is, contrary to the counting function, not smooth for finite M.
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With the help of (5.50) one obtains the desired result
x(i/2+u)

*© dv
+/ —¢ w—v,1)Z(v)
oo 2T

o0

: j % dv N
- E du—u, 1) — f —¢'(u — v, DImlog[1 + (—1)% el Z"+0]
b4
j=1 —o0

2

® dv d I+ 5 p—
+/ - Zid—logw — 0@, v) | Z(v)
—o0 & v L+ emmoriam

2
= I+ >g<'/2 W)
. x(1 u)x(1/2—u j
+Z 2ilog 7 b —9(u,u1(]’))
p T

2
© du d 1+ +
_/ bt Zid_logw_e(”’”)
—oo T v 1+ xG/2=u)xi/2+v)

x Imlog[1 + (—1) e!2@+0], (5.71)

Contrary to the previous case (5.52), linear terms in Z occur on the right-hand side of this
equation. This is due to the fact that the integral kernels are not of a difference form anymore
and cannot be diagonalized simultaneously with the Fourier transform.

The mode numbers are not influenced by quantum corrections as long as the coupling
constant is small, and thus the relations (5.48) remain valid beyond the one-loop level.
Equation (5.71) together with (5.48) is fully equivalent to the asymptotic Bethe
equations (5.10) for the ground states.

The all-loop counting function (5.70) exhibits similar properties to its one-loop
counterpart. In particular

1 d (L—-2)

MEZ(M) =2mp(u) +2m i

with p(u) being the all-loop density.
Equation (5.71) can be further simplified by performing a Fourier transformation.
Defining

S(u), (5.72)

o8]
F@) = / due ™ F(u), (5.73)
—00
one finds after partial diagonalization
L L ()
. 2 Le: 27 cos (tuy’”) 2,
Z(t)y = —Jo(2gt) — — L(t
0 = @ =1 08N 2. te—1 o—_1-®

j=1

r 00 , L j
1822 1/ dt’e'2K(2gt,2gt’)(t’£(t')+12 cos (t,u;n))
1

e — 0 j=1
— 492 1 / dt' e~ 51 K 2qt, 281 2 (1), (5.74)
e —=1Jo
where £ (1) is the Fourier transform of
L) = Imlog[l + (—1)° 2@+, (5.75)
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The kernel K (¢, t') is defined through (see [7])

K@, 1) =Ko, t)+ K (1, ) + Ka(2, 1), (5.76)
with

Rttt — tJy (r)JO(rtz — i 2Jo(t)Jn (") (5.77)
and

Ry 1y = D0 — thOLE) (5.78)

t2 — t/Z

The dressing kernel K4(, t') corresponds to the dressing phase (4.63) and is a convolution of
the both previous kernels

"

K Qgt", ). (5.79)

t”

Ra(t, 1) = 8g2/ dr" K, (¢, 2gt") ———
0

The asymptotic conserved charges can be expressed through the counting function in a similar
manner to the one-loop case

dv dv
Q:BA — _/ q;BA/(v)Z(U) ZqABA (J) / - ABA/(U)ImIOg[l +( 1)8 IZ(U+10)]

(5.80)

where g, (1) is the all-loop charge density (4.69).

According to equation (5.74) the function Z(r) exhibits a first-order pole at 1 = 0. The
reason for this is the asymptotic properties of the counting function (5.70), which is Fourier
transformable only in the principle value sense, similarly to arctan(u). Equation (5.74) is
particularly suitable to investigate different limits in L and M.

6. Dynamical tests of the asymptotic Bethe ansatz

In this section we will carry out dynamical tests of the asymptotic Bethe equations of the s[(2)
subsector. For this purpose we will apply the BFKL equation originating from the high energy
QCD. This equation, which was derived by analysing leading contributions to the hadronic
scattering amplitudes, predicts the pole structure of the anomalous dimension of twist-two
operators. With the help of the four-loop result presented in the previous section we will
demonstrate that the asymptotic Bethe ansatz is invalid at the wrapping order. This supports
the hypothesis that if the system remains integrable the wrapping interactions must modify
the structure of equations (4.60).

6.1. The BFKL equation and the double logarithmic constraints

An important problem in the theory of hadrons is to determine the behaviour of the scattering
amplitudes in the so-called Regge limit, when the invariant mass s is much bigger than ¢

§>> —1 ~ M2, (6.1)

where M denotes the mass scale of hadrons. Regge discovered that in this limit the high-
energy scattering in quantum mechanics is governed by singularities in angular momentum
of the partial waves. Later on, this phenomenon was understood to apply to quantum field
theories as well and in particular to the scattering theory of hadrons. Let A(s, ¢) be a scattering
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amplitude. The decomposition into partial waves can be performed with the help of the Mellin
transformation (see [57] and [58] for pedagogical reviews)

Als, 1) = is /M do (i)w Aw, D). (6.2)
5—ico 271 \ M2
Every pole wy of the partial wave A(w, ¢) contributes to the amplitude A(s, ¢) the term
ft)s™, (6.3)

where f(¢) is a function of ¢ only. Therefore, knowing all the poles one can reproduce the
asymptotic behaviour of the scattering amplitude. The nearest (dominating) pole is often
called the Pomeranchuk pole.

In the limit (6.1) it was shown, see [58] and references therein, that any 2 — 2 scattering
in the Regge limit (6.1) can be represented in the following form:

[e.¢]
A, 1) =1 as((10g$)” frum(®) +a(@1ogs)" ™" fum 1)+ -+ 0" fru0(1) + O(s°),
m=0

(6.4)
where o denotes the coupling constant. The analytic structure in the s plane is related to
the convergence properties of this series and can be determined only after resummation.
Generally, for the QCD or the N = 4 SYM, the function f,, ,(¢) cannot be found explicitly
and one is forced to make certain approximations. To the leading order one may neglect all
coefficients except for f,, . This is the so-called leading logarithmic approximation (LLA).
In next-to-leading logarithmic approximation (NNLA) one takes additionally f, ,,—; into
account, etc. It turns out that in the LLA approximation the hadronic scattering amplitudes
are dominated by interacting gluons propagating in the ¢ channel. These gluons due to their
mutual interactions form collective excitations (see [59-62]), the so-called reggeons. To each
reggeon corresponds a sum of infinitely many Feynman diagramms. The scattering of two such
excitations is equivalent to taking the LLLA appoximation and more generally one can refine the
approximation scheme by taking further reggeons into account. It was found in [59-62] that
the gluon—gluon partial waves obey an integral equation (the so-called LO BFKL equation),
which upon iteration describes the contribution to the scattering amplitude coming from a pair
of regeeized gluons. Subsequently, the complete basis of the homogeneous BFKL equation
was deterimined [63], which allowed to derive a functional equation for the eigenvalues. Due
to the fact that solely gluons determine the leading behaviour of the scattering amplitudes, a
similar equation may be found in other gauge theories.

Although N = 4 SYM theory does not have hadrons in its spectrum, it is still possible to
formulate mathematically the BFKL equation, see [53]. Roughly speaking, the pomeron of
the N' = 4 gauge theory is described by the non-local gauge-invariant operator

pomeron = Tr (ZD’””Z) , (6.5)
where the parameter w is assumed to be small. It can be shown, see [53], that the anomalous
dimension of this operator (for o — 0) in the LLA approximation can be found through the
LO BFKL equation

%gzzw(—%)wz(ng)—zwl), (6.6)
where W (x) is the psi function. Due to the resummation of infinitely many Feynman diagrams,
the BFKL equation determines non-perturbatively the leading singularities. The perturbative
solution can be obtained by expanding in y

w 2 > Y\ 2k
=, 2y (5) 2k +1), 6.7)
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and subsequently substituting the perturbative expansion of the anomalous dimension

v(@)=gr+g'va+glvs+ - (6.8)
To the first few orders one finds the following perturbative expansion around w = 0 :

452 402\ 2 4.2\ 3 A2\ 4
y=2< 48 )-0( 4g) +o( 4g> —4§(3)( 4g) t.... (6.9)
w w w w

It should be noted that the LO BFKL equation predicts the order and the residue of the leading
pole at each order of the perturbation theory. In order to find the sub-leading poles one would
need to go beyond the leading approximation scheme.

