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Summary

The AdS/CFT correspondence has given rise to new tools that enable both perturbative
and non-perturbative calculations of unseen precision in four-dimensional quantum field
theories. The topic of this thesis is the spectral problem of the AdS5/CFT4 correspondence
in the planar limit, which from the point of view of the CFT, N/ = 4 super Yang-Mills
theory, amounts to determining the spectrum of anomalous dimensions of single-trace
operators.

There is substantial evidence that the spectral problem is integrable in the planar limit.
This surprising asset makes the problem exactly solvable, and allows the application of
sophisticated techniques to reformulate it. The Quantum Spectral Curve formulates the
problem in terms of a relatively simple Riemann-Hilbert problem. To produce physical
results from the Quantum Spectral Curve, one needs to solve it explicitly. There is one
solution for each symmetry multiplet of single-trace operators. The main goal of this
thesis is the development of efficient algorithms to find perturbative solutions for arbitrary
multiplets. The two main steps of this process are, first, to find leading solutions and,
second, to generate perturbative corrections.

To classify symmetry multiplets of single-trace operators, the relevant aspects of rep-
resentation theory of non-compact super Lie algebras is revisited. It is argued that a
generalisation of Young diagrams provides a convenient classification and leads to an in-
tuitive way to count the multiplets.

The leading solution to the Quantum Spectral Curve is traditionally found by solving
Bethe equations. These equations are hard to solve in practice, and the number of solutions
exceeds the expectation from representation theory. To overcome these issues, a stronger
criterion on the solutions is formulated, and an efficient algorithm to enforce this criterion
is introduced. The result is a conceptually simple algorithm that is not only significantly
more efficient than the solution of Bethe equations, but also yields exactly the expected
number of solutions.

The perturbative corrections to the leading solutions are controlled by the analytic
structure imposed by the Quantum Spectral Curve. Different strategies to recursively
generate these corrections are discussed, and the ultimate approach is argued to be a con-
cise algorithm to solve the Pu-system for general states. This opens the door to a vast
range of new spectral data, including 10-loop anomalous dimensions for a variety of mul-
tiplets. This data is furthermore used to reconstruct the six- and seven-loop contributions
to the anomalous dimension of twist-2 operators with arbitrary spin.

Finally, an attempt to apply the Quantum Spectral Curve on the operatorial level is
initiated. In particular, a general strategy to evaluate matrix elements of Q-operators for

non-compact super spin chains is outlined.
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Introduction

Quantum field theory is by far the most successful framework for describing the nature
of elementary particles. The guiding principle for model building within this framework
is symmetry. The fundamental objects in the theory, the fields, represent this symmetry
choice. This starting point is however obscured by the quantum mechanical nature of
the interactions between the fields. In consequence, quantum field theory is mainly a
perturbative tool: we have to start from the limit of no interactions, and then gradually
turn on the coupling. Many fundamental questions, such as the confining properties of
quarks, cannot be described in this way. Furthermore, perturbative quantum field theory
is an immensely complicated procedure. Not only do the combinatorics grow so rapidly
that supercomputers quickly come to terms. Omne also has to go through the tedious
mathematical procedures of regularisation and renormalisation for each individual process
contributing to the result under study. In contrast, the results of these lengthy calculations
often turn out to be strikingly simple. Sometimes just simple integer numbers. One
naturally starts to wonder whether there is a simpler structure behind.

There exists a quantum field theory in four spacetime dimensions where such under-
lying mathematical structures have been discovered. Again, symmetry was the guiding
principle that led theoretical physicists towards it: the theory has the maximal amount of
supersymmetry that can be put into a four-dimensional quantum field theory. The math-
ematical structures appearing in this theory allow not only efficient perturbation theory,
but also give rise to non-perturbative tools allowing explicit results at any interaction
strength.

This thesis is a contribution to the effort of understanding the appearance and use
of these structures. It is devoted to the use of a particular structure as a super-efficient
perturbative tool. Before explaining the precise goals that are pursued, we take a brief

look at the theory that is under investigation.

The remarkable features of N’ = 4 super Yang-Mills theory

N = 4 super Yang-Mills theory [8], or N' = 4 SYM for short, is a theory with many

particular properties. On one hand, these properties mean that the theory is certainly not
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an adequate description of Nature, but on the other hand, they make the theory easier
to analyse. It is of course important to ask to what degree the found structures have a
generalisation in more realistic theories or if they are specific to N'= 4 SYM. In this thesis
we are not that ambitious: the goal is simply to demonstrate that there is something about
this theory that is worth trying to generalise.

Yang-Mills theory is the type of quantum field theory on which the Standard Model
of particle physics is built. It is based on the invariance of physical observables under
local transformations belonging to a Lie group, in our case SU(N). “N = 4” refers to the
amount of supersymmetry, and this is the maximal amount in a four-dimensional theory

with fields of spin no higher than one. This has profound consequences.

Superconformal symmetry

The field content in N' = 4 SYM is six real scalars, four Weyl fermions, and a single
gauge boson, all transforming in the adjoint representation of the SU(N) gauge group,
and forming one big N' = 4 supermultiplet. The Lagrangian of the theory is invariant
under conformal transformations, which is not unusual. It is however unusual that the
conformal invariance is not spoiled by quantum corrections. The single coupling constant
appearing in the theory, gy, is not subject to renormalisation, i.e. the S-function is zero
[9]. The generators of conformal symmetry combine with the supersymmetry generators
to the larger superconformal algebra, which is isomorphic to the graded super Lie algebra
psu(2,24), including also the additional bosonic R-symmetry.

Correlation functions are the basic objects to study in quantum field theory, and
conformal symmetry constrains the structure of these functions significantly, see e.g. [10].
The key object to study in a conformal field theory is the spectrum of the dilatation

operator D, i.e. the generator of dilatations x#* — cx*. This eigenproblem reads
DO) = AO(0), (1)

where O(x) is a local operator and A is its conformal dimension. In general, all quantities
in this equation are subject to quantum corrections and acquire a dependence on the
coupling g. The coupling-dependent part of the conformal dimension is referred to as the

anomalous dimension -y,

A(g) = Ao +7(9), (2)

where Ay = A(0) is referred to as the classical dimension. The conformal dimensions
completely determine two-point functions, which for scalar operators with suitable nor-

malisation are given by

(Oua1)0}(e) = )
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Together with the structure constants C;ji, the conformal dimensions also determine three-
point functions to be

Cijk
<OZ($1)O]($2)O’“($3)> - ’xl _ xQ‘A1+A2_A3|(E2 — $3’A2+A3—A1|$1 _ x3|A1+A3—A2 ) (4)

Higher-point functions are, in principle, also given by the conformal data {A;, Cjji}
through operator product expansions.

Importantly, as the anomalous part of the dilatation operator commutes with the gen-
erators of the superconformal algebra, all operators related by symmetry transformations

have the same anomalous dimension, see e.g. [11].

The AdS/CFT correspondence

According to the conjectured AdS/CFT correspondence [12], N'=4 SYM and type IIB su-
perstring theory on AdSs x S° are equivalent theories. In particular, local gauge-invariant
operators in N’ = 4 SYM correspond to string states, and the conformal dimensions of the
former are dual to the energies of the latter. The first hint of an equivalence is seen by
matching the symmetries: the isometries of AdSs and S° fit with the bosonic subalgebras
su(2,2) and su(4) of the superconformal symmetry.

One of the reasons why the AdS/CFT correspondence is exciting is that in certain
limits it relates strongly coupled gauge theory to weakly coupled string theory or simply

supergravity. This opens the door to non-perturbative studies of quantum field theory.

Integrability in the planar limit

In this thesis, we will consider the AdS/CFT correspondence in the 't Hooft limit where
the coupling gy is sent to zero, while the rank N of the SU(N) gauge group is sent
to infinity. The product A = g%MN is kept finite. We will usually redefine this ’t Hooft
coupling by

515

g (5)

The limit N — oo suppresses non-planar interactions, and it is thus called the planar
limit. In this limit, the theory displays yet another remarkable property: there is strong
evidence that at least certain aspects of the theory become integrable. Integrability is the
presence of an infinite set of conserved charges, and in some sense this makes the theory
exactly solvable.

The first sign of integrability was the discovery that the one-loop correction to the di-
latation operator of N’ = 4 SYM acts like the Hamiltonian of an integrable spin chain [13].
This initiated more than a decade of intense study, which, using additional information

from the AdS/CFT correspondence, has led to a beautiful mathematical structure that is
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believed to encode the spectrum of anomalous dimensions at any value of the coupling:

the Quantum Spectral Curve [14, 15].

The Quantum Spectral Curve as a perturbative tool

The Quantum Spectral Curve (QSC) is a unique discovery in the study of four-dimensional
quantum field theories: it is a rather simple mathematical structure that can be solved
to obtain explicit results at any value of the coupling. With such a framework at hand,
we should understand how to exploit it — both to demonstrate its power, but also to
test its scope and validity. The main goal of this thesis is to master this framework as a
perturbative tool.

We first need to understand the objects under study: local gauge-invariant operators
built by a single trace over fundamental fields. These objects have already been studied
thoroughly in the literature, but we need to rephrase their classification in a language
relevant for the QSC. Solving the QSC perturbatively has two main steps: finding the
leading solution and perturbing around it. The problem of finding the leading solution is
equivalent to solving Bethe equations for a certain type of spin chain. Again, the literature
contains several approaches to doing this, but none which have the practical power that we
are looking for. This thesis presents a new approach to this task, and the result is a method
that is useful not only for the QSC, but for spin chains in more generality. Perturbative
corrections can be generated through a recursive procedure repeating a small set of closed
operations. However, the complexity of the appearing expressions grows rapidly, and the
presented algorithms are the result of several cycles of implementation and optimisation.
The final result is an automatisation of the procedure that gives access to a much wider
range of explicit data than in previous studies.

The philosophy of the thesis is that new insights often appear through explicit com-
putations. The enhanced data accessibility opens the possibility to look for patterns in
the results that may hide even deeper structures. One such structure is the analytic con-
tinuation of the anomalous dimension of twist-2 operators, and we exploit the new data
to add two new perturbative orders to this result. Finally, we initiate the study of what
the QSC tells us about the whole eigenproblem of the dilatation operator, and not just
the eigenvalues. In particular, the framework has the potential to produce perturbative
corrections to Q-operators, which are so far only understood at the leading order. This
could shed light on the still mysterious nature of AdS/CFT integrability, and how it fits

into the framework of the algebraic Bethe ansatz.
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Structure of the thesis

In an attempt to make a distinction between review and original work, the thesis has two

main parts. The connection between the chapters is summarised in figure 1.

Part I: The spectral problem in AdS/CFT integrability is mainly a review and

contains four chapters:

1 Single-trace operators in N = 4 SYM revisits the representation theory relevant
for classifying symmetry multiplets of single-trace operators in ' = 4 SYM. It
contains a few new ideas, in particular the concept of extended Young diagrams,

which have been presented in [5].

2 Spin chains and integrability introduces the key concepts of integrability — co-
ordinate and algebraic Bethe ansatz — in a simple setting, the Heisenberg spin chain.

The generalisation to models with higher rank symmetry is briefly discussed.

3 AdS/CFT integrability gives a brief review of the appearance of integrability in
the spectral problem of the AdS/CFT correspondence. The basic ideas behind the
techniques to bootstrap the spectrum by assuming integrability — the asymptotic

and thermodynamic Bethe ansatz — are summarised.

4 Quantum Spectral Curve presents the QSC in an axiomatic form and discusses

all technical details that are needed for using it as a perturbative tool.

Part II: The explicit spectrum presents the original research on which the thesis is

based, and it also contains four chapters:

5 The 1-loop Q-system is based on [4] and [5] and explains a new powerful method
to solve Bethe equations for rational spin chains, of which the leading solution to

the QSC is a special example.

7

6 Perturbative algorithms is based on [1] and the yet unpublished work [7]. It
explains first a strategy to solve the QSC perturbatively for multiplets belonging

Figure 1: Connection between chapters.
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to the s[(2) subsector and then a completely general algorithm, before presenting a

sample of results.

Twist-2 operators is based on [2] and [3] and summarises how the produced data
can be used to reconstruct six- and seven-loop contributions to the analytically

continued anomalous dimension for the infinite series of twist-2 operators.

QSC with Q-operators? is based on [6] and outlines a general strategy to evaluate
matrix elements of Q-operators for non-compact super spin chains. This provides a

starting point for using the QSC on the operatorial level.



Part 1

The spectral problem in AdS/CFT
integrability



Chapter 1

Single-trace operators in N = 4
SYM

The goal of this thesis is to study anomalous dimension of local gauge-invariant operators
made out of the fundamental fields in N/ = 4 SYM. The fields are all in the adjoint
representation of the SU (V) gauge symmetry, but as we ensure gauge-invariance by tracing
over the colour indices, the colour structure is completely absent in our treatment. The
fields constitute a representation of the global symmetry of the theory, generated by the
superconformal algebra, which is isomorphic to the graded super Lie algebra psu(2,2|4).
Composite local operators with several field insertions can then be thought of as tensor
products, and they will form more general irreducible representations of the symmetry.
All operators within such a multiplet have the same anomalous dimension y(g), and we
can restrict our attention to single-trace operators, since they do not mix with operators
containing multiple traces in the planar limit, see e.g. [11].

To classify the multiplets of single-trace operators, this chapter reviews the relevant
aspects of representation theory of graded super Lie algebras before specialising to the
case of NV =4 SYM. The goal is to find a convenient way to classify the multiplets and
understand the multiplet content of N'=4 SYM quantitatively.

1.1 Representations of graded super Lie algebras

In the following we will consider graded super Lie algebras that are real forms of gl(N +
M|K) and their unitary representations. The treatment will be informal, and the notation
will not distinguish abstract Lie algebra generators from their realisation as explicit endo-
morphisms of representation modules. Likewise, we will always understand the abstract

Lie algebra bracket as an (anti-)commutator.
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1.1.1 Definitions

Let us start by introducing the basic nomenclature. The generators, Ey,,, of gl(N+M|K)

satisfy the (anti-)commutation relation
BBy — (—1)pmtp)eetr) pop o — 6 By — (=1)Prtea)eeteds g (1.1)

where m =1,..., N+ M+ K. We introduce two gradings, p,, and c¢,,, taking the values

m | L.,N | Ntl.,N+M | N4M, .., NtM+K
0 1

Pm
1 0 . (1.2)

Cm

The real form u(N, M|K) is obtained by imposing the conjugation property
E;gv,n = (_1)Cm+annm . (13)

Note that we will use the non-standard notation u(N, |K) when M = 0.
su(N, M|K) is the subalgebra of super-traceless elements in u(N, M|K). The projec-
tive subalgebra psu(N, M|K) can effectively be defined by furthermore imposing that the

central charge vanishes,

€= B =0, (14)

Representations

By a representation of a Lie algebra, we will refer to a vector space on which the generators
act linearly. The map from the abstract generators to linear transformations on the vector
space should preserve the (anti-)commutation relation defining the Lie algebra, e.g. (1.1)
for gl(N + M|K). If the vector space is finite-dimensional, then the generators can be
represented by square matrices. The dimension of the representation is the dimension of
the vector space.

An idrreducible representation, or just irrep, is a representation that has no non-trivial
invariant subspaces. For finite-dimensional representations, this means that the indi-
vidual generators cannot simultaneously be written in a block-diagonal form. We will

interchangeably refer to irreducible representations as multiplets.

Fundamental weights

Each vector, or state, |€2), can be characterised by its eigenvalues of the diagonal generators

E,,. For gl(N|K) we will denote these numbers by v; and A, according to

E(N+a)(N+a)|Q> = )\a|Q> a = 1, ...,K. (15b)
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O

O

)
./

Ol »p=20
Figure 1.1: Depiction of the grading as a path on a lattice. The n’th segment is vertical if p,=1 and

horizontal if p, = 0. The nodes correspond to those of the Dynkin diagram associated
to the Lie algebra. A cross inside the n’th node denotes a change in the p-grading [16],
i.e. that p, # pn+1, while a double circle denotes a change in the c-grading. Dynkin
diagrams as paths on a two-dimensional lattice came into use after [17]. The shown
path is denoted by 121234345... in the notation introduced below.

Highest weight states

The irreducible representations that we want to consider are of highest weight type, which
means that they contain a highest weight state (HWS), which we can define as the state

that is annihilated by all generators above the diagonal,
EpnnHWS) =0 form <n. (1.6)

The fundamental weights of the HWS then characterise the whole multiplet.

Gradings

One has the freedom to relabel the indices of the generators. With the above definition, it
simply corresponds to (possibly) changing the HWS within multiplets. We can shuffle the
indices, and thus the values of p,, and ¢,, as we want. For gl(N+ M|K), it is convenient
to depict the choice of p-grading as a path on an (N+M)x K lattice and associate it to a
Dynkin diagram, see figure 1.1.

To denote the order in the p-grading, we will follow [15] and use a sequence of numbers
either with or without a hat. A number without a hat signifies p = 0, while a number
with a hat signifies p = 1. The number itself denotes the number of preceding indices with
that value of p. For example, 1122343... means that p; = 0, p» = 1, etc. Note that one
could just as well use the values of p,, themselves, e.g. 0110001..., but we will nonetheless
use the slightly redundant notation for clarity.

All changes in grading can be built from exchanges of two neighbouring indices. Ex-
changes that permute labels with the same p- and c-grading only change the HWS up to a
relabelling of indices, while exchanges that permute indices with the same p- but different
c-grading simply obscure the definition of the HWS. We will thus mainly be concerned

with permutations of indices with different p-grading.
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Consider the exchange of the order of two indices m and n with different p-grading, i.e.
Pm + pn = 1. For the gl(1]1) subalgebra formed by the generators with these two indices,

this corresponds to the change

(o ) (B ). .
Enm  Enn Enn Enm

FE., and E,,, are fermionic in the sense that they are related by an anti-commutation
relation (1.1). The procedure (1.7) is referred to as fermionic duality transformation
[18]. Consider a HWS, denoted |§2), with respect to the first grading in (1.7). It satisfies
Enn|Q) = 0. As E2,, = 0, we can maximally act once with E,,, on |Q2). Denote the

weights of the state by Fri|Q) = ex|Q2). The case where E,,|Q2) = 0 occurs only when

ém +en =0 (one e is a A, one is a v). Indeed,

ErnEnm|Q) = {Emns Enm Q) = (Epm + Enn) Q) = (em + €,)|Q) . (1.8)

Long representations. When e,, + e, # 0 the HWS is FE,,,|Q) with respect to the
second grading. The weights of this new HWS can be changed in two ways. If p,, = 1,
we can denote the weights of the state |Q2) by € = A and ep,, = v. The new HWS
E,n|Q) will then have the weights €, = A+ 1 and ey, = v — 1. All other weights remain
unchanged. On the other hand, if p,, = 0, the new HWS will have the weights A — 1 and

v + 1, while the rest are unchanged.

Short representations. If e, + e, = 0 then E,,,, B, |Q2) = 0, which implies E,,,,,|Q2) =0
since otherwise the representation would be reducible indecomposable which is impossible
for a unitary representation. Therefore |2) is the HWS for both choices of grading, so A
and v remain unchanged under the duality transformation. The effect of fermionic duality

transformations is summarised in figure 1.2.

Q

A VAN A—l—i—(s,\,,,,

X
v+1—10y_y,

Figure 1.2: Fermionic duality transformation. When A + v = 0, the weights are unchanged.

1.1.2 Unitarity constraints

We wish to consider unitary representations, meaning that all states have positive norm,
(©]€2) > 0. Consider a HWS, |2), and again denote its weights by Ex;|Q) = ex|2). For
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any two indices m < n we have
2
(Q[Emn, Enm }H ) = (Q (B — (_1)(pm+pn) Enn)|$2) = (em — (—1)pm+p"€n)(9\9> ,(1.9)

i.e. the inner product is given in terms of the weights. At the same time E,,,|2) = 0 and

E:nn = (_1)Cm+annma S0
<Q|[EmnuEanQ> = <Q’EmnEnm|Q> = (_1)Cm+cn<Q|EmnE;rnn|Q> . (1-10)

Unitarity demands that the inner products (Q[Q) and (Q|EpnEfn|Q) are positive real
numbers, which by combining (1.9) and (1.10) means that

(=1)mten (e — (—1)PmHPre,) > 0. (1.11)

For u(N, M|K) this means that the weights (1.5) must satisfy

M —Aap1 = 0 (1.12a)
UN+4j 2 UN+j+1l = Vg 2 Vit (1.12b)
Matvp <0 (1.12¢)
Matuni > 0, (1.12d)

where j=1,...,M and k =1, ..., N. These constraints should be satisfied by all members
of a multiplet. Note that if (1.12a) and (1.12b) hold, then

M+ <0 (1.13a)
)\K+VN+M > 0 (113b)

ensure that (1.12¢) and (1.12d) are satisfied. Note that the saturation of (1.12¢) and
(1.12d) corresponds exactly to the case where shortening happens. We will refer to (1.13)

as shortening conditions in the following.

1.1.3 Oscillator formalism

We want to study unitary representations with integer weights, and then it is convenient

to parametrise the generators in terms of Jordan-Schwinger oscillators,

The usage of such oscillators in superconformal algebras goes back to [19], and they have
featured heavily in the study of the AdS/CFT spectrum, see e.g. [20, 21].
Let us return to the nicely ordered gradings (1.2). Three different oscillator represen-

tations of gl(n),

EdB:—bdb;, [bd,bg]zadg, &, fef{l,...,N}, (1.15a)

E(NJra)(NJrB) = aLag, [aa,aé] = 5a[37 a,B e {1,...,M}, (1.15b)
E(N+M+a)(N+M+b) :f;rfb, {fa,fg}:éab, a,bG {1,...,K}, (1.156)
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can be used to parametrise the bosonic generators of u(/N, M|K). In the notation (1.14)
this corresponds to Xm = {—ba, aL, f;} and X, = {bL, aq, £, }. The fermionic generators
are then parametrised by other bilinear combinations of the oscillators a, b and f. The

full set of generators are

—bdbg —bgas —bafy
En = ang aLag alfb . (1.16)
fngB flag  fif,

In terms of oscillators, the central charge (1.4) is
C=—-N—np+ns+na, (1.17)

where n are number operators, e.g. ng, = f;rfa, and ng = Zle ng,.

States
To construct representations we define a Fock vacuum |0) by
a,|0) = bg|0) = £,]0) =0. (1.18)

Each irreducible representation has a fixed central charge (1.17). Specifying this central
charge, we can construct the space of states of that type. Note that unless C' = — N, the
Fock vacuum |0) does not belong to the vector space. When both N # 0 and M # 0,
generators of the type a'b! are present. These generators are bosonic and can be applied
an unlimited number of times without annihilating a state. This makes the representa-
tions infinite-dimensional, reflecting the non-compact nature of unitary representations of
u(N,M|K). When either N = 0 or M = 0, all generators can only act a finite num-
ber of times on a state before annihilating it, corresponding to the compact nature of
w(M|K) 2 u(M, |K).

As a simple example, consider u(1]1), i.e. N =0 and M = K = 1, with C = 2. The
possible states are then f;r aJ{|O> and (aJ{)Q\O), and they are related by the action of aJ{fl

and its conjugate, so these states form a two-dimensional representation.

Tensor products

We can now consider tensor products of Jordan-Schwinger type representations. Through-
out the thesis, our interest will be tensor products of L representations of the same type.
Tensor product representations are in general not irreducible.

As an example, consider the tensor product representation of two C' = 2 representations
of u(1|1) as considered above. The corresponding vector space is four-dimensional and

spanned by the states

flaljo) @ faljo)  ffal|0) @ (a])?j0)  (a})?|0) @ f{all0)  (al)?(0) @ (a])?[0). (1.19)
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The symmetry acts on a tensor product via the chain rule, but one should be careful with
signs due to the fermionic oscillators. The tensor product space (1.19) splits into two

irreps, both of dimension two:
f{af|0)®2 = ffa]|0) ® (al)2|0) - (al)?0) ® £fal|0) (1.20)
flal|0) ® (a])?|0) + (a])?|0) @ falj0) = (a])?|0)®?,

where the arrows denote the action of the off-diagonal generators a];fl and its conjugate.
In terms of oscillator number operators, the total central charge for a tensor product

state is
Ctotal = LC = =N L — np + nf + na . (1.21)

We will often characterise multiplets by the oscillator content of their HWS, using the
notation n = [np, |nf,|na,]. Note that this only makes sense if the grading is specified,
since the HWS changes under the fermionic duality transformations. In the example
(1.20), the multiplets can be denoted by two numbers n = [ng, |[na,]. In the grading 11,
where the HWS is annihilated by E1 = aJ{fl, the two multiplets are then denoted n = [1/3]
and n = [0|4], respectively. In the grading 11, where Eyp = flT a1, they are instead denoted
n = [2|2] and n = [1]3].

We will now introduce a tool from representation theory that allows a classification of

irreps in which the ambiguity related to the choice of grading is absent.

1.2 Young diagrams

Young diagrams were first introduced in representation theory of finite groups, where they
can be used to construct representations of the symmetric group Sy. Due to the Schur-
Weyl duality [22] they simultaneously classify irreducible representations of both Sy and
gl(N).

The following treatment of Young diagrams as a classification of irreducible represen-
tations of gl-type algebras will be rather informal, and we will only introduce the concepts
necessary for our applications. A more complete treatment can be found in most modern
books on representation theory, see e.g. [23]. For simplicity, we begin with the compact

case.

1.2.1 Compact Young diagrams

As discussed, unitary representations of u(M|K) are finite-dimensional. They can be
characterised by the (M + K)-partition {v1,...,var|A1, ..., A\ } given by the fundamental
weights of the HWS in the chosen grading. For representations of Jordan-Schwinger type,
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Figure 1.3: Definition of compact Young diagram in terms of a and a partition {v|\}. Note

A

that we use the “French notation” for Young diagrams.

these weights are equivalent to the oscillator numbers na,, and ng,. As discussed above, the
grading defines a two-dimensional path. The Young diagram is constructed by drawing v;
boxes above the j'th horizontal line, and A, boxes to the right of the a’th vertical line, see
figure 1.3. From this definition it is clear that a representation of u(M|K) is characterised

by a Young diagram that fits within an L-shaped hook of the form shown in figure 1.4.

Unitarity constraints

Notice that due to the nature of the fermionic duality transformations, the Young diagram
is independent of the chosen path. The unitarity constraints (1.12) should hold no matter
which grading is chosen. This means that the Young diagrams have to be shaped as a
ladder, i.e. the width of the rows have to decrease or remain the same as one goes from
below.

Shortening has a very natural interpretation on the level of Young diagrams. A repre-
sentation is short if it does not touch the point (M, K) at the corner of the L-hook. See

figure 1.4 for an example.

Young diagrams as algebra-independent objects

We can just as well describe a Young diagram entirely by the width of its rows, i.e. by a
partition X' = {\|,..., Ny} where H is the height of the first column in the diagram, see

figure 1.5. It is clearly not necessary to specify an algebra in order to define the Young

!

K

|

Figure 1.4: L-hook for u(M|K) with M = 4 and K = 3. The Young diagram specifies a short

representation of u(4|3) since it does not touch the point (4, 3).
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-]

)

g -
- -

Figure 1.5: Young diagram as a partition A = {1, ..., Az }.

diagram. In fact, a diagram characterises an irreducible representation of any u(M|K)

algebra for which it fits inside the corresponding L-hook.

Tensor products and trivial extension

The discussion so far has been for abstract representations. If we want to interpret the
vector spaces of the representations as tensor products, we need to specify another number:
the length L of the tensor product or, equivalently, the central charge C' for the individual
components in the tensor product. The length and central charge are related to the weights
by

M K H
LC=) w+ Y M=) N. (1.22)
k=1 k=1 k=1

Let us restrict to the Jordan-Schwinger type representations. As the oscillators f,
are fermionic, they can act only once on the vacuum |0). This means that the allowed
representations for the individual components in a tensor product are given by Young

diagrams with a single column whose height equals the central charge, see figure 1.6.

Figure 1.6: The representation at each site in the tensor product is given by the central charge C.

Consider a tensor product where each component is a u(M|K) representation with cen-
tral charge C. By introducing an additional oscillator fy and redefining our Fock vacuum
as |0) = fg\@, we can think of this as a tensor product of u(M|K+1) representations with
central charge C+1. We embed the original u(M|K) representation in a larger u(M|K+1)
representation. The corresponding Young diagram obtains an additional row of length L
at the bottom and the partition becomes {v1,...,vpr|L, A1, ..., Ak }. Alternatively, we can
extend the algebra to u(M|K+1) by adding an extra weight with value 0 corresponding
to the partition {vy, ..., ar|A1, ..., Ak, 0}. This corresponds to extending the algebra by an
oscillator fx 1, but without modifying the u(M|K) subspace or the central charge. The

Young diagram is then unchanged. We can do arbitrarily many of these extensions, and
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Figure 1.7: Extension of a compact Young diagram. The extension depends on the specification
of a central charge C, which defines the length through (1.22). The path cor-
responds to the original grading, while the blue path is the extension. The extension
can be arbitrarily big and will have weights {v1,...,vm|L, ..., L, A1, ..., Ak, 0,...,0}. In
the depicted example, the u(3|2) partition {4,2,0[4,2},1,55 is interpreted as a tensor
product with central charge C' = 2 and thus length L = 6. We call the grey part the

trivial extension.

we will refer to this process as trivial extensions. The process is depicted in figure 1.7, and

it will play a key role in the following.

1.2.2 Non-compact Young diagrams

Young diagrams are a standard tool in the analysis of compact representations. In the
AdS/CFT integrability context, non-compact representations have previously been classi-
fied by diagrams within a T-hook [24, 25, 26]. In the yet unpublished work on classifications
of unitary representations of u(N, M|K) [27], a generalisation of Young diagrams to the
non-compact case will be introduced. As a special case of that approach, we now define
Young diagrams for a restricted class of irreducible representations. In particular, we want
to consider representations that are realised as tensor products of Jordan-Schwinger type
representations with integer weights. It is convenient to characterise these representations
by the oscillator numbers n,, np and ng rather than their fundamental weights v and A.
We will discuss the ambiguity in using the fundamental weights after defining non-compact

Young diagrams in terms of Jordan-Schwinger oscillators.

Definition in terms of Jordan-Schwinger oscillators

An irreducible representation of u(N, M|K) is characterised by a Young diagram within
a grid of the form shown in figure 1.8, which we will refer to as a x-hook. Figure 1.8 also
shows the definition of the Young diagram in terms of the oscillator numbers. Note that
it is necessary to specify the central charge C, or, equivalently, the length L. Again, C
and L are related through (1.21).

To draw the diagram, the starting point is the Dynkin path, cf. figure 1.1, which

consists of N+M+K segments. For the first NV horizontal segments, draw nyp,, boxes below
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I
L-ns e
1 }
<7[/-|7’Lf2 nfg K
1 T
< L-’I’Lfl nfl
.nlb 11 -nbg

4—]Y—>

Figure 1.8: Young diagram corresponding to the oscillator numbers na, ng, np, with respect to a
given and a specified central charge C that defines L through (1.21). The ex-
ample here corresponds to an u(2, 3|3) representation with 11232435 — [2,416,4,2|5,3,2]

and C = 0. Consequently, L = 8.

the &’th segment. For the last M horizontal segments, draw n,, above the (N + «)’th
segment. For the a’th vertical segments, draw ng, boxes to the right and L — ng, boxes to
the left.

It is important to note that the above prescription is not valid in all gradings if the
representation in question is short. For long representations, the Young diagram touches
the start- and end-point of the Dynkin path, which we denote (0,0) and (N + M, K). For
short representations, the prescription always yields the correct diagram if one chooses the

path
12..(N-1)N 12..K—1K (N+1)(N+2)...(N+M),

corresponding to ordering the oscillators such that all b oscillators come before all f

oscillators followed by all a oscillators, i.e. u(N,|K|M).

Why the fundamental weights are ambiguous

The above definition of Young diagrams depends on the N+ M + K oscillator numbers,
but also on the central charge C, or, equivalently, the length L.

Why not use the fundamental weights A and v? In the following, our focus will be on
projective algebras of pu-type, where the central charge is zero. The issue is that when
C = 0, the length L drops out of (1.22), so the weights do not determine L. In contrast,
we get L for free through (1.21) by using oscillator numbers. We will see examples of this
in the N/ =4 SYM context below.
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Figure 1.9: Extension of a Young diagram that was originally defined for u(2,2|4) and C = 0
(n121234134 = [2,3|7,6,4, 3|2,1]). The non-trivial extension is marked in blue, while the
trivial extension is marked in grey. The trivial part continues infinitely in the vertical
direction without any horizontal shifts. The central point is marked with a black circle.
The two red points correspond to the algebra u(9), and the shaded boxes show the
corresponding u(9) Young diagram with C = 5. The two green points correspond to
the algebra u(2,4|5) with C = 1. As one of the points is outside the diagram, the

corresponding multiplet is short.

Extension and map to u(N’)

In analogy with the compact case, we would like to think of the non-compact Young
diagram as independent of the algebra. Similarly to the compact discussion, we can
embed a representation in representations of algebras of higher rank, by extending the set
of oscillators and through redefinitions of the Fock vacuum and central charge.

In this procedure, we first extend all rows to have length L. In the upper part of the
diagram, we extend the rows towards the left, and in the lower part towards the right.
We call this the non-trivial extension. Above and below this diagram, we place an infinite
column of rows that are completely aligned with central vertical line in the diagram. In
the upper part, this infinite column is on the left side, while it is on the right side in the
lower part. We call this the trivial extension. See figure 1.9.

The diagram now corresponds to an irreducible representation of any u(N, M|K) alge-
bra for which it fits inside the y-hook. An algebra is specified by choosing two points on
the Z? lattice such that the extended Young diagram is between them and that the right
point is not lower than the left point. The relative position of these points to one another
and to the central vertical line specify the algebra, and the Young diagram then defines
an irrep of this algebra. If both points are on the boundary of the extended diagram then
this representation is a long multiplet, otherwise it is a short multiplet.

We interpret the irrep defined by a Young diagram as a subspace of a tensor product of

L copies of a simpler representation with a given central charge. The point on the central
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vertical line where the number of boxes that are placed to the left and below the point
equals the number of boxes to the right and above the point defines the central charge for
each component in the tensor product. For u(N, M|K) this point is (N, C+N), since the

equality of the number of boxes southwest and northeast of the point,

N+C

K
np + Z (L —ng,) =na+ Z ne, (1.23)
a=1

a=N+C+1

is identical to the central charge constraint (1.21), and we refer to it as the central point
or simply center of the diagram. Later, we will also refer to it as the momentum-carrying
node. Note further that the central vertical line splits the diagram into two halves that are
shaped as extended compact diagrams. We call them the left and right compact diagrams.
This gives a way to map u(N, M|K) representations to u(N’) representations, which we

will now exploit.

1.3 Characters and counting

Having introduced a way to classify representations, either through the specification of
a partition or a Young diagram plus a central charge, we are ready to study the decom-
position of tensor product representations into irreps. Representation theory provides a
convenient tool in terms of characters.

Character theory for compact representations is described in most textbooks on repre-
sentation theory, see e.g. [23]. The generalisation to supersymmetry and non-compactness
is less well-studied, and the author is unaware of a treatment combining both features. As
proposed in [5], we will use the concept of extended Young diagrams to map u(N, M|K)
representations to representations of u(N'), and thus circumvent the complications arising
from supersymmetry and non-compactness. The trade-off is that the rank N’ is un-
bounded.

1.3.1 gl(N) characters

The character of an irrep of gl(/N) with weights A = {\1,...,Anx} is given by the Schur

polynomial
ANj+N—j
detlgz’,jSN l’iﬂ_ J Wy
X\ = N—j = T ’ (124)
deti<ij<n T; v

where the denominator Ay = [],_.(z; — x;) is the Vandermonde determinant.

i<j
We are particularly interested in tensor products of such irreps. A tensor product

representation is reducible, and it can be written as a direct sum of irreps,

A A= N. (1.25)
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The character of the tensor product representation is simply the product of the characters
of its factors, i.e. x or = Xf- At the same time, the character of a reducible representation

is a sum of characters of irreps:
Xreducible = Z Cx XX (126)
A

and the integer multiplicities c¢) are uniquely determined. In the case of the L’th tensor

product of an irrep A, we get
XX = ZCXX/\’ : (1.27)
)\/

Actually, the polynomial W) = Ay - x) is more convenient to work with. For a given

representation A\, W) will contain a term of the kind

AM+N—=1_Mo+N-2 An—1+1 AN
x] x5 SRR FA 7 (1.28)

which we will call the dominant term. The advantage of W compared to x is that the
dominant terms are unique to W), i.e. they do not appear in Wy, if A # X. We can then
effectively decompose into irreps by reading off the coefficient of the dominant terms in

the expression

AV * Xreducible = 3 AWy . (1.29)
By

1.3.2 Polya theory

The tensor product character (1.27) can be seen as a sum of all the states in the spectrum
with length L. In the next section, we will want to interpret single-trace operators in
N = 4 SYM as tensor product states. The trace is cyclic, which means that tensor
product states that are related by cyclic permutations, i.e. by the cyclic group Zj, are
considered to be equivalent. This effectively reduces the size of the vector space of states.
The above analysis does not take this property into account.

The Polya theorem [28]' provides a way to account for equivalence relations between
tensor product states, in our case cyclic permutations. According to the Polya theorem,
the tensor product character (1.27) should be replaced by the reduced sum of states Zp,
given by

Zp = dz; @Xl(:ﬁ?, )T (1.30)

Here d|L denotes all divisors of L, while ¢(d) is the Euler totient function given by the
number of integers between 1 and d that are mutually prime with d. i is the character

of the representation that each component of the tensor product is in.

1See [29] for a detailed explanation relevant for our purposes.
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The practical usage of characters is demonstrated in appendix A.2, both in simple
examples and to understand the multiplet content in A" = 4 SYM, towards which we now

turn our focus.

1.4 The N =4 SYM spectrum

Our goal is to classify the symmetry multiplets formed by single-trace operators in N' = 4
SYM. Such a classification was first done in [30] and further investigations made in [31].

The superconformal algebra is isomorphic to psu(2,2|4). The generators of the symme-
try can be realised as differential operators on the fundamental fields that constitute local
operators, and as such, they act via the chain rule. This fits well with the action of ab-
stract symmetry generators on a tensor product, and thus we can interpret the composite
operators as tensor products.

At zero coupling, i.e. g — 0, the symmetry is in fact enhanced to pu(2, 2|4)@u(1), where
the extra u(1) corresponds to the fixed length L. This section reviews how multiplets of
single-trace operators are affected by this transition in symmetry induced by turning on

the coupling.

1.4.1 Field interpretation of states

The states satisfying the central charge constraint C' = 0 and their interpretation in terms
of fields in N’ =4 SYM are summarised in table 1.1. The fields correspond to an infinite-
dimensional representation reflecting the possibility of acting with an arbitrary number
of covariant derivatives on each field. The corresponding pu(2,2[4) Young diagram is

depicted in figure 1.10. The fields are assigned a classical conformal dimension, Ag, given

Field interpretation Content Ag | Components
scalar Dy f;rfbT |0) 1 6
. N flal, (0) 3 8
fermion — P 3
Voo | €abedfy fef by, |0) 5 8
F, ahal |0 2 3
field strength _of ToT TaTﬁJl >T
Fup | fifaf3Ebibs[0) | 2 3
covariant derivative | D,g aLbL 1 4
Table 1.1: States satisfying the central charge constraint. Note that ®,, = —®p,, i.e. there are

six independent scalars. We denote them by Z = f{£](0), X = f/£l|0), ¥ = £]£]|0),
Y = £]£1]0), X = £i£]|0), Z = £]£]|0). Note also that Fns = Fsa and de = ]:—Bw A
state can contain one of the fundamental fields and an unlimited number of covariant

derivatives.
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Figure 1.10: (left) The x-hook and the Young diagram corresponding to the single-field representa-
tion in A/ = 4 SYM. The central point is marked. (right) The extended Young diagram

corresponding to the single-field representation.

Ao = % + g (1.31)

Composite operators made of L fields are interpreted as tensor products of L vectors

from the above representation. As an example, consider the L = 3 state
Tr[ Z D1V Fio] = £]£1]0) @ (al)?blf]0) @ alal|o) . (1.32)

For simplicity, we will often leave out the TrJ[...] symbol. Cyclicity of the trace means that
two states are equivalent if they are related by cyclic permutations, e.g. ZX = X Z. As
fermions anti-commute, this also means that some states involving fermions vanish, e.g.

VoaVaa = —V4a¥4eq = 0. The central charge constraint for a tensor product state is
Na — Np +ng = 2L, (1.33)

and this defines L through the oscillator numbers.

pu(2,2/4) Young diagrams

The Young diagrams of the irreps of pu(2,2|4) are drawn within the x-hook shown in
figure 1.10. We will refer to the point (2,2) as the central point. 1t splits the diagram into
four quadrants. The central charge constraint C' = 0 manifests itself as the demand that
the number of boxes in the upper-right and lower-left quadrants must be equal, see figure
1.11. Furthermore, the left and right half of the diagram should be of ladder shape [27].
The unitarity constraints (1.12) only demands this for the four middle rows, but it turns
out that diagrams which are not of ladder-shape correspond to operators that are set to
zero by the equations of motions. An example is the diagram on the right in figure 1.11
(n? =[1,1|1,1,1,1/1,1] in the notation introduced below), which corresponds to a HWS
of the form €*“?® ;[0®.4. The equations of motion are realised in the oscillator language

as U = eqp€, BDadDB 5= 1<(ie§<2 ajlbg = 0, and consequently this operator vanishes.
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Figure 1.11: (left) An example of a pu(2, 2|4) diagram having the same number of boxes in the
and quadrant. (right) A Young diagram that is not ladder-shaped and
allowed by the pu(2,2|4) unitarity constraints (1.12), but corresponds to an operator

that is zero due to the equations of motion.

1.4.2 Quantum numbers and finite g

At zero coupling, the multiplets of operators are representations of pu(2,2|4) ® u(1). As
such, we need eight numbers to classify the representations. As mentioned, we will prefer

to use the oscillator numbers to classify representations. We will do this in the notation
n& e — [y ny, | ngy, gy, gy, g, | Nay s Ny | (1.34)

where the oscillator numbers are those of the HWS with respect to the specified grading.
Our preferred choice of grading will be 12123434, also known as the compact beauty grading
[32], for which we will use the symbol I as a short-hand notation referring to its Dynkin

path. This choice is convenient since it minimises the classical conformal dimension (1.31).

Turning on g

The above use of Jordan-Schwinger oscillators is only an adequate description of N’ = 4
SYM at g = 0. The Jordan-Schwinger-type representations have integer weights, and this
is no longer true when g # 0. Understanding the nature of the representations formed by
single-trace operators at finite coupling is still an unsolved, and very interesting, problem.

The global symmetry of ' = 4 SYM has the two bosonic subalgebras su(4) and
su(2,2). The su(4) part corresponds to the R-symmetry and is related to the S° part of
the dual geometry. The corresponding weights A, do not run with the coupling and remain
integers at any coupling. The su(2,2) part, related to the conformal symmetry and the
AdSs part of the dual geometry, is not as simple. The conformal symmetry includes the
dilatation operator, and as it is renormalised, the weights of this part of the symmetry,

v;, run with the coupling since they contain the anomalous dimension. The behaviour is

y = uiyg:0+%{—1,—1,1,1},». (1.35)
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n' L | Field content example Aa vj
[1,1)2,2,2,2[1,1] | 4 SRRV APAEPRVAPS {2,2,2,2} | {-5,-5,1,1}
[0,0[2,2,2,2|1,1] | 5 U U9 ZXY {2,2,2,2} | {-5,—5,1,1}
[1,13,3,3,3[0,0] | 5 U U, ZXY {3,3,3,3} | {-6,-6,0,0}

Table 1.2: Three types of operators with differing oscillator content and length that have the same
psu(2,2|4) quantum numbers: Ay — Aay1 = {0,0,0} and v; — v;41 = {0, —6,0}.

At finite coupling, the multiplets organise themselves in representations of psu(2,2|4).
Such representations are characterised by just six numbers. A choice is the differences
of the fundamental weights A\, — A\s41 and v; — vj41. Note that the weights {\, v} and
{A+ A, v — A} define isomorphic irreps of psu(2,2|4).

The relation between oscillator numbers and other conventionally used parametrisa-
tions of the psu(2,2[4) quantum numbers are given in appendix A.1. Despite the obscured
interpretation at finite coupling, we will prefer to label multiplets by the HWS oscilla-
tor content (1.34) that they flow towards as g — 0, since this classification contains the

complete information, and since our main objective is perturbative calculations.

Length mixing

At finite coupling, the notion of a length breaks down. In general, the eigenstates of the
dilatation operator is a mix of any operator with the same psu(2,2|4) quantum numbers
[33]. On the level of level of oscillators, the length can be changed by two transformations

that leave the differences A\, — A1 and v; — v;j4 invariant:

(Lo} & {D—1 m,+1}, (1.362)
{L, ng,, na,} < {L—1,ng—1,na,+1} (1.36b)

Note that (1.36a) leaves A and v invariant, while (1.36b) takes A\ <> Ay —1 and v; <> v;+1.
An example of operators related by these transformations and consequently able to mix

at higher loops is given in table 1.2.

1.4.3 Shortening and joining

As discussed, shortening happens whenever A\, +v; = 0. At g = 0 this happens for all
multiplets that correspond to diagrams not touching the edges of the x-hook. This means
that some fermionic duality transformations do not alter the HWS.

At g # 0 the situation is different. Generically, the shortening conditions are not
satisfied due to the running of v;. In consequence, all unprotected multiplets of operators

should be long representations of the symmetry with distinct highest weight states for all
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70 possible Dynkin paths on the 4[4 lattice. The only explanation of this phenomenon is
that the short pu(2,2]4) ® u(1) multiplets must combine into larger psu(2,2|4) multiplets.

Protected operators: the BMN vacuum

There is one type of multiplet that is not subject to joining: the multiplets containing the

states Tr ZL. The oscillator numbers are
n? =10,0|L, L,0,0[0,0] . (1.37)

Due to the fact that they are annihilated by half the supercharges, these operators are

protected from quantum corrections and have vanishing anomalous dimension, see e.g.
[11].

Shortening conditions

The non-trivial unitarity bounds are

Mt <0, (1.38a)
MAvs > 0. (1.38b)

These bounds must be satisfied by any member of a multiplet. For this, we need to require
that (1.38a) holds for gradings of the type {11}..., and that (1.38b) holds for gradings of
the type ...{44}. Here the notation {ab} means that a and b can be in either order.

Shortening happens when one or both bounds are saturated, i.e. when

M+ = ng—L—np, = 0, (1.39a)
MAvy = ng, + Na, = 0, (1.39Db)

which we refer to as shortening conditions. On the level of oscillators, the condition
(1.39a) can only happen if ng, = L and ny, = 0. Similarly, (1.39b) implies ng, = na, =
0. Shortenings rule out the possibility of the length-changing replacements (1.36). In
particular, (1.39a) rules out (1.36a) and (1.39b) rules out (1.36Db).

Joining
Let us take a short multiplet and reconsider what happens during fermionic duality trans-
formations that leave the HWS unchanged.

Consider a multiplet subject to the shortening (1.39a). The oscillator content in a
grading of the type 11... must be of the form

[07nb2‘L7.7.7.’.7.]fim ) (140&)
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Figure 1.12: Example of four different Young diagrams for short multiplets that join into one at

finite coupling. The changes with respect to the diagram on the left are highlighted.

where the length and grading is specified in super- and subscript. If the multiplet was
long, the effect of the duality transformation to the 11... grading would be {\,1} —
{A\ + 1,v1 — 1}, which seems to give the inadmissible oscillator content [1,ny,|L +

L
Leeele 0l
The resulting oscillator numbers are

. However, this can be cured by the length-changing replacement (1.36a).