The quantum numbers of (6.5) can be formally obtained through analytic continuation in
M of the corresponding quantum numbers of twist-two operators

2,3,..)3M > M=—1+o. (6.10)

In this sense one can also interpret the state (6.5). This is supported by the well-defined
analytical properties of the anomalous dimension and higher conserved charges of twist-two
operators for which closed formulae in M are known. Harmonic sums occurring in these
expressions, as shown in [64], may be continued analytically to the whole complex plain. For
example, the one-loop contribution (5.22) can be expressed through the psi function W (x)

vo =881 (M) =8 (W(M + 1) — W(l)), 6.11)

which is defined for M € C. It was shown in [64] that all nested harmonic sums (5.24) can be
consistently continued to complex values of M through psi functions and higher transcendental
functions. After analytic continuation, every harmonic sum of the order £ exhibits poles at
negative integer values of M and the order of the highest pole is always smaller or equal to £.
In particular, the anomalous dimension of twist-two operators is singular for M = —1. This
allows us to confront the order and the residue of the highest pole with the prediction coming
from the BFKL equation. We will use this opportunity in order to verify the veracity of the
four-loop result, as derived in section 5.2 from the asymptotic Bethe equations (5.10).

Apart from the BFKL equation, which predicts the structure of the poles at M = —1,
there also exist constraints following from the double logarithmic behaviour of the scattering
amplitudes, which enable to predict the leading singularities at negative even vaues of M.
Scattering amplitudes in this limit were studied for QED and QCD in [65-67]. According
to the hypothesis formulated in [53, 68], despite the fact that they originate from the double
logarithmic behaviour, the singularities at M = j — 2 = —r (r = 2, 3, ...) may be predicted
from the generalized BFKL equation

L=xp(—1)+\y(1+1+|n|)—2\y(1). (6.12)

—4g2 2 2

This equation generalizes (6.7) to the case of higher twist operators due to the relation

[n| = T — 2. 1t should be stressed, however, that these higher twist operators are not

embedded in the s[(2) sector and they still have not been fully identified in the N' = 4 SYM

theory.

Allowing for |n| to become negative |n| = —r + 1,7 = 2,4, ... such that

wo=M+r—0 and n|+r —1=Ci(r)e +0w>), (6.13)

one can, after, as explained in [53, 68], replacing the argument of the second psi function by
1+§+|n|l—>l+%+|n|+a), (6.14)
derive the following relation from (6.12):
yQuw+y) = —16g>. (6.15)
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Physically, this corresponds to taking the double logarithmic contributions to scattering
amplitudes ~ (aIn?s)"s~"*? into account.

Equation (6.15) is a polynomial equation of the second order. One of the solutions is
unphysical since the anomalous dimension must vanish when g — 0 and thus

16g2
y=—w+w/l— 62,
w
—4g)) _(—4g)7 | (—4g)° —4g%)"*
_, (A (A’ (et (4e)t (6.16)
1) w3 wd o’

6.2. Dynamical test of the asymptotic Bethe equations

The predictions (6.9) and (6.16) can be compared with the analytic continuations of the one-,
two- and three-loop corrections (5.22), (5.32) and (5.33) and most importantly with the analytic

continuation of the four-loop result. For M = —1 + w one finds
_402 _402\? _402\° _402)4
ym:2< 8>_0< g>+0< g) LT L e
w w w w
Around the negative even values M = —2 + w, —4 + o, . .. one derives
0 Y 2R 2 A 1} 2 AU R T
1) a3 1) 1)

One thus infers that the one-, two- and three-loop leading singularities, as derived from
the asymptotic s[(2) Bethe equations (5.10), coincide with the LO BFKL and the double
logarithmic predictions. On the other hand, the four-loop correction violates strongly the pole
structure predicted by the BFKL equation. After analytic continuation some of the harmonic
sums of the seventh order exhibit poles at M = —1 of the order higher than four. According to
the BFKL equation, however, these poles should cancel each other. This contradiction proves
unambiguously that the four-loop result is incorrect and consequently that the asymptotic
Bethe ansatz (5.10) must fail for twist-two operators at four-loop order. Moreover, this also
confirms that the wrapping interactions must be taken into account at this order.

It turns out that this maximal breaking of the BFKL prediction can be easily traced back
in table 1 since after analytic continuation only the first two sums exhibit poles of seventh
order

1 1 (—1) 1
S7(—I’+a))=—07+0<a?>, S 7(—r+w)=— o +O(5), (6.19)

with r = —1, —2,.... The expansion (6.9) necessitate that coefficients in front of the both
sums should be equal, while consistency with (6.16) fixes these coefficients to 5. On the other
hand, the coefficients following from the ABA are 4 and 6, respectively (see table 1).

6.3. The NLO BFKL equation and the generalized double logarithmic constraints

In this subsection we will briefly discuss refinements of the BFKL and the double logarithmic
predictions. These provide additional constraints on the form of the perturbative anomalous
dimension of twist-two operators and may therefore be used in order to check the validity of
any yet-to-be-found system of spectral equations of the N' = 4 gauge theory.

The leading order BFKL equation discussed in subsection 6.1 has recently been
generalized by including sub-leading effects in the Regge kinematics. This was first calculated
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for the QCD in [69] and later the AV = 4 part of the QCD answer was extracted in [53, 68].
Using the dimensional reduction scheme the NLO BFKL equation may be written as

i =X =880, (6.20)
where
_y (=Y LA
x) =w (=2)+w (1+2) =29 ). (6.21)

3

8(r) = 4x" (1) +6¢3) + 2 Q1) +4x (VX ) = =7 — 40 (-3 ) =40 (14 2).
2
(6.22)

The function ® (y) is given by the following expression:

o0
(=D*

d(y) = W((k+y+1)—w(D] 6.23
) ng[ (k+y+1) =¥ ()] (6.23)
The perturbative pole structure of the anomalous dimension may be found similarly as
in the previous subsection. Since the NLO BFKL equation contains information about the
next-to-leading effects, it predicts the residue of the next-to-leading pole at each order of

perturbation theory. Thus, expression (6.9) is refined to

4.2 402N\ 2 4.2\ 3
y=(2+0w)( 48 )—(O+Oa))< 4g) +(0+;(3)w)< 43)
w w w

(1004 Get0) (52F)
—14¢0B3)+-t@w +.... (6.24)
4 w

This expansion is reproduced through the one-, two- and three-loop results (5.22), (5.32) and
(5.33). At the four-loop order one obtains from (6.24) all together four constraints. The first
three leading poles must be absent (though, exceptionally, the vanishing of the seventh-order
pole implies the vanishing of the pole of the sixth-order) and the residues of two further poles
must coincide with (6.24).

In the publication [70] a conjecture has been put forward, according to which the inclusion
of the NLO and the NNLO corrections to the double logarithmic scaling amounts to modifying
equation (6.15) in the following way:

yQu+y) = —16g*(1 — S1o — (52 + {)w?) — 64g* (82 + & — ST) — 48%(S2 + S_o)y ™.
(6.25)

Harmonic sums in this formula are all functions of (r — 1). It is straightforward to find the
corresponding perturbative pole structure

oo
y=2) c(@)(—4gD)", (6.26)
=1
with the coefficients ¢; given by

1
cilw)y=——=8 —w(Q+S)+---,
w

1 2851 O+ S
FRi LR

o =-—5+— "
ww @ (6.27)
2 651 —4(52 + S2) + 4512 + (Sz + S,Q)
alw=—-——+ 3 +--,
W 10} W
5 208 14+ S — 24Sf —4(S + S_5)
C4(&))=—E+ e + e +oee
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It should be stressed that expression (6.26) together with (6.27) determines residues of the
poles at each negative even value of M = —2, —4, ..., thus allowing us to compare the
residue functions and not single numbers only.

Yet another possibility of testing the validity of the spectral equations offer the reciprocity
relations [71, 72], see also [73], which explain some curious hidden symmetry of the
perturbative corrections to the anomalous dimension of twist-two operators. Surprisingly, the
same relations may be found from the string theory side [74] suggesting their non-perturbative
validity.

Very recently the wrapping correction to the four-loop result, cf table 1, was derived in [75]
by evaluating the first finite size corrections to the string sigma model on the AdSs x S° at weak
coupling. This novel procedure was shown to reproduce correctly the four-loop anomalous
dimension of the Konishi operator, calculated in [76, 77] with the usual perturbative methods,
and the corrected anomalous dimension of twist-two operators has passed positively all tests
discussed in this section!

7. Dynamical test of the planar AdS/CFT correspondence

In this section we will discuss observables of the both sides of the correspondence that can
be defined non-perturbatively and by means of interpolation allow us to test the AdS/CFT
correspondence.

7.1. Interpolating functions

The difficulty in proving the AdS/CFT correspondence is mainly caused by the fact that the
non-perturbative quantization of the A" = 4 SYM theory and the string theory on AdSs x S°
space is currently not understood. Luckily, in special limits we will discuss, one can use
the asymptotic Bethe equations to define non-perturbatively gauge theory observables, which
can be then continued to the results of the string theory obtained from the semiclassical
quantization.

One of the simplest dynamical tests of the AdS/CFT correspondence can be performed
with the help of the %-BPS operators, like Tr(Z%), see section 4.1.2. These operators are
primary fields with respect to the superconformal algebra and are annihilated additionally by
a half of the supersymmetry generators Q. It is thus straightforward to derive from (4.12) and
(4.13) the all-loop relation

Algy=p=L. (7.1)

Since the Cartan labels of the su(4) symmetry algebra do not receive quantum corrections,
it follows from (7.1) that the scaling dimension is protected and non-perturbatively equal to
its classical counterpart. On the other hand, the string theory on the AdSs x S space has
massless excitations which should be identified with the aforementioned BPS operators. Such
an identification was done in [78], confirming the validity of the correspondence in this simple
case.

The asymptotic integrability discussed in section 4 is the first step to the non-perturbative
definition of the A" = 4 gauge theory. With the help of the asymptotic Bethe equations (4.60)
it is possible to calculate perturbatively anomalous dimensions of the operators only up to the
order O(g?*). However, for L — oo one should be able to reproduce the full perturbative
expansion, which could be then continued beyond its convergence radius. Below we will
discuss this possibility and argue that the results can be compared with the predictions of
string theory.
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A particularly suitable subsector for this purpose is again the s[(2) subsector. As already
mentioned in (5.18), states of this subsector with the minimal anomalous dimension scale for
M — oo as"

A—Ag=y(Q) = fP(glogM+---. (7.2)

The universal scaling function®® f(g) is defined in the limit L — oo, L < log M, and thus
in the region of validity of the asymptotic Bethe equations. This scaling function was defined
at the one-loop order in [46] and subsequently investigated at higher loops in [47] and [7] by
means of the asymptotic Bethe equations (5.10). It turns out that the logarithmic behaviour
(7.2) is reproduced by the leading magnon fluctuation density and that this density can be
determined from an integral equation, the BES equation, allowing to find the perturbative
expansion of the scaling function to arbitrary order

8 88 73
= 2 —_ = 2,4 _ 4.6 _ 1 6 4 2 8
fapa(g) = 8g 3TE TS 6(—63077 +4:(3)° ) g

887 s 4 2 104 ..
+32<14175n +37%0) +40{(3)§(5)>g ... (7.4)

At each order of perturbation theory £ only zeta functions and their combinations of the order
(2¢ — 1) contribute, moreover all with the overall sign (—1)**!. The convergence properties
of this oscillating series were studied in [7]. It was shown that the convergence radius is equal
to }1 and that the series admits a natural analytical continuation to the complex plane.

On the string theory side this limit corresponds to the so-called spinning-string, with spin
M on the AdSs space and angular momentum L on S°. The classical equations of motion
in this limit can be exactly solved, as shown in [79-81, 83], and the corresponding solution
can serve as a starting point for the semiclassical quantization. This was performed to the
two-loop order in perturbation theory (in g > 1), resulting in the following expansion of the
scaling function:

3log2 K 1
f@) =dg ="~ 5~ : (1.5)

Here, K = B(2) denotes the Catalan constant. This expansion may be confronted with the
strong coupling expansion of the BES equation. We will discuss this further in section 7.2.3.

The function f(g) is thus the first interpolating observable of the AdS/CFT
correspondence. It is natural to pose the question whether it is possible to find its
generalizations, such that asymptotic Bethe equations (4.60) may once again be used to
define it non-perturbatively. A detail analysis of the semiclassical quantization of string
theory suggests that there exists a natural generalization of (7.2), see [83, 84, 88], when the
length is assumed to grow logarithmically with M

M — o0, L — oo, L =jlogM. (7.6)

In the framework of semiclassical quantization g > 1 and it is also convenient to introduce
the following parameter:

4glogM  4g

7=———= -

. T (1.7)

19 This logarithmic scaling is a special case of the so-called Sudakov scaling, see [82].

201t should be stressed that the scaling function of twist-two operators f®(g) does not need to coincide with the
scaling function of twist-three operators f®)(g), etc. It would be interesting to prove whether the universal scaling
function f(g) coincides with its finite-length counterparts

f@="1P@= % =" (7.3)
Recently, the above equality was confirmed up to the fourth-loop order for f(2) (g)and f ® (g), see [47, 50, 75].
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The classical energy of the spinning string in the limit (7.6) is then given by [83]
Eoy=M+LV1+22+---, (7.8)

and the one-loop correction found in [84] takes the following form:

L 1
(zv/1+22 — (1 +2z9) loglz + V1 +22]

El=——
Ve
— 22 4+2(1+2%) log(1 +z%) — (1 +2z%) log[v/ 1 + 2z2]}. (7.9)

Upon identifying the energy with the scaling dimension of twist operators and expanding in
small j « 1, the following refinement of the scaling behaviour (7.2) can be found from (7.8)
and (7.9)

A(g)—M—L:<4g— —j———+—+~-~>logM+~~. (7.10)
This suggests that the limit (7.6) could also be defined on the gauge theory side. In sections
7.3 and 7.4 we will show that this is indeed the case. In the generalized scaling limit (7.6) the
anomalous dimension exhibits again logarithmic scaling

with the new scaling function f (g, j) depending now on two parameters. The ordinary scaling
limit (7.2) is recovered for j — 0

flg Dlj=o = f(®). (7.12)

In section 7.4, we will derive a closed integral equation for the leading density of the roots
and argue that the function f(g, j) is analytic in g and j.

7.2. Scaling limit and the BES equation

In this section we will discuss extensively the scaling limit (7.2), in which the number of
the excitations diverges M — oo, while the length L remains finite or diverges slower than
logarithmically with respect to M.