[0,np, —1|L+ 1,0, 0 e, O]iL;rl . (1.40Db)

This is how joining works: short pu(2, 2|4)@u(1) multiplets of different lengths join into one
psu(2,2|4) multiplet. A similar treatment reveals that multiplets subject to the shortening
(1.39b) combine as

[')".7.7.7O|na1’0]%_44) (141&)

[0,0| @ +1,0+ 1,0+ 1 0[n,, —1,O]L;H. (1.41Db)

If both shortenings (1.39) happen, the four multiplets

07 .|L’ e, .70‘.70]5..4’
0,0 —1|L+1,e,e,0e 0]

[

[ 1.4”

[0,8]L+1,0+1,0+1,0]e —1,0]f+§ ,

0,0 —1|L+2,0+1,0+1,0[e—1,0[i"2, (1.42)

join into one.

In table 1.3 we give examples of the different members of the short Konishi multiplet.
We also display the joining on the level of Young diagrams in figure 1.12. Note that two
identical Young diagrams can appear in different types of long multiplets as they can

describe the HWS in different gradings.

Stronger shortenings

We could also encounter an operator with ng, = L and ny,, = np, = 0, which would satisfy

also the shortening A\; + v = 0. To make the joining (1.40) possible, it would have to
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Grading n Possible field content | L | Ag | Young diagram

212343 [0,0[1,1,1,1[0,0] ZZ XX,y 2 -
1{ 122343 }4 0,1]2,1,1,10,0] | ZTs, XUz, YWyp | 2| 3

122334 [0,2]2,2,0,0/2,0] D3, 22 4 T

122343 [0,0[3,1,1,1]0,0] ZXY 3 -
i{ 122334 }4 [0,0[3,1,0,0[2,0] A S 3| 4

234123 3,3]3,3,3,3/0,0] Fdy, FiiFiaFa 6 1

212334 [0,0[2,2,2,0/0,0] ZXY 3 H
1{ 122334 }21 [0,2]3,3,2,0]0,0] FATEN 3] 4

234123 [0,0[0,0,0,0[3,3] Fiy, Fr1FiaFal 6 T

122334 [0,0]4,2,2,00,0] Z2x? 4 H
i{ 212343 }21 [1,1]4,4,0,0|1,1] | D11 D222, D19Do1 Z* | 4 | 6

231234 2,2[4,4,4,0[0,0] U2, 02, 6 0

Table 1.3: Selected components of the Konishi multiplet, which splits into four short multiplets at
g=0.

be a HWS in the grading 112... at finite coupling. Similarly, the case ng, = ng, = L and
np, = 0 implies the 112... grading. If (1.39Db) is supplemented by mna, = 0 it implies the
grading ...344, and if supplemented by ng, = 0 it implies ...344 at finite coupling.

There is one scenario that the joining mechanism cannot handle: if both np, = 0 in
the {112}... gradings and ng, = L in the {112}... gradings. The only multiplets in the
N = 4 spectrum with this property are the protected BMN vacua discussed above which

remain short at finite coupling.

1.4.4 Sectors

Shortening is crucial in understanding the appearance of closed sectors of operators. By
a closed sector, we refer to operators with restricted field content that do not mix with
operators with different field content, i.e. the eigenstates of the dilatation operator will be
a linear combination of single-trace operators of only this kind at any coupling. This is the
case when the psu(2,2|4) quantum numbers, i.e. the six numbers A\, — A\q41 and vj — vy,
can only be used to construct certain fields.

In a closed sector, some oscillators are passive in the sense that they are either saturated
(e.g. ng, = L) or not excited at all (e.g. ng, = 0), while some oscillators are excited and form
a set of non-trivial raising operators. Furthermore, the length-changing transformations
(1.36a) and (1.36b) do not excite the passive oscillators.

The six different possibilities of shortening are summarised in table 1.4. All closed

sectors can be understood in terms of combinations of these shortenings. For example,
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Figure 1.13: Closed sectors. @compact @non-compact.

the su(1,1) = sl(2) sector combines the fourth and sixth type: [0,e|L, L,0,0]|e,0], while
the su(2,1|3) sector is of the second type: [o,o|e o o 0le, 0]. All closed sectors are listed
in table 1.5. The rank of the sector is one lower than the number of active oscillators. The
sectors of low rank are subsectors of those of higher rank, and the relationship between
sectors is summarised in figure 1.13.

Note that in sectors where only one of the shortening conditions (1.39) is satisfied, one
of the length changing transformations (1.36) is allowed and results in an operator with
the same psu(2,2]4) quantum numbers, but with a different length. As discussed, this
means that at higher loops the eigenstates of the dilatation operator can mix operators of
different length.

Figure 1.14 shows the Young diagrams for multiplets containing operators in the sl((2)
and su(2) sectors. Note that the multiplets n? = [0,0/L — 1,L — 1,1,1]0,0] contain

operators from all sectors.

(|1 £ 1) Grading
[0,0|L,0 0 0|0 o {11}
[0,0]0, @ 0 0[e,0] | ..{44}
[0,0|L, 0,0, 000 | 112..
(0,0|L, L, 00 0 | 1i2..
[0,0]0,@,0.0[0,0] | ..344
[0,0]0,0.0,0[e,0] | ..344

Table 1.4: Types of shortening and resulting grading for the state that remains a HWS at finite

coupling. Brackets {} denote interchangeable gradings.

1.4.5 Counting multiplets

In the AdS;/CFT, context the counting of multiplets was done in [29, 34] by engineering
s0(N) characters to account for supersymmetry and non-compactness. As proposed in
[5], we will take another approach. In section 1.2.2, we saw how to map a non-compact

representation to an u(N) representation via the extended Young diagram. All pu(2,2[4)
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s[(2) ° su(2)
n
L—1 | L-3 |
L—1 [-m-1 ] m—1]
L—1 | M—1 | L-—m-1]
L—1 | L-3 |
T

Figure 1.14: Young diagrams (of & HWS) for multiplets containing s[(2), D5 Z%, and su(2),

ZE-M M operators.

diagrams can in fact be seen as representations of u(4—|—ng2 +ng. ,) with central charge C' =
2+n£2. We can exploit this to apply the tools of section 1.3 to count the multiplets in N' =

4 SYM. An important point is that it is possible to make a cut-off in the classical dimension
I

given by (1.31). To account for all multiplets up to a maximal classical dimension Ag ..

of the HWS in the I grading, it is sufficient to consider u(QA({ max) Tepresentations where
the tensor product components are in representations with central charge C' = A({ maxs Cf-
(1.30). Details of such calculations are given in appendix A.2. Table 1.6 gives an overview

of the multiplets with Aoj < 5.5. See appendix A.3 for a list of all multiplets with AOI <8.

Subconclusion

In this chapter, we have seen how to construct and classify Jordan-Schwinger type rep-
resentations of u(N, M|K) in terms of oscillators and Young diagrams. By introducing
the idea of extended Young diagrams, we have seen how to use standard Schur polynomi-
als to decompose tensor products of non-compact representations into irreps, also taking
cyclic equivalence into account. We then applied this framework to the global symmetry
of N =4 SYM in the limit g — 0. We saw how its representations quite magically glue
together at finite coupling to form long psu(2,2|4) multiplets.

With a clear picture of the content of multiplets of single-trace operators in N' = 4
SYM, we are ready to start our search for the anomalous dimensions that characterise
each of these multiplets. The dilatation operator, of which the anomalous dimensions are
eigenvalues, turns out to have the remarkable property that it acts like the Hamiltonian of
an integrable system. Integrable models have a rich underlying mathematical structure,
which can be formulated in terms of a Q-system, and these structures will be the topic
of the next chapter. For now, the introduction of extended Young diagrams gave us an
intuitive way to classify and count irreps. Their true usefulness will be revealed in chapter

5, where they will serve as skeletons for Q-systems.
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’ Rank ‘ Sector ‘ Field content [nb|ng|na) Grading(s)
su(1,1) Dy, 2L [0,S|L,L,0,0|8,0] 11223344
. su(1,[1) ZL-NgY [0,N|L,L,N,0|0,0] 112[23]344
su(1[1) ZL-NgN [0,0|L, L=N,0,0|N,0] 112[32)344
su(2) ZE-MyM [0,0|L, L—M, M, 0]0,0] 11223344
su(1,1]1), DY, ZE- NN [0,S|L,L—N,0,0|S+N,0] | {11}[232]344
) su(1,11), DfQZL*Nfofl_VQ [0,S+N|L,L,N,0|S,0] 11?[231:),1{421}
su(1,]2) ZL=M=NxMyh [O,N|L,L—M,M+N,0[0,0] | {11}[223]344
su(1]2) ZL-M=NyMyN [0,0|L,L—M~—N,M,0|N,0] | 112[323]{44}

3| psu(1,12)

Df2ZL7M7N17N2+S

M+SgN1—SJ,N2—8S
X \Dll \1142

[0, No| L, L—M—Ny,
M+N,, 0Ny, 0]

{11}[2323]{44}

S11S2 2L —N1—Na+n
D11D12Z ! 2

[S1, 82| L—Ny, L—Ny,

U305 0T U5, ST

su(2,1]2) N , [12312]344
N Yy 11 0, 0| Ny+No+51+55, 0]
ZL—M1—Mz—N1—No Ny, Ny|L—My, L—M U
su(2,3) e [Nos N > L [12123]344
A XM YMop g M +My+N;+Ny, 0]0, 0]
DI D32 ZL-Ni=Natn 0, S14S3+N+Ny | L, L, N
su(1,2]2) L [0, S1+82+ N+ Nz | 112[23434)
Wy Vs T Ni, No|S1, S2]
ZL—Mi—M;—N1—No 0,0|L,L—M;—My—Ny—Ns, | .
su(2]3) oM N N [0,0] PR 119[34931)
XM YMe g Nig My, My| Ny, Ny
L ] D. X. .Z. AAA ~
su(1,2)3) | 22 _.y_. . [0,0]L,0,0, 0|0 0 [123123]{44}
5 \1111\1112\1142@32\1122}_22
De. D* Xofozo ~ A
su(2,1]3) nPLATY [0, 0[]0, 0, @ e, (] {11}[234234]

Table 1.5: Closed sectors. Passive oscillators are marked in grey. A bracket [] denotes duality

transformations that shuffle active oscillators and change the HWS within the sector

while preserving the length. A bracket {} denotes a duality transformation that shuffles

passive oscillators and changes the HWS within the sector while changing L. Note that
the field content in the psu(1,1]2), su(2,1|2), su(1, 2|2), su(2,1|3) and su(1, 2|3) sectors is

not completely fixed by the oscillator numbers, but they can still be considered sectors

as only a restricted field content can appear.
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’ Ay H L ‘ [np | ng | na]” ‘ St ‘ So ‘ Sector ‘ Multiplicity ‘
L2 [[24 ] po11000 [ v][v] an | 1 |
| 3 [[35 | 00221100 | v]v] a1 | 1 |
46 | [0,0[3,3,1,1]0,0] | v | v all 2
35 | 0,1]2,2,1,1]1,0] | v | v sl(2) 2
2.4 | 0,21,1,1,1)2,0] | v | v sl(2) 1
4 | 46]10,03,2,2,10,0 | v | v | su®) 1
oy | DOLLLIR2,00 [ X | v | su(2,12) 1
0,2]2,2,2,2(0,0] | ¢ | X | su(1,2[2) 1
4 110,012,2,2,2/0,0] | ¥ | % | psu(2,2/4) 2
57 | 0,04,4,1,1]0,0] | v | v all 2
46 | [0,1[3,3,1,1]1,0] | v | v sl(2) 2
35 | [0,212,2,1,1)2,0] | v | v s1(2) 1
57 | [0,0/4,3,2,1)0,0] | v | v | su(2) 2
Lo | 0OBLLIROL [ su(lf) 1
[0,2(3,3,3,1(0,0] su(1,[1) 1
5 | 46 | [0,1)3,2,2,1]1,0] | v | ¢ | psu(1,1]2) 4
c g | [0:03:3,3,10.00 | X | v | su(2,|3) 2
0,0/4,2,2,2(0,0] | v | X | su(2[3) 2
ps | 00122 L112,00 | X | v | su(2,112) 2
0,2]3,3,2,2(0,0] | ¢ | X | su(1,2[2) 2
5 |100,0[3,3,2,2(0,0] | ¥ | % | psu(2,2/4) 4
0,1]2,2,2,2(1,0] | % | ¥ | psu(2,2/4) 2
o | D03 Lo T su(i]1) 2
[0,1]4, 4,2, 1[0, 0] su(1, |1) 2
L | 0IB2 L1200 [ | su(1 1) 2
[0,2]3,3,2,1[1,0] su(1,1]1), 2
gs | 0221113001 su(l 1), 2
N [0,3]2,2,2,1]2, 0] su(1,1]1), 2
2 oo | 0:03:3,2,111,00 | X | v | su(2,13) 4
[0,1]4,3,2,2(0,0] | ¢ | X | su(1,2[3) 4
s | 012221200 | X | v | su(2,1]3) 4
0,2]3,2,2,2]1,0] | ¢ | X | su(1,2]3) 4
[0,0]3,2,2,2|1,0] 4
5 X | X | psu(2,2(4)
0,1]3,3,3,2(0,0] 4

the two shortening conditions (1.38a) and (1.38b), are saturated, respectively.

Table 1.6: All unprotected multiplets for which Ag < % The columns S; and Sz denote whether



Chapter 2
Spin chains and integrability

We call a model quantum integrable if it falls within the framework of Bethe ansatz tech-
niques, where the Yang-Baxter equation is the basic prerequisite. This chapter gives
a practical and informal review of these frameworks, and the discussion will progress
through explicit examples. To avoid getting lost in tedious notation, we will introduce the
techniques in a model with su(2) symmetry, the Heisenberg spin chain, and comment on
the generalisation to higher rank symmetry at the end of the chapter. The main goal is

to introduce the concept of a Q-system, which plays a central role throughout the thesis.

2.1 The Heisenberg spin chain and coordinate Bethe ansatz

The Heisenberg spin chain is not only a convenient toy model on which the tools of
integrability can be demonstrated, it also describes the one-loop spectrum of the su(2)
sector in N =4 SYM.

2.1.1 The closed Heisenberg spin chain

Consider a one-dimensional model of L spins, which are all in the same representation of
some Lie algebra, with periodic boundary conditions, see figure 2.1. In the Heisenberg spin
chain, these spins belong to the two-dimensional fundamental representation of su(2), and

we denote the states spin up T and spin down |. The model is specified by the Hamiltonian

L
H=> (I-Prps1) (2.1)
k=1

where IP; ; is the permutation operator that interchanges the spins at position ¢ and j. As
the chain is closed, we identify the k’th and the (L + k)’th site, i.e. Py, 141 = P 1. Notice
that the Hamiltonian only contains interactions between neighbouring spins.

Through the permutation operator, we can define a shift operator U that shifts all

33
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Figure 2.1: A closed Heisenberg spin chain.

spins by one site towards the left:
U= PL*LL s ]P)273]P)172 . (22)

For example, U - 11| = 1.1. By using the properties P; ; = P;; and IP; ;IP; , = P; x[P; j, one
can show that the shift operator commutes with the Hamiltonian (2.1).
We can furthermore define a spin-flip operator, S;, that flips a down spin to an up

spin and annihilates the state if it acts on an up spin. It acts via the chain rule, e.g.

Sy -4t =1+ 0 + 117 (2.3)

We can define the opposite spin-flip operator S| similarly'. The spin-flip operators also
commute with H.

The Hamiltonian acts linearly on the vector space of spin chain configurations. It
only relates spin chain configurations with the same length, and the same number of up
and down spins. We call these subspaces magnon blocks. We denote the length of the
chain by L, and the number of down spins (magnons) by M. The Hamiltonian can be
represented by a matrix that is block diagonal on each magnon block. We are interested

in its eigenstates and eigenvalues.

Example: L=3, M =1

As an example, consider chains of length three. There are eight spin chain configurations

forming four magnon blocks:

1 (R NE T RURERAES Wl

Let us consider the magnon block corresponding to M = 1 and denote the spin chain

configurations by the vectors

1 0
me=(o], HWr=|f1], M=
0 0

(2.4)

= o O

n terms of the Jordan-Schwinger oscillators introduced in section 1.1.3 our states are T = a4{|0> and
| =al|0). A spin chain configuration is a tensor product, e.g. |1/ = a}|0) ® al|0) ® al|0). The spin-flip
operators on a single site are the symmetry generators Sy = aIaz and S| = a;al. On tensor products they
act like Sy = aJ{ag @19 1411w aJ{ag @192 4 41®9 1y aJ{ag.
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On this subspace the Hamiltonian is

2 -1 -1
H=|1 2 1. (2.5)
-1 -1 2

This matrix can easily be diagonalised yielding the eigenvalues and -states (Hy = E))

1
Bo=0 o= |1|= t1h+11+111
1
-1 -1
By =3 span{t4, ¢} =span{| 1 |, [ 0 |}. (2.6)
0 1
The shift operator is
0 1
U=|10 0], (2.7)
0 0
with eigenvalues and -vectors? (U¢ = v¢)
1
vo =1 po= (1] ="TTL+TT+ 11T (2.8)
1
T
—14+1v3 2ir 2in 2ir 2ir
vy = Qn\[ =t pr=|ets | = T Ml +eT s 1+ 1.

1

We thus have a set of non-degenerate eigenvectors, ¥y = ¢g and ¢+ that are simultaneous
eigenstates of the Hamiltonian and the shift operator.

The whole space of length-three states form irreps of the su(2) symmetry, for which the
spin-flip operators play the role of raising and lowering operators. One multiplet is four-
dimensional while the other two are two-dimensional®, see figure 2.2. As H commutes with
the spin-flip operators, we know that all states within a multiplet have the same energy.

We learned another lesson here: the Hamiltonian has simple, rational-valued entries,

while its eigenvalues are more general algebraic numbers arising from the diagonalisation.

2The trained representation theorist might notice that U is just a representation of the permutation
(12...L) belonging to the cyclic group Zr. Its eigenvalues are simply the character of the one-dimensional
irreps formed by the corresponding eigenstate on the group element (12...L).
. .. ®3 _ L . .
30n the level of Young diagrams, this is the statement O~ = [IT13J 92 B] which is easily verified

using characters.
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M= MNATNHUT = U =

2i

S+ = T TN -1

eFH 1] 4 eF

Figure 2.2: The su(2) irreps formed by length-three spin chains.

2.1.2 The coordinate Bethe ansatz

We can proceed as above to find the energy spectrum of the Heisenberg spin chain. How-
ever, the matrices quickly grow in size, and the diagonalisation soon becomes practically
impossible. A more sophisticated technique, the coordinate Bethe ansatz, was proposed
by Hans Bethe in 1931 [35].

Ansatz for the eigenstates

Consider a spin chain of length L with M magnons. Bethe’s approach is to write a plane-

wave ansatz for the eigenfunctions of the Hamiltonian:

\Ij(php% >pM) = Z As w(pa(l)7pa(2)7 s 7p0'(M)) ) (29)

O’ES[M

where the sum is over all M! permutations in the permutation group Sy, and where 1) is

the plane wave

M
w(ppra 7PM) - Z 611 Zj:l p]k]¢k1,...,kM 3 (210)
1<k <ko<...<kpy <L

with ¢g, ., being the spin chain configuration with magnons at the sites k;, e.g. ¢25 =
1111 for L = 5. We can always choose a normalisation such that Ag = 1.
Periodicity of the chain is realised as the equivalence between labelling the last site in

the chain as 0 or L, i.e.
Pheyyookrr—1,L = POkt knr—1 - (2.11)
One magnon
For a single magnon, M = 1, the ansatz (2.9) is quite simple:
U(p) = ePpy + Py + ... + Py . (2.12)

Periodicity (2.11) means that we could have replaced the last term by ¢%#¢q. This results

in a quantisation condition,

Pl =1, (2.13)
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We can interpret p as a momentum of the magnon. Indeed, applying the shift operator is

a discrete analog of a translation, and on the one-magnon state it gives
U¥(p) = e U(p), (2.14)

by using the quantisation (2.13).
Applying the Hamiltonian to the wavefunction (2.12) reveals that it is exactly an

eigenstate when the momentum quantisation (2.13) is satisfied. Its eigenvalue is given by
HU(p) = (2—2cos(p)) ¥(p). (2.15)

Two magnons

For more magnons, we need to fix the amplitudes A,. Consider the case of two magnons.

The plane wave 1)(p1, p2) is not an eigenstate of H, but it turns out that the choice®

1 — 2¢iP2 4 ei(P1+p2)

Apy = — (2.16)

1 — 2eiP1 + el(prp2)
takes care of the off-diagonal terms and ensures that W(pq, p2) is an eigenstate with eigen-
value E(p1) + E(p2), where E(p) = 2 —2cos(p) as in (2.15). At this stage, it is convenient
to make a change of variables from p to a rapidity u defined through

i
u= 1(:ot <2) N m (2.17)

2 2 u—13

In terms of u the amplitude A ;o) takes a simple form. In fact, we will rename it S12 = A1)
and let it define a function S, through

Ug — Up — 1
Syp= —F7——. 2.18
ab Ug — Up + 1 ( )

Note the property SupSpe = 1. We will refer to S as a scattering matriz or S-matriz.

Imposing periodicity (2.11) on the wavefunction ¥(p1,p2) leads to the constraints

eﬁplL = 812 s €ﬁp2L = 821 . (2.19)

M magnons

Any element of the symmetric group Sp; can be split into elementary permutations of
neighbouring labels, e.g. (123) = [13][12]. For arbitrary magnon number, the amplitudes

in (2.9) turn out to have the factorised form

A = Alaiby)[azbs]...[anbn] = HSajbj - (2.20)
j=1

4We here use the standard cycle notation to label permutations, see e.g. [23], where a permutation

1 2 3 45 6>:(134)(26).

1 2 n
is written in terms of its closed cycles e.g.
o 3 6 4 1 5 2

1) o2 .. on)
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The energies of the states are simply F = Z]J\il E(p;). An important point here is that
the decomposition of a permutation into elementary permutations is ambiguous. The first
appearance arises in the three-magnon wavefunction, where A3y can be written in two
ways, since (13) = [12][13][23] = [23][13][12]. In order for the amplitudes (2.20) in the

Bethe wavefunction to be unambiguous, S, must satisfy the Yang-Bazter equation,
812813823 = 523513512 (2.21)

and (2.18) trivially does.

Periodicity of the wavefunction (2.9) in general leads to M constraints of the form

M
et = T Sk, (2.22)
k=1, k]

which in terms of u read

i L M .
CRIPR I | e (2.23)
Uj_% kzluj—uk—fl

These are the famous su(2) Bethe equations. In practice, these algebraic equations are
rather hard to solve, but for now we will accept them as a beautiful solution to the spectral

problem of the Heisenberg spin chain. The Bethe roots u; determine the momentum and

energy eigenvalues through

. M wi + i M M 1
eProtal — Z UJ — i , FE = Z 2 — ZCOS(pj) = Z 2 n - (2.24)
j=1 "9 2 j=1 j=1 "3 " 4

Example: L =3, M =1

Consider again the example L = 3 and M = 1. There is just one Bethe equation (2.23)

on a single root, (u + %)3 = (u— %)3 This quadratic equation has the two solutions

u = :|:2—\1/§, both corresponding to E = 3 via (2.24). This matches two of the eigenstates
(2.8) but what happened to the eigenstate with £ = 07 Recall that this state was part
of a four-dimensional multiplet, and that it was not a HWS (the corresponding HWS is
either 117 or ||| depending on definition). It is clear from (2.24) that E = 0 corresponds
to u = oo. This is a general feature of descendants: their Bethe roots diverge. A regular
solution will appear only in the Bethe equations where M correspond to the HWS in the

multiplet.

2.2 Algebraic Bethe ansatz

We have seen how to reduce the problem of finding the energy spectrum of the Heisenberg

spin chain to solving a set of algebraic equations, but why do we call it integrable? The
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Heisenberg spin chain belongs to a family of models that fit into the framework of the
quantum inverse scattering method or algebraic Bethe ansatz. The classic reference on this
topic is [36]. A clear and basic review is given in [37]. The review [38] gives a nice overview
with emphasis on the aspects relevant to the discussion here.

The algebraic Bethe ansatz deals with models where the configuration space is a tensor
product, H = H1 ®---®H. For the Heisenberg spin chain, each site is a two-dimensional
vector space H; = C?, so a spin chain of length L corresponds to H = (CH®L, We will
refer to this vector space as physical space. In addition, we will introduce a number of
auziliary spaces, A;j. The algebraic Bethe ansatz involves a variety of operators that act

on these spaces, see table 2.1.

Name Symbol | Acts (non-trivially) in
Transfer matrix T H
Monodromy matrix | M; H®A;
R-matrix R; A; @ Ag
Lax operator Lk H; @ Ay

Table 2.1: Overview of operators in the algebraic Bethe ansatz.

The transfer and monodromy matrix

The key feature of an integrable model is an infinite set of commuting operators O,
including the Hamiltonian. The idea of the algebraic Bethe ansatz is to package these

operators into a generating function, the transfer matriz,

o (u=5)" dn
T (u) = eXnzo —at —On 0, = @ln’f(u) x (2.25)
u=3

The transfer matrix is a function of a spectral parameter u, and it acts on the whole
physical space H.

The transfer matrix is related to a monodromy matriz that likewise acts in the whole
physical space, but also in one auxiliary space. The transfer matrix is the trace of the

monodromy matrix over this auxiliary space:
T(u) = Tra; M;(u) . (2.26)

The R-matrix and the Yang-Baxter equation

From the definition of the transfer matrix, it is a requirement that it commutes with itself

at arbitrary values of the spectral parameter, i.e.

[T(w), T(v)] =0. (2.27)
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Consider now the tensor product of the physical space and a number of auxiliary spaces,

HROA ® Ay ® A3 ® ---. Due to the cyclicity of the trace, we should then have
Traea, (Mi(u)Mz(v)) = Tra,ga, (Ma(v)Mi(u)) (2.28)

which is true if the arguments of the traces are related by a similarity transformation in

the auxiliary spaces A1 ® A given by some invertible matrix Ris:
ng(u, v)Ml(u)Mg(v) == MQ(U)Ml (u)'ng(u, U) . (2.29)

This R-matriz should have some nice properties. If we try to use R to relate the product
My (u) Mz (v)Ms(w) to Mz(w)Ma(v)M;i(u), we see that there are two ways to do it”.
A sufficient condition for the equivalence of the two possibilities is that R satisfies the

Yang-Baxter equation
Ras(v, w)R13(v, w)Ri2(u,v) = Ria(u,v)Ri3(v, w)Ras(v,w) . (2.30)
It is possible to choose R such that
Ri2(u,v)Rai(v,u) =1. (2.31)

We will look at R-matrices with these properties.

The R-matrix as the building block

The R-matrix is the fundamental object in the algebraic Bethe ansatz, and it encodes the
information about the model.
For simplicity®, let the auxiliary space be A = C2. On A the monodromy matrix is

then a 2 x 2 matrix which we can write as
A(u) Bl(u
M(u) = ( () B )) ; (2.32)

where A, B, C and D are operators acting on H. By (2.26) the transfer matrix is 7 (u) =
A(u) + D(u).
The R-matrix is a 4 x4 matrix on A®2. We can now start looking for solutions that

satisfy (2.30). The structure of the R-matrix can be constrained by the symmetry which

5In the same way that we had two ways to decompose the permutation (13) in section 2.1.2.
SWe could equally well have chosen a different representation in the auxiliary space. This would lead

to a different transfer matrix, but generating the same information about the model. It turns out that
the family of such transfer matrices satisfy a set of functional relations referred to as a T-system. We will

encounter this system in chapter 3.
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we want it to respect. For instance, if we want to preserve the magnon number and not

give a preference to one type of spin, then the most general ansatz for R has the form
, (2.33)

on the basis e; = {11, 1., 1, [l }i. If we plug such an ansatz into (2.31) and (2.30) we get
constraints on its entries. Likewise, the relation (2.29) would result in bilinear relations

between A, B, C' and D with the entries of R as coefficients.

Eigenstates of the transfer matrix and Bethe equations

Our goal is to study the eigenstates of T = A + D. Assume that H contains a state |0)

that is annihilated by C and is a simultaneous eigenstate of A and D, i.e.
A(u)[0) = a(u)|0), D(u)|0) = d(u)|0), C(u)[0)=0. (2.34)

Acting with B creates further states

M
[ B(w) | 0} = Jur,ug, ..., unr) - (2.35)
j=1

We would like these states to also be eigenstates of 7 = A + D. If we act on the states
by A and D, we can use the bilinear relations derived from (2.29) to commute A and D
through the B’s. This will produce cross-terms different from (2.35) unless the eigenvalues
a(u) and d(u) satisfy very particular constraints that are strongly dependent on the entries

of the R-matrix. These are a generalised version of Bethe equations.

2.2.1 The Heisenberg spin chain

To go any further, we need to specify the R-matrix and also the monodromy matrix.
We will now axiomatically state these constructions for the Heisenberg spin chain and
demonstrate that they reproduce the wanted model.

The R-matrix, R(u,v) = R(u — v), acting on A; ® Ay, is given by

1 0 0 0 1 0 0 O
. 01 0 0 .o o 1 o0
Rip(u) =ul; 1P =u 1 2.36
ik (w) gk T 115 00 1 0 + o 1 0 ol ( )
0 0 0 1 0 0 0 1

where Pj;, permutes the two auxiliary spaces. Recall the construction of su(2) generators

in terms of two Jordan-Schwinger oscillators a; and ay in section 1.1.3. Each space C? is
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spanned by a§|0> and aé]O). We can write the R-matrix (2.36) as

. _ . ol T ol T ol T Al
Rjk(u) =u+1 (al,jalvjal,kalvk’ tay ;a8 a1k + A ;81,58 pa2% + a5 ;A28 10k |

(2.37)

where the extra subscript denotes which space the oscillator acts in. We can also write

this as a 2 x 2 matrix on one of the spaces’
. f .t
u+1a; a1 1a, a1,
R]k(u) _ L 1,794L,5 .2,JT 1,5 _ (] o k) ] (238)
1) ;a2 U+ 1 a, ;a )

T

abj? where

Note that this can be written even more compactly as e.g. (Rjx)ap = ulgy +1 E
E, are the u(2) generators as in (1.16).
The monodromy matrix is constructed via the introduction of a Lax matrix L;j that,

up to a shift u — u — 3, is really just the R-matrix acting on one physical space H; and

one auxiliary space Ay,

i s .
Con(u) = u—3+iaa; iay ai; (2.39)
‘77 — . . . . .
naIJag,j u— 35+ nagdaw ®)

A monodromy matrix satisfying (2.29) can then be built as
Mi(u) = La,j(u)L25(u) -~ Lr1,3(u)Lr j(u). (2.40)

As argued above, the transfer matrix constructed from (2.36) and (2.40) generates an
infinite family of commuting operators, cf. (2.25), of which the shift operator (2.2) and

the Hamiltonian (2.1) can be constructed as linear combinations. The shift operator is
U x T(%) ) (2.41)

and the Hamiltonian is

d

d
HoLT—i —-InT(u) :LH—ﬁT(u)_I@

u=

Tw)| . (2.42)

i _i
2 u=3

The derivation is elementary, but a bit tedious unless one uses a graphical notation, and we
refer to [30] for the details. Instead we demonstrate the construction on a simple example.
Example: L=3, M =1

For length three, i.e. H = (C?)®3, the transfer matrix is

T(u) = Trg,(Mi) = Tra, (L1 xLorLls k)
= (Olaye Myal ,|0) + (0las My al ,]0) . (2.43)

1 0
"We use basis vectors <0> = a;k\0>k and (1> = a;k|0)k.
k k
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Explicitly, the transfer matrix is

Tw = (1 0) II (“—§T+ﬁnal,j ia) )(é)

j€{3,2,1} iay ;a, U— 5+ 1nay;
+(0 1) II (u IRt ) <O>
je{3.2,1} ﬁa}ja% U+ 5 —1ina, ;) \1
3 i 1) e
_ 3 .2 . 9
= 2w s e gud g <w +“_4)z:1;naa,j (2.44)
a=1 )=

. 2 . 3
1 1 .|.
- <“ - 2> Z Z Nag,jNag . — <“ - 2> Z al,jalja;kalﬁ

a=11<j<k<3

Js k=1
ik
2 2
—1 naa,lnaa,Qnaa,B —1 naa,o'(l)aa,O’(Q)aa70(2)a6¢,0'(3)aa»0(3) )
a=1 a=1lo€Z3

where @ means the complement, e.g. 1 = 2. Note that it is a polynomial of degree L = 3

in u. On the subspace

1 0 0
0| =11l =al,al ,al ;0)** 1| =11 0| =111 (2.45)
0 0 1
the transfer matrix is
23+ % —u+3 —u—3
Tw=|-u-1 223+% —u+3]|. (2.46)
—u+i —u-1 20+ Y
Around v = % it behaves like
0 0 1 -1 -1 -1
T+l = —[i 0 o) +ul-1 21 1] +0®?, (2.47)
0 1 O -1 -1 -1
and through (2.41) and (2.42) we get
0 0 1
U = iT(5)=(1 0 0 (2.48)
0 1 0
100 o\ /-1 -1 -1 2 1 -1
H = LI-iT'&)7T'($) =3[0 1 of —1i i1 1 al=(1 2 1],
0 0 1 1 -10-1 -1 -1 -1 2

which coincides with the Hamiltonian (2.5) and shift operator (2.7).
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2.3 Q-operators

We have now seen three ways of finding the spectrum of the Heisenberg spin chain, each
one going one layer deeper in the underlying mathematical structure. We will now try to
go even a step further. The idea is roughly to factorise the Lax operator (2.39) and use the
factors as building blocks for transfer matrix-like objects called Q-operators. Q-operators
were first introduced for the eight-vertex model [39], and only recently constructed for the
Heisenberg spin chain [40]. In constrast to the eight-vertex model, the construction of

Q-operators for the Heisenberg spin chain requires the introduction of a regulator.

2.3.1 Introducing a twist

We can introduce a twist, which is a parameter that breaks the off-diagonal symmetries, cf.
(1.16), of the spin chain model. In the Heisenberg spin chain, we can do this by modifying
the periodicity condition (2.11) to

Py fors—1,L = x? POk .o fens 1 - (2.49)
where x = e!® is a pure phase. In turn, this modifies the Bethe equations (2.23) to
p p q
.\ L
uj + % 1 o uj — up +1
. =—= A B (2.50)
uj_j Xk:luj_uk_n

In contrast to the untwisted case, all eigenstates will appear as regular solutions of these
equations. We have broken the symmetry, so there are no descendants. For . = 3 and

M =1 we now have a cubic equation with solutions

., n=0,12. (2.51)

Note that in the limit x — 1 we recover the roots u = i;ﬁ and u — oco.

In the algebraic Bethe ansatz set-up, the twist appears in the monodromy matrix (2.40)

which is modified to

x 0
0 1

X

Mj(U)Z( ) L1,j(u)Loj(u) - Lr1,j(w)Llp,j(u). (2.52)
j

2.3.2 The construction

The construction of Q-operators for the Heisenberg spin chain [40] is analogous to the
construction of transfer matrices. The Q-operators are built from Lax operators that are
in some sense factorisations of the Lax operators of a generalised version of the transfer
matrix, see [40]. The important difference is that for the Q-operators, the auxiliary space
is infinite-dimensional. An overview of the operators appearing in the construction is given

in table 2.2.
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Name Symbol | Acts in

Q-operator oF H
Lax operator Ef,j) H,® A

Table 2.2: Overview of operators in the Q-operator construction.

The auxiliary space

The auxiliary space is not a representation of the su(2) symmetry algebra, as it was the
case for transfer matrices, but instead a Fock space generated by a set of oscillators &,z

with a # a € {1, 2} satisfying the algebra
[Sa&; ébl;] - 6(1[)5(1(; . (253)

Ea(—z and £,z form a set of raising and lowering operators acting in a separate space Agz
with vacuum &45/0),, = 0. The auxiliary space is formed by a tensor product of these

individual oscillator spaces,

1 1 _
(1, ko| = mmms’g ® 21(0/€52 , |k, ko) = Wg’fy% ® €82)0),, . (2.54)
A trace over this space is then formally the sum
Tra(f) = Y (k1 kol flkr, k2) . (2.55)
k1,k2=0

As we will see below, the twist is needed in order to make such sums convergent. We

denote number operators on the individual spaces |0),. by Ngz = €uabaa-

Lax operators

We introduce a set of Lax operators labelled by a set J C {1,2}, i.e. four in total: Ly,

L1y, Lyoy and Ly 9y. With a particular choice of normalisation, they can be written as

[40]

~ g -ala.

Lj(u) = e2icriel §i8;2 [ﬁu — ‘—‘ZII} e~ Liericr &iiy; ; (2.56)
Z}ej Na;

where the oscillators a act in the physical space which is in the fundamental representa-

tion of su(2), |J| is the numbers of elements in the set J, and where we introduced the

Pochhammer symbol

I'(n+m)

ool (2.57)

Mlm=nn+1)---(n+m-—1) =
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Using that na, + na, = C = 1 for the fundamental representation of su(2), the four

explicit Lax operators are

Ly = u (2.58a)
Ly = eéua;al [ﬁu _ %]n e—€12ar22 (2.58b)
as
[’{2} _ 65_216182 [flu _ %]n e—§2132a1 (2.58¢)
aj
Constructing the Q-operators
The Q-operators are defined by [410]
Q) =[x | Tra (cf}) . L‘f’) , (2.59)

jeJ

where x; = x and xg = %, Ey) acts on H;, and where ﬁA denotes the normalised trace

Try (x2 Ni2y—~2N2y f)

Tra(f) = Tra (ENx2Nm) (2.60)
The normalisation is
= > 1 1 1
2N12—2Na1) _ 2k —2ky _ _
Tra (x*N12x 21)—’€Z:Ox 1};Ox 2_1—x21—x*2_2—x2—x*2' (2.61)
1= 2=

Note that we have to regularise the sums by setting x = ¢!®~¢ such that |x| < 1, see the

discussion in [41].

Functional relations
It can be shown [40] that the Q-operators satisfy the QQ-relation®
Qp(u) Q123 (1) o Qqiy(u+ 5)Qpay(u — 3) — Quay(u — 5)Qpay (u + ). (2.62)

They can furthermore be used to construct the transfer matrix, defined as the trace of the

twisted monodromy matrix (2.52) over A = C2, through
T(u) o< Qquy(u+1)Qpay(u—1) — Quy(u— 1) Qo (u+1), (2.63)
and as a consequence, they satisfy the Baxter equation [39],

i\ L . i\ L .
T(w)Q(u) = (u+3)" Qyu—1) + (u—35)" Qy(u+1). (2.64)
8Note that we could equally well have defined power-like Q-operators without the exponential prefactor

in (2.59). The QQ-relation (2.62) would then be modified by factors of the twist-parameter x.
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Q-operators and Bethe roots

From the above construction, it is clear that, up to an overall exponential prefactor, the
Q-operators are polynomial in u. Denote an eigenvalue of a Q-operator Q; by @ . The
zeros of these polynomials turn out to coincide with Bethe roots, i.e. the solutions of the

Bethe equations (2.50). More concretely,

M
Quy(w) oo x ™ [ [ (w —uy), (2.65)
j=1
while also Q(9y xHiu Hfz_lM (u—wj), where v; is another set of roots of a Bethe equation
(2.50) with x — 1. The Bethe equation (2.50) can be derived by considering the QQ-
relation (2.62) at zeros of Q3. Let us see that this is indeed the case in our usual

example.

2.3.3 Example: L=3, M =1

We want to evaluate the matrix elements of Q-operators on the subspace of states with
L =3 and M = 1. So we have to evaluate the trace over the auxiliary space and consider
the action on our basis in the physical space. But we can in fact do it in the reverse order,

since the Lax operators all act on different factors of the physical space.

Magnon block matrix elements of Lax operators

As before, each physical space is a two-dimensional representation formed by ((l))j =
a§|0)j = 1) and ((1))]. = ayO)j = |}). On this basis, the Lax operators (2.58) act as

£U) _ [t 0 co) 1 —&12
0 0 iu) 1 &2 iu—3— Ny ;
. 1 =
£ (T2 Noi &2 ) 1o (2.66)
{2} & 1 {1,2} 0 1 . .
J J
Note that the exponentials, e.g. e—émalar > %(—ﬁglagal)”, immediately truncate

due to the compactness of the space.

Tracing over the auxiliary space

Next, we have to evaluate the trace over the auxiliary space. We again work in the basis

(2.45). We first pick the relevant terms from (2.66) and then take the trace, e.g.

(it = | TDg™ ) Tea (e muePmee ) - (2.67)

jeJ
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We thus immediately get

w0 0 100
Q=10 -w® 0 |, Quay=10 10 (2.68)
0 0 -iud 001
For the two non-trivial Q-operators, we have e.g.
(HHQey 1)) = x™ ﬁA((ﬁu -1- N21)(‘€21)§21)
= xiv TrA (N ( — 1u)Ngy — fu + ) (2.69)

Consequently, we have to evaluate terms of the kind Tr A(N’;b) which will contain a sum

of the form

00 k(RN 2(+1) J+1
K3 = B6¢, i 0) = ZEIO_%E)M Oy (e,

n
§=0 J n=0

(2.70)

where we again had to regularise by setting |x| < 1, and ® is the Hurwitz-Lerch transcen-

dent. <I;> are the Fulerian numbers. Resultingly,

S () ()"

A\ F
(1 x:)
o0 (2.69) evaluates to

] ) 2(3 2
(T2 T1) =< (1 Ii(XQu + ;(()((2 J_”;)g) : (2.72)

We can proceed in this way for each matrix element to obtain

Tra(Np) =

, (2.71)

. 2
T — % + x2x—1 x21—1 x21—1
4 2 . 2
Quy=x" = iu— 3+ 3 - , (2.73)
X2 X2 . 1 2
x2—1 x2—1 =75 + x2—1
x2+1 14+6x24x* i 1+3x2) iix2 x2(34x2)
-u’ + Hx2 TuTt 10312 Ut 2(x2_1)2 IH—XQU + 263172
Qo = it St 2(?:2“1)) 2 +nx +1u+ 1J(r><62x Jlr)x S+ };?ml))
. o 2
il 2((x12t3lx)2) - x2u + 2(>E§+>1()) -u® + niﬁ}u + 1J(rf2x Jlr)x
Functional relations and Bethe roots
We can plug (2.73) into (2.62) and see that indeed
Quy(u+3 )Q{g}(u — f) Quuy(u — *)Q{Q}(U + ) x 1 l5y3 . (2.74)

We can also diagonalise the Q-operators. The eigenvalues, which we in general refer to as

Q-functions, of Q) turn out to be

: 1 1
Qqy =x ™ <f1u+2+2m-mll> ; n=0,1,2, (2.75)
e 3 X3 —

which fits nicely with the Bethe roots (2.51).
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Removing the twist

What if we are interested in the model with no twist? From the explicit Q-operators
(2.73) it is obvious that the limit x — 1 is not regular. However for some quantities the
limit is completely smooth. For example, two of the eigenvalues (2.75) become simply
Q =itu+ —-. Tt is easy to check that the Baxter TQ-equation (2.64) is satisfied by these

23"
eigenvalues, where 7T is replaced by the corresponding eigenvalue of (2.46).

The quantities that do diverge are related to symmetries that are being restored.
First of all, Q-functions that correspond to eigenstates that become descendants when the
symmetry is restored will diverge. For eigenstates that remain highest weight states, only
one of the Q-functions has a smooth limit. One can indeed see from the QQ-relation (2.62)
that as the exponential prefactors disappear in the x — 1 limit, the leading polynomial
power on the right hand side vanishes. To balance this, the polynomial degree of the other
Q-function must increase.

On the eigenvalue level, we can deal with this by normalising before taking the un-
twisting limit [42]. For the L = 3, M = 1 example, one of the eigenstates corresponds to

Q-functions with untwisting limits

- - 1
—i lim Qg = 2i )1(1_)H{(X—1)Q{2} = U_ﬁ = Q1. (2.76)

x—1

What happens is that both Q-functions tend to the same value, which would make the right
hand side of the QQ-relation (2.62) vanish. We can instead consider a linear combination
where this leading term vanishes. Let us first set x = 1 + € and examine the expansion of

the Q-functions in €, which in our case yields

—1Q(1} Q1 + q2€ + g3€* + O(€°)
2i(x — 1)Qpzy = Q1+ (g2 +cQ1)e+ e’ +O(e%), (2.77)

where g9 is a quadratic polynomial, g3 and §¢3 are distinct cubic polynomials, and ¢ =

1 _ 2L We can then construct a linear combination which does not untwist to Q;:

2 V3
i (14 (x—1)c+ (x—1)%d) Qquy + 2i(x — 1)Qqay

@ = >1<1—>H1 (x —1)2
= @B—q@—c—d@ (2.78)
1 ~
= 283 +V3uP+ = +dQ (2.79)

V3

where we made the freedom to add @1 explicit by including the term containing the
constant d. From the construction, it is clear that ()1 and Qo will satisfy a QQ-relation
identical to (2.74):

QfQ; —QfQ; x uw’ = QQua. (2.80)
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Figure 2.3: The tensor product of two single-field representations is the direct sum of all possible
length-2 representations. We denote the latter by V;, 7 = 0,1,2,..., where j is the

number of boxes above and to the right of the central node in the diagram.

In conclusion, the Q-operators are obscured by the restoration of symmetry caused by
the removal of the twist. However, their eigenvalues live on unaffected in the untwisted

theory, and satisfy the same functional relations.

2.4 Generalisation to higher rank symmetry

The above discussion served to introduce some of the important concepts in integrable
models. This was done by considering models with compact rank one symmetry, in order
to not get lost in technicalities. We will soon direct our focus towards models with higher
rank symmetry, so it is appropriate to have a brief look at the generalisations of the above

story to non-compact super algebras of higher rank.

2.4.1 The XXX spin chain

The Heisenberg spin chain is based on a Hilbert space formed by tensor products of
fundamental representations of su(2). It belongs to a more general family of integrable spin
chains that we will refer to as XXX or rational spin chains, where the Hilbert space is the
tensor product of more general representations of a given Lie algebra. The name rational
refers to the specific structure of the universal R-matrix which, when being evaluated
on compact representations becomes a rational function of the spectral parameter. Note
however that it is not a rational function for non-compact representations.

We restrict to the case of homogeneous chains where the Hamiltonian can be written as
a sum of nearest-neighbour interactions. When the spin chain is not in the fundamental
representation of su(2), there are other possible interactions than simple permutations.
The Hamiltonian of the XXX spin chain with psu(2,2]|4) symmetry can be written very
compactly in terms of projectors. All nodes in the chain are in the non-compact single-field
representation described in chapter 1. The tensor product of two such representations is
the infinite direct sum of all length-2 representations, see figure 2.3. We denote these

representations by V;. The projector Py ;41(j) considers two neighbouring nodes and
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projects’ this subchain to the representation V;. The XXX Hamiltonian then has the

form [32]
L o
H = Zzh )Prp1(5) (2.81)
k=1 j5=0
where h(j) = ﬁL iy L are the harmonic numbers. A more practically useful, but maybe

less aesthetic, representation of the Hamiltonian is given in terms of Jordan-Schwinger

oscillators by the so-called harmonic action, see [32].

2.4.2 Nested Bethe equations

One can carry out a generalised version of the Bethe ansatz techniques for the higher rank
cases. This results in nested Bethe equations satisfied by different types of Bethe roots.
The Bethe equations for the gl(IN) case were formulated in [43], the gl(N|K) version was
introduced in [44], and further studies were done in [18, 45] to include arbitrary choices of
representations at each spin chain node.