7.2.1. The leading one-loop density. It was shown in [47] that the roots in this limit cover
densely the interval (—%, %) Since the number of the small holes grows slower than
logarithmically with M, it follows from (5.60) that they do not form a gap in the magnon root
distribution. The integral equation for the density (5.69) may thus be written as

ooy +2m 25wy — L L 2/24(1 Po(®) 0. (7.13)
wpo(u b4 U) — ———— — v———7— =0. .
P M Mu+ ! R P
It should be supplemented with the proper normalization condition
o0
/ po(u) = 1. (7.14)

Equation (7.13) was derived in [47] and thoroughly analysed therein. Contrary to naive
expectations, though u(M) ~ Y diverges for M — o0, one cannot use Fourier transformation
for the purpose of solving this equation. Rather than that, one defines the rescaled density

Po(it) = Mpo(u), where u = Mau. (7.15)
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This redefinition preserves the measure of the integration diipy(it) = dupg(u). Rescaling
equation (7.13) and using py (i) together with the relations

1 1 1
P =7T3(ﬁ)+0<—>, (7.16)
2M 72 + e M
1 1 o, 1 P 1
—————F =nda-u)+ ———=+0| — |, (7.17)
M (@ — i)+ 5z M (i —it')? M?
where P is the Cauchy principle value, one derives
/
0= 4n5(u)+27>[ "M (7.18)
_ u/)2
It was shown in [47] that this singular equation is solved by the Korchemsky density?!
1 1++/1—4i?
px () = —log ———— = —arctanh(\/l — 412). (7.19)
PK P I, T

Since this solution is singular at # = 0, the original density po(u) = M po(Mit) should be
considered as a distribution rather than a function. The one-loop anomalous dimension to the
leading order in M can be found directly from (5.64) and (7.19)

1

4 % logd

yABA _ f pK(”) =__/2dvﬂ+0(M°)=8logM+0(M°).
M % 4M’ Mm | 1 1_)2+#

(7.20)

In the second integral we have chosen the branch of the logarithm for which log (—v) =
log v +im. It should be noted that the leading result does not depend on L, which confirms the
universal scaling behaviour at the one-loop order.

The solution (7.19) can be also found to a good approximation from (5.52). Upon
rescaling u, as in (7.15), and using (5.68) together with (5.38), (5.58) and (5.52), one finds

1
po(@) = —log ——. (7.21)

Comparing (7.21) with (7.19), one concludes that the result (7.21) approximates well the exact
solution in the interval i € (—%, %) and only at the boundaries deviates significantly from
(7.19). The discrepancy between (7.21) and (7.19) is caused by the Imlog term in (5.52) since
in the vicinity of 1 = % und i = —% the approximation (5.58) ceases to be valid. It should
be stressed, however, that the difference between (7.19) and (7.21) is negligible at the leading

order.

7.2.2. The BES equation. To the leading order in M it is possible to recast equation (5.74) in
the form of a linear integral equation for the density. For this purpose the large M expansion
of the following type of integrals needs to be determined:

F(M) = / " dx h(x) sin(u(M)x). (7.22)
0

Here limy;_. oo u(M) = oo and h(x) is a sufficiently smooth function on the interval [0, 00).
We start by noting that

A/}i_r)noQ f(M) =0, (7.23)

21 The density (7.19) was first found by Korchemsky in [56] while analysing certain Baxter equation.
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and therefore the following asymptotic expansion of (7.22) may be assumed:

fy=>%" u(;lﬁ (7.24)
j=0

To determine the first coefficient ¢y it is enough to integrate (7.22) by parts

co= lim u(M)f(M)= lim /oodxh(x) —icos(u(M)x) = 1(0) (7.25)
M— o0 M—o0 Jq dx

since the boundary terms vanish. Integrating by parts (n + 1) times we find

n—1

. Cj n

Cp = Mlgnoou(M)"+1 fM) — ; m = (=1)2h"™(0) for even n. (7.26)
All odd ¢, vanish because of the u(M) — —u (M) symmetry of (7.22).

The derivation of the leading equation is based on the observation that in the scaling
limit the nonlinear term in (5.74) may be neglected and equation (5.74) becomes a Fredholm
integral equation of the second kind. However, not all inhomogeneous terms contribute to the
leading order. Indeed, one can drop all terms except for the one containing the fast (universal)

holes ul(ql’z)

2mes 27 cos (tuy?)

; - — (7.27)

it(e' — 1) it(e’ — 1)
since the rapidities of the remaining holes vanish in this limit (see (5.60))

ul’ ~0 j=3,...,L. (7.28)
Therefore the equation for the leading scaling function reads
20 47 et 47 cos (m,ﬁ”)

t) = —
it(e' — 1) it(e! — 1)
% e t A A
—4g° o / dt'e 2 K (2gt,2gt) Z(1)). (7.29)
e —=1Jo

Despite the fact that the universal holes receive quantum corrections, these are sub-leading
at large M and the one-loop asymptotic behaviour (5.38) is still valid. One way to motivate
this is to note that the eigenvalue of the Casimir operator (5.15) is additively renormalized
(see [48])

1 v (8)

Jo—J=M+-L+——. (7.30)
2 2
Substracting the one-loop part from the counting function
Z(t) = Zo(t) + 8 Zggs (1), (7.31)

and upon identifying, in accordance with (5.72), BZBES (t) with the fluctuation density
(see [47])

A . & t
8 Zpps(t) = 167rigzeiaBETS() log(M), (7.32)

one derives

6pEs(f) = (k(zgr,0>—4g2 / dr’k(zgr,zgt’)c%BEs(f)), (7.33)
0

1t
el —1
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where we have used the formula (7.25) to evaluate the integral

o0 , N R o0 v N N
/ dt' e 7' K (2gt,28t) Zo(t) = /du(M)/ di’e 7' K (2gt,2gt) Zo(t)
0

0
0 ou(M)

= —47iK (2gt,0)log M + O(M°). (7.34)
Equation (7.33) is the celebrated BES equation and was first derived in [7]. Let us note that
the above derivation differs significantly from the original one and confirms independently

that the decomposition into the one-loop density and fluctuation density is mathematically
well-defined even non-perturbatively.

7.2.3. The strong coupling limit. Directly from the definition (5.72) and (7.20) together with
(7.32) it follows that the anomalous dimension to the leading order is given by

o0
yABA(g) = <8g2 — 64g> / dr' K 2gt, 2gr’)aBES(t’)> log M + O(M°) (7.35)
0
and therefore one identifies
o0
A% = <8g2 - 64g° / dr' K (2gt, 2gz/>6BEs(r/)> . (7.36)
0

Consequently, the scaling function f(g) is unambiguously determined through the solution of
the BES equation. This allows us to compare with the string theory result (7.5). A systematic
method?” of expanding the BES equation at large values of the coupling constant was found
in [85]. To the first few orders one has

3log2 K 1
FABA(g) — 4g — g ™ 1. (7.37)

in complete agreement with (7.5). This constitutes one of the first dynamical tests of the
planar AdS/CFT correspondence. It should be stressed that this would not have been possible
without the asymptotic integrability.

7.2.4. Finite size corrections. Beyond the leading order the large M expansion of the
anomalous dimension

1
Yy = f(g)log M + fhnie(g, L) + O (mgTM> , (7.38)

consists of the finite part fhnite (g, L) and terms that vanish with M — oo. The somewhat
extraordinary order of the first of these terms O(log+M) comes from the quadratic contribution

of the small holes (5.60)%. For the finite part O(M 9y, however, the approximation (7.28) is
sufficient and the perturbative expansion of fjye(g, L) may be found directly from (5.74)

ABA(g, L) = (y — (L —2)1og2) f(g) — 8(7 —2L)¢(3)g*

4-L
+8< 3 712;(3)+(62—21L)§(5)> g°

8
- E((13 —3L)7*c(3) +5(32 — 11L)7%¢(5) + 75(127 — 46 L)z (7)) g®
4., (7.39)
22 The BES equation at the strong coupling was a subject of extensive studies in many different publications, see [86]
and references therein.

23 These corrections are present already at the one-loop level as may be seen by expanding (5.57) in u l(]j ).
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The function fﬁme (g, L) exhibits transcendentality properties similar to the scaling function,
however in contradistinction to the latter, it explicitly depends on L. Thus, one cannot trust
the perturbative expansion beyond the wrapping order, though, as we will argue later, the part
strictly proportional to L should not be influenced by the wrapping interactions.

7.3. The generalized scaling limit

In this section we will define the generalized scaling limit (7.6) at the first order of perturbation
theory.

In this limit the length scales as L = jlog M and one concludes from (5.60) that the
small holes occupy the interval (—c, ¢). Numerical analysis suggests that the largest of the
magnon roots is again of the order :tM and consequently the Bethe roots condense on
the interval ( 5 —a) U (a —) We w111 show later that a = c.

It is convenient to decompose the corresponding density?* into the singular part px (i)
and the fluctuation density & (u)

pm(u) = px (u) +6 (u), (7.40)
where px(u) = 1/Mpg(u/M), see (7.15). Upon adding the following term to (5.69)

2 [ dy L@ Aog M n(u+a) — arctan(u — a)) + OMP), (7.41)
o W—=v)?2+1 aM

one finds that the fluctuation density & (1) must scale as log M /M. This justifies the following
redefinition:

Pm(u) = px (u) — o (u). (7.42)

The equation for the density (5.69) may now be transformed into an equation for the fluctuation
density
1 ;
2mo(u) — — (arctan(u + a) — arctan(u — a)) + L
27 8 u? +

2 d d o) 0 743
_ <f v+f v)(u—v)2+1 . (7.43)

This should be supplemented with the normalization condition for the density

(/—a+/00) du p,,(u) =1, (7.44)

from which one derives

. 4da ¢
j= - 8/ du o (u). (7.45)

—a

Intuitively, the fluctuation density describes perturbations around the Korchemsky density,
caused by the gap in the root distribution. The size of the gap 2a may be determined in the
following way. One substitutes (7.45) into (7.43) and subsequently solves the equation for
o (u, a). Putting the solution in (7.45) results in the relation j = j(a), which must be then
inverted.

The one-loop anomalous dimension may be found immediately using (7.19) and (7.42)

16 ~a(j) 00
yABAG M) = (8 — = arctan 2a(j)) — 16 (/ du +/ du) 0(”)1 log M
T —o0 a(j) u?+ 3

+O(MY). (7.46)
This proves the validity of (7.6) at the one-loop order.

24 We will denote the density in this limit by pp, ().
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7.3.1. Fluctuation density in the Fourier space. Equation (7.43) becomes particularly simple
in the Fourier space. We rewrite the equation in the form

j 1
o(u) = ) (arctan(u + a) — arctan(u — a)) — ﬁm
*d “d
N I U, 4
oo T+ —v)? o 1+ (u—v)?
Sticking to the conventions in [47], we define the Fourier transformation of the density to be®
o
6(t)=e 2 / due o (). (7.48)
It then follows from (7.47) that 6 (¢) satisfies the following integral equation:
t A j RN
6(t) = Kn(t,0;a) — L 4/ dt'Ky(t,t';a)6 () ), (7.49)
e —1 8t 0

with the integral kernel kh(t, t'; a) defined through

=t

N ez [¢
Kn(t,t';a) = — du cos(tu) cos(t'u)
4t J_,
1 . tcos(at’) sin(at) — t' cos(at) sin(at’) v
_ L (at’) sin(at) ‘ (at) sin(a )ei' (7.50)
2t 22—t
The normalization condition (7.45) is equivalent to
. 4a 16 [ : sinat
j=——— dr6(t) ez . (7.51)
T T Jo t

The significant difference between (7.43) and (7.49) is the fact that the domain of the integration
of the latter does not depend on the boundary parameter a and the equation may be iterated
more easily. Once (7.49) has been solved to the desired order, one can find the corresponding
anomalous dimension from

ABA ‘,M 2 o0 o] A
UM [1 — £ arctan2a — 4/ dr (6(r) — 4;/ e’ Ry (2, 1'; a)&(ﬂ))]
T 0 0

log M
1
@) . 7.52
* (log M) 722

7.3.2. The density for the holes. The above integral equation for the density in the generalized
scaling limit was derived using magnon roots. As pointed out in section 5.3.2, however, the
system may also be equivalently described by holes. Below we will take this point of view
and eventually show that the resulting equation for the hole density is equivalent to (7.49).

As discussed above, in the limit (7.6) the small hole roots cover densely the interval
(—c, ¢). Similarly to the relation (5.68), the hole density can be defined through26

%(%Z(u) =2mpn(u) + O (%) , u € (—c,c). (7.53)

It is also very natural to normalize the density to one

fc du pn(u) = 1. (7.54)

Cc

25 Every other quantity in the Fourier space is defined through (5.73).
26 In what follows, by hole density we understand the density of the small holes u 1(1] ), j=3, ..., L.
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Approximating the nonlinear term in (5.52) as in (5.58) we find

puu) = %(vf(i(u —u")) + 9 (=i — ") + 9 (i D)) + 9 (= i+ ul)))

121 ) 1 | |
+Z og —Z<1ﬂ<§+m>+1ﬁ(§—1u>>

‘d
+/ 2—U(W(i(u —v) + Y (=i — v))) (V). (7.55)

¢ 2m

Moreover, using (5.38) one gets to the leading order

2 1 1 . ) ¢ dv .
on(u) = E - E(Iﬂ(E +1M> +W(§ - 114)) +[_C Z(lﬁ(l(u —))
+ ¥ (—=i(u — v))) on(v). (7.56)

Upon solving this equation, the one-loop generalized scaling function may be found from
(5.57)

Gy (e 1 L
f(l)(J)—Mlgnoow—8+2J : du pn(u)| ¥ 5 +iu +y 5~ lu =2y(1) ).
(7.57)

Though (7.56) together with (7.54) constitute the sought-for system of equations, it is more
convenient for the computational purposes to transform them in a way such that the boundary
parameter ¢ does not specify the integration domain. Hence, we rescale the variable u and the
density itself as in (7.15)

u
=, Pn(it) = jcon(u) (7.58)
and define the non-singular kernel
1 1
K@@, v) = i<1ﬁ(ic(ﬁ —0)) + Y (—ic(@ — v)) — 1//(— + icﬁ) — w(- — icﬁ)). (7.59)
2 2 2
Equation (7.56) may now be rewritten as
2 1
pn(it) = —c+/ dv K (it, v) pn (D). (7.60)
T -1

One notes that the dependence on the boundary parameter c is hidden in the integral kernel.
It follows from (7.54) and (7.58) that the normalization condition for the rescaled density is
given by the following expression:

1
j =/ dv pn(@). (7.61)
-1
Finally, the one-loop relation (7.57) may be rewritten in the following form:
! 1 1
S () =8+ 2/ di py (it) (1&(5 + icﬁ) + 1//(5 - icﬁ) — 21//(1)). (7.62)
-1

The integral equation (7.60) is particularly suitable for the iteration. To the first few orders
one finds from (7.61) and (7.62) the following expansion of the one-loop generalized scaling
function:

7 7
fay(j) =8 —8jlog2+ Efnz;(s) - gj“nzlog 2¢(3)

+2j° (%nzlogz 26(3) — 6%&(5)) +0(j°). (7.63)
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Figure 7. The convergence function r(k) fork =1, ..., 600 .

It turns out that equation (7.60) can be also very effectively analysed numerically. In figure 7
we present the convergence function of the series f1)(j) = Y joo fik ik,

_1
rk) = (fL)™F, (7.64)
for the first 600 terms. One concludes from this numerical analysis that the convergence radius

r = limsupr(k) ~ 0.4 (7.65)

k— 00

exist and thus the function (7.63) is an analytic function in the region |j| < r.
It should be noted that due to (5.68) and (7.42) the hole density should be considered as
an analytic continuation of the fluctuation density o (1)

jon(u) = ; — 8o (u) u € (—c,c). (7.66)

Using (7.48) one can rewrite the above relation as

. 28 (>
jon(u) = — — — dt &(t) e costu. (7.67)
T T Jo

This relation may in turn be used to prove the equivalence of (7.49) and (7.56). Multiplying
(7.49) with e? cos ru and integrating in ¢ over the positive real axis one finds, using (7.50)
together with (7.51) and (7.67), equation (7.56). Thus, we conclude that a = ¢ must hold and
that there is no gap between the hole and the magnon distributions.

7.4. The generalized scaling function to all orders

In this section we will generalize equation (7.43) to all orders in perturbation theory, thus
proving the existence of the scaling function (7.11).