The obtained Bethe equations depend on the Dynkin diagram that corresponds to the
grading of the Lie algebra in question, cf. figure 1.1. For gl(/NV|K) there will be N + K — 1

(a)

sets of equations on N + K — 1 sets of Bethe roots. Let us label these roots by u; where

a=1,..,.N+ K — 1 denotes the node in the Dynkin diagram. For simplicity, let us write
down the u(N|K) Bethe equations. If a is a bosonic node, i.e. if p, = ps+1, the roots u( @)

satisfy the equations

ma uga) _ ul(ga) 4§ Mat uga) _ ulga—l) _ % at1 (a) U;(;Hl) —i . )50
-o—w I oo Il 7 @, - b (28%)
k=1 Uj T Uy Ty Uy Uy +3 kzlu — U, +3
while if @ is a fermionic node, p, # pe+1, they satisfy
mﬁl uf = 4 e Y 1 (2.82b)
(a) (a=1) _ 1 (a) (a+1) 3 '
k=1 U; Uy, 9 k=1 U k +3

(0)

The number of roots m, are related to the weights of the representation. The roots u j

(N+K)

and u; are fixed trivial roots. The non-compact case is similar, but certain equations

9A simple way to understand how projectors work in practice is to consider the tensor product of two
fundamental representations of su(2), which decomposes into a three-dimensional {11,1] + |1, ])} and
a one-dimensional irrep {1| — |1}. Denote the projectors to these representations by P and P2,
respectively. On the basis {171, 1] + |1, ]}, T/ — [T}, the projectors have the form

1 0 0 O 0 0 0 O

{tny _ |10 1 0 O {113y _ 10 0 0 O
P “lo 0o 1 0] P “lo 0 0 0
0 0 0 O 0 0 0 1

One needs to understand the precise vector spaces of the irreps to use the projectors in practice.
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will contain additional factors of u§a)iL. We return to these equations and their explicit
solution in chapter 5.

The energy and momentum are encoded in the Bethe roots at the momentum carrying
node through (2.24). For u(N, M|K) and central charge C, this node is identified as the
one at the central point of the corresponding Young diagram, see the discussion in section

1.2 and the later discussion in chapter 5. In the I grading, this is the node a = 2N + C.

2.4.3 Q-operators

The algebraic Bethe ansatz has a natural generalisation to higher rank symmetry. In order

to have a cleaner notation, we introduce a redefined spectral parameter z through
z=iu—1. (2.83)

The Q-operator construction for rational spin chains has been developed recently in [10,
41, 46, 47, 48]. The Lax operators that are building blocks for u(N, M|K) Q-operators
can be written as [47, 49]

Lo(s) = eSOV [, g o €L XEDY o~ SCUM I v

2 2 > X5X;5

(2.84)
where the sums are over the indices j € J and j € J, and p; is the p-grading (1.2). The
physical space oscillators are given by x = {-bg, aL, £l }and x = {b&, aq, f,} asin (1.14),
and the oscillators € act in an auxiliary space of the same kind as discussed in section
2.3.2. We will allow the subscript of the Pochhammer symbol to take negative values and
in that case define it through

I'(k—n) 1 (-n)m
kl_, = = = . 2.85
B =T TRl TR, (28)
Note that for J = (), the Lax operator is simply

[Cl-1

C IC] |C| sign(C) 2 _
Ly(z) = {z +1-— ] =11 (z - +j> < ] (u+ij)@,  (2.86)
2lc 55 2 jo1=icl
2
and also that for the full set J = ) we always have Ly=1
The Q-operators are defined by
pi+1 o~
Qs(z) = [ [ 7| stia (Lf}) s cf,”) . (2.87)

jeJ

where str is a normalised supertrace defined by
N\ Ny
N+M+K (%) 7
ST (Hj,k=1,j¢k (f) f )
N\ Njg '
N+M+K (x;\d
StrA (Hj,kzl,j#k (i) )

stra (f) =

(2.88)
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Note that the twists should satisfy Hj-V:JrlMJrK xj = 1.

The gl(N|K) Q-system

One can show [16] that the gl(N|K) Q-operators will satisfy two types of QQ-relations
depending on the p-grading;:

QJu{i,j}(z)QJ(z) X QJu{i}(Z+%)QJu{j}(z_%) - QJu{i}(Z—%>QJu{j}(Z+%) pi = pj
QJu{i}(Z)QJU{j}(Z) X QJu{i,j}(Z—F%)QJ(Z—%) - QJu{i7j}(Z—% QJ(Z+%) Di # Dj
(2.89)

It is possible to introduce a notation that makes the p-grading more transparent. One can
label the Q-operators by two separate ordered multi-indices, Q 4|7, where A and J keep
track of indices with p = 0 and p = 1, respectively.

Matrix elements of non-compact Q-operators

We can try to proceed along the same lines as in the s1(2) case to evaluate matrix elements
of the Q-operators on magnon blocks. However, for non-compact algebras we quickly face
a new challenge: when evaluating matrix elements of the Lax operators, i.e. when taking
inner products of states in the physical space, the exponential terms in the Lax operators
(2.84) do not truncate.

This is evident already for sl(2), corresponding to x = {b',a} and x = {—b, a}, where
L9y takes the form

Ly =e 8Pz 4] | e émaldl (2.90)

—np

If we try to evaluate a matrix element, we see that there are infinitely terms that contribute
because (a'bf)™ never annihilates the state in question. For higher rank, there can even
be more than one of these non-compact directions, so evaluating matrix elements would
involve multiple infinite sums. In the A/ = 4 SYM field interpretation of section 1.4.1
this corresponds to the possibility of acting an arbitrary number of times with covariant
derivatives.

Prior to [6] this feature has not been studied in detail, and we will present a way to
overcome this challenge in chapter 8. The seemingly non-truncating Lax operator matrix
elements will in fact turn out to be rational expressions in both z and the auxiliary space

oscillators &.

Subconclusion

In this chapter, we introduced the notion of integrable models as those that fall under the

framework of the Algebraic Bethe Ansatz. This framework provides a systematic way of
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constructing the infinite family of conserved quantities in such models.

The deepest structure we reached was the system of Q-operators. However, we had
to introduce a regulating twist in order to construct these quantities. On the operatorial
level, the removal of the twist obscures the Q-operators, but we saw that their eigenvalues
remain well-defined quantities that satisfy the same functional relations as the operators.
The Q-system will play a key role for us. For now, and throughout the main part of thesis,
we will focus our attention on the eigenvalue level. Only in the chapter 8 will we return
to the operatorial formalism.

It is now time to see how integrable models appear in four-dimensional quantum field
theory, more precisely in the planar limit of the AdS/CFT correspondence. After quite a

detour, this will again lead us to a Q-system.



Chapter 3

AdS/CFT integrability

The AdS5/CF T4 correspondence has two sides: on one hand the four-dimensional quantum
field theory N = 4 SYM, and on the other Type IIB string theory on AdSs x S°. This
chapter gives a brief review of the appearance of integrability in the spectral problem
within the two sides of the AdS/CFT correspondence in the planar limit.

By assuming that the spectral problem is integrable at any coupling, one can derive
beautiful mathematical structures that characterise the spectrum. We give a summary
of the ideas behind the asymptotic and thermodynamic Bethe ansatz which capture the
asymptotic and exact spectrum, respectively.

No attempt is made to give a full account of these rich topics, and this chapter is
at best a historical and superficial overview of the progress that eventually led to the
Quantum Spectral Curve, which is described in detail in chapter 4. For a thorough review

of AdS/CFT integrability and a complete list of references see [50].

3.1 Integrability in N = 4 super Yang-Mills theory

Integrability was first discovered on the gauge theory side of the correspondence. The
following is a brief summary of the appearance of integrable structures in perturbative
N =4 SYM.

3.1.1 The one-loop dilatation operator

The study of AdS/CFT integrability was initiated by the discovery [13] that the first
perturbative correction to the dilatation operator in planar A/ = 4 SYM behaves as the
Hamiltonian of an integrable spin chain when acting on single-trace operators. Similar
phenomena had previously been observed in QCD [51, 52, 53]. The single-trace operators
can be interpreted as closed spin chain configurations. We saw in the previous chapters
how both composite operators and spin chain configurations have natural interpretations

as tensor product spaces.

95
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Figure 3.1: Field contractions that contribute to the two-point correlation function of composite lo-
cal operators in the planar limit. The horizontal lines represent the composite operators,
with the nodes corresponding to single fields. The vertical lines correspond to contrac-
tions. The left diagram contributes at tree level while the right diagram contributes at

one-loop.

As mentioned, the two-point correlation function in a conformal field theory is given
by
(O@OW) = (31)
|z — y[22
At tree level, the conformal dimension A is simply the bare dimension Ag. Due to quantum
corrections, the operators are however subject to renormalisation, and only particular
linear combinations of single-trace operators have a well-defined anomalous dimension.
We can characterise this mixing by a renormalisation factor Z acting on the bare operators
Oo,

Ol =210} (3.2)

Z depends on the coupling constant g and a UV cutoff scale A, and it is related to the

anomalous part of the dilatation operator, which we denote by I', through

_dz
~ dlnA

In [13] a diagrammatic computation of planar contributions to the two-point correlation

r z7t. (3.3)

function (3.1), see figure 3.1, revealed that the one-loop contribution to I' takes the form
of a spin chain Hamiltonian with nearest-neighbour interactions. The argument was made
for the s0(6), or su(4), subspace of operators formed by the scalar fields, which in the
language of chapter 1 are the states @y, = fgfg |0). Importantly, it was shown that this
Hamiltonian belongs to a family of commuting operators generated from the algebraic
Bethe ansatz starting from a rational R-matrix solving the Yang-Baxter equation.

An expression for the one-loop dilatation operator of the full theory was derived in
[20]. Tt was argued that it likewise corresponds to an integrable spin chain with psu(2,2|4)
symmetry in [32], again by demonstrating its origins from a rational R-matrix in the

algebraic Bethe ansatz framework.

3.1.2 The dilatation operator at higher loops

With the discovery of one-loop integrability, it was natural to look for similar structures at

higher loop orders. In [54] the two-loop dilatation operator in the su(2) sector was derived.
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It was argued to correspond to an integrable spin chain Hamiltonian in the planar limit,
up to higher-order terms, by also considering corrections to other conserved charges in
the integrable one-loop spin chain. It was then conjectured that to any loop order and in
all sectors the dilatation operator coincides with an integrable spin chain Hamiltonian in
the planar limit. At the n’th loop, a node in this spin chain interacts with its n nearest
neighbouring sites. At a given loop order, the charges of the model commute up to the
considered order in g. For example, the two-loop dilatation operator in the su(2) sector
corresponds to a spin chain Hamiltonian of the form H = ¢>H; + ¢*Hs, where H; is the

Hamiltonian of the Heisenberg spin chain (2.1) and Hs has the form [54]

~

Hy Z (=414 6P 1 — Pror 1Pt 1hr2 — Prt1 pr2Prpt1) - (3.4)

k=1
A three-loop computation of the dilatation operator in the su(2) sector was carried out
in [55], the length-mixing su(2|3) sector dilatation operator was studied in [33], and the
two-loop dilatation operator in the non-compact psu(l,1|2) sector was studied in [56].
However, the explicit structure of the full psu(2,2]4) two-loop dilatation operator is still

unknown.

3.1.3 Explicit results from perturbative QFT calculations

Perturbative quantum field theory calculations quickly become enormously complicated.
For the Konishi multiplet, the simplest multiplet not protected from quantum corrections,
the four-loop anomalous dimension has been determined from Feynman diagram-based
calculations in [57], while the five-loop result was obtained with the help of other arguments

in [58]. The result is

v = 12 —48¢* + 3364° + ¢®( — 2496 + 576 (3 — 1440 (5)
+9"° (15168 + 6912 (3 — 5184 (5 — 8640 (5 + 30240 (r) (3.5)

and the fact that it coincides with the results coming from the integrability-assuming
techniques described in the following is a very important and non-trivial check of the

integrability of the spectral problem.

3.2 Integrability in type 1IB string theory

In this section we briefly discuss the appearance of integrability on the string theory side of
the AdS/CFT correspondence. Strings are one-dimensional objects in space, which means
that in spacetime, they span a two-dimensional surface, the worldsheet. Sigma models live
on these worldsheets, and for Type IIB String theory on AdSs x S° the corresponding

sigma model [59] turns out to be integrable, in the sense that one can construct infinitely
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Figure 3.2: Schematic depiction of the AdS/CFT spectral curve, an eight-sheeted Riemann surface

formed by the quasi-momenta. The blue lines denote branch cuts connecting the sheets.

many conserved charges at the classical level [60]. The spectrum of string energies is nicely

characterised by the elegant framework of spectral curves.

3.2.1 The spectral curve

The use of spectral curves in the AdS/CFT context was first proposed in [61] and subse-
quently developed in [62]. A nice review is given in [63].
For an integrable sigma model, the equations of motion can be reformulated as a

flatness condition on a so-called Lax connection,
OaLlp —0Lo — [La,Ls] = 0 (3.6)

where a and f are worldsheet coordinates. The Lax connection £(u) takes values in the
Lie algebra associated to the symmetry group of the sigma model. It is a function of
a spectral parameter u and (3.6) should hold for any value of this parameter. One can
construct a monodromy matriz taking values in the corresponding Lie group through the

path-ordered exponential

M(u) = Pexp < /O 7 o cg(u)> , (3.7)

where o is the compact spacelike direction on the worldsheet. The eigenvalues A; of the

monodromy matrix satisfy the characteristic equation
det(M —X) =0. (3.8)

They are usually parametrised by a set of quasi-momenta p; through \; = eiPi.
In the AdS/CFT case, the quasi-momenta solving the characteristic equation form an
eight-sheeted Riemann surface in the spectral parameter. The quasi-momenta are usually

denoted p; and P, to mark their relation to the AdSs and S° parts of the symmetry. See
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figure 3.2 for a schematic illustration. This Riemann surface is what is referred to as
the spectral curve. Explicit solutions to this spectral curve have asymptotics specified by
the weights of the global symmetry, including the string energy. The spectral curve thus
provides a convenient approach to solving the classical equations of motion in order to
obtain the classical string energies. Note that it is also possible to consider fluctuations
around the classical solutions, and in this way obtain the first perturbative quantum
corrections to the string energies, see e.g. [64].

As explained in [15], the Quantum Spectral Curve, towards which we will soon turn
our attention, can be thought of as a quantisation of the classical spectral curve described

here.

3.3 The asymptotic Bethe ansatz

With the clear hints of integrability of the spectral problem in the planar limit of the
AdS/CFT correspondence, it is tempting to ask what we can achieve by assuming inte-
grability at any value of the coupling g. The asymptotic Bethe ansatz refers to a technique

which makes this assumption and considers the limit of infinitely long operators.

3.3.1 The S-matrix

The key quantity to understand is the S-matrix of the integrable model [65]. In section
2.1.2 we encountered the S-matrix for the Heisenberg spin chain, and in this section we
review how to bootstrap the analog of this quantity for the exact AdS/CFT spectrum. It
turns out that it is possible to fix the S-matrix by imposing integrability and by requiring
that it has certain symmetries.

The idea is to consider the protected operator Tr(Z%) as a vacuum and study other

field insertions as excitations. We consider operators of the type
Tr(ZZ2. 201 2. 20,220 Z..2), (3.9)

where ®; denote fields different from Z. We can denote the position of the field ®; in the
composite operator by n;. We will consider the limit of very long operators, but also with

a large separation between the excitations, i.e. 1 < |n; —n;| < L.

S-matrix bootstrap

Consider a theory in one spatial dimension, where only 2 — 2 scattering processes are
possible. Each excitation in the theory can be characterised by a momentum p;. For
the theory to be integrable, it should have an infinite number of conserved charges @,

with momentum and energy usually corresponding to n = 1,2. For all charges to be
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Figure 3.3: The Young diagram for the multiplet containing Tr(Z4) and an example of a Dynkin
path that goes through the central node of the diagram. Any Dynkin path that goes
through the central node corresponds to a grading where Tr(Z%) is the highest weight
state, but duality transformations that move the path from the central node will result
in a different highest weight state. In this way we see that the operator Tr(ZT) is

invariant under two copies of su(2]2), but not under the full psu(2,2[4) symmetry.

conserved in scattering processes, the only thing that can happen in such a process is that
the momenta are exchanged, see [66] for a nice discussion.

Consider two excitations characterised by momenta p; and py. We can describe a
scattering process between the two by an S-matrix S(p1,p2). Each excitation corresponds
to a vector belonging to the representation V that the fields are in. In that sense the
S-matrix acts in the tensor product of two such representations, S : V®V — V ® V.
As a basic example, consider V to be the two-dimensional fundamental representation of
su(2). Then S would act in the direct sum of a singlet and a triplet. We can denote this
by {1} ® {1} = {2} @ {1, 1} according to the partitions A = {\1, A2, ...} specifying the
representations in question. As S should commute with the symmetry of the theory, it
should act similarly on vectors within the same irreducible representation, and it should

thus have the form

S(p1,p2) = f1(p1,p2)P 2y + fa(pr,p2)P 11y = o(p1,p2) (Proy + f(p1,p2)Ppi1y) (3.10)

where P is the projector onto the representation A. The function o is referred to as the
dressing factor. The function f is usually determined from the constraint that S satisfies
the Yang-Baxter equation. The dressing factor is in general not fixed by the continuous
symmetries of the problem, but rather by discrete symmetries as proposed in [65] for

relativistic theories. This leads to so-called crossing equations that fix the dressing factor.

The AdS/CFT S-matrix

The S-matrix bootstrap was first applied to the AdS/CFT spectrum in [67]. An important
point is that the BMN vacuum Tr(Z%) is not invariant under the full psu(2, 2|4) symmetry,
but only under two copies of su(2|2) [21]. See figure 3.3 for a sketchy argument on the level

of Young diagrams. Consequently, the S-matrix factorises into a tensor product of two
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s5u(2|2) S-matrices. Importantly, the su(2|2) symmetry is extended by two central charges
and its action is described by a non-trivial co-product [68, 69, 70].

The fundamental representation of su(2]2) is four-dimensional, and the tensor product
of two such representations is thus 16 dimensional. For the centrally extended symmetry
that appears in the AdS/CFT context, this tensor product representation turns out to
also be irreducible, which means that the S-matrix is fixed up to the dressing factor, cf.
(3.10), and automatically satisfies the Yang-Baxter equation.

One can study the action of the symmetry generators on plane wave states with a
single excitation,

L
|q>(p)>zzeﬂP"Tr(z...Zg_lz...Z), (3.11)

n=1 pos.n

and it turns out that the actions are given in terms of two parameters: the momentum
p and another parameter that can be identified with the coupling constant g by compar-
ison to other data [71]. In particular, the standard su(2|2) central charge, which can be

identified with the magnon energy through E = 2C — 1, is given by

1 D
_ 2 qin2
C= 2\/1 + 16¢% sin <2> . (3.12)

Expanding this expression in the coupling, we see that the ¢ contribution to the energy
matches that of the XXX spin chain (2.24). It turns out to be convenient to parametrise
X

the momentum as e’ = m—f, where z is related to a spectral parameter uw through the

Zhukowsky map

x—f—izz, a* = r(ut ). (3.13)
We will often encounter the Zhukowsky variable z in this thesis, and it is discussed in
more detail in appendix A.4.1. Note that we always choose the branch |z(u)| > 1. In the
limit ¢ — 0 the parameter u corresponds to the rapidity of the XXX spin chain discussed
in chapter 2. In terms of the Zhukowsky variable z, the energy of the one-magnon state

(3.11) takes the form

E(p) = 2ig <;+ - 1_) | (3.14)

The structure of the su(2]2) S-matrix is determined up to a dressing factor by requiring
that it commutes with the symmetry generators. The structure is rather complicated, and
we refer to [68] for the details. The question of determining the dressing factor by using
crossing symmetry was first addressed in [72]. The strong coupling expansion of the
dressing factor was found in [73] and its exact structure proposed in [74]. The solution to
the crossing equation and its analytic properties were investigated further in [75]. A nice

review of the dressing factor problem is given in [70].
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3.3.2 Asymptotic Bethe equations

With the S-matrix at hand, one can use the coordinate Bethe ansatz philosophy described
in section 2.1.2 to derive periodicity constraints on the values of the magnon momenta
p; for the energy eigenstates. In fact, a proposal for these asymptotic Bethe equations
was made already before the precise S-matrix was known [77]. After understanding the
S-matrix, it was derived more rigorously by using the the coordinate Bethe ansatz in [69].

The resulting asymptotic Bethe equations are so beautiful that it is worth repeating
them, despite the fact that we will not use them much in this thesis. In the non-compact
ABA grading, 11223344, see figure 3.4, they take the form [77]

1

2 i Ky 1— =
ULk — U245 — 3 221, kT, ;
1 = S — ‘+1H1_ . (3.15a)
j=1 1,k 2,5 2 j=1 2$1,k$zj
Ko . K i K3 ] i
1 = HU2,k_U27j+11HU2k Uiy — 3 Hum uszj — 3 (3.15b)
e s — 1 41 41 )
jo1 U2k T U2 T LS Ug g — ULy g S Ugk — U g
Ko 1 Ka -
_ N § T — T, .
1= [ REEBIA R (3.15¢)
Jo1 UBk T U2 g T T3k T Ty
-\l Ky — + 1-— 1
x Ty — Ly - 2et 27
4.k 4.k 4,5 4,k%4,5 9
-1 = <x+ > H o — 0" (Ugk, ug ;) (3.15d)
4k —1 Y4k 4,j 20, a1
1 1
- K 1 K+ CKs 4
" H 2z 21, H 2z 27, H Typ — T3, 1—1 Tyl — Ts,
1 1 1 - -
— X, — T3 T X, — T
2z4 L1, =1 2z, L7y =1 4.k 3. j=1 "4k 5,J
K 1 Ka -
_ R § T —x, .
L= [ (3.15¢)
j=1 s,k — U6,j +3 jo=1 Tk = Ty 4
K . K7 ) i Ks ) i
_ i N e 4 L ‘
j=1 U6k — U6j — 1 Ugk — UTj T 3 j=1 Upk — Us,j 1+ 5
1
K6 1 K4 1 - —
Urk —U6j — 3 227 kg
1 = Hu _u~+iH1— L (3.15g)
j=1 Tk 6,0 T 2 j=1 2957’”1]_

and the form of the dressing factor o can be found in [74]. Cyclicity of single-trace
operators means that they correspond to spin chain configurations that are translationally

invariant, and this imposes the additional zero-momentum condition

K4 ot
ZAk o, (3.16)

j=1 Fak

The number of roots K, are given in terms of the weights of the representation in question,

and the correspondence will be made precise in chapter 5. The anomalous dimension is
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Figure 3.4: The Dynkin path, cf. figure 1.1, corresponding to the grading 11223344 in which the

asymptotic Bethe equations (3.15) are written.

identified with the energy (3.14) and is given by

YaBA (g —21192( — ) (3.17)
4.k

Perturbative solution

For comparison with the perturbative frameworks that will be described in chapter 6, it
is worth mentioning how the asymptotic Bethe equations are solved perturbatively. The

strategy is to expand the Bethe roots in g2 according to

(1) 2 (2) 4 (3)

Unjo(9) = Upj T 9 U+ 9 U+ (3.18)

The Zhukowsky variable should be reexpressed in terms of v and expanded in g yielding
2
x:ﬂ_ﬂ_i_uiﬂom. (3.19)

Generically, the dressing factor is trivial until the fourth order, i.e. 02 = 14 O(g®), where
it will start to contribute [74]. This contribution contains transcendental numbers, more
precisely (-values, which we will also encounter later in the thesis.

Finding the leading solutions turns out to be rather hard in practice, and moreover
the equations allow additional solutions that are not in correspondence with single-trace
operators or spin chain states. Curing these issues is the topic of chapter 5. Once the lead-
ing solution is known, generating perturbative solutions is quite simple. One simply takes
the contribution to the equation at a given order, plugs in the lower-order contributions
to the roots, and demands that the equations hold.

A nice property of the asymptotic Bethe equations is that only a subset of the equations
are needed when considering sectors where some nodes are not excited. For example, in the
5[(2) sector it is sufficient to consider only the central equation (3.15d), and the problem

can be formulated as simply as

+\ L - _ .+ 1-= e S 2+

xk‘ _ Ly l'] T T 2 . k‘ 3.20

- .iUT - e T 0 (ukauj)a T ( : )
k j=1"k J zp ) k=1 Tk
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where we made the identification u; = uy and S = K. We will use this equation in
chapter 7, where will need to generate a large number of explicit results.

The asymptotic Bethe equations give an exact description of the AdS/CFT spectrum
for loop orders lower than the length of the spin chain L. It does not account for the
self-interactions that occur when the range of the interactions wraps all the way around
the closed chain. Note that for s[(2) operators, the result is actually exact up to L+1 loops
since these operators belong to multiplets containing operators that have a length increased
by two. This feature means that, for any multiplet, the asymptotic Bethe equations are

exact up to at least three loops. For the Konishi multiplet, the four-loop result is
Ap—g—o =4+ 12¢g% — 48¢* + 336¢° + ¢5(—2820 — 288(3) + O(¢'?), (3.21)

and we see that the first three orders match the field theory result (3.5), while the fourth

does not. We now turn towards frameworks that capture also these finite-size corrections.

3.3.3 Liischer corrections

A way to capture the finite-size effects as corrections to the asymptotic result is given by
so-called Lischer formulae, which is a method to describe the exponentially suppressed
finite-size correction to the energy of a single particle on a large cylinder in a relativistic
QFT [78]. The effect stems from virtual particles travelling around the cylinder. The
corrections are again related to the S-matrix of the theory.

Wrapping corrections were first discussed in [79] for the AdS/CFT case. Liischer
formulae were used to calculate the four-loop [80] and five-loop [81] anomalous dimension
of the Konishi multiplet in agreement with the result (3.5). Twist-2 operators were also
considered more generally at four [82] and five loops [83]. Impressively, the six- and
seven-loop results for the Konishi multiplet, i.e. all single-wrapping contributions, were
derived in [34]. Even though Liischer formulae for double-wrapping effects can potentially
be obtained [85], it is desirable to find a framework that does not make the distinction
between contributions from wrapping and short-range effects. We now turn towards such

a framework.

3.4 The thermodynamic Bethe ansatz

The asymptotic Bethe ansatz is a powerful and convenient tool, but one should of course
strive to describe the finite-size spectrum in a more complete way. This was achieved
by using the thermodynamic Bethe ansatz philosophy, originally developed in [36]. The
method [87] provides an ingenious trick to determine the ground state energy of an inte-
grable theory in finite volume from its infinite volume S-matrix, but also excited states

can be studied via analytic continuation [88]. See [89, 90] for nice reviews of the approach.



3.4. The thermodynamic Bethe ansatz 65

Figure 3.5: The mirror trick: (left) the original theory, (right) the mirror theory.

The TBA approach

Consider a theory in one compact spatial dimension plus a timelike dimension, i.e. a
cylinder, which we can parametrise by two coordinates (o, 7). The main trick in the TBA
is to do a double Wick rotation by introducing new coordinates (&, 7) through 7 = 16 and
o =1T.

To study the ground state energy in the original theory in a finite volume L, we consider
its partition function which in the zero-temperature limit, 8 — oo, is dominated by the
ground state,

Z(B,L) = Ze*ﬁEn(L) Bz ~BE(L) (3.22)

n
By doing a single Wick rotation, ¢t = 15, we get an Euclidean theory on a torus where the
direction parametrised by & has circumference R = 3. Doing the second Wick rotation
o = 17 puts the theory on a cylinder of circumference R, see figure 3.5. The partition
function of this mirror theory is then

Z(L,R) =Y e LB (3.23)

n

The partition functions (3.22) and (3.23) should be equivalent descriptions of the same
system. The zero-temperature limit in the original theory, R — 0o, corresponds to infinite
volume, but finite temperature % in the mirror theory. This is why the trick is nice: we
know how to describe the theory in infinite volume.

Energy E and momentum p in the mirror theory are related to the original theory
through E = ip and p = 1E. The dispersion relation in the mirror theory is then an
inversion of that in the original theory, e.g. (3.12) turns into

E = 2arcsinh ('52—1_1) . (3.24)
4g

At large R, the mirror theory partition function is dominated by finite-density states,

and we can describe such solutions by a density, p,(p) = AA];;‘I, where AN, is the number

of particles of type a with momenta between p and p + Ap. The total energy of a state is
then

Ep) =Y / 45 pa(f) Ea(p). (3.25)
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The asymptotic Bethe ansatz equations of the mirror model for a finite number of

excitations are schematically of the form

1= PR T Sn, b5) - (3.26)
i#k
Taking the logarithm of this equation in the thermodynamic limit yields an equation of
the kind

2T,

po =i [ A5 o) o S ) = "5 (3.27)
b

where n, labels the possible modes of the particles of type a. By introducing a hole

AA]\;“ that counts the modes that are not excited, we see that we should have

density pg =

dd’;? = pa + Pa. The different ways to organise the excitations in the modes of the system

leads to an entropy factor in the mirror model partition function (3.23) that we are trying
to calculate in order to find the ground state energy of the original model through (3.22).
In the thermodynamic limit, the mirror model partition function is an integral that can be
estimated by a saddle-point approximation. The result of this procedure is a minimising
equation on the ratio Y, = ;Z—Z that have the schematic form [39]

~ du’
log Yo (u) = L Ey(u) = Y %Kba(u’, w)log(1+Yy), (3.28)

b
where K is related to the S-matrix through Ku(u,u’) = —19, log Sup(u, u'), and we made
the usual coordinate change to a spectral parameter u(p). This type of equation is what
is referred to as TBA equations: non-linear integral equations on a set of functions Y
depending on a spectral parameter. The solution to these equations gives the information
needed to determine the ground state energy in the original theory, but also the excited

states through a sophisticated procedure of analytic continuation [88].

The TBA for AdS;/CFTy

The applicability of the TBA approach to the AdS;/CFT, integrable system was first
discussed in [79]. The asymptotic Bethe ansatz for the mirror model was described in [91],
and a classification of its bound states, the so-called string hypothesis in [92]. The TBA
procedure outlined above was performed in [93, 94, 95, 96] leading to the AdS;/CFTy
TBA equations.

The AdS;/CFT4 TBA equations relate an infinite zoo of Y-functions corresponding to
the different types of excitations in the theory. Unlike the asymptotic Bethe ansatz, their
solutions determine the exact spectrum at any value of the coupling. However, they are

far less transparent and much harder to solve in practice.
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> S

Figure 3.6: The infinite lattice where the Y- and T-functions can be classified. The Y-functions live

on the nodes marked by circles, while the T-system lives on the full T-hook.

Explicit results

Precise TBA equations for excitations in the s[(2) sector were found in [95, 97] and used
for the first numerical studies of the exact anomalous dimension of the Konishi multiplet
at finite coupling in [98, 99] and a larger variety of operators in [100]. Exact perturbative
results have been obtained up to the fifth loop order for the Konishi operator [101]. The
fact that the same result was reached from pure quantum field theoretic calculations
questions the usefulness of the integrability-approach as a perturbative tool, but as we
will now review, the TBA equations were soon reformulated into much more powerful
frameworks yielding results that are unimaginable to ever be reached from perturbative

quantum field theory.

3.5 From TBA to QSC

The TBA equations are coupled non-linear integral equations on an infinite set of Y-
functions, and they are far from the beauty and transparency of the asymptotic Bethe
equations (3.15). We here briefly summarise how the TBA equations were reformulated

into a form that is both beautiful and extremely powerful in explicit computations.

Y-system

It was anticipated [93] that the Y-functions can be packaged into a Y-system with a single
functional relation between the Y-functions, before being derived in [94, 95, 96]. This

functional relation has the form

+ - (1 + Ya,s-i—l)(l + Ya,s—l) (3 29)
a,sta,s T 1 1 y .
(1 + Ya—l,s )(1 + Ya+1,s)

and the infinite set of Y-functions can be depicted on a T-hook, see figure 3.6. The

functional relation (3.29) does not contain the full information of the TBA equations.
They have to be supplemented by constraints on the analytic structure of the Y-functions,
as investigated in [96, 102, 97, 103].

A nice feature of the Y-system is that it is universal: its structure is determined solely

by the psu(2,2[4) symmetry of the theory. All multiplets of single-trace operators are
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solutions to the same equations. The difference lies in the asymptotical behaviour and

analytic structure of the functions.

T-system
It was also clear from the beginning [93] that the set of Y-functions can be reparametrised
by an infinite set of T-functions' through

Ta s+1Ta s—1
Yoo = "7, 3.30
“ TaJrl,sTafl,s ( )

which then satisfy the Hirota equation [104]

T Ty =Tot1,T a1, + Tast1Tas—1- (3.31)

a,sta,s

FiNLIE

The Y-system, and likewise the T-system, contain an infinite set of functions. Inspired
by the methods [105], it is possible to reformulate the problem in terms of a finite set of
nonlinear integral equations, the FINLIE [106]. See also [107] for a similar development.
The FiNLIE was used first for a 6-loop calculation of the Konishi anomalous dimension
[108], and then for an impressive 8-loop calculation [109], the first example of a double-

wrapping result.

Quantum Spectral Curve

It was soon pointed out [24, 110] that T-functions have a convenient parametrisation
in terms of Q-functions. Indeed, it was observed that the solutions to the T-system
can be built from just eight independent Q-functions. It also became clear [106] that
these Q-functions should have rather simple analytic properties. Mastering these analytic
properties finally led to a beautiful reformulation of the problem: the Quantum Spectral
Curve [14, 15].

To briefly summarise the derivation in [15], the T-system is defined up to a certain
gauge symmetry, and in a particular choice of gauge, where the T-functions can be denoted
Tq s, it is possible to make the parametrisation

TOs:

)

{ N (3.32)

PAl+sp3l—sl _ p3l+slpil-4l s<—1 '

The functions P have only a single branch cut on a certain Riemann-sheet. In a different

a 1
gauge, T, s, related to the first by Ty s = (—1)“'5Ta’S(Tgf8LS})5_1, the function T¢; = pu12

The T-functions are believed to be eigenvalues of transfer matrices, cf. section 2.2, with rectangular
representations in the auxiliary space. The precise nature of these transfer matrices, and the R-matrix

from which they are constructed, is however not known.
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Figure 3.7: Perturbative computations of the Konishi anomalous dimension in planar N'=4 SYM.

has the nice property of being i-periodic on a certain Riemann-sheet. Together, the five
functions Py, Py, P3, P* and 112 contain the information needed to reconstruct the whole
T-system via the Hirota equation (3.31). However, control of their analytic continuation
is required. By introducing additional functions P3, Py, P!, P? and five extra jiq, a very
compact closed system of equations on these functions and their analytic continuations is
formed. This Pu-system is self-contained, but a natural consequence of the system is a
similar Qw-system and the larger psu(2,2[4) Q-system. These systems will be introduced

in detail in chapter 4.

Subconclusion

This chapter gave a rough summary of how integrability appears in the planar AdS;/CFTy
spectral problem, and how the assumption of integrability can be used to bootstrap the
spectrum. The key object to understand was the S-matrix which, through various adap-
tions of integrability techniques, captures the spectral information. The end-product is
the Quantum Spectral Curve, a relatively comprehensible Riemann-Hilbert problem de-
termining the spectrum, whose explicit solution is the main goal of this thesis. The QSC
is of course not guaranteed to be the final and most elegant solution to the problem, but
the fact that it has survived more than four years without signs of further simplifications
signals that some sort of a fixed point has been reached. With such a formulation at
hand, it is time to understand its applications and scope in complete generality. The
second part of this thesis is devoted to exploring its power as a perturbative tool. To sum
up the developments reviewed in this chapter, and to anticipate the power of the QSC,
the chronological development in the computation of the Konishi anomalous dimension is

depicted in figure 3.7.



Chapter 4
Quantum Spectral Curve

This chapter presents all technical details about the QSC [14, 15] that will be needed in
the second part of the thesis. We first state the fundamental structures of the QSC in an
axiomatic form, before using this as a foundation to derive a number of practically useful
relations. We then discuss the properties of the QSC at weak coupling, and this discus-
sion will be the foundation of the explicit solution methods described in later chapters.
Afterwards, a brief summary of the applications and generalisations of the QSC is given.

The treatment is rather technical, and the bored reader is encouraged to continue to
the next chapters, where the usefulness of the various relations should become more clear.
The intention is to collect the details here in order to make the later presentation of the

applications lighter.

4.1 The Quantum Spectral Curve

The basic structure in the QSC is an algebraic Q-system, which we already encountered in
chapter 2 in the context of the algebraic Bethe ansatz. The new feature compared to the
spin chain Q-system is that the QSC specifies a more complicated analytic structure of the
Q-functions which are multi-valued functions of the spectral parameter u. The spin chain
Q-system corresponds to the g = 0 limit of the QSC. Again, each solution to the system is
characterised by a set of quantum numbers that dictate the asymptotic behaviour of the
Q-functions at large values of the spectral parameter.

The analytic continuation of the Q-functions can be described in terms of a set of
auxiliary functions, ¢ and w, with very particular analytic properties. Together with a
small subset of the Q-functions, these auxiliary variables form two closed sets of equations,
the Pu- and Qu-systems, which are self-contained formulations of the essential information
in the QSC. In this section, which is essentially a summary of the statements presented in

the original paper [15], we consider these structures in more detail.

70
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Q12340 Quo3a;i  Q1234)i5 Qi234)ijk Q1234]1234

Qabcm Qabc|i Qabc|ij Qabc|ijk: Qabc\1234

Qo |Qav)i  |Qavij  |Qabjije |Qab|1234

Qa\@ Qa\i Qa|ij Qa|ijk Qa|1234

Qoo Qo Qoji;  |Qojijr  |Qoj1234

Figure 4.1: The gl(4]|4) Q-system.

4.1.1 The Q-system

In accordance with the psu(2,2|4) symmetry of the theory, the QSC is based on a gl(4|4)
Q-system, consisting of 2% = 256 functions of the spectral parameter, u. We can label

these functions as

QA|I = Q(llaz...|i1i2... = _Qagal...|i1i2... = _Qalag...‘izil... ) (41)

with A and I denoting between zero and four separately antisymmetric indices that can

take the values ay, i, € {1,2,3,4}. Throughout the thesis we will use the notations

Q=Qw,  QU=Q(u+in).  QF=QH (4:2)

QQ-relations

The Q-functions are related through difference equations of the kind

QarQaas = QLUQZW - Qzaqubu (4.3a)
QA\IQA\HJ' = QXWQZ\U - QZH@'QX\I]' (4.3b)
QAa\IQAHi - QjauiQ;ﬂl - Q;meXu . (43C)

We can depict the Q-system on a 4 x4 lattice, where the Q-functions live at the node
corresponding to its number of indices of the two kinds, see figure 4.1. On a vertical or
horizontal segment of this lattice, the Q-functions then satisfy (4.3a) or (4.3b), which we
refer to as bosonic QQ-relations. On a square segment, the Q-functions satisfy (4.3c),
which we call fermionic QQ-relations, as they only appear for superalgebras. See figure

4.2.
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QAab|T
c24a|1 Aal|Ii
A|Ti
— o o
Qar Qajrij Aal1} Qa1
Qa|rj
Qar  Qan
Qar
Figure 4.2: The three types of QQ-relations (4.3). According to their colouring, the depicted Q-
functions satisfy the QQ-relation QQ = QTQ~™ — O~ Q.

Hodge dual
It is convenient to introduce the notion of a Hodge dual Q-system defined through
QU = ()M AT 4 (4.4)

where QA satisfy QQ-relations identical to (4.3). |A| denotes the number of indices in

1234

the multi-index A and e = 1. Note that no sum over the multi-indices A’ and I’ is

implied in (4.4).

4.1.2 Large u asymptotics

As we will see in the discussion of the symmetries of the QSC below in section 4.1.5, it is

always possible, and very convenient, to set

Qoo = Q23411230 = 1. (4.5)

The asymptotic behaviour of the Q-functions at large real u can be stated through the

behaviour of the eight single-indexed Q-functions:

Qup = Aqu (4.6a)
Qo =~ Bu !, (4.6b)
where A and B are constant prefactors chosen such that the QQ-relations have the form
(4.3). The numbers A, and #; can be related to the fundamental gl(4]4) weights A, and
v;, cf. sections 1.1.1 and 1.4.2, in a specific grading, 11223344, see figure 4.3, through
Ao = AL122333 4\ (4.72)
o= pHEEM (4.7b)
where A is an arbitrary shift corresponding to the fact that the actual psu(2,2|4) quantum

numbers are the differences A\, — A\g+1. We discuss this symmetry in section 4.1.5 below.

Notice that the central charge constraint translates to

4 4
> A+ =0, (4.8)
a=1 i=1
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|A| A

- |1]

Figure 4.3: Up to an overall shift, A4+ A and v — A, the fundamental weights in the grading 11223344

(or equivalently 112233214) correspond to A and 7 that dictate the large u asymptotics
of the QSC solutions.

and is unaffected by the value of A.

Through the QQ-relations, the asymptotic structure (4.6) along with the general fea-
ture (4.5) dictates the asymptotic behaviour of all other Q-functions. We discuss this in
more detail in section 4.2.4 below. Note that the asymptotics is where the anomalous

dimension +, through the numbers 7;, enters the QSC.

4.1.3 Analytic structure

The Q-functions are multivalued functions of the spectral parameter u. The fundamental
properties of the analytic structure of the Q-system can be captured in the structure of

the single-indexed Q-functions, which we denote by

P.=Qq P'=Q" Q=0 Q=" (4.9)

For P there exists a Riemann sheet in u where the functions have only a single branch
cut between u = —2¢ and u = +2¢g. For Q there exists a Riemann sheet where the
functions have only the same two branch points, but instead of being connected by a
short branch cut, infinite cuts are placed on the real axis from these points to u = Fo0.
These Riemann sheets are depicted in figure 4.4. The position of branch points is the only
explicit appearance of the coupling constant g in the QSC.

From these basic features, we can use the QQ-relations (4.3) to investigate the analytic
structure of other Q-functions. To use the QQ-relations, we have to choose the same type
of cuts for all Q-functions. For example, Qupp = Pij_ — P;Pl;F should have two short
cuts shifted away from the real axis by :I:%. To generate Q-functions with both types of
indices, i.e. a Q47 with J # 0,0, from P, is however not as simple. As we will see below,

one can for example derive a relation such as

Qi — Qq = ~PuP'Qy; (4.10)

from the basic QQ-relations. A sum over indices that appear in both upper- and lower-case

in an expression is always implied unless otherwise stated, e.g. Pbeli = Zgzl PbQ?}Ti. A
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Figure 4.4: The defining Riemann sheet for the single-indexed Q-functions. The black dots corre-
spond to branch points at u = £2g. The blue lines are branch cuts. The gray line is

the real axis, Im (u) = 0.

solution to (4.10) can formally be constructed as the infinite product

Quji = (05" + PIPUF) (532 + PRIP™) .. (4.11)

1

which would generate an infinite ladder of short branch cuts in the lower half-plane between

—1'1(% + N, ) £ 2g. However, one could equally well construct Q); as
Qo = (031 — Py PU7) (552 — PLAIP=I) . (4.12)

resulting in cuts in the upper half-plane. Whether to have analyticity in the upper or lower
half-plane is simply a choice. We will always choose analyticity in the upper half-plane.
Through the QQ-relations it can be seen that such a semi-infinite ladder of short cuts
appear in all Q 47 with I # 0, 0. For the functions Q, this corresponds to choosing to keep
the upper half-plane in figure 4.4 on the first Riemann sheet, while replacing the lower
half-plane by the analytic continuation through the long cut. See figure 4.5.

In general, for a generic Q-function @) 4); we denote the value on the first sheet, where
it is analytic in the upper half-plane, by @ 47, and its value on the second sheet, arising

from analytic continuation through a branch cut on the real axis, by Q Al

u u

P—
Pr—

Pr——r
Pr——

Figure 4.5: The first (left) and second (right) Riemann sheet of Q 7, I # 0,0, with short cuts (up
to a shift of % depending on the total number of indices). The functions Q have this
structure. The upper half-plane on the first sheet and the lower half-plane on the second

sheet correspond to the defining sheet for Q with long cuts in figure 4.4.

We could argue in the same way that P develops a semi-infinite ladder of long cuts on
its first sheet. Translating this to short cuts, we see that on the second sheet, P has an

infinite ladder of cuts in both the upper and lower half-plane, see figure 4.6.
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| |

| |

Figure 4.6: The first (left) and second (right) Riemann sheet of P with short cuts.

Importantly, from the definition of the QSC, all branch cuts are of squareroot type, i.e.
f = f, and all functions are required to be regular everywhere, i.e. have no singularities.
We will almost always describe the QSC functions in terms of short cuts, and it will always

be stated explicitly if long cuts are considered.

4.1.4 The Pyu- and Qw-systems

We now know where the branch points are, but we also need to know how to analytically
continue through the cuts. The QSC describes the analytic continuation of P and Q
through their cuts on the real axis in terms of a set of auxiliary functions p and w. These

functions are in turn closely related to the central Q-functions, Qqp|;;-

Construction of y and w

Introduce four times six functions, fqp, u, wi; and W, all antisymmetric in their indices.
All these functions have infinite ladders of branch points at u = 1Z + 2g irrespective of
the chosen type of cuts. With short cuts, the first sheet of p4p, can be defined as a linear

combination of the six functions Q;bw with i-periodic coefficients, w = w2

1o
Hap = 589 Q- (4.13a)

Similarly, the first sheet of u® is given by,

1 .
Mab — iwianblz]_ . (413b)

Had we instead chosen to work with long cuts, the roles would be reversed: w would be

linear combinations of with i-periodic coefficients pu. The fact that u are periodic

ablij
with long cuts translates into the following relation for the analytic continuation of p with
short cuts:

= pu?. (4.14)

A visual argument is given in figure 4.7.
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|[TH]]
LH

Figure 4.7: The first and second sheet of p with (left) short and (right) long cuts. The colours
correspond to strips with the same value.
Analytic continuation of P and Q

The functions i dictate the analytic continuation of P via the relations

P, = paP? P = %Py, . (4.15)
Similarly, w governs the analytic continuation of Q via
Qi = w;;Q’ Q =uwQ;. (4.16)

The Ppu-system

The eight functions P and the 12 functions pu form a self-contained Riemann-Hilbert
problem from which the rest of the structure in the QSC, the Q-system and a similar
system formed by Q and w, can be derived, see [15].

As we saw in (4.13), the functions p,p, are linear combinations of the central Q-
functions, Qp);;, With i-periodic coefficients, and they thus satisfy the same difference
equations as these Q-functions. In particular they satisfy a set of six coupled first order

difference equations,
fap — pl) = PyPeullE — p peyli=l (4.17)
to which @Q);; are the complete set of solutions. The equation can also be phrased as
fap — 1 = PPy — PPy, (4.184)
and similarly we get
pt — R = _pept 4 pept. (4.18b)

Together with (4.15) and the specified analytic structure, we call this the Ppu-system.
We could have derived a similar self-contained Qw-system, but as we will not need it

in our applications, we leave it out and refer to the original papers for the details.
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Asymptotics of ; and w

For solutions of the QSC that correspond to cyclic single-trace operators, the functions
w can have at most constant asymptotics at large u. We often refer to such solutions as
physical. This important restriction is the one that singles out the solutions of the QSC
that we wish to consider in this thesis.

As it has been discussed in e.g. [111, 112], unphysical solutions, by which we mean
solutions not corresponding to single-trace operators, require a modification of the asymp-
totics of w to include exponential behaviour, e.g. w ~ e?™ at u — co. This is due to the

regularity constraint (4.55) discussed below.

4.1.5 Symmetries

The QSC has a large amount of symmetry. We here use the terminology of the original
paper [15] and denote the freedom to do spectral parameter dependent rescalings by gauge
symmetry (note that it has no relation to the SU(N) gauge symmetry of N' =4 SYM),
and the possibility to shuffle the basis of Q-functions through linear combinations by
H -symmetry.

Gauge symmetry

The QQ-relations are invariant under transformations of the kind
(|A]=|1]+k]

FIETAIT=H QA|I ) (4.19)

Qar —

where f is formally an arbitrary function of the spectral parameter, and k is an integer.
However only two such rescalings are independent, e.g. £ = 0,1. For example a k = 2

rescaling can be written as

N _
gv+2 <g[N+1]> <g[N+1}> gt (gHIVH ()T (gmH Y] (4.20)

geN=2 T\ GEN-u |\ gEN=TT ) gINT T (g N (o) EN-1 (-1

We choose to demand Qg = Q12341234 = 1 which removes the freedom to do k =
transformations and leaves only those of the type k = 0. If we want to preserve the branch
cut structure of the Q-functions described above, the only remaining gauge symmetry
corresponds to the freedom to do rescalings involving the Zhukowsky variable x of the
kind

Qi — H (aFisn4I=1TDA G (4.21)

o LAL= 1T
2

For the one-indexed Q-functions this means

Qapp = 7" Qo Qo = 7 Q- (4.22)
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and since x ~ % + O(%) at large w, this exactly corresponds to the ambiguity in the

asymptotic powers A and ¥ in (4.7).

H-symmetry
The QQ-relations are likewise invariant under transformations of the kind
Qyr — (HIAI BEWAIN FQpy 1Al =Bl (1] =], (4.23)

where H? = HMH/2 .. and HY = I:.flflflzf ..., and where H,? and fIij are 4x4 matrices
that 1-periodically depend on u and have unit determinants det H = det H = 1 in order
to keep Q12341234 = 1.

This symmetry means that we can add and subtract Q-functions with the same types
of indices. If we want to maintain analyticity in the upper half-plane and power-like
asymptotics then H and H must be constant matrices. We can use this symmetry to
ensure that Q-functions related by the H-symmetry have distinct asymptotic behaviour
at u — oo, and this fixes a large amount of the symmetry. This choice was in fact already
implicit in the asymptotic behaviour described in section 4.1.2. Likewise, we can rescale
the constant prefactors A and B (4.6) as long we keep the product AjA2A3A4B1B2B3By

fixed to maintain Q1234|1234 =1.

Relations between solutions

Some solutions of the QSC are related by simple relabelings. Sometimes these relabelings
map a solution to itself, which means that the solution has additional symmetries. There

are two cases:

e As the QSC equations are invariant under the parity transformation v <> —u, then if
{Q4)7(u)} is a solution to the Q-system, {Q 4)7(—u)} will be as well. In some cases,
the two Q-systems will be identical, and we call such states parity invariant. In the

spin chain picture, the transformation © — —u corresponds to a reflection.

e Similarly, the Hodge dual (4.4) of {Q4r}, which we denote by {QXH} = {Q41}
will also be a solution, though in general to a Q-system with different asymptotical
behaviour. However, for some states the two sets of Q-functions are identical, and
we call these Hodge invariant. Hodge invariance can occur when the left and right
half of the Young diagram corresponding to the quantum numbers at zero coupling

are of the same shape, i.e. if in the | grading
ng, = L —ng, ng, = L —ng, Nb, = Nay Nby, = Na, - (4.24)

This is also referred to as left/right symmetry. When a state is left /right symmetric

(4.24), it implies that either {Q 47(u)} = {Q:‘I(u)} or {Qar(w)} = {Q:u(—u)}, or
both in the case of parity invariance.
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{Qar(u)} < {Qar(—u)}
) )
{Q:‘[(u» « {Q:u(_u)}

Figure 4.8: All solutions come in sets related by parity and Hodge transformation. In some cases,

one or all of these transformations map a solution to itself.

An overview of the related solutions is given in figure 4.8.

4.2 Important relations

In this section we collect a number of convenient formulas that follow from the fundamental

relations of the QSC given above.

4.2.1 The full Q-system from Q. and Qyj;

Clearly the knowledge of all 256 Q-functions is not essential. In fact, we just need to know

eight of them, for example Q)9 and Qyj;, to generate the rest.

Qa|j from Qam and Q@|j
To generate Q,|; from Qup and Qp); one has to solve the first order difference equations
Q(j\i - Q;h =P,Q;. (425)

The solution can formally be written as

Qui = - (P,;Q]) , (4.26)

where W is the inverse of the difference operation V,

U(V(f)=f+P, V(f)=f- &, (4.27)

where P is an i-periodic function. In (4.26) this i-periodic ambiguity should be a constant
to preserve upper half-plane analyticity and power-like asymptotics. The W-operation

plays an important role throughout the thesis, and it is discussed in detail in appendix
C.1.
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The rest

It follows from the QQ-relations that all other Q-functions can be generated from of (g,

Qg|; and Q,); via determinant formulas of the kind

ar| gk, 015k, 46
k1,...k m o
Qal,...,am|j1,‘..,jn = et m Hr:l QakT |gr m=n, (428)
k1,....k n [o] m—n ~lm—n+1-2s]
el m HT:l Qakr |7 HSZI a‘kn+s|® m>n
where o can take any value in —|m—n|, —|m—n|+2,...,|m—n|—2,|m—n|. The arbitrary

constants introduced in (4.26) can be fixed via the demand Q12341234 = 1.

4.2.2 Relations between Q4 and Q7

A number of nice relations between the lower- and upper-indexed Q-functions follow di-
rectly from the QQ-relations and the property Qpg = Q1234/1234 = 1.

One can derive the very useful relations
P, = -Q'Q;, P¢ = Q"™ Qi = -PQ;, Q' =P.Q"" . (4.29)

The single-indexed Q-functions satisfy

P,P*=Q;Q' =0. (4.30)

Furthermore,
QuiQ™ = 4] QuiQ" = —4; . (4.31)

which implies
Quplsg Q™ = 2075, — 616%) (4.32)

4.2.3 Coupled difference equations on ()4; in terms of P

Using the relations (4.29), one can formulate coupled sets of first order difference equations
on Q-functions with a given type of indices, where P play the role as coefficients. Such
equations play a key role in the perturbative algorithms described in chapter 4.

For example, one can combine (4.25) and (4.29) to see that Q,; are solutions to a set

of four coupled first-order difference equations

Q;”' - Q:L_\z = PanQzTi . (433)

Each value of i labels a particular solution. Likewise, Q4);; are the solutions of the six

coupled first-order equations
Quujij — Qupjiy = ~PaPQyey; + PoPQy; (4.34)

As discussed, pqp solve these equations as well.
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Disentangled higher-order equations

One can start from the coupled first order equations and disentangle them into higher-order
difference equations. For example, (4.33) could be turned into a decoupled fourth-order
equation on (),);. For the interested reader, this rather bulky equation is given in appendix
A.4.3. We could similarly write a sixth-order equation on Qq;;. However, as we will see
in chapter 6, we will have more use of the simpler coupled first-order equations, and only

use the decoupled higher-order equations in special cases where we can lower their degree.

4.2.4 Asymptotic behaviour

We now take a closer look at the implications of the asymptotic behaviour of the single-
indexed Q-functions at large u described in section 4.1.2.

The QQ-relations imply that an arbitrary Q-function has the asymptotics [12]

Aa )\ Ui— u]
Qayr =~ [ Awu [ Biu o1 Hache a5 icjer (0 . (4.35)

A
a€A el HaeA Hzel( ) a+V1

Importantly, using (4.8), the behaviour of QY — (1234/1234 turns out to be

4 4 A
a ()\ )H1<i< <a(Vi — 15)
Q12341234 = oo = ; (4.36)
al_[l 1;[ Ha 1 H’L 1()\ + VZ)

and thus the constant prefactors A and B should satisfy

4 4 4 4 3 N
[Toz1 Hz’:1(/\a + ) 437
1;[ I;I H1<a<b<4()‘ — Ap) H1§i<j§4(’7i - ’9]') 7 ( :

in order to have Q1934/1234 = 1.
From (4.35), we also get the asymptotic behaviour of P¢ and Q. We will denote their
prefactors by A® and B, i.e

P ~ A%yt Q' ~ Biu’ (4.38)

which can then be seen to satisfy the relations

Ao+ D

AA = nb (4.39a)
Hb¢a>\a /\b

BB/ = jdla?itha (4.39b)
Hk;éj’/] Vk

where no sums are implied on the left hand sides.
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A and 7 in terms of n”

As we will prefer to label solutions by their oscillator content of their HWS in the I

grading at g = 0, we here give the relation between these numbers and A and D
Ae = ng +1{2,1,0,-1},+A = N+A (4.40a)

v = {-L7 —ng.ma ti+{-1,-2,1,0}, —A = ) —A. (4.40D)

Recall that the weights A remain fixed at any g while U correspond to AdSs charges, which

include the conformal dimension A = Ay + 7, so they will run with the coupling,
. ¥
v = Vi\g:0+§{—1,—1,1,1},~. (4.41)

Note that 5\a > 5\a+1 and 7; > U341, while 5\a + 7; = 0 can only happen at the unitarity
bound.
4.2.5 Analytic continuation in the Pu-system

Doing analytic continuations of the equations of the Ppu-system leads to useful relations.

First note that from a contraction of (4.18) with P?, it follows that (fiq — ,ufg)Pb =0, ie.

2
paP? = u2pY. (4.42)
By doing an analytic continuation of (4.15) we get
ol .

P, = ulJP? = P, (4.43)
which is a quite powerful constraint as it relates the value on a sheet with a single branch
cut to a bilinear combination of functions with infinite ladders of cuts.

4.2.6 Properties of u
It is worth investigating the properties of the auxiliary functions p in more detail. These
functions will play a key role in the weak coupling techniques described in chapter 6.

Analytic continuation on the real axis

The fact that all branch cuts are of square-root type means that with short cuts the

combinations

2] p—pi_ p—p
V2 —4g2  \Ju? —4g?

have a trivial monodromy when crossing the branch cut on the real axis.

pt+i=p+p (4.44)
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Consequences of long cut periodicity

The fact that with long cuts p is an i-periodic function on its first sheet is a strong
constraint. Away from the long cuts we have pu(u) = pu(u+1) and also all derivatives must
coincide. If we translate this to short cuts, cf. figure 4.7, then only the strip 0 < Im (u) <1
is transferred from the first sheet with long cuts to the first sheet with short cuts. On
the first sheet with short cuts the function is subject to a remnant of the i-periodicity:
the function should behave similarly when approaching the branch cut between +2g from
above and the branch cut between i + 2¢g from below, i.e.

a
d”uu dru

u—c+i0t+

w(u) , —2g<c<2g, n=0,1,2,... (4.45)

u—>c+il—

As we will see in the next section, this gives us an important constraint on the behaviour
of wat u=0 and u = 1 at weak coupling.

The Pfaffian and the relation between i, and

Since Py = p1gpP? = papi?“P. we can conclude that g, and g are mutually inverses, i.e.
fapi?e = 6C . (4.46)

We define the Pfaffian of p4; through

1
Pf(ue) = geadeuabucd = [412/434 — H13H24 + H141423 - (4.47)

One can see, by writing out the explicit possibilities, that
€l apine = —26% PE (1) . (4.48)

We can then combine (4.48) and (4.46) to see that u® and p.q are related through

1 1
ab abed
= —— . 4.4

By using (4.17) and (4.30) we can infer that Pf(ue) is i-periodic:
Pf(1s) = (1+ P,P®) Pf(ul) = PE(ul) (4.50)

and since Pf(ue) = Pf(u?]) = Pf(fis), it has no branch points. As it has power-like
asymptotics, it must then be a constant, and it can be controlled by the freedom to fix

the normalisations A,.

4.2.7 P and the Zhukowsky map

A key property in the solution methods of the QSC is the simple structure of P. It has
integer power-like asymptotics at any value of g, and it has only a single short cut on the

first Riemann sheet.
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P(u) - 7
—= — | P@
P(u) —

Figure 4.9: For P, the first two Riemann sheets in u (left) gets mapped to a single sheet in = (right).
The grey circle on the z-sheet is the unit circle, and the branch points on the real axis

in u correspond to the points z = +1.

To really exploit these features, one can make a change of variables from the spectral
parameter u to the Zhukowsky variable xz(u) (3.13). We discuss the properties of the
Zhukowsky variable in more detail in appendix A.4.1. The important property is that for
P, the first two Riemann sheets in v get mapped to a single Riemann sheet in . The
first sheet, P(u), is mapped outside the unit circle, |z| > 1, while the second sheet, P(u),
is mapped to the inside of the unit circle, |z| < 1, see figure 4.9 and 4.10. The branch cut
on the real axis is resolved and it is mapped to the unit circle in the z-plane.

We can write P(z) as a power expansion around x = co. As x behaves like z ~ %

Im[x]

Figure 4.10: Plot showing the position of the points x(u = 1Z £ 2g) for g = 20. For g — 0 all branch

points converge towards x = 0.
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at large x, P(z) should have power-like large = asymptotics, Py (z) ~ 2= and P(z) ~

g*a=1_ Then the power expansion of P should have the form

00

C k C

Pa($) = Z ;k Pa(x) = Z k0 (451)
k=Xq k=—Aq+1

where ¢ are g-dependent coefficients. The behaviour of ¢ in g is restricted by the values of
the prefactors A, cf. section 4.2.4. This expansion should converge until the first branch
points are reached in the z-plane, i.e. for |x| > |x(1+ 2g)|. This means that the expansion
is convergent everywhere on the first u-sheet, P(u), and in a finite region around the
branch cut on the real axis on the second u-sheet, P(u).

Crossing the unit circle in the z-plane corresponds to crossing the short branch cut in
x(u). Since we restrict x to be the solution of (3.13) with || > 1, then this corresponds

to the replacement x — 1 in (4.51).

4.3 The QSC at weak coupling

The main goal of this thesis is the perturbative weak coupling solution of the QSC. We
thus need a systematic understanding of the QSC in the limit g — 0.

Considering the analytic structure of the QSC functions, we see that, as depicted in
figure 4.11, the branch points at in —2¢g and in+ 2g collide at in. The branch cuts vanish,
and the functions develop the possibility of having poles at these points instead.

Our basic assumption is that for solutions corresponding to multiplets of single-trace
operators, any function in the QSC can be written as a power expansion in g2, i.e.

o

Flu,g) =D P w)g? ™D = fD(u) + fD (u)g? + FP (u)g* + ... . (4.52)
j=1

Note that some functions may come with overall factors of g, and that such prefactors can
usually be modified through the symmetry transformations mentioned in section 4.1.5.
For solutions of the QSC corresponding to single-trace operators, the conformal dimen-

sion follows the pattern (4.52), and at g = 0 it has the classical value (1.31). This means

[T
1

Figure 4.11: As g — 0 the branch points at in &+ g collide at in. The branch cuts disappear, and

leave behind possible singularities.
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that at the leading order, all functions have integer power-like asymptotics at u — oo, and

the boundary conditions of the QSC coincides with those of a rational spin chain.

4.3.1 Properties of u

The functions p have important properties at weak coupling, which play a key role in the

applications in the next chapters.

patu=20

As discussed, the combinations p + pl? and “_27“[2 have no branch points on the real
u?—4g

axis. As singularities at weak coupling only arise from colliding branch points, these

combinations should be regular at « = 0 at any order of the weak coupling expansion.

This turns out to be a strong constraint.

Polynomiality at the leading order

To satisfy both of the above regularity conditions, we see that p cannot have poles at
neither © = 0 or u = 1 at the leading order. Furthermore, p satisfy relations of the type

(4.17), which schematically have the form
p— P = (uP)P —P(uP) = (uPP)P — P(uPP), (4.53)
and we can use these relations to make replacements of the kind

= Wl (PP — P (uP))" (4.542)
[n]

= g2y ((MP[—Q])P[—Z] _pl-2 (MPH})) _ (4.54b)

Using the first one to replace u/2 in the combination p + pl?, and recalling that P can

only be singular at u = 0, we see that ul? has to be regular at u = 0, i.e. p is regular

at w = 21. This argument can be applied recursively to argue that p has no poles at iN.

Furthermore, the second replacement can be used to argue that p has no poles at —iN. In

conclusion, p are completely regular functions at the leading order with integer power-like
asymptotics. Thus they are polynomials.

This observation also implies that, at the leading order, P can only have poles at u = 0

and have integer power-like asymptotics.

The zero-momentum condition

As p are regular everywhere at the leading order, the constraint (4.45) turns into the

requirement

=1. (4.55)
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Maximal order of poles in perturbative expansion

The perturbative expansion of y is
g =p +u@g? + 1Ot 4 (4.56)

where n is some number. The regularity of u + uf?! tells us that the poles of  and u? at

u = 0 must be identical. For “7“[21 to also be regular, the maximal order of the poles at
u?—4g

u = 0 is restricted. Perturbatively, this quantity looks like

— 2 (oI ES] ) 2 _ ) (SR ES] )

g" K=K _ M H + g2 <H K +2M éu ) (4.57)
u? — 4g u u
3) — 32 2 _ ) 1 — M
+g? (“ Y )+0(96).
U U U

As pY — MBI~ 4, the maximal pole in x® is u~!. Then the maximal pole in p®) is
w3, and recursively we then see that x(™ has the maximal pole ©=2""3 at u = 0. The

same holds for p(™2.

4.3.2 Structure of w

The functions w are i-periodic and have at most constant asymptotics at u — oo for
physical solutions. They are only allowed to have poles at © = 1Z. A general ansatz for

such i-periodic functions is given by

oo
w=w® 4> Wlip;, (4.58)
k=1
where wl} are g-dependent constants and P; are i-periodic functions containing an infinite

sum of poles of power j,

Piu) = > RS +1ﬁl<:)i‘ (4.59)

k=—o00

We discuss these functions and their relation to hyperbolic functions in appendix B.3.1.

Truncation of the ansatz

As gy = %wij Q;bh'j’ the restricted pole structure of u(”) constrains the allowed terms in

the ansatz for w(™. The functions (Qapjij are analytic in the upper half-plane, so Q:bh’j

cannot have poles at u = 0. Using (4.32), we can invert (4.13) to get the relation w;; =

%u“bQ;bW = %u“bp]@:blij. At the perturbative order n, the constraints on the maximal

pole order in p(™ discussed in section 4.3.1 means that the sum (4.58) is truncated at

the term wi27-3},
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For p to be polynomial at the leading order, w must be constant at the leading order,

e w® = wg])}. Note also that, according to (4.35), Qap|34 have negative power-like large

_;\a_;\b_ﬁi"_"‘*, due to the unitarity constraints, so they must be non-

polynomial and unable to contribute to /LS)), i.e. w3 (M) = 0. Tt is then possible to use the

u-asymptotics,

Hz-j symmetry to rotate the Q-system such that only w'? is nonzero at the leading order.
Note that, generically, QS}HZ is the only polynomial subset of Q&)‘” (an argument will
be given in chapter 5), and then this follows automatically. Note furthermore that when

ij,) x Q((l?'l;, the requirement (4.55) is the well-known zero-momentum condition

Quuro(u+3)
o e = (1.60)
Qab|12(u -3)

4.3.3 Structure of P

The parametrisation of P in terms of the Zhukowsky variable and its expansion around
x = oo discussed in section 4.2.7 gives us a lot of information about the structure of P (u)
and P(u) in the weak coupling limit. This information will be crucial in the perturbative

solution methods of chapter 6. We now analyse this structure in more detail.

Explicit ansatz

Let us analyse the g-dependence of the coefficients ¢ in the ansatz (4.51) more carefully.
Assuming that the asymptotic behaviour (4.6) is valid at ¢ = 0, it follows from the
constraints (4.39) that the products A,A® (no sum over a) are regular in g. These products
are generically O(g°), except in the case of shortening, where AjAl = O(¢?) if (1.39a) is
satisfied, and A4A* = O(g?) if (1.39b) is satisfied. This means that we can always choose
to fix the freedom in A such that all P,(u) and P%(u) are regular in g with the possibility
of some of them being O(g?) due to shortening. In the case (1.392) we set P; = O(g?)
and in the case (1.39b) we set P* = O(g?). We can then write a more precise version of
(4.51):

1 > Cq.k
P.(z) = = : (4.61a)
(gz)rath kzzo (g)*
o _ 1 . vk
PY(z) = () TR kzo G (4.61b)

where AU is symmetry-independent and was defined in (4.40), and A corresponds to the
symmetry (4.22). The constants ¢ are here strictly regular in g, and we assume that they

can be written as expansions in g%

c= Z ) g% (4.62)
=0
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The leading coefficient should match the choice of A, i.e. ¢,,0 = Aq and 0 = A,
Restricting to |z| > 1, the expansion that describes the value on the second sheet P ()

is obtained through the replacement z — % in (4.61). This gives

P.(z) = <$>A2+Aica’k @)k (4.63a)

9 . k=0
Pi(z) = <§) e Ai&"?( > . (4.63D)

The expansion is convergent in a finite region around u = 0. As discussed in section
4.3.1, pap are polynomials at the leading order of maximal degree —\Y — A) — 1) — 19 (the
strongest asymptotics among Qgp|;;). Since P(u) are given by (4.15), the ansatz (4.63)
must be exact at the leading order, and the leading contributions f’(l)(u) have power-like
asymptotics of maximal degree u~a—“1—*2~1+A for f’((ll)(u) and yretvstri—A for f"(ll)(u).
Due to the behaviour z ~ % + O(g), this puts strong constraints on the scaling in g of the
constants ¢. Denote the last terms contributing to the leading order in the sums (4.63) by
k= M, and k = M, respectively. Denote the g-scaling of the corresponding c-coefficients

2(Ma—Na) —N) where N, < M, and N® < M%. Then we must

a

by cor ~ g and ¢k ~ g2(M

demand

- <k-N, A No<k<M,
V)= if { I = (4.64)

“ j<k—Ng+1 A k> M,

and so the leading order of P,(u) has the form

~ u A0+A

P (u) = <2> g N Z (Lpk=No) ke (4.65)
and similarly for P%.

Revised ansatz

The above considerations make it appropriate to rephrase the ansatz (4.61) by introducing

a new set of constants ¢ and d that are again regular in g:

P, = (gx —Xo—Na— (Zdak ga: +ank( ) ), (4.66&)
P = (ga)laNo1HA (Z dF (ga)* + an’k (i)k> . (4.66b)
k=0 k=1

This ansatz makes it more transparent which terms are suppressed by factors of g in P(u)
and la(u), respectively. The question is what the numbers N, and N® are. From the
maximal asymptotic power of P(l)(u), they have an upper bound,
N, 220 — ) ) 1 (4.67a)
Nt < 220+ 40 1. (4.67b)

IN



90 Chapter 4. Quantum Spectral Curve

The lower bound is NV > —1, where N = —1 can only happen in the case of shortening,

since it implies that the corresponding P(u) vanishes at the leading order.

Scaling considerations

From the ansatz (4.66), it is clear that N, and N® control the scaling of P in g, i.e.
P, (u) ~ g 2QatNatd) and Pa(y) ~ g~ 220+ 1HN"=A)  From the construction of p (4.13),
it is natural that all u,, have the same g-scaling. Through the construction of P (4.15),
it is then natural that all P,(u) likewise scale with ¢ in the same way. Similarly, P%(u)

should all have the same g-scaling. This implies that
No=-XN+C,, N =XN_-140C", (4.68)

where C are universal constants independent of the index a, that govern the g-scaling:
pa(u) ~ ng(C.JrA) and pa(u> ~ ng(C'fA)'

Universal choice for C

Assume there is a universal choice for the numbers Cy and C®. We will now try to
argue that there is only one such choice. First note that for each solution to the QSC,
there should be a Hodge dual solution, which is identical to the original solution up to a
relabelling of upper and lower indices. On the level of quantum numbers, the Hodge dual
solution corresponds to rotating the Young diagram by an angle of w, which results in the
quantum numbers Ao* — )\g_a + 1. Since the solutions should be identical up to
relabelling, we should have NX = N5~ The first equation in (4.68) then gives

Co=X0% N =] _Nyp14nN=LT4+C = L[T=0C,—-C". (469

The next consideration is that the maximal value of A0 is A} = L + §, where § = 1 only
in the case of the shortening (1.39a). The lower bound on N, then requires that Cy > L7
to accommodate this case. Similarly, the upper bound on N® (4.67b) turns into C* < 0

to accommodate all cases. Combining these two universal bounds with (4.69), we see that
Co=L", C*=0, (4.70)

is a universal choice that is consistent with the bounds on N and the existence of an

equivalent Hodge dual solution.
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Final ansatz

Under the above assumptions, we arrive at a precise ansatz for the functions P:

LT )0 0o i
L
Po = (92" MY dan(92)* + Y can (2)
k=0 k=1
(4.71)
A1 o0 )
Pe = (go)* | D dF(ga)f+ Yo (£)
k=0 k=1 r
where the weights A0 are defined as
A = ng +1{2,1,0,—1},, (4.72)
and where all coefficients c and d have a regular expansion in g2,
oo oo
c = Z it g2, d— Z dU+1) g2, (4.73)
j=0 j=0

The leading coefficient in gx should be identified with the corresponding prefactor A, which
is constrained by (4.39).

The ansatz (4.71) is natural from the point of view of gradings of the type 1...4, where
the length is always L' . Tt inherently sets P1(u) = O(g?) and P*(u) = O(g?) in the case
of shortenings. In the next chapter we will indeed see that this is natural for the gradings
1...4.

While the the ansatz (4.71) was not derived in complete rigour, it turns out to be
consistent with the leading solutions of the QSC that are discussed in chapter 5. Further-
more, it adequately governs the perturbative corrections generated through the algorithms

described in chapter 6.

4.4 Applications and generalisations

The practical power of the QSC has been demonstrated in many applications. Further-
more, the QSC has been generalised to accommodate various deformations. A similar
construction has likewise been found in the planar limit of the AdS,/CFT3 correspon-

dence. We here summarise these developments.

4.4.1 Near-BPS solution

In [111] a near-BPS solution of the Ppu-system as an expansion in a small s[(2) spin S was
given. The first two corrections, proportional to S and S? were calculated. The result is
valid at any coupling, and it allowed to make a new prediction for the third order correction
in the strong coupling expansion of the Konishi operator, as well as new predictions about

the strong coupling limit of the BFKL regime.
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4.4.2 Weak coupling

In [1], an iterative algorithm to solve the Pu-system as a perturbative expansion in the
coupling g for any operator in the s[(2) sector was presented. The obtained results include
10-loop results for the anomalous dimension of a variety of sl(2) operators. Subsequently,
this method has been used to provide enough data points to reconstruct the six- [2] and
seven-loop [3] anomalous dimension of twist-2 operators for arbitrary spin, S. Twist-2
operators correspond to highest weight states of the kind Df222 in the 11223344 grading,

which corresponds to the quantum numbers
n? =10,5-2/1,1,1,1|S-2,0]. (4.74)

A general Q-system based method to solve the QSC perturbatively was first proposed in
[113], while a general method to solve Ppu-system will be presented in [7].

The perturbative solution methods of the QSC are the topic of chapter 6. The re-
construction of the analytic structure of the anomalous dimension of twist-2 operators for

arbitrary spin is the topic of chapter 7.

4.4.3 Numerics

A generic algorithm to solve the QSC numerically at any coupling was given in [114].
The method was demonstrated on twist-2 operators in the sl(2) sector. The method
increases its precision through an iterative procedure that quickly reaches more than 20
digits precision. The method also allows to explore the BFKL regime numerically, and
in general to explore the solutions of the QSC at general complex values of the coupling
and quantum numbers. The algorithm was implemented in C++ in [115], allowing an even
higher precision which made it possible to make stronger predictions about the strong

coupling behaviour of the anomalous dimension of the Konishi operator.

4.4.4 The BFKL limit

The BFKL regime corresponds to an analytic continuation of the QSC for twist-2 operators
to spins around S = —1. It is a double scaling limit where we set S = —1 + w and make

take the limit
2
g—0, w—0, with A = L fixed. (4.75)
w

The main complication compared to the standard weak coupling expansion is that the
conformal dimension does not behave as A = Ag + O(g?). In [112] the Pyu-system in this
limit was solved to the first two orders in ¢g? allowing to reproduce the leading order BFKL
Pomeron eigenvalue. In [113] a Q-system based solution method was used to find a range
of solutions as expansions around fixed A and use this data to reconstruct the first three

contributions to the Pomeron eigenvalue.
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4.4.5 Deformations

As we saw in chapter 2, integrable models can be deformed by twists while still preserving
integrability. A twist can be introduced in the QSC in a similar way, which was done in
[42]. Such twists can also be understood on the level of the N' = 4 SYM Lagrangian.
The twisted QSC was recently studied in an interesting double scaling limit [116]. Very
recently, the QSC was also derived for the n-deformed version of AdSs;/CFTy [117].

In [118] it was also understood how to study the cusp anomalous dimension by mod-
ifying the asymptotic behaviour and analytic properties of the QSC solutions. This con-
struction was used to investigate the quark-antiquark potential in [119].

As we will return to the twisted QSC in chapter 8, we here briefly summarise its new

features compared to the untwisted model.

New features in the twisted QSC

Introducing a general diagonal twist in the QSC leaves all relations and the analytic
structure invariant, and the only modification is in the large u asymptotics of the involved

A€

functions®. In the fully twisted case [42], the asymptotics are

P, ~ A, x% y e P® ~ A%x; ne Q; ~B; y;ﬁ“ i Q' ~B’ yg-“ u’i | (4.76)
where A\, = ng, + A and ; = {~L — np,,na,} — A and there is no need to specify
a grading as all fermionic symmetry is broken. Resultingly, some operators that are
supersymmetry descendants in the untwisted theory become highest weight states. Apart
from the treatment in [412] of the BMN vacuum, which is no longer protected, no explicit

results for physical operators in the twisted theory have been presented yet.

4.4.6 AdS,/CFT,

In analogy to the AdS;/CFTy case, a QSC [120] has been constructed for the planar limit
of the AdS,/CFTj3 duality. The Pu-system is strikingly similar to that of AdS;/CFTy: the
equations are the same, but the analytic structure of the functions P and p is exchanged.
On the level of the Q-system, the systems are less alike.

In [121] the near-BPS solution was studied and a conjecture was made for the exact
structure of the interpolating function. A similar conjecture for the ABJ model was given
in [122]. The Pu-system was solved perturbatively in [123] for states in an sl[(2)-like
sector. Six non-trivial orders, corresponding to 12 loops in ABJM theory, was reached for

a number of operators.

LOne can alternatively consider power-like Q-functions at the cost of having modified QQ-relations.
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Subconclusion

In this chapter, the Quantum Spectral Curve was introduced in an axiomatic form, which
we then used to derive a number of properties, first at arbitrary coupling and then in
the weak coupling limit. A brief summary of the applications and generalisations of the
QSC was given. The scope of its applications demonstrates that the QSC is an incredibly
powerful tool.

This chapter concludes the first part of the thesis, which has aimed at introducing the
integrable structures that appear in the spectral problem in the AdS;/CFT,4 correspon-
dence. The second part of the thesis is devoted to exploiting these structures to obtain
explicit perturbative results. The analysis of the weak coupling properties of the QSC in

section 4.3 lays the foundation for these calculations.
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The explicit spectrum
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Chapter 5

The 1-loop Q-system

We first encountered the notion of Q-systems in chapter 2, where they were formed by
spin chain Q-operators. The Q-system reappeared in chapter 4 as a clever reformulation
of the TBA equations. In both cases, the size and functional relations of the Q-system
are dictated solely by the symmetry. The difference lies in the boundary conditions: the
asymptotic behaviour and the analytic properties.

The g — 0 limit of the AdS/CFT Q-system is exactly the Q-system of a rational spin
chain. The first step in solving the QSC perturbatively is to solve this system, and the
goal of this chapter is to do that efficiently. To accomplish this, we will think of Q-systems
in an unconventional way. Recall the concept of Young diagrams introduced in chapter 1.
They were used to classify irreducible representations of Lie algebras. But the concept of
extended Young diagrams allowed us to think of representations as algebra-independent.
In this chapter, we will advocate the idea that, at least when dealing with representations
of Jordan-Schwinger-type, Q-systems can be constructed on Young diagrams, and that
they are not sensitive to the precise Lie algebra rank. The Lie algebra-based Q-systems,
see figure 5.1, are in fact just special cases of more general Q-systems living on infinitely
extended Young diagrams. This idea will allow us to develop powerful tools to find explicit
solutions to the Q-systems, and thus indirectly solve Bethe equations.

Our goal is to explicitly calculate Bethe roots u; or, equivalently, coefficients in Baxter
polynomials ¢*),

M—

M
Q = H(u —uj) = uM+ cFyk (5.1)
j=1 k=0

—

Since Bethe equations, cf. (2.23) and (2.82), are algebraic equations, and likewise since
the Q-functions should arise from diagonalisation of polynomial Q-operators with rational

coefficients, it is clear that u; and ¢¥) are algebraic numbers, i.e. of the type

Q@+ @0+ @0 + ... qr1057", (5.2)

96
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Q120 Q121 Q12)p Q211 Qo Q12)12
Qo Q1 O Qup Qi Quol  QipQip | Rip2
Os Q219 Qa1 Qo] Qoi[Q2p  |@2n12
Qoo Qon Qoo Qo Quja Qo2

Figure 5.1: Traditionally, see e.g. [124, 17, 125, 26, 42], Q-systems are constructed from the rank of

a given Lie algebra, here gl(2) (left), gl(2]1) (middle), and g[(2|2) (right).

where ¢; are rational numbers and 6 is a root of a degree-K polynomial equation with
integer coefficients.

The momentum-carrying Q-function, placed at the central node of the Young diagram,
determines the spectrum, i.e. the spin chain energies or the 1-loop anomalous dimensions
1, through

+

v1 = 2FE = 21 Oy log % , (5.3)
Q u=0

which is simply a reformulation of the formula (2.24).

5.1 Traditional methods

So why not just solve Bethe equations? Let us take a look at some of the diseases of Bethe
equations and related statements of the problem. We will exemplify the discussion on the
su(2) irreps with weights {\1, Ao} = {L—M, M} = {3,2}. The 32 possible L = 5 spin

chain configurations are of the form

Lt sx 1l 10l 10Tl S x L Ix

and they form one irrep with highest weight M = 0, four with M = 1, and five with
M = 2. Thus, we should expect five solutions to the su(2) Bethe equations with L = 5
and M = 2.

Bethe equations

We saw the su(2) Bethe equations in (2.23). In our example, there are two equations:

-\ b S\ D
U1+% _up—u2+1 u2+% Uz —ul+1 (5.4)
v —7., 0 —7.. .
Ul—% Uy — Uz — 1 UQ—% Uy — Uy — 1

By eliminating us, we are left with polynomial equation in u; of degree 29. Only 21 of

the 29 solutions are distinct, and we should also remove solutions related by relabelling
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u1 <> uo. This leaves 11 solutions which are most nicely expressed as the polynomials

Q= (u—u)(u—uz),
1 10 49 2 1 5
ut, wl uzj:lux/5j:22\/5+ij:2\/g, 2y YI0E22VE 1 V5 (5.5)

2 6 6 12

This is six more than we were hoping for. But which correspond to our spin chain states?

Baxter equations

An often preferred alternative to Bethe equations are Baxter equations, which we saw for

su(2) in (2.64). In our example, the Baxter equation reads
5
TQ = (u+ QM7+ w—-5°QM, 1= d"/, Q=u+cMu+c?, (56)
j=0

and by imposing that each order in u vanishes separately, the coefficients d\¥) and ¢U) are

uniquely fixed. This gives six solutions for @,

| S

1 10+52v5 1
2 2 2

+ = oy Sy )
u 1 u” 1w 5 —1-6 275 (5.7)

which are a subset of the solutions to the Bethe equations (5.5). It is still one too many.

What is the problem?

Why do we get too many solutions? Let us recall the Q-operator construction for su(2).
It consisted of two non-trivial Q-operators Q) and Qygy, that both, up to an overall
exponential prefactor, were polynomials in u. But so far we have only discussed one Q-
function. What about the other one? The key to understanding the excess of solutions
to Bethe and Baxter equations lies in the polynomiality of this second solution. Neither
of these approaches guarantee this. In general, these methods only ensure that a single
Q-function at each node of the chosen Dynkin path is polynomial. For example, in the
g[(2|2) Q-system in figure 5.1 this is only five out of the 16 Q-functions.

In our concrete example, we can take our solutions and plug them into the basic

QQ-relation,
v’ =QfQy —QrQ3 (5.8)

and see whether it can be satisfied by a polynomial ansatz for (5. For our six solutions
to the Baxter equations (5.7) it turns out that Q = u? + % is the imposter which does
not allow a polynomial Q5.

This solution, @ = u? +1 = (u+£)(u— 1), is an example of what is called ezceptional
solutions which have roots that are separated by i. They are clearly a bit problematic

from the point of view of the Bethe and Baxter equations. In general such solutions can
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both be good solutions that are part of fully polynomial Q-systems and, as we just saw,
bad solutions that are not.
For spin chains in compact representations, we can sum up the mathematical problem

we are trying to solve in the conjectured one-to-one correspondence

spin chain eigenstates <>  polynomial solutions to Q-system ‘ (5.9)

In the non-compact case, the whole Q-system is no longer polynomial, but one can for-

mulate a similar criteria as we will see in section 5.3.

How do we get around it?

We want to have a method that gives us all the right solutions and nothing else. The

question is how to ensure the polynomiality of the full Q-system.

e We could of course just solve Bethe or Baxter equations, plug the solutions into QQ-
relations, and see which ones allow the other Q’s to be polynomial. But neither Bethe
equations or the Baxter equations are particularly convenient to solve in practice, in
particular not in the nested case. In fact one quickly realises that, using a symbolical
programming language such as Mathematica, solutions are only found for the most

simple quantum numbers.

e Similarly, one could just diagonalise the spin chain Hamiltonian, but again, when
the matrices become large, this rarely works in practice. In any case, this only gives

us the energy and not the separate Bethe roots.

e We could also take the QQ-relations as our starting point and put in arbitrary
polynomial ansétze. In the su(N) case, this is in fact rather successful because
the Q-functions with all but one index satisfy determinant relations of the kind
Qp = deti<q <N < ([—I_N_sz]) and the polynomiality of the remaining Q-functions
follow from determinant formulas similar to (4.28). The supersymmetric case is
less nice, and in the non-compact case not all Q-functions are polynomials, so this

strategy is obscured.

e It should be noted that the issues can be overcome by introducing twists, see e.g.
[126]. However, the price is that the practical solution of the equations becomes

even harder.

e Remarkable results can be obtained from the homotopy continuation method pre-
sented in [127] for su(2) Bethe equations, but this is mainly a numerical tool, and

we look for analytic solutions.
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Q1210 Q12|1'Q12\2 Q12112

Qa Q2|1.Q2|2 Qui2l Qo2 Q1123
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Qo3 Qo|23

Figure 5.2: Q-system on the Young diagram corresponding to the partition A = {3,2}. It contains
all Q-functions belonging to the gl(2|2) and gl(3|1) (and subalgebras thereof) Q-systems.

In conclusion, there are techniques available on the market, but they really only give access
to the very simplest results, and they require a case-by-case study. Our ambition is to
explicitly solve the QSC for a substantial number of states from any sector, and with the
outlined techniques this is simply not feasible. The hunt for a more practical way to find
the spectrum was the main motivation for the reformulation of the problem that we will

now present.

5.2 (Q-systems on compact Young diagrams

For clarity, we first discuss our approach for compact u(/N|K) representations.

Q-systems on Young diagrams

We have already seen a clear connection between Q-systems and representation theory.
The u(N|K) Q-system can be thought of as living on an N x K square lattice, see e.g.
figure 4.1. This square lattice can be identified with the corner piece of the N|K L-hook,
cf. figure 1.4. The Young diagram lives on this L-hook, but it may extend outside the
NxK square into the “wings” of the L-hook. On the other hand, for short representations,
the Young diagram does not cover the full N x K square.

Denote each node in a given compact Young diagram by its position (a,s), where
(0,0) corresponds to the lower left corner. A Q-system can be built on the Young diagram

by placing a set of Q-functions {Qyp, s, } at the node (a,s). The sets contain Q-

|i17~-~7is
functions with indices b,, and i,, that correspond to any possible u(/N|K) Q-system where
the representation is long. An example is given in figure 5.2. The Q-functions satisfy the

QQ-relations (4.3) as depicted in figure 4.2.
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8 ) 3 1 0

Figure 5.3: The polynomial degree of the distinguished Q-function at a given node equals the num-

ber of boxes above and to the right of the node. For a spin chain in the fundamental
representation C' = 1, the eights roots in Q0 are trivial, and in the homogeneous case
Qoo = u* = «®. For C = 2 and homogeneity, we would instead have I = 4 and the

boundary conditions Qo,0 = (u+ £)*(u — 1)* and Q1,0 = u™.

Distinguished Q-functions

The set of Q-functions on the Young diagram is in general quite large, but a small subset of
them turns out to be of special interest. These distinguished Q-functions Q, s are defined
as the polynomials @) 4| ; of the lowest degree among all Q-functions for which the number

of indices are |A| = a and |J| = s. We can always label the Q-functions such that

Qa,s = Q12...(a—1)a12...(s—1)s - (5.10)

There is one distinguished Q-function at each node in the Young diagram, and they are

related solely by fermionic QQ-relations (4.3c),

+ - - +
Qa+1,s@a,s+1 X Qa+1,5+1 Qa,s - Qa—f—l,s-{—l Qa,s '

+ —
(X . —_— .
- - (5.11)

We use x to denote equality up to an overall normalisation, and such normalisations are
irrelevant to us.
Degree of distinguished Q-functions

The Young diagram provides an intuitive way to find the degree of the distinguished Q-
functions: simply count the number of boxes above and to the right of the corresponding

node, see figure 5.3. More explicitly, the degree M, s of Qg s is
a S
Mos=L=> XM=Y M +as, (5.12)
b=1 t=1

where A = {\1, A2, ...} is the partition defining the diagram and A’ denotes the transposed

diagram.
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QO
o

Figure 5.4: Separation of Young diagram into an N X M rectangle, upper wing and right wing.

Boundary conditions

It is clear that all Q-functions on the upper-right boundary of the diagram are trivial,
Q o 1. Furthermore, some roots on the left boundary of the diagram are fixed. For
central charge C, the functions Q0 with a = 0,...C — 1 contain trivial roots. We can in

general write the distinguished Q-functions as

Qa,s = fa,s da,s 5 (5'13)

where g, s are polynomials with non-trivial roots, and where, for homogeneous spin chains,
the factors f, s have the form

fa,s(u> = (5.14)

_1— : L .
g:—lcipra(“_%) if s=0Aa<C
1 otherwise '

Note that by power counting Qg is always completely trivial, goo = 1. Inhomogeneities

are easily incorporated by modifying the factors fq s.

5.2.1 Distinguished Q-functions and polynomiality of the full Q-system

We now want to make a bold statement: if all the distinguished Q-functions on the Young
diagram are polynomials, then the full Q-system is guaranteed to be polynomial. This

would allow us to ensure polynomiality much easier. Let us try to prove this statement.

Proof

Consider an arbitrary Young diagram and assume that all distinguished Q-functions are
polynomial. The diagram can be decomposed, in several ways, into an N x M rectangle
that touches the boundary of the diagram and two wings above and to the right of the
rectangle, see figure 5.4.

On the N x M rectangle, the Q-function in the upper right corner is Q1 nj1.¢m =
Q@I@ = Qn,m = 1. Let us assume that Qa@ and Q@U are polynomials for all a,j. Then
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Figure 5.5: Relations between Q-functions in the upper wing.

any (g7 is a polynomial as well, since it satisfies the QQ-relation

Qa7 < Qagy ~ Do - (5.15)

and thus is given by

Qafj < U (QqpQuj5) » (5.16)

which is a polynomial, cf. the discussion of the W-operation in appendix C.1. In this proof,
an overall shift of the spectral parameter u is of no importance, hence in the following
we will arbitrarily replace U* with ¥ in order to avoid bulky expressions. In analogy to
(4.28), all other Q-functions in the gl(/N|M) Q-system specified by the rectangle are given

in terms of determinants of Qa|(7)’ Q@ﬁ, and @ This means that if Qa\@ and Q@U are

alj
polynomial, then all other Q-functions in the gl(N|M) Q-system will be.

We will now see how the polynomiality of Q&I@ and Q@g follows from the polynomiality
of the distinguished Q-functions in the wings. As the two wings behave identically, it is
sufficient to make the argument in one wing. We here focus on the upper wing to show
that Q@g are polynomial. Denote the height of the outermost right column in the wing
by K. Noting that QM x Q@(N+1)|@ o 1, we can generate Q@IE purely in terms of Q@(NH)IE
through (5.11):

which is again a polynomial. We can continue in this way until we reach the end of the

column:

Qp; ‘PK(QHNJrK)\i)’ (5.18)

where the notation (+— n) = (12...n) is used.
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To continue, note that Qv xyir 1 as it is on the boundary of the diagram. To-

gether with Q<_(N+K)‘3, j# M, it forms a bosonic QQ-relation (4.3b) with Q<_(N+K)|@ ox 1

- + ] K+1
Qepupit * Qg ~ Qoo — Qo < ¥ <Q<—(N+K)\W>' (5.19)

For j = M—1, the argument of WX+ is a distinguished Q-function, and we have thus proven
that Qmm is polynomial. For j <M —2, we have rewritten Q@IE in terms of a multiple
of polynomiality preserving W-operations on — (N+R) [T See figure 5.5 for an overview.
We can now consider what is left of the second column from the right (denote the height
by K3) in exactly the same way as we treated the first. By exactly the same argument
as above, we find that Qmw is polynomial, while the rest are related by W-operations
to @ (N [FOE) M By recursion, we then see that all Qﬁlj are related to distinguished
Q-functions by multiple W-operations, so if all distinguished Q-functions are polynomial,
then it follows that all Q-functions in the gl(N|M) Q-system are polynomial as well.
Finally recall that the N x M rectangle can be chosen arbitrarily as long as it touches

the boundary of the Young diagram, so we can prove the polynomiality of any Q-function

in this way. In conclusion,

‘ all Q@ on Young diagram polynomial = full Q-system polynomial ‘ (5.20)

5.2.2 Finding distinguished Q-functions

We have reduced the task of finding polynomial Q-systems to that of finding polynomial
distinguished Q-functions. The question is how to do this efficiently in practice. We here
propose an algorithm that exactly imposes this polynomiality requirement and finds the

distinguished Q-functions analytically. It is based on polynomial division.

Step 1: Make ansatz on a path

The starting point is the Young diagram of the representation in question, see figure 5.3
for an example. Choose a path form the point (0,0) to any point on the upper-right
boundary. On this path, make a generic ansatz for the non-trivial polynomial parts of the

distinguished Q-functions (5.13),
a.s = uMes 4 ey lu” (5.21)

where M, s is the degree of g, ;. As discussed below, it is often preferable to choose a path

that minimises the total number of roots.
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Step 2: Generate all Q

Starting from the Q on the chosen path, now generate the remaining Q from the QQ-
relation (5.11):

+ 0 - +
1 Qa:tl,s a,sFl Qa:tl,s@a,sqil
fa,s @ail,s:Fl

(5.22)

4a,s X

The unknown Q-function is a ratio of two polynomials, but it is required to be a polynomial
itself, and thus it should be the quotient of the polynomial division of the numerator by

the denominator,

a,s X Quotient| Qj:tl,s asTl Q;il’s(@,;sm s fa,sQat1,s71 ] (5.23)

The remainder of this polynomial division' should vanish, but it is not necessary to impose
this yet.
In this way all distinguished Q-functions are generated in terms of the ct(lks) that were

introduced on the path. All the remainders of the polynomial divisions are collected.