7.4.1. Derivation. The asymptotic Bethe equations (5.10) in the novel limit (7.6) are
particularly easy to study with the formalism developed in section 5.4. The nonlinear term
in (5.74) may be again neglected. On the other hand, the small holes cannot be disregarded
anymore. This is due to the fact that their overall contribution is proportional to L = jlog M
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and therefore must be taken into account. Thus, equation (5.74) in the limit (7.6) takes the
following form:

L L )

N 2nLe: 27 cos (tuy”)

70) = 2% poen - S 2 )
0 = e = 028 2 e —1)

j=1

e? % (J)
+8mg 1(e’—1)Z/ di'e” 2K(2gt 2gt)cos( )

L 00

dr' e~ 1'dR (g1, 281) 2 (1'). (7.68)

0
Similarly as in (7.31), we subtract the one-loop part
Z(t) = Zo(1) +82(1), (7.69)

and identify 8Z(t) with the fluctuation density 6 (¢) *’

A

A ' t
52() = 16mies 2P

log M. (7.70)

This allows us to rewrite equation (7.68) in the form

o 27 J Jo(281) 1 €
U(t)_e’—1|:g K(2g1.0) 8 1 +810gMiX:;

—t/2 (1))

cos (¢
t

2 logM Z/ dr'K (2gt,2gt)e™"? /2 cos (t /u}(lj))

—4g? / dr'K (2gt, 2gt/)6(t’):|. (7.71)
0

It follows from (5.80) that the anomalous dimension to the leading order in M can be written
as

L
1 © J(2gt) _ ,
= 8g%logM |1 — dr 2220 612 o (1
4 g log ( logMZ;/O 2t e/ cos (ruy”)

—8/ ar 128! ”(z)) +OM°). (1.72)
0 2gt

As discussed in section 5.4, the equations for the holes to all-loop order (but for perturbative
values of g) are given by

Z(u)) =7 (2n] +8 - 1). (1.73)
Upon performing Fourier transformation of this equation, one finds the relation

ni fow sin (tul) Z(1) = 7 (2n], +8 — 1), (7.74)
which after substituting (7.69) into (7.73) can be written in the following form:

2enl = 4F (), u”) — 161og M / dr—= ( ) et/2 gin (ru?), (1.75)

27 The fluctuation density in the u-space o (u) for u € (—a, a) must be considered as an analytic continuation.
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with

, Y e el —costy
F'(x,y) = df cos tx ——
t
0 el —1

1
= Z(Iﬂ (A(x =y + ¥ (—ilx = y) + ¥ ((x + y)) + ¥ (—i(x +y))

—2y (% - ix> —2y (% + :x>>. (7.76)

For L = jlog M — oo the hole roots, as shown before, occupy a finite interval around
zero. Therefore one easily derives from (7.75) the following integral relation® for the all-loop
hole density pp ()

8 o0
Jjon(u) = F'(u,u”) — = / dré (1) €2 cos(tu). (7.77)
T Jo

wlogM

The first term in this equation % logl 7 ’(u, ufll)) is in the limit M — oo identical with (7.21),

when expressed in the original variable u = Mii. Therefore it follows from (7.19) that
F'(u, ") = log M + O(M°) u € (—a,a. (7.78)

The sums in (7.71) to the leading order may be replaced by integrals over the hole density.
Using (7.77) and (7.78) one finds the equation

t i . ©
6(t) = —LJO(2gt) + Ky(t,0;a) — 4[ dt'Ky(t,t'; a)é6 (1)
el — 1 8t 0
A o0 A
+g*K (2gt,0) — 45> / dr'K (2gt,2gt)é (1),
0
oo n . oo .
—4g” / dt't' K (2gt, 2gt") (Kh(t/, 0;a) — 4/ dt" Ku(t', t”)é(l”)):|
0 0
(7.79)
with Ky (¢, t'; @) defined in (7.50). From the normalization condition for the hole density
f du ph(u) =1 (7.80)
one derives the same relation as in the one-loop case (7.51)
. 4a 16 [ : sinat
= — - — dt6(t) ez . (7.81)
T T Jo t

Finally, putting (7.81) into (7.79) one finds the desired integral equation for the leading
density in the generalized scaling limit (7.6)

() = ! </€(z,0) —4/00 dﬂ/@(:,t’)é(ﬂ)). (7.82)
0

e —1
The new kernel I@(t, t) is a non-trivial combination of the hole and magnon kernels
JoQ2gt) sinat’ v
e
t 2t

oo
—4g” / dr"t"K (2gt, 2gt") Kn(t", t'; a). (7.83)
0

[N

K@, 1) = g?K (2gt, 2gt") + Ku(t, 1'; a) —

28 The magnon density is related to & (¢) through

21 8logM [
om(u) = ;MF/(M, u;”) — %/0 dt6 (1) e'/? cos(tu).
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It is interesting to note that equation (7.82) takes structurally a similar form to the BES
equation (7.33). The leading anomalous dimension (7.72) may be expressed through & (¢)
with the help of (7.77), which in conjunction with (7.11) leads to the following expression:

. < Ji2gt) . .
fABA(g,J)=8g2[1—8/ dr 12;; tRw(t,0; a(j))
0

-8 /oodtM (6(t) —4t/oo dt/f(h(t,t’;a(j))ﬁ(t’))]
0 2gt 0

=16 (&(0) + %) . (7.84)

Since the wrapping interactions may be neglected in the limit in question, the above formula
proves the existence of the generalized scaling function (7.11) to all orders in perturbation
theory. This novel function depends on two variables and thus it is possible to define two
infinite families of the scaling functions by expanding in g or j respectively

f@ D =@+ fP@i" = fo(i)+_ fu (g™ (7.85)

n=1 n=2

In particular, the function £V (g) coincides with (7.39) after setting L = j log M and keeping
the leading terms in the expansion only

8
(g = —f(g)log2+16g*¢(3) — g6<§n2;<3) + 168{(5))

+8° (§n“¢(3) + 2—8#4(5) + 1840;(7)> +ooe (7.86)

This suggests that the L dependent part of (7.39) is not influenced by the wrapping effects.
Another curious observation is the vanishing of the f ) (g) function to all orders in perturbation
theory. An indication of such behaviour on the string theory side was observed in [87].

Interestingly, for j < g it was conjectured in [88] that the generalized scaling function
(7.11) can be computed using the results of the O (6) sigma model. Recently, it was confirmed
[89] that the equation (7.82) together with (7.81) are equivalent to the TBA equations of the
nonlinear O (6) sigma model. Please refer to [90-92] for the further development on this
subject.

8. The Hubbard model

In this section we will explain the interesting coincidence that the su(2) asymptotic Bethe
equations, though without the dressing factor, may be reproduced from the spectral equations
of a well-defined short-range integrable model, the Hubbard model.

8.1. The su(2) sector and the Hubbard model

The su(2) sector is one of the simplest dynamical sectors in the N/ = 4 gauge theory. The
operators of this sector are composed of two scalar fields only, which we will denote by Z and
X. Conventionally, we choose the reference vacuum to be

|25y =Tr 2L, (8.1)
Excited states are obtained by putting X fields into the trace
Tr(xMzt=My 4 ... (8.2)

59



J. Phys. A: Math. Theor. 42 (2009) 254002 A Rej

followed by the diagonalization of the su(2) dilatation operator (which is a consistent truncation
of the complete dilatation operator to this sector). The Cartan weights of the primary state
(corresponding to the diagram 4.4) are given by

{Ao, 51, 52,41, P, g2, B, L} ={L,0,0, M, L —2M, M, 0, L}, (8.3)
from which, according to (4.67), the following excitation pattern emerges
{Ki, K>, K3, K4, K5, K¢, K7} =1{0,0,0, M, 0, 0, 0}. (8.4)

The corresponding all-loop asymptotic Bethe equations®” take particularly simple form

x\* M —uj i
(—’:) = ]I k—’exp@le(uk,u,)) (8.5)
X S, U —Uj—1

k J=1,j#k J

At the one-loop order the above equations reduce to the spectral equations of the
Heisenberg spin chain (3.52) and consequently the dilatation operator of su(2) may be
identified with the Hamiltonian of the X X X 1 spin chain (3.42). The higher corrections to the
dilatation operator were studied in [37, 38, 45] and under some assumptions were derived up
to the five-loop order. It turns out that the ¢-loop dilatation operator acts simultaneously on
the (¢ + 1) neighbouring lattice sites. Moreover, these corrections become very complicated
beyond the first few orders. Therefore it seems hopeless to guess its all-loop form solely from
the perturbative expansion. In order to reveal the hidden connection to a different integrable
model, we will investigate in detail the antiferromagnetic state of the su(2) sector.