Step 3: Solve constraints

After all Q’s are generated, we have gathered a set of constraints of the kind

0 = Remainder| Q;_:I:l,s a,sFL Q;ﬂ,s(@zsqﬂ , Ja,sQax1,s71 ] (5.24)

Simultaneously imposing these constraints® is equivalent to demanding polynomiality of
all distinguished Q-functions. These algebraic equations completely fix the original ansatz
{cflks)}, and have a finite set of solutions.

As we discuss below, the number of solutions to these equations turn out to be in
exact one-to-one correspondence to the multiplicity of the irreps of the type specified by
the Young diagram in the tensor product specified by the central charge. Furthermore,

the method is significantly faster than any of the traditional methods.

Example

Let us demonstrate the method on the same example as in our discussion of Bethe and
Baxter equations: the partition A = {3,2} and central charge C' = 1, see figure 5.6.

We can, for example, choose the path 112, on which the ansatz for the Q is

Q()’g XX u5 s QLO X u2 + CS(% U+ Cg?(% s Ql,l X U+ CS(R y Qg’l ox1. (5.25)

'The Mathematica-functions PolynomialQuotient and PolynomialRemainder nicely implement these

operations.
2This can be done by standard routines in most symbolical programming languages, e.g. the

Mathematica-function Solve.
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Figure 5.6: The solution method for the Young diagram A = {3,2}. The yellow path shows a
possible choice of path where a generic ansatz is made, and the upper-right boundary
is marked in blue. The arrows point towards Q-functions that are generated recursively
through (5.11).

To generate Q2 we use (5.11):

1 0\~ 1 0\t
Q50 - 05,0F,  (w+eu+el) - (w2 +cfu+ )
XX X

Q20 Q1,1 u+d
00 _ 1
x —2i+ HL(O;O (5.26)
U+ Ci

Since Qg should be polynomial, the second term must vanish. Store this constraint,
ZC@ - c% =0, and set Q29 oc —21 o< 1.
We can continue in this way to generate Qg 1, Q1,2, Qo2 and Qp 3. Solving the combined
sets of constraints gives the solutions
0 1 0 o 1. V6 @ 0 10 +9 2v/5
G-t o), [0l o L VIORDEL o
' 4 ’ ’ ' 6 12 6
and we see that Qo (5.25) then matches the five good solutions to the su(2) Bethe

equations (5.5).

5.2.3 Comments on the method

A few comments about the performance of the algorithm and possible improvements of

the method are in place.

Performance

The practical advantage of the method compared to the conventional analytical methods is
clearly demonstrated in our very simple Mathematica-implementation® which is available
in the ancillary files of [1] at arxiv.org. In this file, we also discuss how the computation
time is correlated with the number of Bethe roots on the chosen path and the total number

of solutions to the system. As an example of the power of the algorithm, see table 5.1

3The implementation is for fundamental spin chains, but the generalisation is straightforward.
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which lists the computation times for finding any L = 12 solution for the fundamental

su(2) spin chain.

M 0 [ 1 | 2|3 |4]|5]|6
Solutions | 1 | 11 | 54 | 154 | 275 | 297 | 132
Time (s) | 0.01 [ 0.10 [ 0.96 | 4.65 | 39 | 24 | 18

Table 5.1: Computation time on a single core of a 3.2 GHz desktop for all L = 12 solutions for the

fundamental su(2) case.

We stress that in the vast amount of examples that we have investigated, the method

always finds ezxactly the number of solutions expected from representation theory.

An even stronger statement?

One can wonder whether there is a more minimal version of (5.20) that ensures poly-
nomiality of the full Q-system. Indeed, in all explicit examples we have investigated, it
seems to be enough to require polynomiality of all Q4 on the maximal quadratic square
that fits inside the Young diagram. In other words, the Q, s with 0 < a,s < Nyin, where
U(Nmin|NVmin) corresponds to the smallest possible symmetric L-hook that accommodates
the Young diagram. However, we have not been able to prove this conjecture, as we
did not find a way to rule out the possibility of exceptional solutions that could lead to
non-polynomiality.

Even if this conjecture holds, imposing polynomiality of the full Young diagram Q-
system often leads to a significantly faster solution in practice, compared to only imposing
polynomiality on the Npyin X Npin square. It seems as if the Young diagram disentangles

the equations and makes the solution easier for symbolical programming languages.

5.3 Q-systems on non-compact Young diagrams

Let us now turn towards the non-compact case, which is our real goal. Q-systems can just
as well be built on non-compact Young diagrams, and it is natural to include the infinite
extension in the discussion. In fact, all compact Young diagrams have a non-compact
extension, so we can simply see this as a generalisation of the above method. Let us

discuss the additional features in the non-compact case.

5.3.1 Structure of the Q-functions

We can build a Q-system on an extended Young diagram in analogy to the compact case.

The set of Q-functions are those that belong to any u(N, M|K) x-hook where the diagram
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Figure 5.7: The Q-system on the central part of a non-compact diagram in terms of the sets (5.29).

The central node is marked in blue.

corresponds to a long representation. This set is of course infinite, but we can often focus

on the set living on the non-trivial extension of the diagram, cf. figure 1.9.

Notation

To label the Q-functions in a convenient way, we introduce a new notation:

Qa,B1,7 (5.28)

where A, B, I and J are antisymmetric multi-indices containing positive integer numbers.

We will classify the Q-functions in sets

{Qbmn = { Qapirs | m=|Bl—|A], n=|J| - I } . (5.29)

Denote the central node in the Young diagram by (0,0). The Q-functions {Q},,, then
live at the point (n,m) in the diagram, see figure 5.7. The Q-functions on the diagram
are again related through QQ-relations following the pictorial rule described in figure 4.2.

For example,
+ - — +
Qa,00,0Q0.50,0 < Qg 910.0Qaj0.0 — ©0,010.0@a.j0.0 - (5.30)
where Q, gj0.0 € {Q}-1)0, Qopjo,0 € {Q}110 and Qo pj0,0, Qa o € {Q}oj0-

Rational and non-rational Q-functions

As discussed in section 1.2.2, a non-compact Young diagram can be split into a left and

a right half that are both equivalent to compact Young diagrams. We can define two



5.3. Q-systems on non-compact Young diagrams 109
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Figure 5.8: The value of f, s in the central part of a diagram. The central node is marked with a

black circle.

separate Q-systems that live on these two parts: Q4 pjrp on the left half and Q4 gy s
on the right half. These two subsets are both rational. In fact, one can use symmetry
transformations of the kind (4.21) to make them polynomial, but not simultaneously.
The Q-functions for which both I # () and J # () are in general non-rational. These
Q-functions are allowed to have poles at u = iZ, and they can be written in terms of

rational functions in v and Hurwitz n-functions,

— 1
(w)=» —r. (5.31)
Tk nz:() (u+ in)*

We will see below, in section 5.4.3, how these functions appear when the non-rational

Q-functions are generated from the rational ones by solving finite-difference QQ-relations.

Distinguished Q-functions

There is a single distinguished Q-function at each node in the Young diagram,

Qp,12...a/0,12...5 a>0,s>0
_ <0,s>0

Qus = Q12..(—a) 00,125 @ s> | (5.32)
Q@,12...a|12...(—s),® a>0,s<0

Q12..(—a)012..(—s)0 @ <0,5<0

and they relate via fermionic QQ-relations (5.11). Importantly, all Q are rational, and

have the following structure:



110

Chapter 5. The 1-loop Q-system

e Asymptotic power

To find the asymptotic power at large u of a given Q, s, one should start from a
point on the left boundary of the diagram that is below the point (s,a). Denote this
point (sg,ag). Then choose a path from (sg,ag) to the point (s,a) and add all the
weights, A and v, that are encountered on the way. The asymptotics of Qg s is given
by

Qa5 ~ ul070 L2 A= Vi (5.33)

Full structure

The full structure of Qg s is

Qa.s = fa,s qa,s » (534)

where ¢, is a polynomial, and where for homogeneous u(NN, M|K) chains with

central charge C, the factors f, s have the form

fa,s = ¢£,s ; (535)
with

k=—|s—al

|s—al i k\sign(s—a) .
u— 4 if s<0V(s=0Aa<0)
Pa,s(u) = { (u=7) . (5.36)

1 otherwise

On the central part of the diagram, the factors f, s are distributed as shown in figure
5.8. Note that this corresponds to a particular choice of the gauge symmetry of the
Q-system as discussed in section 4.1.5. The factors f, s can be modified by using

symmetry transformations of the kind (4.21).

Bethe roots

The degree of the polynomial g, s can be found as the difference of the asymptotic
power (5.33) and the power coming from f, s (5.35). Young diagrams provide an
intuitive way of counting Bethe roots, see figure 5.9. In the right half of the diagram,
the Bethe roots in each Q equals the number of boxes to the right and above its
position. In the left half of the diagram, the number of Bethe roots equals the
number of boxes below and to the left. On the central vertical line (Qg0), the
counting towards the right should be used above the central point (Qg ), while the

counting towards the left should be used below the central point.
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Figure 5.9: Number of Bethe roots in the distinguished Q-functions. To the right of the green line,
the number of roots equals the boxes to the right and above the location. To the left
of the green line, the number of roots equals the boxes below and to the left of the
location. The path from the left to the right boundary with the minimal number of
roots is highlighted.

Requirements on “good” solutions

For compact representations, a good solution corresponded to a fully polynomial Q-system.
We clearly have to adjust this criterion for non-compact representations. On the other
hand, we know that we can map non-compact representations to compact ones via the
extended Young diagram. We know that solving the Q-system on a compact Young
diagram gives exactly the right number of solutions, and the number of solutions does not
depend on the algebra, but simply on the Young diagram. So polynomiality in one of the
two halves of the diagram must be enough to pick out exactly the right solutions, and
they must all be good, since otherwise we would have too few.

In conclusion, polynomiality of g, s in (5.34) for all distinguished Q-functions should
be a necessary and sufficient condition for a solution of the Q-system to correspond to a

physical spin chain multiplet.

5.3.2 Generalised solution algorithm

Polynomiality of the distinguished Q-functions on a non-compact diagram can be imposed
similarly to the compact case. It is enough to consider the non-trivial part of the diagram,
i.e. to forget about the infinite vertical wings that are aligned completely with the central
vertical line. As discussed above, it is even enough to only consider either the left or the

right half of the diagram. However, considering both halves of the diagram gives us more
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0 0 4 1 0

Figure 5.10: Example: generating all Q within the non-trivial part of a Young diagram from a

generic ansatz on a path that minimises the total number of Bethe roots. The Q’s at

the nodes encircled in yellow are set to 1 by default.

freedom. See figure 5.10 for a pictorial example.

We can choose any path from the left boundary to the right boundary of the diagram
and make a generic ansatz there. This freedom gives new possibilities to minimise the
total number of roots compared to the compact case. Note that the numbers of roots
grow monotonically in the trivial extensions, so the optimal path is always within the
non-trivial part of the diagram. Note also that in some cases there are paths without
any Bethe roots, and the Q-system is completely fixed without solving any equations. We
return to such solutions in chapter 7.

The method turns out to be very powerful compared to the traditional approaches,

and we discuss the obtained results for the pu(2,2|4) case in the next section.

5.4 Leading solution to the Quantum Spectral Curve

We are now ready to face the problem that was the motivation behind the development
of the above method: the leading solution of the QSC, or, equivalently, the Q-system of
cyclic pu(2,2]4) spin chain states.

There is one subtlety that has been lurking in the background, which we must now
deal with: the joining of short multiplets. These short multiplets correspond to solutions
on different Young diagrams, and thus with different structure. At finite coupling, there
should be just a single solution describing the long multiplet. How can this be? It turns
out that there is a delicate interplay between the symmetries of the Q-system and cyclicity,
in the form of the zero-momentum condition, that allows joining to be consistent on the

level of the psu(2,2|4) Q-system.
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Notation

The notation (5.28) was convenient for general Young diagram Q-systems. However, we
would like to use a notation consistent with the gl(4]|4) Q-system that appears in the QSC,
cf. figure 4.1. We thus redefine the central point to be (2, 2) and use the notation Q 4 for
a general Q-function, such that e.g. Q22 = Q1212 = Qpgp,p- Note also that we similarly
redefine the factor ¢q s — ¢pg—2.5—2 in (5.36).

5.4.1 Shortening and cyclicity

Shortening happens when the Young diagram does not touch the points (0,0) or (4,4).
Consequently, the points (1,1) or (3, 3), respectively, are on the boundary of the diagram,
which in turn means that Q11 = Qq; o< 1 or Q33 = Q123123 < 1. Let us consider the first

case. Then the fermionic QQ-relation that relates Q11 and Q22 reads
Qiz — Q55 =0Q12Q1=q12¢,- (5.37)

The zero-momentum condition and trivial roots

Solutions corresponding to cyclic states satisfy the zero-momentum condition,

Qo2 (utd)
1 0, 27 — 1. 5.38
) Qua (u— 1) (5:58)

This means that the left-hand side in (5.37) should vanish at v = 0, and consequently
either ¢ 2 or g2.1 has a root at u = 0. Likewise, if Q33 oc 1 then either g2 3 or g3 2 contains

a factor of wu.

5.4.2 Back to the psu(2,2]4) Q-system

To really understand the interplay between cyclicity and joining, we need to discuss the
transition from the Young diagram Q-system back to the psu(2,2[4) Q-system, which is
the basic structure in the QSC. The psu(2,2]4) Q-system will be the starting point for the
calculation of perturbative corrections in chapter 6.

In most cases, the Young diagram Q-system contains Q-functions not present in the
psu(2,2]4) Q-system. For short representations, the opposite is also true. Importantly,

the psu(2,2|4) Q-system contains the functions

Qupp = Q2341234 = 1. (5.39)

Let us first try to understand how the distinguished Q-functions are transferred between
the two pictures. For long multiplets, there is no ambiguity. The psu(2,2|4) Q-system
simply picks out the 25 functions Qg with 0 < a,s < 4. An example of such a long

diagram is given in figure 5.11.
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Figure 5.11: The Young diagram for the pu(2, 2|4) multiplets n? = [0,0/3,2,2,2|1,0]. The diagram
covers the whole 4 X 4 square and thus the psu(2,2|4) Q’s are identical to those on the

Young diagram.

Shortening and vanishing Q-functions

The transition is not as smooth for short representations. In the case where Q1 is on
the boundary of the diagram, corresponding to the shortening Ay + v; = 0, the function
Qo,0 does not belong to the Young diagram Q-system. From the point of view of the
psu(2,2[4) Q-system, this case corresponds to Qpo o< Q11 1, and the fermionic QQ-

relation between these two Q-functions is then

Q1,0Q0,1 =0, (5.40)

which means that either Q19 or Q1 vanishes. If Qo vanishes, then it follows from the
QQ-relations that also Q29 = Q39 = Q4,0 = 0. Likewise, if Qg1 = 0 then Qs = 0 for
s=1,2,3,4.

To understand which of Qo and Qq 1 is zero, recall the concept of nested Bethe
equations. They are effectively equations on the zeros of seven non-vanishing distinguished
Q-functions along a Dynkin path. Importantly, they depend on the length L. The Dynkin
path is that of the chosen grading, which defines the HWS. The HWS in a short multiplet
only remains a HWS in the long multiplet at finite coupling in a particular grading. We
should then choose to set the one of Q¢ and Qg ; that is not on the Dynkin path of this
grading to zero. A grading of the type 1... corresponds to Q9 = 0, and 1... corresponds
to Qo,1 = 0.

An analogous treatment of the shortening A4 4+ v4 = 0 shows that Q34 = 0 in the ... 4

grading, and Q43 = 0 in the ... 4 grading.

Agreement between short multiplets

Consider a representation with only the shortening A\; + v; = 0. We then have to make
the choice of either transferring the 20 Q, s with a > 1 from the Young diagram Q-system
corresponding to the highest weight states in the 1... gradings within the long multiplet,
or the 20 Qs with s > 1 from the Young diagram corresponding to the 1... highest

weight states. The situation is depicted in figure 5.12.



5.4. Leading solution to the Quantum Spectral Curve 115

| []

Figure 5.12: Defining the psu(2,2|4) Q-system for the case of a short representation. The two
diagrams on the left are a pair of short multiplets that join at finite coupling. The two
diagrams on the right are another such pair. On each diagram, the marked nodes are
the 20 distinguished Q-functions which are transferred from the Young diagram to the
psu(2,2|4) Q-system. The Q’s that must coincide (up to symmetry rescalings) on both
Young diagrams are marked in blue. The Q’s that can be transferred to the psu(2,2|4)
Q-system from only one of the diagrams are marked in red. The node that has a trivial
Bethe root is encircled; the position of this node determines the grading in which the
multiplet is going to join (note that the second and the third Young diagrams are

identical but the gradings are different).

In the perturbative solution of the QSC, setting Qg0 or Qg s to zero is simply a question
of a subset of the Q’s being suppressed by a factor of g>. This factor can be shuffled around
by the symmetries of the Q-system. This means that, up to symmetry transformations,
the 16 Qs with a,s > 1 on the two Young diagrams have to agree. From the counting
of Bethe roots, cf. figure 5.9 this seems problematic: the degrees of the polynomials do
not agree. The only way for the Q-systems to be compatible is if some of g, on each of
the diagrams have trivial roots that can be absorbed into the factors f, s, on which the
diagrams do not agree either, since L is different. Indeed, it follows from (1.40), that if a
multiplet in the grading 1... has length L, a compatible multiplet for joining should be of
length L + 1 in the grading 1....

Concretely, the compatibility requirement is that
Qo) = Pas oy, @:5>0, (5.41a)

where ¢, is given in (5.36) up to the change of conventions ¢, — ¢q—2.s—2. This
clarifies the question of where to place the trivial roots that are a consequence of the
zero-momentum condition. We have q};'z' = uqi"g', which implies that qi"Q' has a trivial
zero (i.e. u = 0). Also, from g5y = u™* q;’"l', we see that C,I%,'i' has a trivial zero.

The analysis of the Ay + v4 = 0 shortening can be done in complete analogy. In that

case Q, s with a,s < 4, and they should satisfy the compatibility constraint
G = drmaas @iy, a5 <4, (5.41b)

Note that, while the Young diagram Q-systems corresponding to the gradings 1... and
...4 must contain several trivial roots, the Young diagram Q-systems corresponding to the
gradings 1...and ...4 only have possible trivial roots in g1 2 or g3 2. Thus the compatibility

constraint is easy to impose in the [ grading.



116 Chapter 5. The 1-loop Q-system

Recipe

To summarise, the transition between the Young diagram Q-system and the psu(2,2|4)

Q-system follows the rules:

Given a Q-system on a Young diagram, decide the grading according to:

M+1v1=0, q2 hasrootat u=0 = 1.,
A+ =0, hasroot at u=0 = 1...,

1 1 q2,1 (5'42)
M~+1v4=0, @2 hasrootat u=0 = .4,

M+1v4=0, @3 hasrootat u=0 = ..4.

Given the grading, choose which Q, ¢ should vanish in the psu(2,2[4) Q-system:

1... = @a>070=0,

1. = =0,

Q0,3>0 (543)
L4 = Qa<4’4 = 0,
Zl = Q4,s<4 =0.

Set Qoo = Qq4 = 1.

All other Qg s should be the same as Q, s on the Young diagram.

5.4.3 Generating the full Q-system

To obtain the full psu(2,2|4) Q-system from the 25 Qg s one needs to solve 12 first-order
difference equations. We will here focus on determining @,y and Qg; as the remaining

Q-functions are easily reconstructed from these using the relations in section 4.2.1.

Qqp from Q

All four Qgjp belong to the left compact Young diagram and should thus be rational. Their

structure is

Palp
qa|

0
Quop =1 dap=_cru’, (5.44)

L
u k=0
The asymptotic powers pgg can be found from power counting in the QQ-relations and
are
pQW):L—né—l, p3|@:L—n#;, p4|@:L—nt{—|—1. (5.45)

An easy way to find @9 is to simply fit polynomials in the determinant relations

Qup = _det (QUH). (5.46)

1<a,j<|A]
In practice, one can first fix Qg from Q199 = Q2,0, then fix Q3jp from Q1939 = Q30, and
finally Q4jp from Q19349 = Qa0
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Q@U from Q

(g2 belongs to the left compact diagram and should be rational. Its structure is

Pg|2

Qup =u"qp  @p=>_ au’, pgp=ni,+1, (5.47)
k=0

and it can be found by fitting a polynomial to

Q@\H = QE)FHQ(ED - QQ}HQE{‘Q . (548)

Qg3 and Qg4 do not belong to the left or right compact diagram and are thus not

expected to be rational. The basic QQ-relation Qp3Qpj312 = ... can be rewritten as
Qo1 Q123 Qo2Qp|123
Qujz = Qoj2¥ <_ Q¥ | ———7 | . (5.49)
Q®|12Q5\12 Q®|12Qg\12

As we explain in appendix A.4.2, evaluating these W-operations leads to poles only at iZ.
Also, the way we choose to define ¥ leads to poles only in the lower half-plane, Im (u) < 0,

and the results can be written in terms of n-functions (6.4).

Similarly the QQ-relation Qpj4Qgjs12 = ... can be rewritten as
Qo)1 Qo124 Qo)2Q0|124

Qpja = Qo2¥ <_| |+ — Qun¥ % : (5.50)
Q@|12Q®\12 Q@|12Q®\12

(g|124 belongs to the right compact Young diagram, i.e. it is rational, and it can be found

by fitting a polynomial to

_ Ot - - +
Qoj12Q0[1234 = Q0|123Q®\124 - Q@\123Q®|124' (5.51)

The rest

As described in section 4.2.1, all other Q-functions follow from the eight functions Qg
and Qg;. Note that, superficially, one introduces 16 constants by solving the first order
difference equations on Qgj; (4.25), but these can in practice be fixed by comparing the

re-generated values of the distinguished Q-functions with the known values.

5.4.4 Results

In table 5.2 and in appendix A.3 we mark the multiplets with A({ < 8 for which we
were able to generate the Q-system in less than 15 minutes on a standard laptop with our
Mathematica-implementation of the algorithm described in this chapter. This Mathematica-
file is available in the ancillary files of [5] at arxiv.org. The algorithm also imposes the
joining criteria (5.41) and the zero-momentum condition (5.38), which ensure that only
cyclic states appear and that each long multiplet only appears once. The obtained results
include all 495 psu(2,2[4) multiplets with A < % Even more results can be generated

by allowing longer runtimes and tailoring the algorithm to explicit examples.
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Ag || # diagrams solved | total # solutions found
2 1/1 1/1

3 1/1 1/1

4 T)7 10 / 10

5 13 /13 27 /27
5.5 12 /12 36 / 36

6 39 /39 144 / 144
6.5 36 / 36 276 / 276
7 68 / 77 600 / 918
7.5 54 / 84 694 / 2204
8 107 / 180 1395 / 6918

Table 5.2: Leading solutions to the QSC found with the generic Mathematica-implementation of the
algorithm published with [5]. 15 minutes of computation time was allowed per diagram.

The explicit multiplet content is given in appendix A.3.

Subconclusion

In this chapter we provided a new way of thinking about Q-systems for rational spin chains.
The main idea is that the Q-system can be built on the Young diagram of the investigated
irrep. The conventional methods to determine the spectrum, through Bethe and Baxter
equations, do not guarantee the right structure of the full Q-system, and therefore these
methods are marred by unwanted solutions. We proved that a sufficient criteria for the
full Q-system to have the correct structure is that the distinguished Q-functions, of which
there is one at each node in the Young diagram, are polynomial, up to factors of (u+%”)iL.
We provided an efficient way to impose this criterion based on polynomial division, which
makes it possible to obtain a far larger range of explicit analytic solutions than previously.

We now have access to the explicit analytic solutions to the Quantum Spectral Curve
for the first thousands of multiplets. The QSC is formulated in terms of a psu(2,2|4)
Q-system, and the weights of the representations become non-integer at finite coupling
due to the anomalous dimension, which obscures the Young diagram philosophy presented
here. Thus we had to make the transition back to the psu(2,2|4) Q-system to be able to
use our results as the seed for perturbative calculations in the QSC, which is the topic of
the next chapter. This transition taught us that the joining compatibility of Q-systems on
Young diagrams corresponding to short multiplets is provided by the presence of trivial
Bethe roots. These trivial roots are in turn guaranteed by the zero-momentum condition

that singles out the cyclic states.
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Perturbative algorithms

Most of what we have done so far has been building up to this point: using the Quantum
Spectral Curve to generate the explicit perturbative spectrum. Having understood how to
classify and find the leading solutions, we are ready to turn on the coupling ¢g. This chapter
is devoted to the design of algorithms that efficiently generate perturbative corrections by
imposing the analytic constraints from the QSC.

We start with a subset of the spectrum: the sl(2) sector, where certain simplifications
make it possible to work with a very small set of functions. Afterwards, we discuss how
to design algorithms that are completely general. We will leave out some of the technical

details that can be found in [I, 7] and focus on the general idea behind the algorithms.

6.1 Generalities

Let us start by discussing the general features that the different perturbative solution

strategies have in common.

6.1.1 The key: all-loop ansatz for P

The cornerstone in the perturbative algorithms is the rational all-loop ansatz (4.71) for
the eight functions P that was analysed in sections 4.2.7 and 4.3.3. It allows us to write
an ansatz for P(u) in terms of a finite number of constants, ¢ and d, at each perturbative
order. For example, if we expand the ansatz (4.71) for P4 for the Konishi multiplet,
nd =1[0,0|1,1,1,1]0,0], around g = 0, we get

D _ g4
() Pa(w) = ) rudadll) + g2 (W+dg?g_2dgg+udg+u2 dggg> +Ogt).

(6.1)

Note that the coefficients of the leading power, u? - E(;io dfj; 1)gzj , should match the

choice of A4, which is given in terms of the quantum numbers, including the anomalous

119
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dimension. The product of the prefactors Ay and A? is fixed by (4.39), which for the

Konishi multiplet gives
. . 19 . 19 1
AAt = —iy g — 1 <72 + 247%> g' —1 <73 + oM+ 67?) @ +0@®),  (62)

and this shows how the perturbative anomalous dimension sneaks in through the ansatz.
We can use some of the leftover H-symmetry (4.23) to remove some terms in the ansatz.
For example, we can use the freedom to add P3 to P4 to set the coefficients d(] ) to zero
in (6.1). In the end, we have a rather simple ansatz for P(u) at all orders in perturbation
theory.

The value on the second sheet, ls(u), also plays a crucial role in the perturbative
algorithms. By making the replacement x — % in the ansatz for P (4.71), and replacing =
by the value |z(u)| > 1, we get an expansion that converges in a finite region around u = 0
on the sheet P(u). This time, the ansatz contains infinitely many unknown constants at

each perturbative order. For example, the ansatz for f’4(u) for the Konishi multiplet is

24A 00 d()
(%) P4 (1)—1— g cf}cu +g (df[))—i— E f,lu — E kc4ku 41) + O(g )
k=1

(6.3)

The perturbative algorithms will generate exact expressions for the functions p(”)(u). By
expanding the obtained expressions at © = 0 and comparing with the ansatz, e.g. (6.3),
all the coeflicients {dgnlz,cgn)} will be fixed. Notice that this gives us knowledge about

(1 ) which first appears at the

higher-order terms in P(u). For example, the coefficient c,
order g% in (6.1) can be determined from the order ¢° in (6.3).

To summarise, the finite ansatz for P (u) is our starting point for generating the
functions of the QSC at a given perturbative order n. From this ansatz, we can generate
all other functions in terms of a finite number of unknown constants. Finally, these
constants are fixed by requiring that the obtained values for P(™ are consistent with the
all-loop ansatz. The last step is an example of what we refer to as gluing: enforcing the
analytic requirements of the QSC by comparing the value of particular functions on two

different Riemann sheets at the point where the branch cut between them has collapsed.

6.1.2 The encountered basis of functions

Only a restricted class of functions appears in the perturbative solution of the QSC, and
all applied operations are closed with respect to these functions. This means that the
perturbative algorithms can be automatised and, in principle, run recursively to any loop
order. The main operation is the W-operation that is applied in the solution of finite-

difference equations. This operation is discussed in detail in appendix C.1.
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We have already seen that the 1-loop Q-system can be expressed in terms of rational

functions in v and multiple Hurwitz n-functions,

1
Z (u+ ij1)" - (u =+ ijn)hn (6.4)

0<j1<...<Jn <00

Nk ,ka,....kn (U)

The functions w, x and P furthermore contain i-periodic functions of the kind

Pe= ), W (6.5)

j=—00

The properties of these functions are described in more detail in appendix B.3. The crucial
property is that the W-operation is closed with respect to this set of functions. First, note
that applying ¥ to the i-periodic functions is completely trivial: W (Py - f) = Pr¥(f).
Applying the W-operation to a polynomial simply returns another polynomial of one degree

higher, e.g.
U(1+2u + 6u?) = u+ (34 1)u® + 2iu®,
while the application to negative powers results in n-functions:

1 - 1
v () =X g =

n=0
The nice thing about n-functions is that applying ¥ to them simply produces more 7-

functions, e.g.

v <UQ - 3’75) - _E773 + 1774 + ety Zs + 36 + 31,5 -
u 2 2 2
Note that since the n-functions satisfy stuffle-relations, one can always linearise a given
expression in these functions.
As explained above, we also need to power-expand the functions around u = 0. The

power expansion of n-functions introduces multiple zeta values (MZVs),

oo

1
ki yeoskn = Z T ke

k
V<jracgn 1 In
which we describe in more detail in appendix B.1. For example,

21 3 .
N3,2 = *u% - 23 +74+11(4 5—(32) +u(—5C6+ 2033+ 3C42) + Ou?).  (6.6)

U
These numbers are interrelated by a high number of algebraic relations which means that
they can be expressed in terms of a very small basis. We define the transcendentality of
the (-values by the sum of their indices, and all MZVs with transcendentality less or equal

to 10 can, for example, be expressed in terms of

1, C2, (3, (5, C7, (26, Co9, C(28. (6.7)

As will be clear from the algorithms described in this chapter, the function types described

here are everything that is encountered at any order of perturbation theory.
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6.1.3 Overview of algorithms

In the following three sections, we will present three strategies to solve the QSC pertur-

batively.

e The algorithm presented in section 6.2 solves the Ppu-system for solutions corre-
sponding to multiplets containing operators in the sl(2) sector. This algorithm has
the big advantage that it is automatically linear in n-functions, so there is no need
to linearise the intermediate results, which in practice is a rather time-consuming

process.

e In section 6.3, we present a general algorithm that determines all quantities of the
QSC, including the full Q-system. This method involves a large number of functions,
requires a significant amount of linearisation in n-functions, and it involves the full
H-symmetry of the QSC.

e There are tricks to overcome some of these issues, but the general strategy to solve
the Pu-system presented in section 6.4 directly circumvents the issues by doing a

significant short-cut.

6.2 Ppu-system for the sl(2) sector

This section reviews the algorithm to solve the Ppu-system for the s[(2) sector, which was

presented in [1]. The sl(2) sector is specified by the quantum numbers
n? =[0,8—2|L—1,L—1,1,1|S-2,0], (6.8)

which corresponds to a HWS of the kind D, Z% in the grading 11223344.

6.2.1 Left/right symmetry

The s[(2) quantum numbers have the left/right symmetry (4.24), which means that all
quantities in the QSC with lower indices are equivalent to the Hodge dual quantities with
upper indices. For the Ppu-system, this concretely means that it is possible to fix parts of

the symmetry such that P, and g, are directly related to P* and p® through

Pe — (P, 1 = X" X" pieq (6.9)
where
0 0 0 -1
X* = 8 _01 461 8 . (6.10)
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Furthermore, 114 = po3 due to (6.9) and (4.49) with Pf(ue) = 1, which leaves us with nine
functions in total: four P, and five linearly independent p,;. The following algorithm

explains how to determine these nine functions in a recursive procedure.

6.2.2 The structure of P,

Due to the left/right symmetry, the relations between the constant prefactors of the P-

functions (4.39) turn into the relations

((L—S+2)* =A%) ((L+95)? — A?)

AlA, = A1
17 16iL(L + 1) ’ (6.11a)
L+S5—-22-A?)((L-5)?2-A2
A2As = (L ) . ) ) ) . (6.11Db)
16iL(L — 1)
When we plug the perturbative structure of the conformal dimension,
A=L+S+> g7, (6.12)
j=1
into (6.11), we get
(S=1)(L+5S) o 4
AlAy = Y S— +0(g%), (6.13a)
L+S5-1
Aohy = —iSl z_ . ) 1 o). (6.13b)

We see that AjA4 = (9(92) and consequently either Py or P4 should vanish at the leading
order. From the discussion of shortening in chapter 5 it is indeed natural that Py oc Q1
vanishes, and we choose to fix the symmetry such that this is the case. Notice that the
anomalous dimension enters in the ansatz for P through the prefactors (6.13).

The ansatz for P, (4.71), where we have set A = —£ to have (6.9), also reveals that
P5 has a quite simple structure as the expansion in positive powers of x is absent. The

vanishing of P and the fact that P is a pure power at the leading order,

Nl

P, =0(¢%), Py=u2+0(?), (6.14)

are the two key properties that we exploit in the algorithm. The absence of these properties

for states outside the sl(2) sector explains why the method is not applicable there.

6.2.3 The Pu equations

In the left/right symmetric case, the relations of the Pu-system can be summarised in

three simple equations,

Hab — ﬂab = f)an — f)bPa, (6.15&)

P, = (ux)a’ Py, (6.15b)

fay = p, (6.15¢)
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where (10x)a® = ftacx®. We will also make use of the property (4.42) which now reads
(ux — 12X Py = 0. (6.16)

6.2.4 Baxter equation on

By combining the equations (6.15) and using the property (6.16) one can derive a second

order difference equation on 12 on the form

1 P PE] 1 1 2] 1 (4]

M2 — | 5 + 55+ My T+ H

e

The important point here is that the right-hand side is proportional to P1, which means

B P[12]15[22] PP, Py P[f] 2] (6.17)
132 P[;] Hig - .

that the n’th order contributions to Py and 14 are suppressed by a factor of g? compared
to those of u12. We have an all-loop ansatz for P, so at a given order the right hand side
is known up to a finite number of unknown constants. Likewise, all terms on the left-hand
side not containing the n’th contribution to @12 are known. At order n, we can then write

the equation as

uLugg) - (pg - pg] +ul + (u+ 1'1)L> ,ugg)m + (u+ ﬁ)Lug)M = Ul(;) , (6.18)
where Ul(g) is a source term known up to a finite number of constants. We used that
P(QI) = u~% and defined pP3 = u? Pél) which is a polynomial of degree L — 1.

The leading order

At the leading order, the source terms vanishes, Ul(;) = 0. Setting ,uglz) x @7, the equation
is then simply the s[(2) Baxter equation,

TQ = (u+3) QP+ (u—1)" Q2 (6.19)

where T'(u) is a polynomial of degree L. This second-order difference equation has two
solutions, one of which is polynomial and one which is non-rational [128]. We will denote
the polynomial solution by ;. Since the second solution is non-rational, and since the
roots of ()1 are known to be real which rules out the possibility of exceptional solutions,
there is no ambiguity in the solutions to the sl(2) Baxter equation. In fact, the Baxter
equation can be solved very efficiently in this particular example. There are in general
several solutions to the Baxter equation, and at this stage we choose a specific solution,

corresponding to choosing a specific eigenstate.
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With the polynomial solution ()1 at hand, we can construct the second solution @2
by making the ansatz Q2 = Q1 f(u). Using (6.19) to write T in terms of @1, this gives a

difference equation on f,
(wt ) QP (F =) = @-prer (/- 7). (6.20)

Upon multiplying by @1, we can rewrite this equation using the difference operator V
(4.27),

v ((u+ 3PPV () = 0. (6.21)

The solution can be written as

1
Q2= Q1f =V . o | (6.22)
(u+ %)LQl Q1
Appendix A.4.2 explains how to evaluate such expressions, and the result has the form [1]
L
Q=g +Q1 > menl, (6.23)
k=1

where 7, are constants, go is a polynomial of degree at most S — 1, and 7, is the Hurwitz
n-function (6.4). Notice that only poles at 1Z are generated.
As discussed in section 4.3.1, p is not allowed to contain poles at the leading order,

and we must then have u%) x Q7.

Higher orders

At sub-leading orders, the source term Ujs does not vanish. We then have to solve the
inhomogeneous version of the Baxter equation (6.18). As above, we can make the ansatz

(

,ulg) = ()] [~ and rewrite the equation as
v ((w+HraePvin) = QPuy". (6.24)
with solution [1]

v(Qfuy)

(n) -

— g v (QfUY) + QN’(Z “v(Qrul)) - QJUf§)> :
k=1

(6.25)

The ambiguity in ¥ exactly corresponds to the freedom to add the two homogeneous

solutions ®1Q] and ®2Q); , with ®; being i-periodic coefficients, to the solution.
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Regularity at u =10

The coefficients ®; should be consistent with the fact that p have power-like asymptotics

and poles only at 1Z. They can thus be written on the form

O =dio+ > binPr (6.26)

k=1

where ¢; ;, are constants and Py, are the 1-periodic functions (4.59). The sum in general
truncates quickly.

Now recall that, as discussed in section 4.3.1, the combinations p + /2 and j%
should be regular at « = 0. Writing these quantities as power expansions around u = 0
and demanding that all singular terms vanish fixes the coefficients ¢; ;. We discuss the

power expansion of the relevant functions in appendix B.3.

Status

We have now generated a solution for ,ugg) that still contains a finite number of constants

)

stemming from the ansatz for P,. At this point we can also determine the value of Pgn

directly from (note that f’én) is suppressed )
Hi12 — ILL[122] = ].31P2 — PQPl . (627)

This expression for P, is valid everywhere on the Riemann sheet, but it should be consis-
tent with the ansatz close to u = 0. We can thus expand it at this point and match it to
the ansatz for P1. This fixes some of the free parameters in the functions.

Finally, 113 can be found directly from (note again that py4 is suppressed)

Py = P3pia — Popiz + Prpay. (6.28)

6.2.5 First-order difference equation on P,

The next step in the algorithm is to consider a first order difference equation satisfied by
Py,

P, Py (Pi PP\ o (P PP
P2_P[22]_<P2_P[22]>M12+<P2_P[22}>M24, (6.29)
which can be derived from (6.15). The equation is solved by applying the W-operation,
which again introduces an i-periodic function. By expanding the result at v = 0 and
matching it to the ansatz for Ps, this ambiguity is fixed. This additionally fixes some of

the remaining free constants in our functions, including the anomalous dimension at the

given order, vy,.
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Afterwards, p14 = o3 follows directly from e.g.

Py = Pyju1o — Popgs + Pijioa, (6.30)

while Ps follows directly from

P3 = Pyuiz — Papgs + Pruas . (6.31)

6.2.6 Baxter equation on joy

The third, and final, difference equation to be solved is a second order equation on poy:

2]
1 P; Py 1 1 2] 1 [4]
— | =t ==+t ——— +
P3|\ Py pl TP (P[22])2 ot (P[22}>2M24
_ 152P4 - f,[22]P£12] PLQ} B P, Mp]‘ (6'32)
Py e )

The left hand side is exactly that of the Baxter equation on g2 (6.17) and in fact the
right-hand side is the same up to the replacement P; — —P4. In conclusion, this is simply
the inhomogeneous Baxter equation (6.18) with a different source term. The solution can

thus be constructed in exactly the same way as (6.25). Again, we impose regularity of

p+ p and \/"% at u :~O to fix the periodic functions introduced.
What remains is to get P4 directly from
piog — pil = PyP, — PPy, (6.33)
and ps3q from
Py =Pypns— Pspos+ Popug. (6.34)

Any left-over constant freedoms can be fixed by matching the expressions for Ps and Py

with their ansatz at « = 0.

6.2.7 Iterations

The above procedure can be applied recursively to fix the ansitze for P, and generate the
perturbative corrections to f’a and pqp. The crucial feature behind the algorithm is the
all-loop ansatz for P,. At each order, the three main steps are the solution of three finite

difference equations:

e Second-order equation on pi2
e First-order equation on Ps

e Second-order equation on pioy
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Loop 1 Loop 2 Loop 3
N 1 /(1 N 1 o 2 B2 o 2 o 3
L o i bl o iy
Y ~ Y Y ~ Y Y
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m Y2

Figure 6.1: Flow of the algorithm to solve the Pu-system for operators in the s(2) sector.

Each time a new value of P, is generated, its expansion at u = 0 is compared to the
all-loop ansatz. This fixes the unknown coefficients in the ansatz uniquely. The algorithm
is summarised in figure 6.1.

It is clear that the algorithm only introduces functions of the type described at the
beginning of the chapter. A nice feature of the algorithm is that since all the used relations
are linear in p and 13, the expressions are always linear in n-functions, i.e. it is not necessary
to linearise using stuffle relations. Furthermore, it is clear that the only place where non-
rational algebraic numbers can be introduced is in the solution of the Baxter equation
(6.19).

6.3 Solving the Q-system in general

In this section we describe a general method to solve the QSC in its full glory: the Q-
system and the functions p and w. Such a method was first described in [113]. The key
step in this algorithm is to solve 16 coupled first-order difference equations on Q,;.

The starting point is again the ansatz for P, but as we wish to consider general states,
there is no way to identify P, and P?. Let us consider the n’th perturbative order and
assume that we know all functions at lower loop orders completely. The ansatz (4.71) then

gives us a rational ansatz for Pgn) and P‘(ln) with a finite number of unknown coefficients.

6.3.1 Difference equations on Q,;

In chapter 4, we saw that the 16 functions @),|; satisfy the coupled first-order difference

equations,
- + - b+
Qa|i o Qa\z’ =P.P Qbu : (6.35)

As in the previous section, we can think of the equation at subleading orders as an inho-

mogeneous version of the equation at the leading order,

i~

Q" — QT =PUPL QY + UL (6.36)
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(n)

where we again refer to Uah. as a source term. The solution has the simple form

Q) = - (i) (6.37)

which can easily be checked by plugging this expression into (6.36), but let us also provide

a direct derivation similar to the one given in [113].

Proof

We start by making the ansatz

Quy = (08 + QYL (6.38)

where f]k(u) = O(g?) captures the contribution at subleading orders,

[e.e]

=g, (6.39)

n=1

At O(g*") the equation (6.36) looks like

RO Q™ =7y =PORY QT U (6.40)

alj ali

Now use (6.35) to make the replacement Q 1)+ =Q - _ P(1 PbI)Q on the left-hand

alj
side to get

(ff (n)— _ £ (n)+> Q- — UZ(IZ) . (6.41)

alj

Finally, contract this equation with Q‘(ll‘])c_ and use that Qa|,~QaU = —5g to obtain

AR AR e Tor (6.42)
which has the solution
ff (n) — (Uéﬁ) Q‘(II‘J)) , (643)

and this is exactly the statement (6.37).

6.3.2 Generating the Q-system

We now have the eight P and the 16 (),; at hand. We still have a bunch of unknown
coefficients from the P-ansatz, and the W-operation in (6.37) introduces another 16 con-
stants to be fixed. Note that, in order to preserve the upper half-plane analyticity and

power-like asymptotics of ),);, more general i-periodic functions are not allowed.
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Figure 6.2: Overview of the algorithm to solve the Q-system.

This knowledge is sufficient to generate the remaining Q-system without solving any
more difference equations, cf. section 4.2. Everything else can be found from the determi-

nant formulas in section 4.2.1. The Q-functions of interest are

Qi =Qu; = —Pan‘i (6.44a)
Qa|i Qa|j
Qablij = 6.44b
e Qvi Qu); ( )
Qa|i Qa|j Qa|k
Qabc|ijk = Qb|z Qb|j Qb|k (644(3)
Qc|i Qc|j Qc|k
Q' =qQ" = P, (6.44d)

We are thus able to generate the full Q-system, still containing a set of unknown coef-
ficients. The 16 constants arising in the solution (6.37) can be controlled by fixing the
H-symmetry, which can for example be done by eliminating certain asymptotic powers
in the functions P and Q. However, to control the symmetry on the indices 7, j etc.
in practice, this involves power expanding non-rational Q-functions at u = oo, which is

possible, see e.g. [109], but computationally demanding.

6.3.3 Gluing

To fix the unknown constants in the Q-system, we need a way to enforce the analytic
requirements prescribed by the QSC. In particular, we need to consider the value of some
of the Q-functions on their second Riemann sheet and require that they are consistent with
the value on the first sheet at the point where the branch cut between them collapsed,

u = 0. This is illustrated in figure 6.3.



6.3. Solving the Q-system in general 131

Figure 6.3: At the point where the branch cuts between the first and second sheet collapsed, v = 0,

the functions still satisfy gluing conditions.

As discussed, a way to do this is by constructing P through

P, = puaP? P = %Py, (6.45)
and then impose that the expansion of P™ around u=0 is consistent with the P-ansatz.
To do this, we first need to build the functions u. We recall that these functions are linear

combination of the central Q-functions Qp);; With w as coefficients:

ij y— b bed _Med
pab = 5307 Qs pt = —Leabe WZ-) , (6.46)
and that the i-periodic functions w® are of the form
[o¢]
ij i ]
w? = Wiy + ;w{k}ﬂg , (6.47)

where Py, are the i-periodic functions (4.59) and where the sum truncates at each order

in perturbation theory. One can use the regularity at u = 0 of u + ;L[Q] and % to fix

3 u®—4g

most of the constants w?k}.
Imposing the complete agreement between the obtained values of P(™ and the ansatz
(4.71) at u = 0 fixes all left-over degrees of freedom. We summarise the algorithm in figure

6.2.

6.3.4 Comments

The beauty of the outlined solution strategy is that it encompasses all parts of the QSC.

However, it is rather painful to implement in practice, for the following reasons:
e It includes a large number of functions: 8 P’s, 16 Q;, 36 Qupij, ete.

e The generation of e.g. Quy;; as determinants of Qg; results in large expressions

containing products of n-functions that needs to be linearised using stuffle relations.

e One has to control the full H-symmetry of the QSC, i.e. the parts acting on both

types of indices (a, b,.. and i, j,...). Controlling the symmetry on the indices i, j
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etc. is harder in practice because there are no rational functions on which to fix
it in a simple way. To do it by constraining asymptotic behaviour involves power

expansion at u = oo.

There are ways to get around some of these issues, at least in special cases. As proposed in
[113], one can instead perform the gluing by using relations between Qj and the complex
conjugation of QF described in [15]. In fact, one can avoid the construction of w and
p completely in this way'. For left/right symmetric states, one can then get away with
treating only the lower left corner of the square in figure 6.2, i.e. the 24 functions P,, Q;
and ()q);- However, for generic states one also needs to treat the upper right corner, which
is another 24 functions. This is a large number of functions, and the practical nuisance of

the Hij -symmetry is still present.

6.4 Solving the Pu-system in general

In this section we present a conceptually very simple algorithm to solve the Pu-system
for generic states. It is in some sense a hybrid of the two algorithms above.

Using only the Ppu-system has clear advantages: it includes only 14 functions: eight
P’s and six p’s. The indices i, j, etc. are absent, which means that this part of the
H-symmetry is absent as well. Finally, the presented method is only mildly non-linear in

n-functions.

6.4.1 First-order equations on fy,
The key equations in this approach are the coupled first-order difference equations on fi4p,
2 141
Hap — iy = ~PaPeuy =Y 4 PPN (6.48)

The exact same equation is satisfied by Q;bw. In fact, Q;b‘ij parametrise the six linearly

independent set of solutions to the equation, and pgp is just a particular linear combination
. . .. 9 M_M[2] .

of these with certain boundary conditions (that p+ ! and Va1 are regular at u = 0).

At the n’th perturbative order, we can again think of (6.48) as an inhomogeneous

version of the leading order equation,
n n)[2 c n)[2 Dpec n n
oy — pgy = PP PP P U (6.49)
Let us label the six sets of solutions to the homogeneous equation by

" _ - _
Hablk = Qab|{12,13,14,23,24,34}k k=1,...,6. (6.50)

IFor unphysical solutions, this is a particularly nice property, because w has a more complicated struc-
ture in this case. For physical solutions w is easy to control, so this property is not a major advantage

here.
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The solution to (6.49) is then

oy = ¥ (ﬂCd'kUc(ff)) (6.51)
Proof
Qqp|ij satisfy the equation
- + _ c d c d +
Qavpis = Qaviij = (5anP ~ 0 PaP ) cdij ? (6.52)

which at the n’th order can be formulated as

= _ A+ _ (sepDpd  _ sep(l)pd (n)+ (n)
Qublis ~ Dablis = <5an Py — 0 Pq P(1)) Qedlij T Uabis - (6.53)

As in section 6.3.1, we make the ansatz Qi = (521-“5; + i]}l) Qi?'k_l with Z-’j-l(u) ~O(g?).
We plug this into (6.53) and replace Q((la:; on the left hand side by using the homogeneous
equation. We then contract the equation with Q?f)‘ij ~ using (4.32), and apply the -

operation. The result is
(m)— _ 1HM- cd|kl—y7(n)
Qupiij = 1Qapi ¥ (Q(l) Ucd|z‘j> : (6.54)

(n)

b » While

We can contract this expression with %wij , which turns the left hand side into p
on the right hand side, since w is an i-periodic function insensitive to the W-operation,

this means that the source is replaced by that of (6.49). Summing over the single index

1

5, and

k =1,...6 instead of two antisymmetric indices removes the remaining factor of

we have (6.51).

Periodic functions and regularity

As u can have poles in both the upper and lower half-plane, the periodic functions arising

from the W-operation in (6.51) are of the form

oo
O =dio+ > binPr, (6.55)
k=1
where Py, are again the i-periodic functions (4.59). The sum truncates at each perturbative

order and most of the coefficients ¢; ;, can be fixed directly by imposing that u 4 p2 and
p—pl?

6.4.2 Gluing

are regular at u = 0.

The gluing is exactly as in the other algorithms: construct Q) through (6.45), power

expand around u = 0 and match each order in u with the ansatz (4.71).
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=
Q

Figure 6.4: Overview of the algorithm to solve the Pu-system for generic states.

In practice, power expansion is one of the most time-consuming steps in the algorithm.
The matching of powers can be truncated at some maximal power in «, which means that

gnlz present in the ansatz for P () are only determined up to a certain

the coeflicients c
k. These coefficients are suppressed by a factor of g?* in P anyway. In general, the non-
trivial constraints in the gluing come from the singular parts of P. Due to the expansion

of the Zhukowsky variable z, the coefficients cgnlz start appearing in the singular terms at

subsequent orders. One should therefore be careful to fix all c((ln,z that appear in singular
terms at the maximal perturbative order that one wants to reach. We refer to [1, 7] and

the related Mathematica-notebooks for the details on how to do this in a minimal way.

6.4.3 Comments on the method

The presented method only requires the determination of six functions pg, by solving
difference equations. The knowledge of the 6 x 6 = 36 general solutions to these equations,
Q;bh’j’ is not necessary. The functions x are identical to pe, up to a factor of the Pfaffian,
see (4.49),

pt = —%eabcduch f(lu.) : (6.56)
One has the freedom to set Pf(ue) = 1, which is related to the choice of normalisations A,
but this is rather tricky to implement in practice. Instead the constant Pf(u,) can simply
be included as a free parameter that is eventually fixed by the gluing.

The Ppu-based method described here is significantly simpler than the method de-
scribed in section 6.3. Only 14 functions are calculated: eight P (on both the first, P(u),
and second sheet, P(u)) and six fiq5. The only non-linearity in n-functions arises in the
expression (6.51), but it is only a mild non-linearity, because two of the three factors are
leading-order Q-functions with only simple n-functions. Finally, the H-symmetry only
needs to be controlled on the indices a, b, etc.

In conclusion, we have arrived at a method that fits our ambition: a simple algorithm

to solve the QSC perturbatively for general states.
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6.5 Results

In this section we take a look at the results that can be produced by the perturbative
algorithms. We present a sample of results obtained with Mathematica-implementations
of the algorithms in section 6.2 and 6.4. These results are representatives of calculations
that can be completed on a standard laptop. A much larger database of s[(2) results is
available in the ancillary files of [1] at arxiv.org, and a database for the general spectrum

will appear in [7].

Working with algebraic numbers

Before looking at specific results, let us make a comment about the practical solution.
In general, the leading solutions to the Q-system, cf. chapter 5, contain algebraic num-
bers, which in some cases are rather complicated. In practice, such numbers are hard
to work with analytically in a symbolical programming language such as Mathematica.
The algorithms rely on delicate cancellations between terms, and such cancellations are
often hidden when complicated algebraic numbers are present, at least without applying
time-consuming simplification procedures. In practice, we have not managed to handle
such numbers in a completely analytic way. Instead, the algorithm treats such solutions
by evaluating the coefficients in the leading solution numerically with a high precision.
The (-values generated from power expansions are kept symbolically, and we refer to this
procedure as semi-numerics.

In fact, another simple observation means that the semi-numerical results can be used
to reconstruct the analytic results. Consider a solution for which the anomalous dimension
can be written in terms of some algebraic number, 6, which is a root of some polynomial
with integer coefficients of degree k. Then there exists k multiplets with the same quantum
numbers for which the anomalous dimension is given in terms of the other roots of this alge-
braic equation. For example, there are three multiplets of the kind n? = [0,0]5, 3, 3, 1|0, 0],

and their one-loop anomalous dimension, which follows directly from the found Qs 2, are

40
%JZE;+% 0; = Root[27z® — 1872z — 4160, j] , j=1,2,3, (6.57)

where Z;?:l 6; = 0. At a higher loop, the anomalous dimension should be of the form
Yng = Co + c18j + 27 (6.58)

where ¢; are rational numbers. Calculating 7, ; numerically for j = 1,2, 3, we have three
equations (6.58) on three unknowns, ¢;. If the numerical precision is sufficient, the rational

numbers can easily be reconstructed e.g. with the Mathematica-function Rationalize.
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6.5.1 The sl(2) sector

The algorithm to solve the Ppu-system in the sl(2) sector described in section 6.2 allows
the calculation of a wide range of new results. The obtained results include analytic
10-loop results for a variety of multiplets for which the Q-system contains only rational
coefficients. As an example, we here show the 10-loop result for the Konishi multiplet,

nd =10,0/1,1,1,1|0,0]:

v = 129 — 48¢" + 336¢° + ¢*( — 2496 + 576 (3 — 1440 (5) (6.59)
+9'%(15168 + 6912 (3 — 5184 (5 — 8640 (5 + 30240 (7)
+g'2(—7680 — 262656 (3 — 20736 (3 + 112320 (5 + 155520 (3 C5 + 75600 (7 — 489888 (o)
+gM ( — 2135040 + 5230080 3 — 421632 (3 + 124416 ¢G5 — 229248 ¢5 + 411264 (3 (s
— 993600 (2 — 1254960 (7 — 1935360 (3 (7 — 835488 (o + 7318080 (11)

+g'¢ (54408192 — 83496960 (3 + 7934976 (2 + 1990656 (3 — 19678464 (5 — 4354560 (3 (s
— 3255552 (2 (5 + 2384640 (2 + 21868704 (7 — 6229440 (3 (7 + 22256640 (5 (7

+ 9327744 (o + 23224320 G5 (o + 9929248 ¢, — 106007616 ¢;5 — 924258 Zf?)

+g'® ( — 1014549504 + 1140922368 (5 — 51259392 (2 — 20155392 (3 + 575354880 (5

— 14294016 (3 (5 — 26044416 2 5 + 55296000 (2 + 15759360 3 (2 — 223122816 (7
+ 34020864 (3 (7 + 22063104 ¢3 ¢7 — 92539584 (5 (7 — 113690304 (2 — 247093632 (o
+ 119470464 (3 (o — 245099520 (5 (o — 186204096 ¢} — 278505216 (3 (11 — 253865664 (13

+ 1517836320 (15 + 15676416 72 _ 1306368 Z(3 + 1306368 Z{?)

+¢%° (16445313024 — 13069615104 (3 — 1509027840 2 + 578949120 ¢5 — 14929920 5

— 11247547392 (5 + 1213581312 (3 (5 + 1234206720 ¢2 (5 — 70170624 C5 C5 — 1390279680 (2
— 654842880 (3 (2 + 9906252288 (3 4 377212032 (; — 1610841600 (5 7 + 154680192 G5 (7
4222341760 C5 (7 + 133788672 (3 Cs Cr + 868662144 ¢2 + 4915257984 (o — 332646912 (3 Co
— 91072512 (3 (o + 1099699200 (5 Gy + 2275620480 (7 (o + 72321904 ¢

— 2334572928 (3 (11 + 2713772160 (5 (11 — BT84 (15 4 3372969600 (3 (13

_ 430852673266944 Cis — 21661960320 C17 + 7522%9136 Zg) _ 5070177951808 Zg)

3 2 3 2
_ 715&;104 Z£3) + 2716107653488 Z£5) _ 1783?168 Zis) 1 11943936 C Z§1)>

+0(g*),

where Z{™ denote so-called single-valued multiple zeta-values [129] given in (B.9). These
numbers are special combinations of (-values, e.g. Z%) = —(535+11(5(35+5(5(s, and

we discuss them further below.



6.5. Results 137

runtime memory usage
# of loops

s[(2) | general general
5 4s 40 s 20 MB
6 15 s 2m 35 MB
7 1m 4 m 70 MB
8 5m 13 m 120 MB
9 27Tm | 52m 340 MB
10 31h | 45h 1.6 GB

Table 6.1: Runtime on a single 3.2 GHz core of a standard desktop for the calculation of the
anomalous dimension of the Konishi multiplet using the Mathematica-implementation
of the sl(2) algorithm described in section 6.2, which was published with [1], and with a
Mathematica-implementation of the general algorithm described in section 6.4, which will
be published with [7]. Note that the s[(2) code terminates after finding Py at the given
loop, while the general code determines all functions in the Ppu-system at the given loop
and does not assume left/right symmetry. The general code is furthermore more suit-
able for parallelisation. The memory usage was measured by the Mathematica-function

MaxMemoryUsed.

A Mathematica-implementation of the algorithm, as well as an extensive database of
results, is available in the ancillary files of [1] at arxiv.org. It includes results for all 91
multiplets with L + .5 = A({ 4+ 2 < 10 up to at least eight loop orders. The code is in
general efficient for states with L 4.5 < 15. The Mathematica-code reaches 10 loops
for the Konishi solution in about three hours on a standard desktop, using about 2 GB
of memory. See table 6.1 for more details on the performance and a comparison with
the performance of a Mathematica-implementation of the general algorithm described in
section 6.4. Higher quantum numbers L and S naturally lead to longer runtimes and

higher memory consumption.

6.5.2 The su(2) sector

The compact su(2) sector is characterised by the quantum numbers
n? =1[0,0/L—3,L—M—1,M—1,1/0,0], (6.60)

corresponding to a 11223344 HWS of the kind ZX~"M XM Tt contains a finite number of
multiplets with a given length L, and since the results up to the L’th loop are obtain-
able from the asymptotic Bethe equations, there is in practice only a limited amount of
additional data to gain by using the QSC.

One multiplet is however of particular interest: the so-called exceptional solution that

appears for the single multiplet of the kind n? = [0,0|3,2,2,1|0,0], for which the central
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Q-function is
Q2,2=U3+%:(U_%)“(“+%) . (6.61)

Due the position of its Bethe roots, it requires extra care when solving the asymptotic
Bethe equations, and similarly when solving the TBA equations, which was done up to six
loops in [130]. However, from the point of view of the QSC this state requires no special
care, and the algorithm of section 6.4 handles it completely unproblematically. We here
present the 10-loop result:

v = 1297 — 36¢* 4+ 252¢° — 24844® + g1 (28188 — 288(3) (6.62)
+g'? (—339012 4 7776(3 + 12096(5 — 18144(y)
+g™* (4214268 — 39744¢5 — 181440C5 + 57024¢3 — 260064¢7
—34560(35 — 60480C — 8640¢2 — 96768(3¢7 + 665280(11)

+g'6 (— 53785620 — 820800¢3 — 699840(7 — 82944(3 + 1664064(s — 1510272(3(5
—290304¢3 (s + 250560¢2 + 4257792¢7 + 628992¢3(7 + 1451520(5(7 + 4711968(y

+2903040C3¢o + HHE0C11 — 1606176013 — 124;162§21))

+g'® (702413532 + 25507872¢5 — 2282688¢2 — 1119744¢3 — 248832¢% — 502848(s

+25653888(5C5 + 3836160¢2(5 + 59875202 + 6635520(3¢Z — 45170784(;
+22037184C3C7 + 6676992¢2(C7 — 5766336(5C7 — 16027200¢2 — 75035808Co
+100189443Co — 38361600C5Co — T9511328¢11 — 588ARTO8(3( , — 273255552 ¢

+324324000;5 + 31104027 — 801344 7(3) | 145152 Zg))

+4?° (— 9354033252 — 461062368(3+198500544¢2 — 2778624(3 +2239488(2 — 348634368(5

—201128832(3(s + 50865408¢2 (s + 14681088(3 (5 — 187012800¢2 — 51010560¢3¢2

— 1310563584 3 1 343359648(7 — 351993600(3(7 — 56909952(; (7 — 147334464(5(7
—221543424(3C5Cr 4 29465856¢2 4 911464704¢o — 312035328(3 — 1076198402y
+75755520(5Co + 633225600¢7 Gy + 284670676 ¢ | 740306304 ¢, )+ 745303680(5C11
220431356716 ¢, 4 1017080064C5C15 + 20109333052 ¢, 5 — 50510880007 + 4100544 71

746496 7(2) 406415232 (2) 18719424 »(3) | 30710016 -»(2) _ 850176 ~(3)
+EST 4G TR Ay — T Ay + g 4y — e 4,

+0(g%%).

This result is special in the sense that the (-values stemming from the dressing factor are
delayed compared to other results. However, in the QSC, it is not immediately transparent
why this delay occurs.

In fact, this is just the first result in an infinite series of exceptional solutions. The same

solution (6.61) reappears for M = 3 and L = 6 + 2n with n € N. Though also obtainable
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Oy [y | v | s V6

6 || 12 |-36 | 252 | -2484 | 28188—288¢5 | —339012-4 77765 +12096¢; — 18144¢,
8 | 12]-36|264|-2592 | 28848 345024 — 288

10 |[12]-36]264 | 2580 | 28716 344088

12 |[12]-36 | 264 | -2580 | 28728 344244

14 |[12]-36| 264 | -2580 | 28728 344232

Table 6.2: Anomalous dimensions of the first states in the series of exceptional solutions.

from the asymptotic Bethe equations, we list the quite peculiar anomalous dimensions of
the operators in the series at the first perturbative orders in table 6.2. The delay in the
appearance of (-values is rather unique. All other investigated solutions follow a strict
pattern: (-values start appearing at O(g®), i.e. in 74, and the appearing transcendentality

then steadily increases order by order.

6.5.3 Semi-short multiplets

After revisiting the two usual suspects, it is time to look at something more exotic. Let us
look at an example that only satisfies one of the two shortening conditions (1.39). This is
the case for the two multiplets with quantum numbers n? = [0,02,2, 1, 1|2, 0] belonging
to the su(2,1|2) sector, which are only subject to the shortening (1.39b). See figure 6.5
for the corresponding Young diagram. Note that there are two conjugate solutions with
quantum numbers n’ = [0,2|3,3,2,2|0,0] in the su(1,2[2) sector subject to the other
shortening (1.39a).

The two solutions have leading-order central Q-functions
Qo4 =ul +u2(—B F42) 4 204 42, (6.63)

Though not impossible to treat solutions with only simple squareroots completely analyt-

0,0[1,1,1,1[0,0] [0,0(3,2,2,1]0,0] 0,0[2,2,1,1[2,0] [0,4]2,2,2,2[4,0]

Af =2 Af =4 Af =5 Af =38

Figure 6.5: Young diagrams for the four considered examples of solutions (6.59), (6.62), (6.65) and
(6.67).
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ically, it is simpler to treat them semi-numerically. The semi-numerical results for the two

solutions have the form

vy = 18.828439% —69.75305¢% +479.03195¢° + ¢® (—4096.90889 — 280.14214(3) + O(g'%) (6.64)
_ =13.17157¢% —49.24695¢" 4 340.21805¢° + ¢® (—2821.02861 — 251.85786(3) + O(¢'?) .

As a simpler example of the discussion above, the analytic result can be reconstructed by

studying the sum and difference of these solutions. The 9-loop result is

1 = (16 £2VE) +g*(~ U2 F 2VE) + g5(2T £ 1) (6.65)
+g (110687 ¥ 235019259 92— (266 + 10\/§)C3)

+g10 (4208765 4 95LATBT9 /9 1 (3670 + 27261/2)Cs + (8540 F 6140v/2)(5 + (—5880 + 2520v/2)(7)
—|—ng( 173168415 11518351906732899\[ + (- 259641 + 2288325 2)C5 + (—8553 F 39669\@)@
+(20736 F 26424+/2)¢3 + (—218890 £ 13174of 2)C7 + (—36000 + 12240v/2) (3¢5
+(157248 F 89712v/2) ()
+g14 <22O468194949927 + 842%23?2;8475@ + (178224313 F 3072?2969 2)43 4 (717112273 + 78982645 ﬁ)CS

+(145290 F T0543/2)(3 + (44349 + 10782779 /9) (7 + (—1039360 + 646010v/2)(3¢5
+(—70272 + 16512f 2)C3 + (421600F 158720v/2)¢2 + (689920 F406784+/2)(3(7
(

+(4000472F 8841184\ /9) ¢y + (— 297158412091936\@)(11)

16 300286892351 310312617444303 1815233191 818789643655
+g ( 8192 16777216 \/5 + ( 384 + 49152 2)4‘3

( 129268663 ¥ 178955539 \@)C + (7% ¥ 2954707\/§)C§ 4 (7297286453 ¥ 1480139627983 2)47
+(—1016480 £ 7081753\ /9) (3¢5 + (— 1271264 + 2052801/2) (5 + (— 26245709 62018965 /9) ¢,
+(14512736 F 7343308\f 2)(3Cr + (10129460 F 3934300V/2)(2 + (— 205226764 4 185149308 | /9y ¢y,
(
(

+

+(2475872F1311072v/2) (3¢5 + (—9609600+84336001/2)C3Co + (—12633600i6878592\f )CsCr

+(49256064 F 408682561/2) (13 + (— 220032 190368, /9 )z )

18 [ 10426829965853 | 235830866890042803 103506743759 —— 2744026791787
+9 < 32768 + 1073741824 \[+ ( 384 + 32768 2) C3

_|_

276665471 3242(;391253 )4-2 (884g920 :|Z22175487\/§) Cg—'_ (735232:F943744\/§) Cgk

6273900189 429134212?27195 )<5 + (3811(133863 ¥ 55115942251 2) 4-345 + (46556932:!:457124\/5) C§C5

(
(
( 107227490:|:3155006o\/7)<5 ( 25320320:':22619520\/5) C3<52 (1443790675583:|:2626%421421§§9210\/§) C7
(
(

+

+

+

46990300 - 108785719, /2) (3¢7 + (—226347524+22092672y/2) (3 (7 + (—256729984+94803408v/2) (5(7
+ 89017600$58788464f) (1089?23967:|:2982328613\/’)@)_’_( 17378926384:|:770337488W)C3C9
+ (163920000 F 1240022407/2) (5 o + (110423502 ¢ 320015021, /9 ¢y + (119243520 F 145271808y/2) (3¢ 11

+(72811803608 1457521523306 2)<1g+(776756680():‘:727927200\/5)<15+( 295352132 + 507?244\/5)2521)
( 15966848 3801792\/) (791168:&178752\@)Z%)>

+0(g%).
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6.5.4 Long multiplets

Finally, let us take a look at an example of a multiplet that remains long at g = 0.
For obvious combinatorial reasons, the spectrum of N' = 4 SYM is dominated by such
solutions, except at the lowest values of AOI . For example, of the 6918 multiplets with
A(J)— = 8 only 348 multiplets have both shortenings at zero coupling, 1624 have a single
shortening, while 4946 of them are long.

Solutions for long multiplets containing only rational coefficients are very rare, but
they do appear after browsing through the solutions for a while. A neat example is one of
the 18 multiplets with n? = [0, 42, 2,2, 2|4, 0], see again figure 6.5 for the Young diagram,

with central Q-function

13 41 19 841
_ .8 _ 1926 4 , 9 2
Q22 =u T U o g T e (6.66)

The 8-loop result, corresponding to the first double-wrapping order, for this solution is

10,2 114 4 , 81375909 76584649592643 144 288
Y=129" = 579" + Soms0 9 +g (_ 98631019500 — 5 & _TC5) (6.67)

10 (7557157119579028047 5077548 ~ 71568 _ 5184 18144
+9 ( 1385272570562500 + 6625 C C C3 5 C7)

+ 12( _ 154229918575800932044660827 _ 5509872145602C _ 281495043162(:
9 3891230650710062500000 465240625 18609625

36464256 ~2 | 97515936 93312 2884896
T 76625 G+ 1325 ¢+ 5 G3C5 — 25 <9)

+ 14(41115911550973651065326107287189 + 147723346547996562< _ 8136755919612 <2
9 136630836223057069531250000 1306860915625 465240625 3

124416 ~3 227800256165730936 487864512 1007424 ~2
+550 + G+ (3¢5 — =5 (5

1306860915625 1325
21191283987174 12386304 2551539744 66394944
+=03048125 - G3¢7 — 1325 o + 11)
+ 16( _ 22730186914498905243446426320435681497 _ 3569464600430241216297321
g 9594900473764182707832031250000 3670972311990625000
- 8659804551029605422 CQ 4 3265526016 CS __ 53787653656926843535083 s+ 36588395264904C ¢
32671522890625 3 6625 3 36709723119906250 03048125
178391808 C2 Cs— 24948434592 C2 _ 18579338632506856491 ~ 47046267072 CaCrt 200212992< ¢
125 3 6625 5 6534304578125 7 6625
_301302404501904 48190464 1295628042816 260200512 10513152 ~(2)
03048125 o+ 5 3o + 33125 5 G13 — 625 Z )
18
+0(g™°).

Note that for long solutions the prefactor products A,A® and B;B* (4.39) are all O(g°),
which means that n-loop correction to the anomalous dimension 7, only appears naturally
in these factors, and thus in the P-ansatz, at O(g>") compared to O(¢g>"1) in the case
of a shortening. This means that in the algorithm described in section 6.4, 7, is not fixed
until the (n+1)'th iteration. More precisely, v, is fixed when imposing the regularity
constraints on p at the (n+1)’th loop. As discussed in [14], it also possible to extract v,

(n

from M12) by a careful analysis of its poles.
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2444

o . g
0.0 0.5 1.0 15 2.0

Figure 6.6: (Left) conformal dimension for s[(2) Konishi operator: 10-loop perturbative power ex-
pansion (blue line), Padé approximant (red line) and numerical results [99] (dotted line).

(Right) the branch points at u = £2g collide in the u-plane as g — %.

6.5.5 Comments on the number fields

The described algorithms are completely recursive, and as discussed in section 6.1.2 only
a simple class of functions appear, under which the applied operations are closed. This
means that the only transcendental numbers that can appear in the anomalous dimensions
at any order in perturbation theory are multiple zeta-values. The only other irrational
numbers introduced by the algorithm are the algebraic numbers that arise when solving
the algebraic equations that fix the 1-loop Q-system.

By inspecting the data, we observe that only a subclass of multiple zeta-values appear:
zeta-values with a single odd index, and the single-valued multiple zeta-values [129]. It
has been argued [131] that only these special combinations of multiple zeta-values should
appear for a large class of Feynman diagrams. Our results can indeed be written in terms
of these values in all investigated examples. See appendix B.1 for the explicit structure of

(n)

the combinations Z; .

6.5.6 Convergence and Padé approximants

By comparison with numerical results, see e.g. [99, 100, 114], it can be observed that the

found perturbative expansions converge up to g = %. This is not so surprising, since the

branch points at e.g. 29 and —2g + 1 collide at the value g = 7, see figure 6.6.
The convergence of the expansion can be improved by the construction of a Padé

approximant. In this procedure one introduces a new parameter w = (1 + 16¢%)® and

turns the power expansion in w, y(w) = Z;rz(r)" ajw’, into a Padé approximant of the form

Z}nzo cjw’

BT ST

(6.68)



6.5. Results 143

by ensuring that the first n + m derivatives match: R(0) = ~(0), R'(0) = +/(0), ...,
R(+m)(0) = ~(»+m)(0). For the states that are known to 10 loops, we find that the Padé
approximant with m = n =5 converges up to g ~ 0.7. With o = i we get the best match
with the numerical data with roughly a five-digit precision at g ~ 0.4 and a three-digit
precision at g =~ 0.7. Around g ~ 1.0 the Padé approximant starts to diverge significantly
from the numerical results.

See figure 6.6 for a comparison of the Taylor expansion, Padé approximation and

numerical result for the Konishi multiplet.

Subconclusion

In this chapter we have seen how to solve the Quantum Spectral Curve perturbatively at
weak coupling. The starting point was the leading solutions found through the methods
of chapter 5, and the perturbative algorithms used the analytic structure of the QSC,
discussed in chapter 4, to recursively generate corrections. Our conclusion is that con-
sidering just the Pu-system is the simplest way to do such calculations. In this way, the
calculations involve only a small set of functions that are relatively easy to control.

Together with the algorithm to solve the leading Q-system given in chapter 5, the
algorithm described in section 6.4 fulfils the main goal pursued in this thesis, which is to
automatise the weak coupling solution of the QSC for the general spectrum of single-trace
operators. The combined algorithm will appear as part of the publication [7]. In practice,
this opens the window to a dataset of results far beyond what has been studied before.
Certainly, explicit analytical results can automatically be generated for the more than
1000 multiplets with AOI < 7 up to at least eight loops. Going further is simply a matter
of optimisation and computer power?.

The new data availability opens the possibility to look for patterns in the results. In
the next chapter, we take a look at a particular pattern satisfied by an infinite family of

multiplets that can be united by analytic continuation in a single quantum number.

ZNote that to go beyond 10 loops using our publicly available Mathematica-notebooks, it is necessary
to update the files containing relations between (-values, which are used to write intermediate results in a
linearly independent basis. The currently used files, which are available with [1], contain all such relations
up to transcendentality 15, which is sufficient to go to 10 loops. Algorithms to produce such relations
are available in the Mathematica-files connected to [109], and going further is again simply a matter of

computer power. See also [132].



Chapter 7
Twist-2 operators

With the perturbative data at hand, it is natural to look for patterns in the result. In this
chapter we discuss infinite series of solutions for which it is possible to obtain a general
result that describes all multiplets within the series by analytic continuation in a single
quantum number. Due to particular number theoretical properties, it is possible to obtain
such results by extrapolation from results at fixed quantum numbers. The general result
can then be analytically continued to regimes such as the BFKL limit.

The discussion in this chapter gives a basic introduction to the analytic properties of
series of anomalous dimensions, before summarising the tricks and techniques that went
into the reconstruction of the analytic structure of the anomalous dimension of twist-
2 operators at six [2] and seven loops [3]. Many details about these rather technical
calculations are left out, and the interested reader is encouraged to consult the papers for

the complete story.

7.1 Series of solutions and patterns in the data

In this section, we discuss how series of related solutions appear in the QSC. We also
discuss some of the mathematical properties that these series of solutions possess. This

understanding will pave the way for reconstructions in the following sections.

7.1.1 Solution series

The spectrum contains solutions that are connected. This can be seen already at the level
of the 1-loop Q-system where the solutions for certain types of multiplets follow various
patterns. The Young diagram Q-system provides a new way to understand how some of

these families of solutions arise.

144
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Figure 7.1: Young diagram (for the short multiplet that remains HWS in the 1...4 grading) and
number of roots in the distinguished Q-functions for twist-2 operators (left), twist-3
operators (middle), and another series of length-3 operators (right). The central nodes
are . Paths with no Bethe roots are marked in yellow. The green arrows show

how to generate the central Q-functions via trivial QQ-relations.

Twist-2 operators

The classical example is the twist-2 operators. They are usually referred to by their
11223344 HWS which has the form D7,2% and belongs to the s[(2) sector. In fact, these
multiplets contain all unprotected operators of length two in the N' = 4 SYM spectrum.

They are described by the quantum numbers,
nd =10,5-2/1,1,1,1|S—2,0]. (7.1)

The corresponding Young diagram is shown in figure 7.1, which is the only allowed type
of Young diagram with length two. The Young diagram reveals a special property: there
exists a path from the left to the right boundary where no roots are encountered. In fact,

this means that the central Q-function is simply

S

Q22(8) o V? H (u+i-— ﬁk)2 , (7.2)
k=1

where V is the difference operator (4.27).

This result coincides with the well-known result [52, 133] that the s[(2) Baxter equation
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for L = 2,
(ut5)°Q2 + (u— QI+ (—2u> + S(S+ 1)+ 1) Q =0, (7.3)

is solved by the hypergeometric function

(7.4)

—S8,S+1,% 1
Q(u)o<3F2< ot ha Hu;l),

1,1

which for integer S are Hahn polynomials. These solutions only satisfy the zero-momentum

condition (5.38) for even S.

Twist-3 operators

Another series of operators that has been studied in the literature are the twist-3 operators.
They are likewise named after their s((2) HWS of the form D7, Z3. Note that, unlike the
twist-2 operators, there is in general more than one HWS of this kind for a given S. The
typically studied series of twist-3 operators picks out only a single of these states.

For L = 3, the sl(2) Baxter equation is
(37 QP 4+ (u— )7 QI + (—2u® + (5> + 25+ 3) u+1t9) Q = 0. (7.5)

and the typical series of twist-3 operators is singled out by assuming parity invariance
u <> —u, which removes the arbitrary constant ¢y. In this case, the solution can again be

written as a hypergeometric function [134, 135]

(7.6)

S S 1 . 1 .
_777+177+ ;5 — 1U
Q(U)Z4F3< 272 2 u, 5 1 ;1> 7

1,1,1
which for even S is a polynomial that satisfies the zero-momentum condition. Note that

on the level of the Young diagram, it is not obvious how the twist-3 solution emerges, see

figure 7.1.

Another series

The extended Young diagrams provide a new intuition that can be used to search for
other series of operators. For example, we can ask whether there exists other families of
diagrams where there is a path without any roots.

The rightmost diagram in figure 7.1 is one such example. They correspond to
nl =[5-2,5-2|1,1,1,1|25—-2,0] (7.7)

for S > 1. These multiplets have components in the su(2,1|2) sector, and in the grading
12123344 the HWS is of the kind D, D§,Z%. The S = 1 state also exists, but it has an
extra shortening that changes the - HWS to nd = [0,0]1,1,1,1]0,0], which is the Konishi
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S Q T 72 V3 V4
0 1 0 0 0 0
2 u? — % 12 -48 336 —2496 4 576(3 — 14405
4 13,2 , 27 50 1850 241325 8045275 , 114500 ~ __ 25000
4 U — U+ 550 3 27 486 2187 T &1 5 G5
ub — 1554
6 44 98 ~91238 300642097 _ 393946504469 | 11736088 -  _ 19208<
_~_@ 2 _ 375 5 1125 506250 91125000 5625 5 o5
176 %~ 1928
u8 _ @uﬁ 4 5341 u4 _ 5685358151649447407
8 15 312 761 | 138989861 180298033531853 1200725694000000
17807, ,2 8575 35 1543500 272273400000 142006863577 -, 1158242 -
— 9640 “~ 1 36608 54022500 53 245 65

Table 7.1: Central Q-functions, Q = Q2,2 = Q§12)|127 and perturbative corrections to the anomalous

dimension, v = Z;’il 459>, for the first states in the series of twist-2 operators.

multiplet. The case S = 0 corresponds to the protected length-three BMN vacuum. In
general, the states are not left/right symmetric. Note that there is an equivalent family
with n' = [0,25 — 2/2,2,2,2|S — 2,8 — 2] corresponding to a rotation of the diagram by
.

Starting from the lower right corner of the non-trivial extension of the diagram, one
can trivially generate the central Q-function

S
QQ’Q(S) X VS H (U+ % - ﬂk)g ’
k=1

(7.8)
as depicted in figure 7.1.

7.1.2 Properties of the perturbative anomalous dimension

For certain series of multiplets, there is evidence that the anomalous dimension can be
described as an analytic function of a continuous variable. This has led to conjectures of
certain number theoretical properties which we now review. Table 7.1 shows a sample of

explicit results for the first multiplets in the twist-2 series.

The anomalous dimension as a function of S

As we saw above, the series of solutions have central Q-functions that can be united in
a general solution with a free parameter S. Inserting the expression (7.4) for the central
Q-function of twist-2 operators in the energy formula (5.3), one obtains the one-loop

anomalous dimension

7 =881(95). (7.9)

where S denotes the harmonic sum,

S . j
Sal,...,an (S) = Z w S (710)

j|a1| a27~'~7an(j) )
j=1 J=1
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which is described in more detail in appendix B.2. Thus it is possible to describe the
one-loop anomalous dimension of any twist-2 operator by a very compact expression.

This feature is not limited to the leading order. In [136], a general two-loop result
was obtained from direct field-theory calculations, and, based on the mazimal transcen-
dentality principle, the result was extended to three-loops in [137]. As the integrability
techniques developed, it also became feasible to reconstruct the four- [32] and five-loop
[83] results, again assuming maximal transcendentality. In [138, 139], the solution to the
asymptotic Bethe ansatz equations for twist-2 operators was found as an analytic expres-
sion in S up to the fourth loop-order, providing a direct derivation not relying on maximal
transcendentality. Similar results have been obtained for twist-3 operators up to six loops
[135, 134, 140].

The explicit results depend on S only through harmonic sums. The 2-loop result for

twist-2 operators can be written as
’yg(S) =-16 (Sg +S_3—-2S 91+ 281(82 + S_Q)) , (7.11)

where all harmonic sums have argument S, i.e. S = S(.S). The three-loop result is already
quite involved, and the four loop result takes up about a full page of space. As is also
apparent from table 7.1, the four loop result contains (-values, and we can split it in three

parts,

74(8) = A(S) + 15 (S) G + 157 (9) G5 (7.12)
where the parts v3*(S) turn out to be quite simple:

’}/gs (S) = —-2568; (Sg —S_3+28S_o+ 287271) (7.13&)
$P(S) = —640S7. (7.13D)

The principle of maximal transcendentality

Apart from the direct derivations mentioned above, which provides full results up to three
loops [138], the above results were based on the mazimal transcendentality principle [141].
This principle states that all terms in the analytically continued anomalous dimension have
transcendentality 2k — 1 where k is the loop order. The anomalous dimension is given
in terms of products of (-values and harmonic sums. The transcendentality of harmonic

sums Sg, ..q, and ¢-values (4, . q

n n

is defined as > 7_; |a;| and it is additive in products
of these numbers, e.g. S 3(5 has transcendentality 10.

The alert reader may already have noticed this property in the above results. It explains
e.g. why the expression 'y% is so simple: as it multiplies (5 with transcendentality 5 and the
four-loop anomalous dimension has transcendentality 7, it must be of transcendentality 2,

and the basis of such harmonic sums is very limited.
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The basis of harmonic sums with given transcendentality

So exactly how big is the basis of combinations of harmonic sums with a given transcen-

dentality? Naively, the bases of transcendentality 1 and 2 look like

Bl = {S1,S.} (7.14)
By = {S%,S8181,5%,52,52,511,581.1,81.1,S1.1}- (7.15)

As discussed in appendix B.2, all these terms are not linearly independent. The basis of
harmonic sums of a given transcendentality k has the size 2 x 3*~1, and it is natural to
choose a linearised basis formed by all multi-indexed harmonic sums [142]. For example,

this reduces the basis of transcendentality 2 terms to
By = {S2,82,811,81-1,811,81.1}. (7.16)

However, as we will now see, there is a way to work with an even smaller basis by con-
sidering a different quantity than the anomalous dimension and by using another type of

sums.

Reciprocity

Consider the reciprocity function, P, related to the anomalous dimension through [143]
Y(S) =P (S + 37(9)) - (7.17)

A modified version of the maximal transcendentality principle states that the reciprocity

function satisfies a similar criterion where harmonic sums are replaced by binomial sums,

San, (V) = <—1>Ni<—1>ﬂ‘ (]]V ) <N .“') Sur. (7). (7.18)

J=1 J

Importantly, only binomial sums with positive indices should appear [83]. All expressions
of binomial sums with a given transcendentality can similarly to the harmonic sums be
written in a linearised basis [142], and thus the number of possible terms of transcenden-
tality & is 2571, which is a significant reduction compared to the basis of harmonic sums.

For example, the basis of terms with transcendentality 2 is simply {S2, S 1}.

Conversion between v and P

It should clearly be easier to reconstruct P than «. However, we first need to understand
how to convert our results for v to P. The reciprocity function has a perturbative structure

similar to that of the anomalous dimension,

P(S) = i g“P;(S). (7.19)
j=1
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Expanding (7.17) in g% gives
P+ g+ 0% = Pty (5P +P2) +0(d°), (7.20)

where all v and P have the same argument S. We see that P; = ~y1, but for higher orders
we need to know how to take derivatives P]’- = %Pj. Analytic continuation and power

expansion of harmonic sums is discussed in appendix B.2.

7.1.3 Reconstruction from data points

The methods of chapter 6 gave us tools to generate results for arbitrary states, but with
fixed quantum numbers. We will now discuss how to use such results to reconstruct the
general result for series of solutions, assuming the principle of maximal transcendentality

and a basis of only harmonic sums. We will use the twist-2 operators (7.1) as an example.

Direct matching

We should be able to uniquely determine the result for general S if we have as many values
for fixed S as the size of the basis. For the twist-2 series, the data in table 7.1 should be

enough to get a few results. First of all, «; should be given in terms of By:
71(5) = Clsl(S) + C_1S_1(S) . (7.21)

We thus need two' values for fixed spin to fix ¢;. For S = 2,4 we get

{12=3c; —3c1, ¥ =2c1— Seu} = a=8,c1=0, (7.22)

so we should have v;(S) = 8S1(5), and this indeed reproduces the values for S = 6,8 in
table 7.1. We would need six points to reconstruct 725 of transcendentality 2, which is
two more point than in table 7.1 (note that the point S = 0 is no good). To reconstruct
~o directly we would need 18 points to match with B3. This is already a lot, so let us try

to reconstruct the reciprocity function instead.

Converting to the reciprocity

To reconstruct Py, which has transcendentality 3, we need only four data points. However,

we first need to convert our results at fixed values, 72(Sp) to P2(Sp). From (7.20) we have
P2(S) = 72(8) = gPHS)(S) = 72(5) - 3281(5)(¢2 — S2(9)) (7.23)

which gives

n fact, since y1 = P1, we know that it should be expressed only in terms of S; = %Sl. Note that the

constraints on the basis of P also puts constraints on the basis of ~.



7.1. Series of solutions and patterns in the data 151

s| 2 | 4 6 | 8 | 10
475 200 16121 _ 392 7548787 _ 3044 383492923 _ 29524
Py ‘ 12 — 43¢y ‘ 18 TC ‘ 450 TC ‘ 176400 W@ ‘ 7038000 315
Note that Py = P + P3* (o, with P3> = —32S;. We should be able to fix P3* by
matching the four values for S = 2,...,8 with the ansatz
P5(S) = d3S3(S) + d2,1S2,1(S) + d1,2512(S) + d1,1,151,1.1(5) (7.24)

which results in
ds = 0, d271 = -8, dLQ =8, d1’1,1 =0. (7.25)

As a check, the result correctly reproduces the S = 10 value.

Converting back to v, we get
Yo = 'P2 —+ %P{’yl = éat — 328182 =16 (Sg + S-3 - 282,1 - 2Sl,2 - 281,-2) ) (726)

which is simply another way to write the well-known result (7.11). See appendix B.2 for

conversions between harmonic and binomial sums at fixed arguments.

Using less points than the basis size

In the reconstructions below, we will sometimes need to reconstruct results out of fewer
constraints than unknowns. The extra condition that makes this possible is the observation
that the variables we are trying to determine are integers, and in fact rather simple integers.
For example, we see that this is the case in e.g. (7.11) and (7.13). This means that we are
dealing with a case of the so-called integer linear programming problem, and the equation
satisfied by the coefficients d is a linear Diophantine equation. The Lenstra-Lenstra-Lovész
(LLL) algorithm [144] provides a method to look for solutions to such problems. We briefly
describe this method in appendix A.5 where we as an example reconstruct P for the
twist-2 operators out of just three data points. We refer to [145] and references therein

for a more detailed explanation.

7.1.4 Checks from analytic continuation in S

The general results can be analytically continued to non-integer and negative .S, see ap-
pendix B.2. Harmonic sums have poles at negative integers, and the anomalous dimension
has a very particular behaviour around such points.

For twist-2 operators, the behaviour of the anomalous dimension is known to behave
in certain ways around negative integer spin. The most well-known example is the BFKL
regime [146], S = —1, but also the behaviour in the double-logarithmic limit [147, 141],
S = —2, and the generalised double logarithmic limit S = —2n with n = 2,3, ... have been
studied [148].
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For example, in the double-logarithmic limit S = —2 4 w, the anomalous dimension

should satisfy
v (2w+7) = —16¢> + O(g") (7.27)

and the right hand side is conjectured to be regular in w to all orders in g2 [135, 148].
This puts strong constraints on the left hand side as all poles in w must cancel.
Together with similar constraints coming from the BFKL and generalised double-
logarithmic limits, this provides a range of non-trivial checks of the results obtain through
reconstructions using data points at fixed positive S. The results described in the next

sections pass all these checks.

7.2 Twist-2 at six loops

The following is a summary of the strategy behind the reconstruction of the six-loop

anomalous dimension for twist-2 operators done in [2].

7.2.1 The structure of 74

The six-loop correction to the anomalous dimension of twist-2 operators, i.e. the coefficient

of g'? in the perturbative expansion, takes the form

2 3
Yo = V6 + ¢ G+ G+ G+ G+ 72345 GG+ G+ G- (7.28)

The corresponding non-trivial terms in Pg and the size of the basis of binomial sums in
the ansatz for these terms are summarised in table 7.2. One can split each of the terms in
two contributions: one coming from the asymptotic Bethe ansatz, Pg Apa, and one coming
from wrapping corrections, Pg wrap- Importantly, from an analysis of Liischer corrections
[83], it is known that the wrapping contribution has a much simpler structure than the
contribution from the asymptotic Bethe ansatz. This observation reduces the dimension

of the basis for the wrapping contributions significantly [2].

2 3
Contribution pLat Pg3 Pg’ 7>§3 P’ 77§3<5 77§3 Pég
Transcendentality 11 8 6 5 4 3 2 2
Size of basis 1024 | 128 | 32 | 16 8 4 2 2

Table 7.2: The (non-trivial) contributions to Ps, their transcendentality, and the size of the basis

of binomial sums in terms of which the general result should be expressed.

7.2.2 Data collection

To reconstruct the result, the contributions from the asymptotic Bethe ansatz and the

wrapping contribution were treated separately.
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Asymptotic Bethe ansatz

To fix the ansatz, we need 1024 values of v at fixed S. The asymptotic Bethe ansatz
equations for the sl(2) sector (3.20) can be solved perturbatively very efficiently. However,
the analytical solution for S ~ 1000 is out of reach in practice. Because the full range of
results is only needed for the reconstruction of WE?RB A one can ignore the dressing factor as
it does not contribute to the rational part. These equations can be solved numerically with
extremely high precision, which, as we explain below, is sufficient for our purposes. We
thus calculated 'Yé?/KB A (S) numerically for S = 1,2,...,1024 with a 1000-digit precision.
We performed analytic calculations including the dressing factor for the first 40 values,

ie for S=1,2,...40.

QSC

The solution of the QSC is more involved, and with the current methods available the
generation of six-loop results for S ~ 1000 is far beyond reach. Using the method to solve
the Pu-system in the s[(2) sector described in section 6.2, we calculated ~6(S) for the
first 40 even integer values of S, i.e. S = 2,4,...,80, which can be done automatically by
the Mathematica-notebook that was published with [1] without any modifications. As we

explain below, this is enough to reconstruct the wrapping contribution.

7.2.3 Reconstruction

For the contributions from the asymptotic Bethe ansatz we directly matched the ansitze
for the different contributions to the obtained results for Ps apa, except for ng’AB A+ For
Pgi_t\B A this determines the coefficients of the different binomial sums numerically. It
turns that these numbers are always extremely close to integers, so we can safely round
these numbers and thus obtain an exact result. For all other terms except ng’AB A we did

the matching analytically, which for example yields
gTABA = 3360(—284 — S173 + 8272 + S17271 + 527171) . (7.29)

To reconstruct Pg3AB A» With a 128-dimensional basis, the LLL-algorithm was applied to

the first 39 values, which yields a result consistent with the M = 40 value.

For the wrapping corrections, all contributions except for Pg%.,, and Péfwrap were
found by direct matching. For example, the wrapping contribution to Pg7 is
P rap = 22451 (1283 + 151813 — 7283 — 5282,1) (7.30)

The basis for the last two terms P2t and 776(3

6owrap “wrap €an, based on the constraints from

Liischer formulae [83], be reduced to 323 and 51 terms, respectively. Remarkably, using
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only the first 35 data points, the LLL-algorithm? is able to obtain a result by that is
consistent with the last five, M = 72,...,80. We refer the interested reader to [2] for the
full result, which is rather bulky. The result passes all constraints from the BFKL and

double-logarithmic limits, which is a strong check of its validity.

7.3 Twist-2 at seven loops

This section summarises the strategy behind the reconstruction of the seven-loop anoma-

lous dimension of twist-2 operators carried out in [3].

7.3.1 The structure of ~;

The structure of 7 is

o 2 B
Vio= PR A8 G S G+ (AT G+ (aGs
G o e
5t G 45 Co + 5% G3Cr 47t B A (7.31)

The corresponding non-trivial parts of P; and the size of the basis of binomial sums in

the ansatz for these terms are summarised in table 7.3.

2 3 2
Contribution || PRt | P | P& | P | PE | PP | P | P | PECT| P | pen
Transcendentality 13 10 8 7 6 5 4 4 3 3 2
Size of basis 4096 | 512 | 128 | 64 | 32 16 8 8 4 4 2

Table 7.3: The contributions to P7 and the size of the basis of binomial sums.

7.3.2 Data collection

Contrary to the six-loop reconstruction, we chose to not make a subdivision in parts
coming from the asymptotic Bethe ansatz and wrapping corrections for all contributions,

except for the rational part.

Asymptotic Bethe ansatz

We calculated® 754 5 4 numerically for the first 2700 integer values of S. Again, the dressing

factor was ignored in these computations as it does not contribute to the rational part.

2For the rational case, we made use of a C++ implementation of the fplll-4.0 version of the LLL-algorithm
[149].

$We gratefully acknowledge the North-German Supercomputing Alliance (HLRN) and Cluster of UNIX
Machines at Humboldt Universitat zu Berlin (CLOU) for providing the resources to make these calculations

possible.
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S 2 4 6 8 |10 | 20 | 30 | 40 |50 | 60 | 70

full 1 2.1 1334870 27 | 113
rational and (3 || 0.55 | 1.3 | 1.8 | 2.7 | 3.7 | 11 | 26 | 51 | 87 | 132 | 201
rational 033]065|1.0]15[20 |64 | 14 |26 |45 | 74 | 108

Table 7.4: Computation time normalised by the S = 2 computation time for the full result (120
seconds on a single 1.8GHz core of a standard laptop). To go beyond S ~ 30 for the
full result, one needs to use high-performance clusters due to the memory usage. Note
that the reduced codes use significantly less memory than the full code which makes it

possible to go to much higher S before lack of memory becomes an issue.