We start by noting that the S-matrix on the right-hand side of (8.5), upon neglecting the
dressing factor, depends only on the difference of the rapidities. Since the dressing factor is
known to contribute from the fourth-loop order, we will neglect it in what follows and discuss
this approximation at the end of this section. The antiferromagnetic state is a maximally filled
state. In the case of compact spin chains like X X X1 this implies that M. = L 30 The energy
of this state, in the case when the length of the chain becomes thermodynamlcally large, was
computed for the X X X 1 spin chain as early as in 1938 by Hulthén [93]. He observed that
the corresponding Bethe equations in the limit L — oo can be written in the form of an
integral equation, which in turn may be solved by Fourier transformation. Below we will
apply this method to the deformed equations (8.5). Taking the logarithm of equations (8.5)
and introducing the root density, one finds

[o¢] / d +
27r,o(u)+2/ du/Lz'—l gx (@)
oo (w—uH)?+1 du x~(u)
since in the Arctan branch of the logarithm the mode numbers are uniformly distributed. It
follows directly from (4.59) that

N O i - i 8.7)
du @ Ju+i/2?2—4g2  Ju—i/2)? —4g> ’

The integral kernel in (8.6) depends on the difference of the variables only, and the equation
may thus be solved by Fourier transformation

) = /"O ﬁcos (tu) Jo(2gt)
pl) = 27 cosh (%)

(8.6)

(8.8)

29 In the literature these equations are known as the BDS equations [38].
30 Equations (8.5), under the assumption that g < 1, may be considered as an all-loop deformation of the Heisenberg
spin chain.
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The corresponding anomalous dimension may be found immediately from (4.68)

00 . .
78 _ f du p () ( S ) +O(L™
2¢%L oo xtw)  x—(u)
4 © dr Jo(2gt)J1(2g1)
N /0 2gt 1 +ef
It is now very interesting to note that equations (8.8) and (8.9) are well-known results
of the solid state physics. They describe respectively the density and the energy of the
antiferromagnetic state of the Hubbard model. The integrability of this model was proven by
Lieb and Wu in [94], where also the corresponding Bethe equations were derived.
The Hubbard model is a dynamical, short-range model of N electrons on L lattice sites.
Due to the Pauli’s exclusion principle, there are four possible states on each lattice site:

+O(L™h. (8.9)

(i) no particles;
(ii) spin-up electron 1;
(iii) spin down electron | ;
(iv) double occupied state, with spin-up and spin-down electrons $:=1 .

In what follows, we will consider the half-filled case N = L. The Hamiltonian of the
Hubbard model consists of the kinetic part that forces the electrons to jump between different
sites and the potential part, which according to the value of U corresponds to repulsive or
attractive force respectively

L L
Huubbara = —t Z Z (cj’(,cm,g + cjﬂﬁci,g) +tU ZCI‘T.TCLTCZJCW' (8.10)
i=1 o=1.} i=1

The operators cla and ¢; , are canonical Fermi operators obeying

{cio cjot=1{cl,.cl .} =0 (8.11)

{cio C;,} =;id5z- (8.12)

We assume the system to be closed and thus we identify
CLilo = Clo Chio=c¢l, (8.13)
for 0 =1, |. The Hamiltonian is invariant with respect to the su(2) transformations
[Huupbara, $1=0  a=+—,z, (8.14)

with §¢ = Zle S’f‘, which allows us to classify the spectrum according to the eigenvalues of
the total spin and its z component.

The precise correspondence between (8.8), (8.9) and the corresponding results of the
Hubbard model is established under following identification of the parameters:

1 1
t=——, U=-. (8.15)

2g g
This, however, suggests that perhaps all states of the BDS spin chain are, up to the wrapping
order, states of the Hubbard model as well. It turns out that in the case of odd values of L the
BDS equations indeed diagonalize the Hamiltonian (8.10), while for the even values the kinetic
terms of the Hamiltonian need to be multiplied by additional phase factors. This is equivalent
to coupling the Hubbard model to a homogeneous magnetic field and the aforementioned

phase factors may be then considered as the Aharonov—Bohm phases

L
— E: E: o o —igo o1 Z i T
H = 2— (el¢ CioCi+lo +e i CjHJCj,U) - ng Ci4CinCj 1 Chls (8.16)
j=lo=t1 Jj=1
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with
b=, =0, (ng%kL—lnmmz} (8.17)

The perturbative expansion at small values of g corresponds, accordingly, to the strongly
coupled (U > 1) Hubbard model. It was shown in [95] that the perturbative expansion of
the Hamiltonian (8.16) at large values of U = 1/g coincides up to three orders in g with
the perturbative expansion of the dilatation operator found in [38]. We will not repeat this
calculation here, but instead show in the following section that the BDS equations (8.5) can
be derived in the asymptotic region from the Lieb—Wu equations.

The vacuum state of the Hubbard model is annihilated by the c; 4, ¢; | operators and is a
tensor product of L empty lattice sites

0} =10)®[0)®---0). (8.18)
L

The elementary excitations on this vacuum are the spin-up and spin-down electrons. On the
other hand, the double occupation must be considered as a composition of the elementary
excitations. The interaction between the constituents of such a composed state is according
to (8.16) repulsive. Since we confine ourselves to the half-filled case it is more convenient to
choose the BPS vacuum as the reference vacuum

|Z8) = 141 - M) = elyedy - efpep [0 (8.19)
It is easy to show that this state is also a zero energy state of (8.16). The disadvantageous

feature of the vacuum (8.19), that is the fact, that it is not annihilated by the annihilation
operators, may be easily overcome by performing a particle—hole transformation

o =1, (8.20)
l<=1. (8.21)

After this transformation the spin-up electrons are considered to be empty lattice sites, while
the empty lattice sites become double occupied states. Explicitly, we identify

Cjo=Chs. L =cjr. (8.22)
Cip=cjys cdy=c,. (8.23)
The algebraic relations between cj.,o, Cjos c; ; and ¢; follow directly from the

anitcommutation relations (8.11) and (8.12). Accordingly, the dual Hamiltonian can be
written as

L L
N 1 . o 1
iy —igy T T
H=—3"%" (e"cl cino+e®cl, o) - 257 > o(1=cheio)elpeis. (8:24)
j=lo=03 j=1

with the phases ¢y = ¢, and ¢, = 7 — ¢, being different from the one for the original
exciations. Comparing (8.16) and (8.24) one finds that performing the particle-hole
transformation amounts to the substitution

M

Hg ¢,¢) > —H(-g;m —,¢) — e

where M denotes the number of the double occupancies. The sign in front of the potential
part of the Hamiltonian (8.24) is opposite to that in (8.16), which means that the holes and the
double occupancies attract each other and form bound states, the spin down electrons.