Partial results from the QSC

To generate results for the complete 7, we again used the Ppu-system algorithm specific
to the sl[(2) sector, see section 6.2. However, this time it was necessary to optimise and
tailor the implementation to twist-2 operators to produce the needed results.

The computation time and memory usage grows with S, and this limits the results
that are within reach, even on high-performance computer clusters. To be able to generate
enough data, we exploited the fact that it is possible to work with only partial results.
Just as v and P, we can split the functions of the Pu-system into parts proportional to

different (-values, e.g.
__ prational (3 (s 2 C32
P,=P; +GP2 +GPP +GPSE + ... (7.32)

All operations in the algorithm simply multiply these terms, so a term proportional to
(3 will never contribute to the part without (-value dependence, a term proportional to
(5 will never influence the (3 part, and so on. This means that it is possible to run the
algorithm with only parts of the results, and the obtained partial functions still satisfy
the analytical requirements imposed in the algorithm.

Exploiting this property, we used two modifications of the algorithm: one keeping only
the rational part of the results, and another keeping also the part proportional to (3.
Sample computation times for the different versions of the Mathematica-implementation
are given in Table 7.4. We computed the full «7 for the 32 lowest even integer spins,
M =2,4,...,64. For the next 25 values, M = 66,68, ...,114, we computed 5" + 'y$3 (3.
Finally, we computed 7%* for another 88 values, M = 116,118, ..., 290.

7.3.3 Reconstruction

To reconstruct P%f’“t BaA> We had 2700 values at hand, but a 4096-dimensional basis. By
studying the lower-order results, it became clear that binomial sums of similar type, e.g.
Sha,a,0,a,05 Sabya,aa,cs > Sa,aaabe, appear with identical coefficients. We used this as-

sumption to simplify the ansatz to less than 2700 terms, and indeed it was possible to find
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a result that fits the data and predicts the values not used in the construction. Note that
the LLL-algorithm is not applicable to this case simply because the dimension of the basis
is too large to handle in practice.

All results of transcendentality 6 or lower was reconstructed directly from the QSC
results, leaving only ch , P, 77$3 and Py .. The 32 values were sufficient to construct
the first two using the LLL-algorithm, while 57 values were used for P7°.

The final challenge is P?f‘vf,rap for which a reduced ansatz of about 1400 binomial sums
can be made, while we have 145 available data points. Directly applying the LLL-algorithm
turned out not be fruitful in this case. Instead, we found a way to divide the reconstruction
even further. Using the relations discussed in appendix B.2, it is always possible to rewrite

S1,7 where I is a multi-index as Sy, +S1Sy, + S%SIS +..., where the first index in I}, which

rat

we will call 41, is not equal to 1. We can then write P77, as
Pt =81 Y s, (7.33)
=0 n=13—j
i1 #1

where |I| is the sum of the indices in /. Assuming that cgj ) are integers, the combination

p’??vtvrap - Z ng)SI (734)
1l=13—;
i1#1

should be divisible by S;. In fact, the numerator of (7.34) should be divisible by the

numerator of S;. Denoting the numerator of (7.34) by

0
(Phapt — > {81}, (7.35)
H[=13—j
i1#£1
where {} simply denotes multiplication by the common denominator, we can formulate

this as the equation
({Pr ) mod NunfS]) — Y el ({S;} mod Nun[Sy]) = d§'Mun[S;],  (7.36)
[|=13—j
i1#1
where we consider the terms up their modulus with respect to the numerator of S; to get

simpler numbers. We here introduced a new set of integers dg)). The basis is in this case

reduced to 62 binomial sums, i.e. 62 different cgo). If we consider our 145 data points,
we introduce 145 unknown integers dg)). This leaves us with 145 linear equations on 207
unknown integers, and the LLL-algorithm successfully finds a solution to this problem,
fixing {cgo)} in the ansatz (7.33). The next step is to determine {cgl)} by requiring that
P%?vf/rap - Z C§O)SI - S1 Z Cgl)SI (737)

[1|=13—j [I|=12—j
i1#1 i1#£1
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is divisible by S?, and we successfully continue in this way until all cgj ) are fixed.
The full result obtained in this way again passes the very non-trivial checks from the
BFKL and double-logarithmic limits. The interested reader is referred to [3] and the

ancillary data files at arxiv.org for the, very bulky, explicit results.

Subconclusion

In this chapter we have demonstrated the power of the perturbative algorithms of chapter 6
by exploiting them to generate enough data to reconstruct the analytic structure of the six-
and seven-loop anomalous dimension of twist-2 operators. This required both optimisation
and high-performance computing, and it tested the performance of the methods.

The seven-loop result seems to be the end-station with the currently available tech-
niques. The data collection necessary for the seven-loop reconstruction already pushed the
methods to their limits and required a good amount of optimisation and tricks. In addition
to the huge basis for the eight-loop result, it also corresponds to double-wrapping, where
the intuition from Liischer corrections used to reduce the basis is no longer available, at
least not immediately.

It poses an interesting question to study the analytic structure of other series than the
twist-operators in more detail. For example, it would be interesting to study the analytic
structure of the new series of length-3 operators described in section 7.1.1 and also that of
all length-3 operators in the s[(2) sector and not just the single series that has previously
been studied.

The solutions to the asymptotic Bethe equations for the twist-series are expressible in
terms of hypergeometric functions, not just at the leading order, see [138, 139]*. It would
be interesting to understand the connection in more detail, and whether it is possible to
solve the QSC perturbatively in terms of such functions, thus not relying on the principle

of maximal transcendentality and the other assumptions used in this chapter.

4The PhD thesis of Stefan Zieme contains even further attempts in this direction.



Chapter 8

QSC with Q-operators?

In addition to its elegance, the QSC has proven its worth as a practically useful formulation
of the AdS/CFT spectral problem. But can we get more information out of it? Let us

repeat the dilatation operator eigenproblem:
DO=AQ0. (8.1)

So far, the QSC has told us something about the eigenvalues A, but it is natural to wonder
if it also tells us something about the eigenstates and the dilatation operator itself. The
question is how the QSC lifts from the eigenvalue level to the operatorial level.

Where do we start? There is no known R-matrix for the AdS/CFT integrable system.
However, at the leading order the the R-matrix should be equivalent to that of the XXX
spin chain. In chapter 2, we discussed the operatorial formulation of the Q-system for this
model. Can we take this as an input and use the QSC to generate perturbative corrections
to the Q-operators, just as we did for the Q-functions?

First, we need to master the leading order. In chapter 2, we saw that in the non-
compact case the evaluation of explicit Q-operator matrix elements is not directly man-
ageable due to inner products in the infinite-dimensional physical spaces. This chapter
summarises the findings of [6], where this technicality was overcome by providing a general
prescription for the explicit evaluation of Q-operators for non-compact super spin chains.
We will then discuss the possibility of using this as an input for calculations of perturbative

corrections to Q-operators of the AdS;/CFTy integrable system via the QSC.

8.1 Evaluating Q-operators for non-compact super spin chains

Let us recall the construction of Q-operators introduced in chapter 2. For u(N, M|K), the
Q-operators are labelled by a set J C {1,2,...,N + M + K} and given by

Qs(5) = [T ) s (£ | 52)

jeJ

158
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where the Lax operators are given by

Lo(s) = eSO [, g o € XEDY o= SCPII g x

2 2 > X5X;5

(8.3)
The auxiliary space oscillators satisfy the algebra
gaﬁéb[; - ('1)(pa+pa)(pb+p5)éb55a& = 5ab5a5a (84)

while E,, = XmXn is the Jordan-Schwinger oscillator realisation of u(N, M |K), cf. (1.16).
It is clear from the construction that Q-operators act block-diagonally and only mixes
states with the same quantum numbers. Our goal is to evaluate Q-operators as explicit

matrices acting on these subspaces, which we refer to as magnon blocks.

Strategy

Our strategy to evaluate Q-operators can be split into four steps:
1 Understand which single-site vectors are present in the chosen magnon block.
2 Evaluate matrix elements of single-indexed Lax operators on this basis.

3 Evaluate single-indexed Q-operators by tracing over the infinite-dimensional auxil-

iary space.
4 Use QQ-relations to generate the full Q-system.

Step 1 is a simple combinatorial exercise. Step 2 turns out to be the hard part, and it
involves a significant amount of gymnastics with special functions. Step 3 is a somewhat
simpler exercise in evaluating infinite sums over a restricted set of functions. Step 4 is a
similar challenge, but one that we have already mastered: the W-operation, only this time

on a slightly more general basis due to the twisting.

Magnon blocks

Let us say that we want to consider N' = 4 SYM states with quantum numbers n =
[0,1]2,1,1,0|1, 0], which through C = 0 fixes the length to L = 2. Note that there is no
need to specify the grading as the symmetry is broken by the twists. There are six possible

ways to distribute the oscillators on a length-two tensor product:
(D122)X X(D12Z2) (D12X)Z2 Z(D12X) U0y U400y (8.5)

where e.g. (D12Z)X = alblf/£]|0) 0 £ £]]0) and W1, T4y = alf]|0) @b/ £]£]]0). Note that

at this stage we are discussing spin chain configurations and not single-trace operators, so
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we do not impose cyclicity. We discuss cyclicity in section 8.2.1. The possible length-two

operators (8.5) contain six different single-field configurations:
Z DisZ X Do X Uy @42 (86)

Whereas (8.5) is the basis on which we want to evaluate the Q-operators, (8.6) is the space
on which we want to evaluate our Lax operators.
In general, it is a simple combinatorial exercise to decompose a set of oscillator numbers

into all possible states in the magnon block.

8.1.1 Matrix elements of s[(2) Lax operators

As discussed in chapter 2, we are facing the problem that the matrix elements of Lax
operators seem to involve infinite sums caused by the non-truncating exponentials. Let us
see how this can be overcome in the simplest example, s[(2). We consider the represen-
tation with C = —1, which is often referred to as spin —%, though this restriction is not
important below. Again using the redefined spectral parameter z = tu — %, the four s[(2)

Lax operators are

Ly = [z+ %]_1 = _z+1% (8.7a)
Loy = e&r2ad! [z +1],. ef12ab (8.7b)
Lpy = e 2P ppq] | emtmalb! (8.7¢)

Lpgy = [z2+35],=1. (8.7d)

The sl(2) Hilbert space has an orthonormal basis, (n|m) = ,m, of states |m) = 2 (albT)™|0).
Let us try to evaluate an arbitrary matrix element, (n|Ls|m), for the two non-trivial cases,

[,{1} and ﬁ{g}

The truncating Lax

Let us start with Ly, for which the exponentials clearly truncate. In the following, we
use a number of identities for Pochhammer symbols which are summarised in appendix

B.4.1. Denoting £ = &12, the inner product of L1y with two arbitrary states is

00 - Tb"' k1 00 b ko
i = o1 5, S
k1=0 oa! P ko!
B n m n N
= klz:o ];0 <kl> (kQ)é E [Z + 1]m—k25n—k1,m—k2 . (88)

At this stage we choose to write the auxiliary space oscillators according to

£¢ = €9 YN —mingy + Uumin, £
_ é@(afb) (_1)mina,b[_N]mina’b€9(b*a) ’ (8.9)
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where ©(a — b) = max,_p0. We then get

ming,m

leqyimy = €60 S (Y () ENBE €2

— ming, , —k/ \min, ., —k

(8.10)

This is a nice expression for a general matrix element that is very easy to evaluate in
practice. However, let us note that we can also write it in terms of a hypergeometric

function:

minn,rn . . k
= Ot (M) S LA b ot

ming, ,,

(n[L1ym) [[m—=n|+1]x[—2—ming ]k &!

k=0

- N i o
= £@(n7m) (241 ming.m <HlaXn7m> 3y ( ) Hitm,n, mlnmm; 1> £®(m—n) .

My, m |m—n|+1, —z—miny, ,,

(8.11)

Definitions and identities for hypergeometric functions are collected in appendix B.4.

The non-truncating Lax

We can proceed in the same way to rewrite a generic matrix element of Ly9y. Denoting

& = &21, we get
= (-€ab)k 2. (-£afbh)k2
i bm) = (o 3 CER oy, S0 R (5.12)
k1=0 ko=0
— gOtmm) (et <maXnT,Lm+k> <ma"j;;n+’“> FINT 41 temase ek €90

k=0

_ é@(m—n) (_1)minn,m+1 <maxn7m) minyn, m [-N]g [maxy, »+ 1]k [maxy, n+ 1]k Ese(n_m)
[2+ 1 maxpy m+1 \ming m — [[m—n|+1]k[—=+max, m~+1]; k!

_ é@(m—n) (_1)minn,m+1 maxXp, m ) —N,maxm7n+1,rnaxm,n+1.1 5@(n—m)
[Z—f-l}maxn,m.H ming, m, |m—n\+l,—z+maxnﬁm+1’

We seem to have reached a dead end: an infinite sum that appears not to truncate.
However, after searching the textbooks on hypergeometric functions, one finds the relation
(B.48), which allows to replace the encountered hypergeometric function by one where the

sums do in fact truncate:

= 1min - —mi m,ny .mn -
e e e

ming, m, —z—I—N—minn7m]m+n+1 |m—n|+1, —z—min, .,

[72 +N — minn,m}m+n+l ' ’

We have not only succeeded in writing the matrix element of Lo as a finite sum of
rational terms in z and N, we also see that it has a very simple relation to the matrix

element of L.
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A more general approach

We reached our goal for s[(2), but we could have proceeded in a different way. Let us

consider the single-indexed gl(2) Lax operator more generally. We can in general rewrite

it as (ny = xXX)

—  £&XaXa —€XaXa
Ly = e [z + 1]nXa e (8.14)
> 1 - _ O(m —N,—TL as T a+1 — —-m
= > i (EXaXe) "z + 1]nxa3F2< XX T 1) (-€Xaxa)”™ .
m=—00 mj: |m’+17_z_nx<i

For a specific matrix element, only one term in the outer sum over m is nonzero. The
question is how to evaluate the hypergeometric function in general.

The only case where the hypergeometric function does not truncate immediately is
when the c-gradings are ¢, = 0 and ¢z = 1, i.e. ny, > 0 and n,, < —1. In this case we

can use the Euler integral transform (B.47) to rewrite the hypergeometric function:
-N, -1y, Ny, +1 I'(—z—n,. 1 -N,ny, +1
3F2< Xa Xa . ) — - ( z nXa) / dt t—nXa (1725)—2—1 2F1 ( Xa ,t) ]

(—=nxa)T'(=2) Jo Im|+1
(8.15)

|m| + 1’*2*”)@’

Next, we can do an Euler transform (B.46) on the o F7:

—N, ny, +1 +1-N,|m| -
Y T PR S i IRt
|m|+1 Im| +1

Due to the structure (8.14), we will always have |m| — ny, < 0, so the hypergeometric

function on the right hand side is a truncating sum:

naflml
1-N,|m|— X 1+ N - tk
. (\m|+ ml nxa;t> S Il L Nl e

| + 1 2 (] + 1 R

The integration over ¢ is now more transparent, and by realising that it is simply a Beta-

function, cf. (B.44), we can see that it yields

L(k —ny)D(=2 + Im[ + N —ny,)
D(=z+k+[m[+ N —ny, —ny,)

1
/ dt tk_nxa_l(l _ t)—z—1+|m|+N—nxa . (818)
0

Putting all this together, we have achieved to rewrite (8.14) in terms of a finite sum over
Pochhammer symbols. This method might seem cumbersome, but it turns out to be

applicable more generally than the more direct strategy given for s[(2) above.

8.1.2 Matrix elements of single-indexed Lax operators for u(N, M|K)

When we increase the rank of the algebra, we may encounter more than one non-truncating

sum in the Lax operators. Furthermore, the exponential factors in the Lax operators (8.3)
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can contain a sum of oscillator combinations where the different terms can combine to one

overall term in several ways. For example, a two-indexed u(2,2) Lax operator would be

£{173} _ 6*512b2b1+$14a£b17532b2a1+$34a£a1 e (8.19)

and we see that the power expansion of the exponential will produce e.g. the term b];bgala;

in multiple ways. This extra complication is however absent in the single-indexed Lax
operators, and we will focus on these. Note that the Lax operators with all but one index
have the same property.

To avoid overloading the reader with technical details, we will leave out the explicit
treatment of the general u(N, M|K) case and refer the interested reader to [6], where it
is discussed in detail. Let us simply sketch the strategy. One can rewrite a general Lax
operator similarly to (8.14), but this time there will be more than one summation in the
middle part. One of these sums can be expressed as a hypergeometric function, 3F5. The
arguments of this function will however contain the other summation variables, and though
we could apply the formula (B.48), it would not be very beneficial in this case. Instead,
an integral transform as in (8.15) can be used to disentangle the summation variables
and express the middle part as a generalised version of (8.15) where the integral is over
a product of 9F}’s. This integration can be carried out along the same lines as above to
yield a finite sum expression for the single-indexed Lax operators that is explicitly rational
in both the spectral parameter and the auxiliary space number operators.

In conclusion, we have a recipe to compute matrix elements of the single-indexed Lax

operators for arbitrary u(N, M|K).

8.1.3 Tracing over the auxiliary space

So far, so good: we have managed to write the matrix elements of Lax operators as rational
functions in z and the auxiliary space number operators N,,. To get the Q-operators we

need to evaluate supertraces over the auxiliary space,

(™)
S~ ) jk> : (8.20)

N
N+M+K Xj
stra <Hj,k:1,jaék (E

Recall the discussion of the structure of the representation in the auxiliary space in section
2.3.2. For u(N, M|K) the space is a tensor product of (N+M+K)(N+M~+K—1) individual
oscillator spaces |0),, with a # b. The trace over each of these spaces corresponds to an

infinite sum Y X _,. We have to evaluate (N+ M+ K)(N+M + K —1) sums, though
N,=0

many of them are trivial since the corresponding oscillator is absent in the Lax operator

in question.
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We start from a rational expression in the number operators, i.e. in principle two types

of terms:

1
NF — . 8.21
(N +r)k (8.21)
We already discussed how to trace over a monomial expression in section 2.3.3, and
the supertrace is similar. The supertrace over negative powers will introduce a new type

of function, the Lerch transcendents, which are related to a twisted version of n-functions,

o

p(r) = (rf])k = i (ar). (8.22)
j=0

Subsequent sums will then, in addition to (8.21), be over terms of the kind

NFOX(N + 7). (8.23)
As we explain in appendix C.2, where we summarise all explicit formulas needed to evaluate
normalised supertraces (8.20), the result of such a sum is simply a linear combination of
terms of the three types (8.21) and (8.23). This is in perfect agreement with what we

have seen in subsequent chapters: the Q-functions are all expressed in terms of rational

functions and n-functions in the spectral parameter.

8.1.4 The full Q-system from the lowest level

Having the single-indexed Q-operators at hand, we have reached the final step in our
strategy: using QQ-relations to get the rest.
To get Qy,py With p # pp we need to solve the first order difference equation

Quay(2)Quuy(2) x Qapy(2+3)Qu(2—3) — Qap(2—3)Q(2+3).  (8.24)
In our current conventions (8.3), the structure of Qy is
|C] c| . sign(C) L
Qp x ]Ijl;[l (z -5 —|—j) , (8.25)

but we can always use the symmetries of the Q-system, in particular the rescalings (4.21),
to set Qp = I. Then, as discussed in section 4.2.1, Q5 With p, # py takes the simple

form
Qapy(2) x U (Qy (2 + 3) Qi (2 + 3)) (8.26)

where U (f(z) — f(z+ 1)) = f(2). The action of ¥ on the twisted basis of functions is
discussed in appendix C.1.2, and it is a direct generalisation of the untwisted case.

We can generate the remaining Q-system via determinant formulas similar to those
those described in section 4.2.1. In fact, we can use exactly the same formulas (4.28) if we
are careful with the normalisation of the Q-operators. Generating the expected value of
Qj in this way is a very non-trivial check that a given set of single-indexed Q-operators

are indeed solutions of the Q-system.
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8.2 Q-operators in the Quantum Spectral Curve

The conclusion of the above section is that we are able to explicitly evaluate Q-operators for
the u(2, 2|4) spin chain, which should be related to the g — 0 limit of the QSC. As an exam-
ple, the explicit 1-indexed Q-operators for the quantum numbers n = [0,0|L, L, 0, 0/0, 0],
corresponding to the BMN vacuum Tr(Z%), are given in [6]. The next step is to try to
apply the methods of chapter 6 to generate perturbative corrections to the obtained Q-
operators. The attempt to do this is work in progress, and this section simply lists a few
comments on the potential procedure. Below, we return to the QSC-language, labelling

the Q-operators/functions by Q AlT /Q 4}y and using the spectral parameter v = —iz — 3.

8.2.1 The N =4 SYM Hilbert space

The Q-operator construction described above is for spin-chain states. It does not equate
states that are related by cyclic permutations, i.e. ZX is a different state than XZ. In
N =4 SYM, also in the twisted case [150], these states are identical, as they appear within
a trace, Tr[X Z] = Tr[ZX]. Consequently, the spin chain Hilbert space is larger than that
of N' =4 SYM. The question is whether it is natural to work with Q-operators for the
full spin chain magnon blocks, or if one should project out the subspace corresponding to

cyclic states.

Physical operators in the twisted QSC

Recall that in the QSC all eigenvalues must satisfy the constraint

I
liy P (4 D)

u—0 ,“g,) (u)

=1. (8.27)

The physical solutions are singled out by requiring that u&) x QE;))H_Q such that anlz

satisfy the zero-momentum condition

1) i
lim Qab|12(u +3)

—=1. (8.28)
o Qgﬂlz(“ —3)

However, for the fully twisted QSC [42], all states generically have nonzero momentum.
The fully twisted case includes eight twists that are usually denoted x1, x2, X3, X4, Y1, Y2,
Y3, Y4 subject to the constraints Hizl Xgq = H?:l y; = 1, so six independent twists in total.

The asymptotics of the single-indexed Q-functions P, = Q)9 and Q; = Qy; are

P, ~ A, xlt gy e PY~ A“ x;ﬁ“ ure Q; ~ B; yj_ﬁ“ Vi Q ~B’ yE-” u’i | (8.29)

a

with A\, = ng, + A and v; = {—L — np,na, } — A.
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The simplest example of a solution is the BMN vacuum, Tr(Z%), for which the central
Q-operator (or Q-function, it is a 1x1 matrix) is simply a constant times an exponential

1u
factor: Qjaf1p (;1;3) . It is clear that it only satisfies (8.28) in the special case % =

More generally, the eigenvalues of QS))HQ behave as

. ngp Nfy Ny Ny Nay Nag %

A (h) = e (TS ot e
Y1 Yo

The root of unity eZE™ where m € {1,2,..., L} is independent of the twist, and corresponds

to the shift eigenvalue of the state in the untwisted case. Again, (8.28) can only be satisfied

at special values of the twists.

The above discussion shows that it only makes sense to talk about physical solutions
to the QSC if the twists have very particular properties. For generic twists, none of the
eigenstates have nonzero total momentum, and they thus have no interpretation as cyclic
trace operators. There are two ways to proceed. We can keep the full spin chain Hilbert
space and try to apply the QSC. One immediate consequence is that the asymptotics of
the quantities w, and thus u, have to be modified to include exponential terms in order to
satisfy (8.27). As discussed in chapter 4, it is not completely understood how to constrain
such solutions. The alternative is to put extra constraints on the twists that ensure the

existence of physical states. We now discuss this possibility.

Special twists

To satisfy (8.28), the product of the two factors on the right hand side of (8.30) must
be 1. If we furthermore want to preserve the same Hilbert space of operators as in the
untwisted theory, they should separately be 1. Then the twists must have the additional
property

X;Lfl X;Lf2 X;LfS XZ'f4 y'g«al yZaQ

L+nb1 Nby
Y2

Y1

=1. (8.31)

The well-studied vy-deformation of N' =4 SYM [150] is exactly of this type. It corre-
sponds to y; = 1 and

nf.

x = F;Lf4*nf3 F;Lfgfnle Fgfzf 3 (8.32a)
Xy — F71"Lf3 —ng, Fgf;; —ng F;ﬂ; Ny (8.32D)
X3 — IJllfl —ng, F;f4 —ng, Fgfl —ngy (8.326)
i = F711f2 —ng, F;lfl —Nfg Fgf3 Ny 7 (8.32d)
where T; are phases. The twists (8.32) have the property x) ', ngg xy 4 = 1, which

ensures that (8.31) is always fulfilled.
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The regularity of Q-operators demands that in general all eight twists must differ. To
construct such a twist, one idea would be to twist the su(2,2) part of the symmetry in

analogy to the ~-twist,

yi = QUumQrrgnevs (8.33a)
y, = QUTmQETTIQrY (8.33b)
vy — QTQ—ul 954—1129?—% (8.33¢)
y, = QuTeQuTrQu (8.33d)
with the property
Na;+3% Nay+3
Vi = 2 =1. (8.34)

Lo, 77, Lo, 3
Y1 Yo

Note that the dependence on the weights v; introduces a coupling constant dependence in
the twists y; through the anomalous dimension +.

In some sectors, including s((2), the “double y-twist” obtained by combining (8.32) and
(8.33) seems to work fine: all twists are different and (8.31) is guaranteed. However, for
some quantum numbers in other sectors, e.g. n = [0,0]1,1,1, 1|0, 0], coinciding twists do

occur, so in the generic case a more general twist satisfying (8.31) should be constructed.

Projecting out the cyclic states

The reduced Hilbert space that we wish to consider is spanned by the states with eigenvalue
1 of the shift operator. Back in section 2.1.1, more precisely in (2.8), we saw how the shift
operator acted on the three-dimensional space of su(2) states with L = 3 and M = 1. Only
one of these states, ZZX + ZXZ + X ZZ, has eigenvalue 1, so in this case we would keep
only this state and throw away the other two. This reduces the corresponding Q-operator
from a 3x3 to a 1x1 matrix.

It is plausible that the space spanned by the cyclic states is invariant under the action of
the higher-loop Q-operators as well. Indeed, a generalisation of the shift operator belongs
to the infinite family of commuting operators that can be generated from the Q-operators.

The point made in this section is that it might be favourable to consider special twists
which ensure that a subspace of the eigenstates of the Q-operators are cyclicly invariant,
and thus have an interpretation as single-trace operators. The strategy is then to to block-
diagonalise the leading Q-operator and pick out the zero-momentum block. This reduced
Q-operator should have a preferred role in the Quantum Spectral Curve with simpler
analytic properties. In particular, the quantities w should have constant asymptotics

which makes them easier to control in practice.
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8.2.2 Perturbation theory with twists and matrices

There is no immediate reason why the general perturbative strategies to solve the QSC
presented in sections 6.3 and 6.4 should not be applicable to Q-operators as well. The
twists of course pose a new challenge, but this is a technical challenge rather than a
conceptual one. In particular, the W-operation is easily generalised to the twisted algebra

of functions, see appendix C.1.2.

Ansatz for P

The key input that makes the perturbative algorithms possible is the control of the all-loop
structure of Qam = P, and Q4% = Pa, The natural generalisation of the ansatz for P
derived in section 4.3.3 to the fully twisted case is

L—ng,

oo

. k

P, = x(gn) M Y (2) + Y dan o) | (8.350)
k=1 k=0

[ee) ng,
PY = x; ®(gx)? (Z c®k (g)k + Zd“’k (gm)k> : (8.35b)
k=1 v k=0
with

c= Zc(j)g%’ d= Zd(j)g2j’ (8.36)
=0 =0

being matrix-valued constants. Again, by expressing (8.35) in u and expanding in g, we

get a finite ansatz at any given loop order.

Applying the machinery

The next step is to generate the remaining Q-system by solving a set of coupled first-order
difference equations. Section 6.3 and 6.4 explained how to do this for either Q,j; or pap,
and the same formulas apply directly here. Once this is done, an expression for P can be
obtained via the relations of the QSC. The crucial requirement is then that the expansions
of the obtained values for P at u = 0 are consistent with the ansatz (8.35).

The application of this strategy is left for future work. The only conclusion of the
preliminary attempts is that the presence of six twist variables, some of them coupling-

dependent, quickly makes the expressions extremely bulky.

Subconclusion

In this final chapter, we initiated the quest to lift the Quantum Spectral Curve to the op-
eratorial level. We managed to get started: we have developed the technology to explicitly

generate the full 1-loop operatorial Q-system.
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The next step is to make the perturbative calculations work in practice. As this thesis
is being written, this is an ongoing endeavour, and a verdict on the success of the approach
would be premature. The technical complications of having six twist variables probably
means that the scope of the method is limited. Certainly, it seems unlikely that 10-loop
corrections to Q-operators can be generated in this way, but the generation of 2- and
3-loop corrections to Q-operators for a variety of simple magnon blocks should be realistic
first goals.

If the attempts turn out to be fruitful, it could shed light on the still quite mysterious
nature of AdS/CFT integrability. In particular, it would give hints on the structure of Q-
operators and transfer matrices at higher loops. It would also provide information about

perturbative corrections to the dilatation operator and its eigenstates.



Conclusion

This thesis has been devoted to the spectral problem in planar N' = 4 super Yang-Mills
theory, and thus in the planar limit of the AdS;/CFT, correspondence. The ambition
was to exploit a recently discovered framework, the Quantum Spectral Curve, to generate
explicit perturbative data of previously unseen precision and generality.

We started by classifying the objects in question: symmetry multiplets of single-trace
operators. We saw how to characterise these multiplets by Young diagrams, and how to
count them using characters.

The anomalous part of the dilatation operator appears to act on the basis of single-
trace operators like the Hamiltonian of an integrable model. To handle such objects,
we went on a journey into the mathematical structure underlying integrable models: the
Bethe ansédtze. This framework encodes the information about the model in a Q-system,
to which each multiplet corresponds to a solution with particular boundary conditions.

The precise integrable model underlying the AdS/CFT spectrum is not known, but
assuming that integrability is an exact property, it is possible to use the large amount
of symmetry of the theory to capture the spectrum in a relatively simple mathematical
problem via the asymptotic and thermodynamic Bethe ansatz. This information can be
further condensed into the Quantum Spectral Curve.

The main result of this thesis are the algorithms to solve the QSC perturbatively
outlined in chapter 5 and 6. The algorithms demonstrate that the QSC is an extremely
powerful perturbative tool, both in depth and broadness. 10-loop results were reached,
and going further is in principle only a question of computer power. A by-product of this
effort is a new general way to solve Bethe equations for rational spin chains that is both
faster and cleaner than the traditional approaches. The generality of the algorithms allows
to explicitly study the full spectrum, in practice at least the first thousands of multiplets
in the infinite spectrum. The end-product of the main direction pursued in this thesis is
a database of results that will appear with the publication [7].

The obtained results open the possibility of spectral data mining. One well-known
pattern in the data is the maximal transcendentality structure of the analytically continued
anomalous dimension for twist-2 operators, and we managed to add two new loop orders

to this result. A quick inspection of the spectral data gives clear hints that there are many
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other similar structures waiting to be analysed.

The perturbative spectrum has so far been a central object in the study of AdS/CFT
integrability. This thesis stands on the shoulders of many great achievements to capture
the spectrum, and it is an attempt to conclude this long-standing effort by putting the
discoveries to work and demonstrating their practical power in full generality. With an
automatised solution algorithm that applies to all corners of the spectrum, we can finally
call the problem solved with more confidence.

The potential of the QSC is not only perturbative. Its non-perturbative abilities are
perhaps even more remarkable. It would be interesting to implement the numerical algo-
rithm [114] in complete generality and study the behaviour at quantum numbers where
multiple solutions to the equations exist. A systematic algorithm to solve the QSC ana-
lytically in the strong coupling limit is also still missing. Even perturbatively, it is still
not completely clear how to treat unphysical solutions to the equations. It is known that
exponentially growing asymptotic behaviour should be allowed, see e.g. [111], but a sys-
tematic understanding of how to completely constrain the solutions is still lacking. Such
an understanding would for example allow a study of the double-logarithmic limit. Hope-
fully, the explicit solutions in different regimes can provide the intuition needed to obtain
exact analytic results valid at any coupling, which would provide the ultimate solution to
the spectral problem.

The impressive control of the spectrum of anomalous dimensions is not the final des-
tination of AdS/CFT integrability. It is only the beginning. We need to fully understand
how to apply integrability to other quantities than the spectrum, such as structure con-
stants. We also need to understand the deeper nature of AdS/CFT integrability. We have
to prove that integrability is in fact an exact property of planar AdS/CFT, and we also
need to understand more deeply what the integrable model is itself.

Using the QSC to study perturbative corrections to Q-operators is one direction that
could give us new hints about the integrable model and how it fits into the algebraic Bethe
ansatz. This thesis outlined the initiation of this effort by providing an explicit strategy
to generate the leading Q-operators. It remains to be seen how much the QSC is willing
to reveal about higher orders, but surely there are lessons to be learned by attempting to
use it on the operatorial level.

For all these efforts to be worthwhile, we should of course attempt to generalise the
methods to more realistic theories. We should understand which properties are special to
N =4 SYM and which are simpler versions of features common to more general theories.
If we get a better understanding of the nature of AdS/CFT integrability, we might be able
to answer these questions more precisely.

Many ambitious attempts are already being made to attack the open problems outlined

here. The study of three- [151] and four-point functions [152] is currently undergoing a
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revolution similar to the developments for two-point functions. An interesting attempt to
investigate what happens to the integrability structures in more general settings is being
made in the study of conformal defects in the AdS/CFT set-up [153]. Here, one-point
functions seem to display higher-loop integrability [154]. The study of a simple integrable
quantum field theory that appears in a double-scaling limit of y-deformed N = 4 SYM
[155] could be the key to understanding how integrability can appear in four-dimensional
theories. Finally, the study of other integrable systems, in particular the AdS3;/CFT,
correspondence where the integrability program is steadily progressing [156], can give us
a more general understanding of the phenomenon of AdS/CFT integrability.

One thing is for sure: AdS/CFT integrability has given rise to a hope for more powerful
tools to analyse quantum field theories. The explicit tools on which this thesis is based
hopefully encourage the search for similar structures in the physics of the real world.
Even if such a connection is never made, the author has thoroughly enjoyed exploring the

fascinating Riemann sheets of the Quantum Spectral Curve.
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Appendix A

Miscellanea

In this appendix we collect various technical details that supplement the main text.

A.1 Quantum number dictionary

We here provide a dictionary between the oscillator numbers n and often encountered

parametrisations of the quantum numbers in the literature.

S5 and AdS; spins: J, S and A

A typical notation for the quantum numbers, often used in the QSC context, are the
SO(6)x SO(2,4) charges {J1, J2, J3|A, S1, S2}. These are related to the oscillator numbers

through

J1
Jo
J3
Ao
S1

Sa

ng +ng —ng — Ny

2
ng — ng +ng — Ny
2
—ng + ng, +Ngg — Ny
2
Np + Na ns
Lt =5 tm
—Np, + Nby + Na; — Nay
2
—MNp; + Nby — Nay + Nay
2

(A1)

At finite coupling these six numbers are enough to specify the representation, but they

do not give us a complete description of the multiplet at g = 0 (unless both shortenings

(1.39) happen).
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Dynkin labels
Another convention encountered in the literature, e.g. [34], is to use the so0(4) Dynkin

labels [s1, s2] and s0(6) labels [¢1, p, ¢2], which are related to the oscillator numbers by

51 = Nby — Mby, 82 =MNa; —Nay; q1 =Nf; —Nfy, P =NfF — Ny, G2 = Ny — Nfy -
(A.2)
Additionally Ag, L, and the hypercharge

Np — Ng
2

B= (A.3)

are usually specified. The multiplet is completely described by the data [Ag; s1, 25 g1, P, qg}f .
Sometimes, a parity label is also given to a state related to its eigenvalue under the par-
ity transformation IT|®1®y--- ®x) = (—1)V|®NyPy_1---P1). This does not influence the
weights, but it is related to parity properties of the Q-system related to the multiplet.

A.2 Characters in practice

In this appendix, we demonstrate the usage of characters to decompose tensor product
representations into irreps, and how to account for equivalence relations in the vector
space. We start by a simple su(2) example before treating the lowest spectrum of N = 4

SYM. Finally we discuss how to practically treat cases of high rank.

A.2.1 Example: su(2), length 4

In N' = 4 SYM, states containing only two types of scalars, e.g. Tr[ZXZZX...] form a
closed subsector, i.e. the (all-loop) dilatation operator will have eigenstates that are linear
combinations of only such states. The states form multiplets (irreps) under the su(2)
symmetry (in N'=4 SYM an R-symmetry), which simply acts by flipping Z +» X.

For L = 4 we get two multiplets of trace-operators (a singlet and a five-dimensional

one):

T[Z222Z] = TY[ZZ2ZX] = 2TX[ZZXX]|+TH[ZXZX] = Tr[ZXXX] = Th[XY XXX

Te[ZZXX])-Tr[ZX ZX] (A4)

Denote the number of Z’s and A’s by L — M and M. Each multiplet can be characterised
by its highest weight state, which we can define as the one with the maximal numbers of
Z’s within the multiplet, i.e. M = 0 and M = 2 for the L = 4 multiplets above. These

multiplets thus correspond to the Young diagrams
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(LT

The character of an su(2) representation is the polynomial

SMH gl
gl=M+L M

X{L—M,M} = ; (A.5)

T 1

To 1

so for our examples we get

X{4,0} = x‘ll + 2wy + 2323 + 2125 + x% (A.6)
X{22} = Ti73. (A7)

The su(2) irreps are sub-representations of the tensor product of L fundamental rep-

resentations. The fundamental representation is the single-field vector space

Z=X ~ I:’ > X{1,0} = %1+ T2 .
The character of the tensor product representation is simply X{L1 0} and can be decomposed
into irreps by looking at the character, e.g. for L = 4 we have
Xé{ll,o} = (x1 + 22)* = 2] + datwy + 62Tad + dwy2f + 23 = X403 T 3X{3,13 + 2X{2,2} » (A8)

which on the level of Young diagrams is the statement

0" - OO e O =

In (A.4) we listed the multiplets of trace-operators with L = 4. There were only two

multiplets (a five- and a one-dimensional irrep), which does not fit with (A.8). Using

Polya theory, we instead get

1 2 4
1 1 1
— Z(xl + m2)4 + Z(m% + 3:%)2 + 5(3:% + UC%)

= ;1011l + xi’xz + 23:%903 + :le% + ;v%
= X{4,0} T X{2,2} - (A.9)
A.2.2 Example: all N'=4 SYM multiplets with Aj <4

To describe the spectrum up to A(J)— < 4, we should consider u(8) representations with

central charge C' = 4. The single-site representation has a character of the form

Xl(xl, e 178) = X1T9XT3%4 + T1X2X3T5 + ... (A.lO)
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and the Vandermonde determinant looks like
Ay = 23zirs — 2lxdes £ .. (A.11)

The truncated sum of states is

z = Wiy + P+ W+ a6
Wt 2@ A

It is straightforward, though already computationally demanding, to expand the product

Ay Z. The dominant terms in the expression corresponding to Ay < 4 are

AVZ|dommant JAp<4

7 6.5 .4 .3 1.2

Z
L3

l\./l\./

l
Lo

J( —

2,211
1+ rirsaswya

N
|v’|\;
S

3,.2,.2

3,33 33222, 33319/ 1.1
HT3Ty + TITHT3T4T5 + T]THT3! 14'1,31() + Tl THT3T4T5Tg

4.3 4.4 2 1 1

14,4 A 24 4
¥ Ty~ 1J2I3I11-+I’1J213r11 TG

i + xle

4.3 2 2.2 2 1 4.2 2 2 2
+atryririaial + 203 ot vat 4+ 20 asa3 i vl

1,2
3Ty

+2riasriririag + vivsriviztviat oy

—i—m%x%x%mixgx% + x%x%m%xixéxéx%xé . (A.13)
The dominant terms corresponding to protected chiral primaries are marked in grey, while
the short representations that make up the Konishi multiplet are marked in blue, and those
that make up the n? = [0,0(2,2, 1, 1|0, 0] multiplet (containing the first twist-3 operator)

is marked in purple (one term with Ay = 5 is missing due to the truncation).

Combining short multiplets into long ones, shifting to oscillator number notation n7

and leaving out chiral primaries, the spectrum of unprotected multiplets with A({ <4is
[0,0/1,1,1,1|0,0] + [0,0]2,2,1,1|0,0] + [0,0]1,1,1,1|2,0]
+[0,013,2,2,1]0,0] + [0,2]1, 1,1, 1]2,0] + [0, 2|2, 2, 2, 2|0, 0]
2-[0,0/2,2,2,2(0,0] +2-[0,0]3,3,1,1]|0,0] +2-[0,1]2,2,1,1]1,0] . (A.14)

Note that for higher Apax the su(2An,x) sum of states (1.30) will contain representations
that lie outside the spectrum of psu(2,2[4), i.e. where the Young diagram does not fit
inside the psu(2,2|4) x-hook. These can simply be dropped from the sum.

A.2.3 Efficient computation of the sum of states for high rank

In this appendix we explain how the relevant terms in the sum of states

sz = ZC)\W)\ (A15)
A

can be generated for high rank of the considered group.
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Step 1

Step 2

Step 3

Step 4

List all possible dominant terms. These correspond to all strictly decreasing parti-
tions of Apax - L + Apax(2Amax — 1) into 2A . numbers, with the restriction that
the first number does not exceed L + 2Apax — 1 (for Apax > 2 the last Apax — 2
numbers satisfy a stronger upper bound).

Example: For Ap.x = 2 and L = 2, the possible dominant terms (all allowed length-4

partitions of 10) are 7 3 23 24, 3 3 z3, and zf 23 23.

For each dominant term, list all possible contributions from Ay and the correspond-
ing contribution from Z. No row in the contribution from Z can exceed L.

Example: The term 2 23 22 can arise from a3 22 z3- 22 9 x5 and from 3 z9 22 - 22 2.
P 14243 142 1 1 3 4142

The terms from Ay come with a factor of +1. Each term in Z come with a coefficient
that can be found by counting the number of ways that the term can be constructed

from building blocks of the kind xfl ar:?2 coegd

N

Example: 1’%1’2333 must stem from X1($1)2 and can come from z129 - 123 and z1x3 -
1179. Thus its coefficient in Z is 2. 2323 can stem from y;(x')?, and can only arise
as Tr1xo - 12, but it can also stem from Xl(xQ)l, again with coefficient 1. So its

coefficient in Z is also 2.

For each dominant term add up all contributions to Ay Z.

Example: The term x5 x3 23 comes with a coefficient 2 (—=1) +2-1=01in Ay Z.

An implementation of this algorithm can be found in the ancillary Mathematica-notebook

connected to [5].
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A.3 Multiplet content of N' =4 SYM

We here list all multiplets with Ag < 8. Multiplets for which the corresponding Q-system

is not found by our Mathematica-implementation of the solution algorithm described in

section

5.3.2 within 15 minutes on a standard laptop are marked in grey.

’ AG H Multiplets

2 1-0,0/1,1,1,1[0,0]

3 1-10,0[2,2,1,10,0]

A 1-0,0[1,1,1,12,0] 1-[0,0/3,2,2,1/0,0] 1-[0,2/1,1,1,1]2,0] 1-[0,2/2,2,2,20,0]
2.[0,02,2,2,2(0,0] 2-[0,03,3,1,10,0] 2-[0,1]2,2,1,1|1,0]
1-[0,03,1,1,12,0] 1-[0,2/2,2,1,1]2,0] 1-[0,2/3,3,3,1/0,0] 2-[0,0[2,2,1,1[2,0]

. 2.0,0/3,3,3,10,0] 2-[0,0[4,2,2,2(0,0] 2-[0,0/4,3,2,1]0,0] 2-[0,0/4,4,1,1[0,0]
2.[0,1]2,2,2,2/1,0] 2-[0,1/3,3,1,1]1,0] 2-[0,2/3,3,2,2/0,0] 4-[0,0/3,3,2,2[0,0]
4-00,1/3,2,2,1/1,0]
2.[0,04,3,1,11,0] 2-[0,1/3,2,1,1]2,0] 2-[0,1|4,4,2,1/0,0] 2-[0,2[2,1,1,1[3,0]

= 2.00,2/3,3,2,1/1,0] 2-[0,3/2,2,2,1/2,0] 4-[0,0/3,2,2,2[1,0] 4-[0,03,3,2,1|1,0]
4-00,1)2,2,2,1/2,0] 4-[0,1/3,3,3,2(0,0] 4-[0,1]4,3,2,2(0,0] 4-[0,2]3,2,2,2|1,0]
1-00,0[1,1,1,14,0]  1-[0,0/4,2,1,1|2,0]  1-[0,2|1,1,1,1/4,0] 1-[0,2|4,4,3,1]0,0]
1-[0,4/1,1,1,1]4,0]  1-[0,4]2,2,2,2[1,1]  1-[0,4/2,2,2,2/2,0] 1-[0,4|3,3,3,3/0,0]
1-[1,1]1,1,1,1]4,00  2-[0,02,2,2,2[1,1]  2-[0,2/2,2,2,2|1,1] 2-[0,2(3,2,2,1/2,0]
2.00,32,2,1,1/3,0]  2-[1,1)2,2,2,2]1,1]  2-[1,1]2,2,2,2/2,0] 2-[1,1]3,3,3,3/0,0]

] 3.00,02,2,2,22,0]  3-[0,04,4,3,10,0]  3-[0,0/5,3,2,2(0,0] 3-[0,05,3,3,1[0,0]
3-[0,0/5,4,2,1/0,0]  3-[0,0/5,5,1,10,0]  3-[0,2/3,3,3,3/0,0] 4-[0,0/3,3,1,1]2,0]
4-00,1/2,2,1,1|3,0]  4-[0,1/3,3,3,1/1,0]  4-[0,1]4,2,2,2/1,0] 4-[0,1]4,4,1,1|1,0]
4.00,2/4,4,2,20,0]  4-[0,3(3,3,2,2/1,0] 5-[0,0/3,3,3,3/0,0] 5-[0,2[3,3,1,1]2,0]
6-[0,003,2,2,1/2,0]  6-[0,2/4,3,3,2(0,0]  7-[0,2/2,2,2,2/2,0] 8-[0,1]4,3,2,1|1,0]
9-[0,04,3,3,2(0,0] 10-[0,0/4,4,2,2/0,0] 16-[0,1]3,3,2,21,0]

2.[0,02,2,2,1/3,0]  2-[0,0/5,2,2,2/1,0]  2-[0,0/5,4,1,1|1,0]  2-[0,1]2,1,1,1[4,0]
2.[0,14,4,4,1/0,0]  2-[0,1]5,5,2,10,0]  2-[0,3|3,2,2,2|1,1]  2-1[0,3|4,3,3,3]0,0]
2.[0,4/3,3,3,2/1,0]  2-[1,1/2,2,2,1|3,0]  4-[0,0/3,2,1,1/3,0]  4-[0,0/5,3,2,11,0]
4-00,1/4,3,1,1]2,0]  4-[0,1/5,4,3,1/0,0]  4-[0,2/3,2,1,1|3,0]  4-[0,2]4,4,2,1|1,0]

1 4-10,3(3,3,2,1]2,0]  4-[0,3/4,4,3,2(0,0]  6-[0,1/4,2,2,1|2,0]  6-[0,2[2,2,2,1|3,0]

6-[0,2/4,3,3,1/1,0]  6-[0,3/3,2,2,2/2,0]  8-[0,1]3,2,2,2|1,1]  8-[1,1]3,3,3,21,0]
10-[0,0/4,3,3,1]1,0] 10-1[0,0]4,4,2,1|1,0] 10-[0,1]5,3,3,2/0,0] 10-[0,1]5,4,2, 2|0, 0]
12-10,0[3,3,3,2/1,0] 12-[0,1[4,3,3,3/0,0] 16 -[0,1/3,3,2,12,0] 16-[0,2/4,3,2,2|1,0]
20-[0,1]3,2,2,2(2,0]  20-[0,23,3,3,2|1,0] 24-[0,0/4,3,2,2/1,0] 24-[0,1]4,4,3,20,0]

Table A.1: Spectrum of unprotected multiplets [np|ne|na]? with A7 < % We find complete

agreement with the results in [34].

multiplets in a matter of minutes.

Our algorithm finds the Q-system for all these
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’ AF H Multiplets

2.00,0/2,2,1,1/4,0]  2-[0,0/3,1,1,1]4,0]  2-[0,0/5,2,2,1|2,0]  2-[0,2/3,1,1,14,0]
2.[0,2/5,4,4,1/0,0]  2-[0,3|1,1,1,1]5,0]  2-[0,4/3,3,2,2|1,1]  2-[0,4]3,3,3,1]2,0]
2.10,4]4,4,3,30,0]  2-[0,4]4,4,4,20,0]  2-[0,52,2,2,2(3,0]  2-[1,1]2,2,1,1]4,0]
3-10,0/5,3,1,1]2,0]  3-[0,06,6,1,1/0,0]  3-[0,2|5,5,3,1/0,0]  3-[0,4]2,2,1,14,0]
3-[1,202,2,2,2/2,1]  4-[0,0/6,4,3,10,0]  4-[0,1]4,2,1,1|3,0]  4-[0,3/3,3,1,1|3,0]
4-00,3/4,4,3,1/1,0]  5-[0,0|5,4,4,1]0,0]  5-[0,06,3,3,2/0,0]  6-0,0/6,5,2,10,0]
6-[0,1/5,5,1,1/1,0]  6-[0,2/4,2,2,2]1,1]  6-[0,3]2,2,2,2)2,1]  6-[1,1]3,3,3,1]2,0]
6-[1,22,2,2,23,0]  7-[0,1]2,2,2,2]2,1]  7-[0,2[2,2,1,1|4,0]  7-[0,2]4,4,1,1|2,0]
7.10,4/3,3,2,22,0]  7-[1,2/3,3,3,3/1,0]  8-[0,0|5,5,3,1/0,0]  8-[0,0[6,4,2,2|0,0]

. 8-[0,1/5,3,3,1/1,0]  8-[1,1/3,3,2,2[1,1]  9-[0,04,2,2,2|1,1]  9-[1,1]4,4,4,2/0,0]
10-[0,0/3,3,2,2|1,1]  10-[0,0[3,3,3,1]2,0] 10-[0,0/4,4,1,1]2,0] 10-[0,2|5,3,3,3|0,0]
10-[0,2/5,5,2,2[0,0] 10-[0,3[2,2,2,2/3,0] 10-[0,3|3,2,2,1]3,0] 10-[1,14,4,3,3|0,0]
12-00,1/2,2,2,2/3,0] 12-[0,1]3,3,1,1/3,0] 12-[0,3/3,3,3,3|1,0] 12-[0,34,4,2,2/1,0]
14-00,2(3,3,3,1|2,0]  14-[0,2[4,2,2,2[2,0] 15-[0,0]4,4,4,2/0,0] 15-[0,0|5,3,3,3|0,0]
16-[0,0[4,2,2,2[2,0]  16-[0,2[4,4,4,2(0,0] 18-[0,0/4,4,3.3/0,0] 18-[0,0|5,5,2,2|0,0]
18-[0,1/3,2,2,1[3,0] 18- 0, 1\5421|1 0] 18-[0,2/3,3,2,2|1,1] 18-[0,2/4,3,2,1|2,0]
18-[0,3[4,3,3,2[1,0] 181, 0] 22-[0,004,3,2,1/2,0] 22-[0,1]4,4,3,1|1,0]
22-00,1/5,3,2,2|1,0] 220, 2\5 4,3, 2|0 0] 23-0,1/3,3,3, 3\1 0 24-[0, 0\3 3,2 2\2 0]
24.-10,2|4,4,3,3/0,0] 42-[0,0/5,4,3,2(0,0] 43-[0,2/3,3,2,2(2,0] 52-[0, 1,0]
74.-10,1]4,3,3,2[1,0]
2.00,4/2,1,1,1]5,0]  2-[0,5]2,2,2,1]4,0] 2-00,53,3,3,2|1,1 2-[1,1)2,1,1,1/5,0]
4.10,006,5,1,1/1,0]  4-[0,15,2,2,2[1,1] 4-10,1/6,6,2,1/0,0 4.0, 2|2,1,1,1\5 0]
4-00,5(3,3,3,2(2,0]  4-[1,1/4,4,4,1|1,0] 6-[0,0/6,3,3,1|1,0 6-[0,1/6,4,4,1(0,0]
6-[0,3|3,2,1,1/4,0]  6-[0,4/3,3,2,1|3,0] 7-10,4(3,2,2,2/2,1 7-11,2(2,2,2,1/4,0]
8-[0,006,3,2,2/1,0]  8-[0,0]6,4,2,1|1,0] 8-10,1|5,5,4,1[0,0 8-1[0,1]6,5,3,1/0,0]
10-[0,0[4,4,4,1|1,0] 10-[0,1|5,4,1,12,0]  10-[0,1]6,3,3,3/0,0]  10-[0,24,2,2,1|3,0]
10-[0,2/5,5,2,1]1,0] 10-[0,3|2,2,2,1]4,0]  10-[0,3|4,3,3,12,0]  10-[0,43,2,2,2|3,0]
11-[0,0/3,2,2,2(2,1] 11-[0,1]2,2,2,1]4,0]  11-[0,4]4,3,3,3[1,0]  11-[1,24,4,4,3|0,0]
12-00.0/4,3.1,1/3,0]  12-[0,1/3,2,1,1|4,0]  12-[0, 1|5 2,2,22,0]  12-[0,2[4,3,1,1/3,0]
12-[0,2/4,4,4,1]1,0] 12-[0,3[4,4,2,1|2,0]  12-[0.3/5,5.3, z\o 0 12-[0,4/4,4,3,2|1,0]

. 14-[0,0[4,2,2,1|3,0] 14-[0,3|5,4,4,2/0,0] 14| 14-[1,2(3,3,3,2|1,1]
16-[0,0/3,3,2,1|3,0]  16-[0,3[4,3,2,2/1,1]  16-0, 3|5433|0 16-[1,1/3,3,2,13,0]
18-[0,0/3,2,2,2|3,0] 18-[0,1|5,3,2,12,0]  18-[0,2(5,4.3.1/1,0]  18-[0, 3|4, 4,4, 3|0,0]
20-0,0|5,5,2,1|1,0] 20-[0,1]6,5,2,2/0,0]  20-[0.3]3.3.3,2/1.1]  20-[1.1]3.2.2,2|3.0]
31-00,2/3,2,2,2(2,1]  31-[1,2/3,3,3,2/2,0]  38-[0,0/5,4,3,1|1,0]  38-[0,1/3,3,3,21,1]
38-00,1/6,4,3,2(0,0] 38-[0,2/3,3,2,1]3,0]  3%-[0,3]4,3,2,2/2,0]  38-[1,14,3.3,3|1,0]
43-0,004,3,3,3|1,0] 43-[0,1]4,4,4,3/0,0]  48-[0,1/4,3,3,1|2,0]  48-[0,1|4,4,2,1|2,0]
48-00,2(3,2,2,2(3,0] 48-[0,2|5,3,3,2/1,0]  48-[0,2|5,4,2,2|1,0]  48-0,3/3,3,3,22,0]
52-00,1]4,3,2,2/1,1]  52-[1, 1\11”“ 0  72-00,0/5,3,3,2/1,0]  72-[0,0[5, 122\1(}
72-10,1|5,4,4,2(0,0] 72-[0,1]5,5,3,2(0,0]  77-[0,1]3,3,3,2[2,0]  77-[0,24,3,3,3|1,0]
80 -[0,0]4,4,3,2(1,0] 80-[0,1|5,4,3,3]|0,0]  120-[0,1[4,3,2,2/2,0] 120-[0,2[4,4,3,2|1,0]

Table A.2: Spectrum of unprotected multiplets [np|ng|nal

I with Af =

7and Ag =1
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‘ AF H Multiplets

1-[0,01,1,1,1]6,0]  1-[0,0/5,1,1,1]4,0]  1-[0,4|1,1,1,1/6,0]  1-[0,4]5,5,5,1]0,0]
1-[0,6/1,1,1,1]6,0]  1-[0,6]2,2,2,2/2,2]  1-[0,6[2,2,2,2(3,1]  1-[0,62,2,2,2[4,0]
1-00,6/3,3,3,3[1,1]  1-[0,6/4,4,4,4/0,0]  1-[1,1]1,1,1,1/6,0]  1-[1,3]1,1,1,1]6,0]
L 22L11,106,0 2021111600  2-[0.33, 11,150  2-[0.52,2,1,1]5,0]
2.00,5/3,3,3,13,0]  2-[0,6/3,3,3,32,0]  2-[1,3[2,2,2,2/2,2]  2-[2,2[2,2,2,2[3,1]
3.00,006,2,2,2[1,1]  3-[0,0[6,2,2,2/2,0]  3-[0,2]5,5,5,1]0,0]  3-[1,1]5,5,5,1|0,0]
3-12,2/2,2,2,2[2,2] 4-10,0|7,4,4,1/0,0] 4-10,0|7,7,1,1|0,0] 4-10,1|3,1,1,1[5,0]
4.00,5/4,4,4,2/1,0]  5-[0,0[2,2,2,22,2]  5-[0,02,2,2,2|3,1]  5-[0,0/6,4,1,1|2,0]
5-00,2(6,6,3,1/0,0]  5-[0,4/2,2,2,2(2,2]  5-[1,12,2,2,2|2,2]  5-[1,3[4,4,4,40,0]
5-02,2(2,2,2,2/4,0]  5-(2,213.3,3.3/1,1]  5-[2,2/4,4,4,4/0,0]  6-0,0/5,5,5,1[0,0]
6-[0,0/7,3,3,3(0,0]  6-[0,5[3,3,2,2/12,1]  6-[1,22,2,1,1]5,0]  7-[0,0[2,2,2,2[4,0]
7.00,004,2,1,1]4,0]  7-[0,0|7,6,2,1]0,0]  7-[0,4|4,4,4,4/0,0]  7-[0,4]5,5,4,2[0,0]
8:0.0/6.3.2,12.00  8-[0.122.1.15,0]  8-[0.1/6.6.1,11,0]  8-[0.24.2,1,1]4,0]
8:10.206.5.4.100,0]  8-[0.43.3.1.14,0]  8-[0.44.4.3,1|2,0]  8-[0.54.4,3.3/1,0]
9-[0,4/3,2,2,1]4,0]  10-[0,0[3,3,1,1]4,0]  10-[0,0/7,5,3,1]0,0]  10-[0,1]5,2,2,1|3,0]
10-[0,1/5,3,1,1]3,0]  10-[0,2/2,2,2,22,2]  10-[0,3[2,2,1,1[5,0]  10-[0,3]5, 4.4, 1]1,0]
10-[0,3/5,5,3,1|1,0]  10-[0,4]2,2,2,2[3,1]  10-[0,4[4,4,2,2|1,1]  10-[0.4]5.5.3.30.0]
10-[0,5[3,3,2,2|3,0]  10-[1,1]3,3,1,1]4,0]  10-[1,3]2,2,2,2(3,1]  10-[1, 3|2 2 2,24, 0]
10-[2,2/3,3,3,3[2,0]  12-[0,2|5,5,1,12,0]  12-[0,3|4,4,1,1|3,0]  13-[0,0/3,2,2,1]4,0]
13-[0,4/5,4,4,3[0,0]  14-[0,0/6,6,3,10,0]  14-[0,07,5,2,2(0,0] 14 -[1.1]2.2.2, 23 1]
14-01,33,3.3,3/1.1]  15-[0,0/5,5,1,12,0]  15-[0,2]6,6,2,2]0,0]  16-[0,4(3.3,3,3|1,1]
16-[1,12,2,2,2]4,0]  18-[0,0/6,5,4,10,0]  18-[0,0|7,4,3,2/0,0]  18-[0,3[4,2,2,22,1]
8 18-[0,4]2,2,2,2[4,0]  18-(0,4[4,3,3.2[1,1]  18-[1,1]3.2,2,1[4,0]  18-[1,2]3,3,3,1|3,0]
20-[0,0[3,3,3,3[1,1]  20-[0,0[4,4,4,4/0,0]  20-[1,1]4,4,4,4/0,0]  24-[0,2|2,2,2,2/3,1]
24-[1,3(3,3,3,32,0]  26-[0,2(3,3,1,1]4,0]  26-[0,4]4,4,2,2(2,0]  28-[0,1]4,4,1,1|3,0]
28-[0,3|5,5,2,2/1,0]  30-1[0,1[6,5,2,1]1,0]  30- [0, 2\2 2,2 2|4 0 30-o, 3|3 3,3, 1|3 0]
30-[0,34,2,2,2(3,0]  30-[0,4/3,3,3,32,0] 330 0] 330,
34-0,016.6,2.2(0,0]  34-[0,2/5,3,2,2|1,1]  34-0, 3\4 3 2 1|3 0 34-[1, 14,4,3, 1|2 0]
35-[1,113,3,3,3/1,1]  36-[0,1]6,4,3,1|1,0]  38-[0,2/5,3,3,1]2,0]  39-[1,1]4,4,2,2|1,1]
40 -1, | 41-00,2/3,2,2,1]4,0]  41-[0,4]4,3,3,2|2,0]  43-[0,0[4,4,2.2[1,1]
43 -[1,1/5,5,3,3(0,0]  44-[0,1]3,3,3,1/3,0]  44-[0,3[5,3,3,3[1,0]  45-[0,0|5,3,2,2|1,1]
45-00,2/5,4,2,1|2,0]  45-[1,1]5,5,4,2[0,0]  46-[0,0/5,3,3,1]2,0] 46 -[0,2]6, 4,4, 2|0, 0]
490,014, 4,3,1(2,0]  49-[0,2(6,4,3,3/0,0]  52-[0,1|5,4,4,1|1,0]  52-[0,1]6,3,3,2|1,0]
54-00,104,2,2,22,1]  54-[0,23,3,3,3|1,1]  54-[1,1]3,3,3,3|2,0]  54-[1,1[4,3,3,2[1,1]
54 [1,° | 60-0,0/4,3,3,2[1,1]  60-[0,1]5,5,3,1|1,0]  60-[0,1]6,4,2,2[1,0]
60 - ] 60-[1,1/5,4,4,3[0,0]  60-[1,2]3,3,2,2|3,0]  63-[0,0|5,4,2,12,0]
63-[0,2/6,5,3,2(0,0]  71-[0,0/5,5,3,3/0,0]  72-[0,2[4,4,2,2]1,1]  72-[1,1]4,4,2,2[2,0]
73 ] 73-00,2/5,3,2,2[2,0]  74-[0,1]4,2,2,2|3,0]  74-[0,3|4,4,4,2|1,0]
77-10,0(5,4,4,30,0]  77-[0,0|5,5,4,2]0,0]  77-[0,0/6,4,3,3|0,0]  80-[0,1]3,3,2,2[2,1]
80 - | 84-[0,06,4,4,2/0,0]  90-[0,0[4,4,2,2/2,0]  90-0,2|5,5,3,30,0]
92-10,3/3,3,2,2(3,0]  96-[0,0/5,3,2,2/2,0]  96-[0,1]4,3,2,1]3,0]  96-[0,2|5,5,4,2|0,0]
96 - [0,3|5,4,3,2(1,0] 101-[0,2]3,3,3,3/2,0] 110-[0,1[3,3,2,2/3,0] 110 [0, 3|4, 4,3,3|1,0]
112-[0,0|6,5,3,2(0,0] 120-[0,0[4,3,3,2/2,0] 120-[0,2]5,4,4,3(0,0] 122-[0,24,3,3,2|1,1]
122-[1,1/4,3,3,2[2,0] 130-[0,1]5,5,2,2/1,0] 160 -[0,1]4,4,4,2|1,0] 160-[0,1]5,3,3,3|1,0]
176 - [0,2[4,4,2,2(2,0]  210-[0,1]4,4,3,3[1,0] 256 - [0,2[4,3,3,2/2,0] 378-[0,1[5,4,3,2[1,0]
Table A.3: Spectrum of unprotected multiplets [nb|nf|na]j with A§ = 8.
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Figure A.1: Plot of |z(u)|. The axes are the real and imaginary values of %, placing the branch

points on the real axis at % =+l1.

A.4 QSC-related technicalities

A.4.1 The Zhukowsky variable

The Zhukowsky variable, x, is defined in terms of the spectral parameter v through

1
——— (A.16)
g xXr

This quadratic equation on = has the solutions

u u

g g

~1. (A.17)

The variable z(u) is multivalued with branch points at u = +2¢ and lives on a two-sheeted
Riemann surface, see figure A.1. The two solutions (A.17) are related through z, = L.
We will make the choice to describe the function by a short branch cut between u = +2¢
and define the first sheet by the value of z(u) for which |z(u)| > 1. We will refer to this
value as x(u) and denote the value on the second sheet by Z(u) = ﬁ such that |z(u)| < 1.

At large u, the values on the two sheets behave as x ~ % and T ~ %.

A.4.2 Solving QQ-relations

Consider the standard QQ-relation

(A.18)

+ Ot
Q@ =QfQy —Q,Qf = Qv=0QuV (Q“b% )

QuQ:
and use that all Q-functions are allowed to have poles only at iZ (or Z(% + Z) for an even

number of indices). Then it should be that apparent poles coming from non-trivial zeros of
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@, in the argument of ¥ cancel out. We are going to derive an expression which explicitly
accounts for this cancellation.

We consider only the case when all Q-functions on the right-hand side of (A.18) are
rational. If Q4 involves W-functions, an equivalent nested argument can be generated.

Rewrite the Q-functions as

Qa =112 (A.19)
TA

where p4 and r4 are fused factors of u of the type [J(u+in)* (or [[(u+in + £)* for |A]
even), where n € Z, and g4 contains no such factors. Then it is possible to uniquely split

the argument of the U-summation in (A.18) as

QuQy  dwdy Papyrarat A B C

= — 24 2 +Z4D, A.20
0,02 Qagd™ papd iy e @t R (4.20)
—_———
P/R

where R and P are polynomials, and where A and B are polynomials of lower degree than
qa, C is a polynomial of lower degree than R, and D is a polynomial of at most the total
asymptotic degree of the left-hand side. The polynomials A, B, C' and D can be fixed by

simply matching coefficients of individual powers in
4505 P = AqS R+ BgoaR + Cquq; ™ + Daag? *R. (A.21)

Now,

R R G R ()
++
_ PA Lo (A(JJB) +QuV <; + D) : (A.22)

Ta

In this expression, the only potential poles away from iZ arise from the second term. Then
it should be that AT™" + B = 0, since AT™ + B is of lower degree than ¢, and thus unable

to cancel the poles otherwise. Conclusion:

Qv = p;fA +QaV <2 + D> : (A.23)

A.4.3 Fourth-order difference equation on Q)

We here give an example of a decoupled higher-order difference equation that follows from

the QQ-relations. A fourth-order difference equation on Q was given in [112]. Likewise,
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one could write a fourth order equation on @,; for fixed a. For example, for Q;|; we get

~1pal-3]
D_3 [y 2 ( D-1 D3 P pe-3ip_,
0 = ———=Qv+Q + +
P[1*3} 1d 1]d P[fl] P[1*3] P[fl}
QU (_ D Dy PIUPTID.,  PUPUD, D)
1 -1 1 -1 1
P[1 ] P[l] P[ ] P[l}
Upal3]
e [ D1, D3 Pg PD3 D3 14
+Q + - - Q. (A.24)
1[4 (P[ll] P[lg} P[ll} P[13] 1fd
where
P2[71] P3[71] P4[71] P2[73] P3[73] P4[73]
D_; = | p2l Pp3l P4l |, D_,=|p2l Pp3lu p4l |
P28l p3B] p4adl P28 p3Bl  p4dl
P2[73] Pd[ﬂi] P4[73] P2[73] P3[73] P4[73]
D, = |p2-1 p3l-1 pi-il| | Dy = P2l p3l-ll pal-dl)
P20l P33l P43 P2 P31 P4l

P31 p2-31 ps3l-3 p4-3]
pll-1 p2-1 p3l-1] pa-1]
b= Pl P2l p3lu pal |- (A.25)

Pl P20 P33l P43

+ - _.
Notice that, using Q; = Ql‘ipilQl‘l, the equation gives an expression for @|; in terms of P
and Q;,
pl-31 p2-3] p3-3 p4l-3 -1 ng‘&] p2-31 p3l-3] p4l-3
pl-1 p2-1] p3-1]  p4l-1] QE—I] p2-1 p3l-1 p4l-1] N
Q)i P P2l p3lu PAl Q[l] P2l p3lu PAl (A.26)
Pl P20 P33l P4l Q?] P20 P33l P4l
P23 p3l-31 pil-3] p2l-1  p3l-1  p4l-1]
_Pl[lﬂpa[S] p2-1 p3-1 pa-1 le] —PL_I]P“[_?’] p20l p3ll P4 ngl]
P21 Pp3lil P4l P20 P33 P4

In this way one can avoid the constant ambiguity arising in (4.26).

A.5 The LLL-algorithm

We here describe how the LLL-algorithm [144] is applied to a very simple example, fol-
lowing the discussion in [145]. The basic idea behind the method is to find a vector in a
given basis that minimises the Euclidean length.

The contribution P5*(S) to the reciprocity function P(S) for twist-2 operators has
transcendentality 3 and can thus be expressed in the four-dimensional basis of binomial

sums with transcendentality 3,

P§at(S) = dggg(S) + d271§271(S) + dLQSLQ(S) + d171,1517171(5) . (A27)
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We will try to obtain the four coefficients d from just three values of P at S = 2,4, 6.

This gives us an underdetermined system:

3 9 15 21
bl i - o= = 1 A.
4d3 + 4d271 + 1 di2 + 1 di,1 2 ( 28)
865 2035 4885 11095 475
— —_— p— — A.2
3627 T geq 21+ g 12 T ggq D1 18 (A.29)
30151 28567 246011 734461 16121 (A.30)
36000 ° " 12000 >* " 36000 % " 36000 MY T 450 '

We can multiply these equations by the greatest appearing denominator, divide by the

greatest common divisor, and package them into a 3 x 5 matrix,

1 3 5 7 ~16
173 407 977 2219 —4560 | . (A.31)
799 1749 5039 14989 —26320

Next, we combine the transpose of this matrix multiplied by a very large number, e.g.

10'9, with a 5 x 5 identity matrix,

0 10000000000 1730000000000 7990000000000

0 30000000000 4070000000000 17490000000000

0 50000000000 9770000000000 50390000000000 . (A.32)
0 70000000000 22190000000000  149890000000000

1 —160000000000 —45600000000000 —263200000000000

o O o o =
o O O = O
O O = O O
o = O O O

The LLL-algorithm, which in Mathematica is implemented in the function LatticeReduce,

is now applied to this matrix. The result is

0 -8 8 0 1 0 0 0
33 -8 -1 1 1 0 0 0
5 -3 -2 -1 -1 —50000000000 310000000000 10000000000 | .(A.33)
8§ —-13 -8 =5 -5 —260000000000 —180000000000 —20000000000
-15 4 1 0 O 20000000000 100000000000 500000000000

The rows with zeros in the last three columns correspond to possible solutions to our
underdetermined problem. They are ordered after the corresponding norm, so the upper

row is the likely candidate. Indeed the upper row translates to
—8S91 +8S1,2 = P&, (A.34)

which matches the result found from direct matching in section 7.1.3.
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Special functions

This appendix collects the definitions and relevant properties of the special functions that
arise in the perturbative treatment of the Quantum Spectral Curve. The sections about
¢-values and n-functions are heavily based on section 2 of [109], and we refer to this paper

and references therein for a more complete discussion of the properties of these functions.

B.1 Zeta-values

Definition

The Euler-Zagier sums or multiple zeta values (MZV) are defined by the infinite sum

1
Car,.oar = Z —ar _an- (B.1)

n DY n
0<ni<..<np<oo 1 k

k is called the depth of the sum, while w = Zle a; is called transcendentality or weight.
A (-value is called irreducible if it cannot be written in terms of (-values of lower depth

or transcendentality.

B.1.1 Algebraic relations

(-values satisfy two important types of algebraic relations.

Stuffle relations

The stuffle product, *, takes two ordered multi-indices and stuffles them in all possible
ways, i.e. combines them without altering the respective ordering, but possibly adding

indices from the two multi-indices. For example,

(@)= (b) = {(a,b),(a+b),(b,a)} (B.2)
(a1,a2) % (b) = {(a1,a2,b),(a1,a2 +0b),(a1,b,a2), (a1 + b,a2), (b,a1,a2)}.

187
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The (-values satisfy the stuffle algebra, (Al = Y ccalc = Ca * (B, where a capital
letter denotes a multi-index. For example, the product of two single-indexed (-values

satisfies

CaCb = Ca * G = Cab + Cha + Catb (B.3)
which can be seen by spitting the summation on the left-hand side: > L = Y onem ﬁ+

n,m npampb
1 1
Zn>m namb + En:m nemb

Shuffle relations

The shuffle product, L, takes two ordered multi-indices and shuffles them in all possible

ways, i.e. combines them without altering the respective ordering. For example,

(@)w (@) = {(a,b),(b,a)} (B.4)
(al,ag)LLl(b) = {(al,az,b),(al,b,ag),(b,al,ag)}.

The (-values satisfy shuffle relations. However, these relations are more transparent in a

different notation:

Cap,... = C1,0,...,0,1,0,...,0,1,0,... (B.5)
———

Then fA satisfy the shuffle algebra, fAfB = CcALB fc = fA LLI éB. For example
GG =C1Cio=Cwéo=2C10+Cro1=2C2+Con- (B.6)

The shuffle relations can be derived explicitly using the Feynman representation,

(o] o0 o0
Car+liaz+1,..ap+1 =/ dul/ dps .. / dpk (B —t2)™ .. (b1 — te)™1ty", (BT
0 t1 tg—1

where dy; = #?—1) For example,
o0 oo
GG = / dﬂl/ duats (B.8)
0 0

) t1 o0 )
= / dﬂl/ d,u2t2+/ dpy dpoto
0 0 0 t
o0 o0 o0 [o¢]
= / d#2/ dH1t2+/ d,ul/ dpats
0 to 0 t1
= / d#2/ d,ul(t2_t1)+/ duz/ d,ult1+/ d/ﬂ/ dpoto
0 to 0 to 0 t1

= 2C2+ (2.
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Irreducible multiple zeta values

Since the stuffle and shuffle algebras provide two different ways to write a product of
(-values as a linear combination of other (-values with the same total transcendentality,
Le. ¢y = K¢k =Y df ¢k, we see that Y (i — d¥;)(kx = 0, so all (-values are not
linearly independent.

The stuffle and shuflle relations can be combined to yield identities such as (12 = 3.
According to the diophantine conjecture [157], all possible algebraic relations between
(-values arise from the shuffle and stuffle algebras, which means that the total transcen-
dentality is always preserved in such relations.

A possible choice for the basis of the number field spanned by the (-values is to pick
the values with lowest depth and highest rightmost labels out of those that are linearly
dependent. Table B.1 lists this basis up to transcendentality 15.

w 1 2 3 5 7 8 9 10 11 12 13 14 15
C15
¢ R C13 (2,12 ¢
11 2.10 1,2,12
MZV || ¢ | G| 3| G| 7|6l Co|Cas Ci210 | Ca10
G128 | C1,1,2,8 (13,11
C1,3,9 | ¢1,1,2,10
€1,1,1,2,10

Table B.1: A possible basis of irreducible MZVs up to transcendentality w = 15. The ancillary files
of [1] at arxiv.org contains a file with explicit replacement rules to reduce an expression

to this basis.

Single-valued MZVs

The single-valued multiple zeta-values [129] are special combinations of MZVs that are
expected to appear in quantum field theory results. The ones appearing in the perturbative

results of chapter 6 are

257 = ~Gsst GGy,

73 = —(5a5+11C5Cas +5CCs,s

28 = ~Curs+C3Cor+12G5 G5+ 65 s,

2 = Gas— GG — 3¢ Co+21 G G + 122 C11Ga + % Ci3¢a,

2 = G933 Cao+12G5 G +30Cr Gas + 6Gs Clo + 15Gr G- (B.9)

B.1.2 Twisted generalisation

In the fully twisted QSC, a twisted generalisation of the MZVs appears:

ni Nk
X .. .X
X1y X — 1 k‘
ai,...,ap — Z al . n(lz ° (Blo)
1<ni<..<np<oo L k
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B.2 Harmonic and binomial sums

This appendix discusses the harmonic and binomial sums that appear in the analytic struc-
ture of the anomalous dimension of solution series discussed in chapter 7. The following

discussion is heavily based on [142].

B.2.1 Harmonic sums, S
Definition

Harmonic sums are defined through
S . : S . :
sign(a J sign(ay J .
s(s) =Y T g = ey 6. B

The transcendentality of a harmonic sum Sg, . 4

n

is defined as w = }7"_, |a;].

Algebraic relations and basis of given transcendentality

Harmonic sums satisfy algebraic relations similar to the stuffle relations, e.g.
SaSe = Sap + Sb,a — Ssign(ab)(al+b]) » (B.12)

where the argument of the harmonic sums are the same. This type of relations allows
one to linearise products of harmonic sums. All multi-indexed harmonic sums of a given
transcendentality form a basis for any possible expression of that transcendentality.

An algorithm to generate the relations of the type (B.12), i.e. to write Sy, as,....am Sty bs.....b

in the linear basis, was given in [142] and can be summarised in the following way:

e Start from the expression Sc(zll),az,...,amsgj)bz bnsg”’.

e Recursively move indices to S®) via the replacement rule

s(h s? ., s® — +s s? s (B.13)

a1,a2,...,am bl,bz,...,bn C1,C2,...,Ck a1,a2,...,am b27-~~7bn 81702,.‘.,816,1)1

+sm g (3)

ag,...,am bl,bQ,...,bn C1,C2,...,Ck,a1
_s® S(2) S(S)

a2,...,am " ba,....bn " c1,c2,...,ck,sign(a1b1) (|a1 |[+]b1])

until either S or S runs out of indices.
e Replace bilinear terms via (i € {1,2})

S(z) S(3) — SCl,CQP..,Ck,al,aQ,u.,am . (B14)

A1,a2,...,0m > C1,C2,...,Ck
For example, to express the product S1So the procedure yields

siVsP?si - siUsP 4SS st S48, -85, (B.15)

so S1Sy = SLQ + 82,1 — Ss.
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Analytic continuation

For simplicity, we here describe the case S,~g. The generalisation to negative and multiple
indices can be done along the same lines. The analytic continuation to non-integer S is

obtained by the trick
1 &1 1 >
SaS: - = - = = = Qa — - . B16
(5) Zy“ Z(J“ (J+S)“> ‘ Z(J+S)“ (B.16)

Derivatives

The derivative of a harmonic sum with respect to its argument can be found by considering

the analytic continuation (B.16):
d <1 1
35%(5) =03 g =0 | L g - o | = ol = Sons) 917

Power expansion

To more generally do a power expansion around a positive integer Sy, we can again use
(B.16). For example,

1
Sa(SO+w) = Ca_jzl (j+So+’LU)a (B.18)
- oo 00 (Uk[a]k i
= (g ];kzzo k"(] +So)a+k
0 kg
_ Ca+z(l)]€‘[]]€(sa+k(so)_ga+k) wk
. !

= Sa(S0) —a(Sa+1(S0) — Cat1) w + (Sa+2(50) — Car2) w? + O(w?).

ala+1)
2

Behaviour at negative integer arguments

It is clear from (B.16) that S has poles at negative integer arguments. In the BFKL and
double logarithmic limits, we need to expand around such points. Consider the argument

S = Sy + w where Sy € Z_. We then get
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Sa(So+w) = Ca—_sill—l— P (B.19)
 (Ctwr et (rw)
1 & (DFd] o (1)*a]
= G~ we Z Z k(- ')ajcwk N ZZ k! ‘a—Hck ’
j=1 k=0 J j=1k=0 J
= G S (s s 1) )R
k=0

= = (1)'Sa(=50 — 1) —wa((-1)*Sura (=50 — 1) = Gurr) + O(w?).

a

B.2.2 Binomial sums, S
Definition

The binomial sums are defined in terms of the harmonic sums (B.11) via

Sur (V) = <—1>Ni<—1>f () )80t (8.20)

Basis of given transcendentality

As for the harmonic sums, the binomial sums satisfy algebraic relations that make it
possible to write any term of a given transcendentality in a linearised basis.

Relations between harmonic and binomial sums with same argument

Binomial sums can be reexpressed in terms of harmonic sums with the same argument.
In practice, an easy way to find these relations is to simply match the sums at a large

enough set of fixed values. For the lowest transcendentalities, the relations are

St = 28, (B.21a)
S = —28., (B.21b)
8171 = —2S9 + 451’1 (B.Qlc)
S; = 2854 4S,, (B.21d)
S271 = 253 (B.21e)
SLQ = 2S3— 4817_2 (B.Qlf)
81,171 = 2S3— 481’2 — 48271 + 881,171 . (B.ng)
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B.3 Eta-functions

In this appendix, we discuss the aspects of Hurwitz n-functions relevant for the perturba-
tive solution algorithms of the QSC. The section is simply a summary of the discussion in

[109], to which we refer for further details.

Definition

The multiple Hurwitz n-functions are defined as

o0

1
ij T (B.22)

Note that they can be defined iteratively through

nk17k27~~~:kn (u)

() 77[24»271}
=) K B.2
Nk, K jz;) (u+1))F (B.23)

It follows from the definition that the n-functions satisfy the relation

(2] Ug]
MK = ek = "k (B.24)

which can be used to uniformise the shifts in expressions. The single-indexed n-functions

are related to the polygamma function, P *) | via

ik
() = mﬂ’(kil)(_ﬁu)‘ (B.25)

Algebraic relations
The n-functions satisfy stuffle relations the stuffle algebra nynx = > ;c s,k 11, €.8.

My ke = Mhyke T Mok T Mky 4k (B'QGa)
My Mkaks = Mk kosks T Tko sk ks T Mhaks b + Mhytko ks T ko ky+ks - (B.26D)

The n-functions are linearly independent as they satisfy no other relations of this kind,

i.e.
ZCKHK =0 = cg =0. (B.27)
K

The stuffle-relations can be used to linearise any expression in n-functions.

Power expansion at u =0

The power expansion of n-functions at © = 0 is one of the main operations in the per-
turbative algorithms described in chapter 6. The expansion contains MZVs, and for a

single-indexed n-function it has the structure

1 ke VK]
=+ (0" E"b W Gt s (B.28)
=0
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where [k]; is the Pochhammer symbol. In the multi-indexed case, the expansion is

L(_j)k2+k3+--- i ﬁj2+j3+m[k2]j2 [kgbé =

_ "o J2tizt . A
Nky ko k3,... = w2 Gy o kg,

“ §2,535--=0 jalggl- -
> ~j1tjet.. ' '
) rhat i ealis [kolyy v
+(‘Il) 1+ko+ Z jl'j2l],l_. Jj2 izt <k1+j1,k2+j2’_“ . (B.29)
j17j2,...:0 . .

B.3.1 Periodic functions

To parametrise 1-periodic functions with at most constant asymptotics and poles only at

iZ, we use the functions

o0

1 _
3 gt . (B.30)

Pr(w) u+ in)k

n=—oo

Relation to trigonometric functions

cosh(mu)

The i-periodic functions P}, are related to coth(mu) = Sinh () through e.g.
P = mcoth(mu)
Py = n° (coth2(7ru) —1)
P3 = m° (coth®(ru) — coth(mu)) . (B.31)

The equality for P; follows from the observation that both expressions have matching
periodicity, poles and residues. All other relations can be derived by taking derivatives of

the first, using that %Pk = —kPrr1. Note that P, ~ e~ 2™ at u — oo for k > 1.

Power expansion at u =0

The power expansion of Py, at u = 0 is

Pum g+ 60T (1 0 G )
j=0

which only contains the transcendental numbers (o, ~ (% ~ 72",

B.3.2 Twisted generalisation

In the fully twisted QSC, and in the Q-operators of non-compact spin chains, we encounter

a twisted generalisation of the n-functions:
k1

k
X1 yeeesXnmy — Xl “.Xnn
eXn () = i . . B.33
Tors ) 0<k1<z<k <oo (u+ k)2 - (u+ Bk ) ( )

Note that the sum is only well-defined when the twists x; are phases. Products of twisted 7-
functions again satisfy stuffle relations that always make it possible to linearise expressions,
e.g.

X1X2 X1,X2 X2,X1

77:)(,17722 = 77a1+a2 + T]al,az + ?7(12,0,1 N (B34)
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Generalised Lerch transcendents

When working with Q-operators, we prefer to make the change of variables z = iu — 1

This makes it natural to work with the generalised Lerch transcendents defined by )
> kigka | ykn
Pz () = 0Sk1<§<.‘.<kn (z+ kl)al(zljzb)“;'(?' (2 + kp)an (B.35)
These functions are equivalent to the twisted n-functions (B.33),
o (2) = 1" may ey e (12) (B.36)
and they similarly satisfy stuffle relations, e.g.
QD2 = QPR 4 QPR 4 DRz (B.37)

It follows from the definition (B.35) that the generalised Lerch transcendents satisfy the
identity

PXXLreXn () = i B Qpln (2 1) Fxxg Xy PR (2 4 1) (B.38)

AyQ1 . yQn ~a A1,...,Qn a,Q1,...,

Power expansion at z =0

The power expansion of the generalised Lerch transcendents at z = 0 has the form

1 (—1)[d];
Py o= o+ > Tuﬂqﬂ- : (B.39)
=0
. o
P _ L Z (_1)J2+J3+m[a2]j2 [as]js - - 'uj2+j3+mCX2’X37w
aL,a2; T Laq j2!j3! L. az+j2,a3+753,...

J2,335--=0

N i (—1)71t72t[ay]; [asly, - - B
j1!j2! L. ai1+j1,a2+7j2,...
J1,J2,...=0
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B.4 Pochhammer, Gamma, Beta and Hypergeometric func-

tions

This section collects a number of definitions and identities for Pochhammer symbols,
Gamma functions, Beta functions and Hypergeometric functions that are used in the
thesis. See e.g. [158] for more details.

B.4.1 Gamma functions and the rising Pochhammer symbol

For n € Ny the Gamma function and the rising Pochhammer symbol satisfy

2], = W:z(z—i—l)---(z—i—n—l) (B.40a)
[z—n+1], = (-1)"[-z], (B.40Db)
_Teem 1 () i
LS 5 B F R R (B.40¢)
Zlntm = [Zlnlz +n]m - (B.40d)
One can do the following partial fraction decomposition:
1 = (-1)
[th_;)(zﬂ)j!(k—l—j)!' (B4

Appearance in oscillator products

For oscillators satisfying [a,af] = aal — afa = 1 the following reorderings can be made:

I'(Na +1)

(ahkak = Ne kD)~ [Na —k + 1] (B.42)
ak(ahr = W = [Na+ 1 . (B.43)

B.4.2 Beta function

For Re (z) > 0 and Re (y) > 0, the Beta function is defined by

B(z,y) = /OO dt t*= 11 —t)v L = D(@)l(y)

i Tty (B.44)

B.4.3 Hypergeometric functions

The generalised Hypergeometric function is defined by

at,.--Gp B oo [al]n"'[ap]n prg
Pl (bl, ...,bq’z> =2 [iln -« [bgln n! (B.45)
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Euler transform

The function 9F} satisfies the relation

7b - e b
o F (a ;z) = (1—2)"",R (C e ;z) . (B.46)
c c

Euler integral transform

For ¢ € N4,
ai,...ap, C F(d) /1 c—1 d—c—1 at, ...ap
F, ol = 2 areta—t E 12 .
piiFas (bl,...,bq,d ) Terd—o o 0 TR,
(B.AT)

Relation for 3f5

The function 3F5 satisfies the relation

b, I'(e)T Ca—b- d—b,d—
AP <a c;1>: (e'd+e—a—10 c;3F2<a c.1>. (B.48)

d,e Ile—a)l'(d+e—b—c dd+e—b—c
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Discrete calculus

This appendix collects the technical details related to solving finite-difference equations

and evaluating auxiliary space traces for Q-operators.

C.1 The V-operation

The W-operation plays a role in several chapters of the thesis, and it is one of the main

operations in the perturbative algorithms of chapter 6.

Definition

The ¥ operation is defined as the inverse of the difference operator V(f) = f — f 2l and
is unique up to the addition of an i-periodic function P, which needs to be fixed from

boundary conditions, i.e.
U(f—fAy=f+P. (C.1)

It can be represented by the infinite sum W(f) = 372, f?* when this sum is convergent.
In this appendix we explain how to compute the action of the W-operator (C.1) on the
algebra of functions encountered in the perturbative solution of the QSC. It will be clear

that this class of functions is closed with respect to the action of V.

C.1.1 Action on basis of functions appearing in the QSC

First note that any rational function of the form 1l 2 ba®

——=e - can be rewritten as a sum

dn,m
n,m (u+in)™"

encountered in the perturbative solution of the QSC can then be split in four classes

of a polynomial and shifted inverse powers, > c,u® + > The expressions

of functions of the spectral parameter: monomials, shifted inverse powers, products of

monomials and n-functions, and products of inverse powers and n-functions. Note that

i-periodic functions P, (B.30) are treated as constants by U, i.e. U(P, f) = Py V(f).

198



C.1. The VY-operation 199

Monomials

Applying ¥ to a polynomial p(u) = >_"'_, c,u® results in a polynomial of one order higher,
f(u) =¥ (p(u)), found from solving the equation

f(u) = flu+1) =p(u). (C.2)

In practice, one can compute and store only the action on monomials ¥(u®).

Shifted inverse powers

By the definition of the n-function (B.22), the action of ¥ on a shifted inverse power is

1 > 1
U(—— )= S C.3
((u—l—fm)“) mZ::o (u+ in + im)® e (C.3)
For a > 2 the sum is convergent, while for a = 1 we regularise the logarithmically divergent

sum by postulating that it is equal to 17%2”], which is defined as 7 (u) = 1(—1u) [109],

where v is the digamma function.
Terms of the form m
To handle products of n-functions and shifted inverse powers, we use the representation

U(f) =S f2" when the sum is convergent. Therefore

n=0
77[271-1—2] (2n]
v <(uifm)“> = Mag,A - (C.4)

The logarithmically divergent sums are always regularised so as to satisfy (C.4).

ni

Tty is encountered, the strategy is to shift

When an expression of the kind ¥ (
the n-function using the relation (B.24) until the produced terms have the form (C.4) or

the n-function runs out of indices.

Terms of the form u“n

Products of monomials and n-functions are handled using the relation

a 2n a |2n a 1 242n
\Y (\If(u )nIE,A]> =u UIE,A} + U (u®)? OERTY ]-m)bnx[‘l ] 7 (C.5)
which leads to
n a n a 1 n
V() = W)y - v (\I’(u )[2}7@“”)”[2“ ]> . (C.6)

The last relation is applied repeatedly until the produced terms are products of shifted

inverse powers and 7-functions, or the n-function runs out of indices.



200 Appendix C. Discrete calculus

C.1.2 Action on twisted basis of functions

The action on the twisted basis of functions appearing in the Q-operator construction

proceeds in complete analogy with the untwisted case. We here give the action on the

1
27

on which we define ¥ through V(f(z) — f(# + 1)) = f(z) + P. This means that ¥ can be

represented as U(f(z)) = > poy f(z + k) when the sum is convergent. The encountered

basis of generalised Lerch transcendents and the redefined spectral parameter z = 1u —

functions can be split into four classes exactly as above.

Monomials, x*z¢

For x # 1, U(x*z%) is another polynomial with an overall exponential factor of the form
p(2) = x*(cez2® + ... + ¢p) satisfying the constraint p(z) — p(z + 1) = x*2%. This constraint
fixes p(z) completely. In the case x = 1, the polynomial is of degree a 4+ 1 instead.

Shifted inverse powers

From the definition of the generalised Lerch transcendent (B.35) we have

XZ
Terms of the form (Xziq’a
z+m)
Note that
qu)xl,xza-:jxr; z+ 1
o (CREn CE) e ). (8)

X1 5XQ 5eeey X
qu)l 2 n

To evaluate ¥ <W>, use (B.38) to align the shifts and then use (C.8).

Terms of the form x*z°®

To evaluate products of monomials and generalised Lerch transcendents, one can, as in

(C.6), use the finite difference analog of partial integration,

v(f(9-9%))=rg—w (g (r-s2)). (C.9)

z
X1 ,X2 .00y, X X1 ,X2,y...,X 21 X
To evaluate \I’(Xzzaq)alitm’w-’,a?)u set f = (x1-- 'Xn)z(balzaz:m’,ar; and g — g[ I = (Xlu-xn) .

This can be used recursively until no terms of this type are present.
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C.2 Evaluating auxiliary space traces

We encounter the following three expressions in the normalised supertraces (8.20). By
s?c\rab we refer to the normalised supertrace over the factor space in which the oscillator

&, acts.

Monomials
Using the same argument as in section 2.3.3, the trace over a monomial is

o () (za)"
=0 .
AL bosonic

= Nk (1-2)"
strap Ny = o , (C.10)

1-6k,0 . .
( Xa ) fermionic

where <ﬁ > are the Eulerian numbers defined by
k n+1 k 1
< >=Z<—1>J( ; )<n—j+1>k. (C.11)
n : J
7=0
Negative powers

From the definition of the Lerch transcendent (C.7), we have

Xa

_— 1 %‘pﬁm(ﬂ bosonic o)
L . 12
’ (Nab + r)f 1 X X, .
Xp—Xa (TZ - (H_al)e) fermionic

Monomial times Lerch transcendent

The trace over a product of a monomial and a Lerch transcendent is

strap NF, ®X(N,y + 1)

X s=0

_ Sn ot k. k xa /% \ ¢ ot k—s (k—s xa/xp \*t
s B LG ar) - 1t ¢y B UCR)

X X

1 [(Eizo (o) (1 =Py @l - 1)) - 55,%_11)4 } bosonic o

\ Xb—Xa

- <Xb5k,0¢’2(7’) — X, P} (r + 1)) fermionic

Proof To show this formula in the bosonic case, one can use a “partial summation”
trick. Denote f = f(j), f* = f(j + 1), and A(f) = f(j) — f(j + 1). Observe that

A(fg) = TAg) +9A(f). (C.14)
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Now sum over j to get (X = > 7))
S(9A(f)) = fglj=o — Z(fTA(9)). (C.15)

To evaluate the expression

SOV + 7). (C.16)
=0

identify g = xI®X(r + j) and A(f) = (£)7j*. We then have A(g) = G j‘:j),, and we need to

find f, which solves the equation
. . (Y J .k C1
FO) =G+ =(7) 7" (C.17)
The solution to this equation has the structure

.k _s/k\ - k—s
: Y\ (=DFE(0) 5 k—s\ ry\!
f) = (;) 3 e <6S’k+;<t— 1> (;) ) . (C.18)

s=0

Then

k+1 ’
f9lj=0 = @f(r )(5 ));1 (5k0+z< >( ) ) : (C.19)

and (C.16) evaluates to

oo ; k k+1 —s i1 1) k—s k—s t
E(fTA) %Z r+]lz (k)+(1]:_ ! (58,k+2<t_1>(i>>’

s=
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