(8.25)
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8.2. The Lieb—Wu equations

The Hamiltonian (8.10), as shown in [94], is integrable and can be diagonalized with the help
of the Bethe ansatz. The same holds for Hamiltonians with arbitrary Aharonov—Bohm phases,
which were studied in [96]. In the case of half-filling the Bethe equations corresponding to
(8.16) are given by (see [96])
M . .
cidnl _ l—[ u; —2g SI_n(qn +¢) —}/2’
uj—2gsin(g, +¢) +1i/2

n=1,...,L (8.26)
j=1

l—luk—ngin(E]n+¢>)+i/2 3 ﬁ g —uj +i
up —2gsin(g, +¢) —i/2

- k=1,...,M. (8.27)
k—uj—l

u
n=1 j=1j#k

Here, the parameter M denotes the number of the spin-down electrons. The energy of a state
is a function of all g,

L
1
E=~- Zcos(qn +). (8.28)
8 n=1
In the limit g — 0 equations (8.26) and (8.27) become the momentum constraint (after setting
el%L = 1) and the Bethe equations of the su(2) spin chain, respectively. The 1/g correction
to the energy (8.28) is zero, due to

) 2
eil — 1 — 51,,=T”(n—1)+0(g), n=1,....L. (829

To obtain the O(g°) term one must determine the O(g) corrections to the roots §,. Since the
one-loop roots are known, this is merely a linear problem. Upon solving (8.26) to the order
O(g), one finds

M
=y
k=1

which is the expression for the energy of the XXX spin chain, cf (4.41). Knowing the one-loop
solutions §,,n = 1,..., L and ux, k = 1,..., M one can solve equations (8.26) and (8.27)
perturbatively. In general, for 1 <« L < o0, itis very complicated to solve the Bethe equations
exactly. On the other hand, the BDS equations are strictly speaking only valid for L — ooc.
Therefore it is convenient to dualize equation (8.26). Introducing x = e'% one concludes that
equation (8.26) in its polynomial form has in total L + 2M solutions. Using the remaining 2M
roots, one can rewrite (8.26) and (8.27) as

Tt O(g), (8.30)

1
2
U + 3

il _ ﬁ u; —2g sin(g, — @) — i/2

e - —, n=1,...,2M (8.31)
o1 Wi 2gsin(g, — @) +1/2
oM . . M .
-2 n — +1/2 —u;+
[T gsin(g =) +1/2 _ _ I1 et Bk k=1,...,M. (8.32)
ur — 2g sin(q, — @) —i/2 up —uj—1i

n=1 J=1,j#k

The energy in terms of the dual roots can be found to be

M 1 2M
E=—e—— —9). 8.33
il ;coswn ) (8.33)
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Comparing (8.33) to (8.28) together with (8.25) one infers that the dual solutions g,,n =
1,...,2M diagonalize the dual Hamiltonian.

The advantage of equations (8.31) and (8.32), as opposed to (8.26) and (8.27), is the
independence of the former on the length L. Since the elementary dual excitations attract
each other, it is natural to assume that bound states (| = o+ ¢§) will be energetically
favoured. Usually, the bound states manifest themselves in the exponential localization of
the wavefunction. Therefore for the lowest states in the energy band we make the following
ansatz for the 2M dual roots*!:

( ) i
n ¢ sgn n I,Bn ’

Qo — ¢ = %sgn(pn) + % —ifu. Bu>0.  n=1,... M, (834
with p, € R denoting the bound state momentum. Substituting (8.34) and (8.35) into
(8.31) one finds that when L >> 1 the left-hand side of this equation vanishes like e AL for
n =1,..., M and diverges like e®* forn = M + 1, ...,2M. This is true independently of
the value of M, and therefore up to exponential corrections the following relations must hold
Uy —i/2 = 2gsin(g, — ¢) + O(™h), U +1/2 = 2g sin(guenr — ¢) + Oe™75).

(8.35)

Putting (8.35) into equation (8.32) one finds that the latter is trivially satisfied. The both
conditions (8.34) and (8.35) may be compactly written as

u, £i/2 = 2g sgn(p,) cos (% T iﬁ,,) +O(e Ly, (8.36)
Solving (8.36) for p, and B, results in
. 1 1
sinh 8, = , (8.37)

4gsgn(p,)sin B 4g|sin 2

n 1 n . n
u, = 2gsgn(p,) cos % cosh B, = > cot % 1+ 16g2 sin? % (8.38)

The second relation is equivalent to the all-loop dispersion relation (4.60)
ip_ X
x(u)
In order to eliminate g, from (8.31) one substitutes the relation (8.35) into (8.31) and
subsequently multiplies the equation for u,, with the equation for u,.). The divergencies
occurring in the limit L — oo cancel each other and the finite part can be written as

(8.39)

M .

N | Un —uj+1 (8.40)
. . Up —uj — i
Jj=1,j#n

Using (8.17) and (8.39) one confirms that (8.40) is equivalent to the BDS equations (8.5). The
energy (8.33) reads

1Y M
E = - > (cos(gn — ¢) +cos(guemr — $)) — 2

n=1
M

=§Z

n=1

M

M 1 1
cosh fy 55 = 3 ( ) = ;/2(;2)’ (8.41)

=\t () X (up)

. Pn
sin —
2

31 The separation of the 7 sgn(p,) factor is made in order to simplify the calculations. The variable p, will correspond
to the momentum of a magnon p, € (—m, ) so that (g, — ¢) € (%, 37”). Interestingly, there exist no solutions of

(8.31) and (8.32) with (g, — ¢) € (—m/2, /2). Such solutions would correspond to magnons with negative energies.
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where we have made use of (8.37) and (8.39). The above construction can be generalized to
the case of complex momenta p,. The argument of the sigma function in (8.34) and (8.36)
must then be replaced through the real part of p,,.

For the purpose of derivation of the BDS equation we have assumed that the holes o
and the double occupancies § form bound states. Though this is true for the low-energy
states, there exist states for which one or more bound states are split up and the corresponding
momenta are real. Their presence may be also noted by a simple counting. In the Hubbard
model there are roughly 4°/L cyclic states, while in the Heisenberg or BDS spin chain the
number of cyclic states amounts to 2L /L. This discrepancy is explained by the existence of
the excited states. One should note, however, that the energies of these states are according to
(8.33) non-perturbative

E ~ iz (8.42)
8
and therefore the corresponding operator cannot be defined in the perturbative gauge theory.
The accuracy of equation (8.40) is related to the accuracy of the solution (8.35). It follows
immediately from (8.37) that for the perturbative values of g

B, ~ —logg +0(g?), (8.43)

and thus the solutions (8.35) receive corrections, starting from the order e #% ~ g&. The
energy (8.41) on the other hand, due to the expansion

cos(x +€) = cos(x) — sin(x)e — 1 cos(x)e + O(e’) (8.44)

and the fact that ¢,, and g,,,.»; are complex conjugated to each other, leads to a correct result up
to the order O (g*~2). Due to the relation y (g) = 2g2E(g) this corresponds precisely to the
wrapping order. This is a strong indication that there exists an integrable short range model,
which correctly captures the wrapping interactions and in the asymptotic region leads to the
asymptotic Bethe equations (8.5). It should be noted, however, that the usual Hubbard model
may not be a candidate for such model since it leads to the trivial dressing factor o (1, v) = 1,
cf (8.40). This contradicts both the proposed crossing symmetry [6] (o (u, v) = 1 does not
satisfy the crossing equation) and the explicit perturbative calculation [45]%2. It is, however,
likely that a suitable deformation of the Hubbard model would lead to the ‘dressed” BDS
equations.

The hypothesis that the dilatation operator of the N' = 4 SYM theory is equivalent to a
Hamiltonian of a short-range integrable model, and that the observed long-rangeness is only
an artifact of the perturbative expansion is very appealing, though several issues need still to
be understood. Most importantly, it is not known whether such a short-range system with
both bosonic and fermionic elementary excitations can be found since, in general, unlimited
number of bosons can occupy each lattice site, preventing the factorization of the scattering
into a sequence of two-body processes. Another complication is the presence of the dressing
phase, which has a very complicated transcendental structure, see [7].

It is also interesting to note, as was observed in [97], that the S;y(22)S-matrix may be
identified with the R-matrix of the Hubbard model. However, this observation does not seem
to be related with the context in which the Hubbard model was introduced in this section.
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