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Abstract

In this thesis, we study the low energy properties of SU(n) chains in various representations. We are
motivated by Haldane’s conjecture about antiferromagnets, namely that integer spin chains exhibit
a finite energy gap, while half-odd integer spin chains have gapless excitations. Haldane was led
to this conclusion by deriving a sigma model description of the antiferromagnet, and this is what
we generalize here to SU(n). We find that most representations of SU(n) admit a mapping to a
sigma model with target space equal to the complete flag manifold of SU(n). These theories are not
automatically relativistic, but we show that at low energies, their renormalization group flow leads
to Lorentz invariance. We also show explicitly in SU(3) that the theory is asymptotically free, and
contains a novel two-form operator that is relevant at low energies.

For all n, these sigma models are equipped with n — 1 topological angles which depend on the
SU(n) representation at each site of the chain. For the rank-p symmetric representations, which
generalize the spin representations of the antiferromagnet, these angles are all nontrivial only when
gcd(n, p) = 1. This observation, together with recent 't Hooft anomaly matching conditions, and
various exact results known about SU(n) chains, allow us to formulate the following generaliza-
tion of Haldane’s conjecture to SU(n) chains in the rank-p symmetric representation: When p is
coprime with n, a gapless phase occurs at weak coupling; for all other values of p, there is a finite
energy gap with ground state degeneracy equal to n/ gcd(n, p). We offer an intuitive explanation of
this behaviour in terms of fractional topological excitations.

We also predict a similar gapless phase for two-row representations with even n. The topolog-
ical content of these chains is the same as the symmetric ones, with p now equal to the sum of
row lengths of the representation. Finally, we show that the most generic representation of SU(n)
will admit a sigma model with both linear and quadratic dispersion; such theories requires further
understanding before their low energy spectra can be characterized.
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Lay Summary

This thesis classifies new types of magnetic materials. Magnets are made up of atoms that, in
addition to having a mass and electric charge, also have a property called spin. The spin of a
magnet can be thought of as a microscopic arrow: it has a fixed length, and points in a particular
direction. In familiar fridge magnets, all of these spins point along the same direction, and this is
what causes them to be attracted to metallic surfaces. In this thesis, we consider magnetic materials
that are different in two ways: 1) instead of a microscopic arrow, the spin is now a more complicated
shape, 2) instead of aligning in the same direction, the spins now point in opposite directions, and
do not stick to metals. For these new types of magnets, we classify for the first time how different
spin shapes lead to different phases of matter.
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Preface

The contents of this thesis were published in the following five articles:

o [1] Miklé6s Lajké, Kyle Wamer, Frédéric Mila, and Ian Affleck. Generalization of the Haldane
conjecture to SU(3) chains. Nuclear Physics B, 924:508 — 577, 2017

e [2] Kyle Wamer, Francisco H. Kim, Miklés Lajké, Frédéric Mila, and Ian Affleck. Self-
conjugate representation SU(3) chains. Phys. Rev. B, 100:115114, 2019

e [3] Kyle Wamer, Miklés Lajké, Frédéric Mila, and Ian Affleck. Generalization of the Haldane
conjecture to SU(n) chains. Nuclear Physics B, 952:114932, 2020

e [4] Kyle Wamer and Ian Affleck. Mass generation by fractional instantons in SU(n) chains.
Phys. Rev. B., 101:245143, 2020

e [5] Kyle Wamer and lan Affleck. Flag manifold sigma models from SU(n) chains. Nuclear
Physics B, 959:115156, 2020

The first three articles were cowritten with the Mila group at Ecole Polytechnique Fédérale de
Lausanne, and all five articles were written with my supervisor, lan Affleck. The first publication,
[1], constitutes most of Chapter 4, and is the only article from the above list in which I was not the
primary writer. My main contribution to [1] was the renormalization group calculations appearing
in Section 4.5. The flavour-wave calculations in Section 4.2 were carried out by my collaborators
before I joined the project. And while the original sigma model derivation in [1] was worked out by
Affleck, Lajké and Mila, the derivation appearing in Section 4.3 is my own, and takes the different
approach of varying the matrix degrees of freedom at each site of the chain, instead of over the 3-
site unit cell. The advantage of this method is that the topological terms do not receive contributions
from the uniform fluctuation fields, Lyg, as in [1], which is important when one extends to more
general representations of SU(n). I also used this approach to present an original derivation of the
CP! sigma model from an antiferromagnet in Chapter 2

The contents of [2] appear at the end of Chapter 4. Excluding the flavour-wave calculations,
which were done by the Mila group, everything else presented in Section 4.7 was led and written
by me.

The third publication, [3], was written entirely by me, with the exception of the strong cou-
pling analysis appearing in Section 5.5.1. Indeed, the SU(n) flavour-wave theory (Section 5.2), the
derivation of the flag manifold sigma model (Section 5.3), and the renormalization group analysis
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(5.4) were all my calculations. The final two articles listed above, [4] and [5], constitute Chapter 3,
Chapter 6 and Chapter 7. I wrote these two articles in their entirety, and carried out all of the

calculations.
Finally, the content of these five publications can also be found in the review article [6], which

I cowrote with Ian Affleck and Dmitri Bykov. The general discussions appearing in Chapter 1 and
Chapter 8 are also included in this review.
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Chapter 1

Introduction

The Haldane conjecture is a statement about quantum spin systems in one spatial dimension. Such
systems are described by the Heisenberg model, and are either ferromagnetic or antiferromagnetic,
depending on the sign of the interaction term between neighbouring spins on the chain [7]. While
the ferromagnet’s ground state is the same for both classical and quantum chains (it is the state
with all spins aligned along a common direction), this is not true for the antiferromagnet. Clas-
sically, the ground state is the so-called Néel state, with spins alternating between being aligned
and anti-aligned along a common direction, but quantum mechanically the Néel state is no longer
an eigenstate of the Heisenberg Hamiltonian [7]. This fact can be understood from Coleman’s
theorem, which forbids the spontaneous ordering of a continuous symmetry in one spatial dimen-
sion [8].!

The absence of an ordered ground state in the antiferromagnet has long been of interest to
the physics community. Indeed, shortly after Heisenberg introduced his model of a ferromagnet in
1921 [11], Bethe discovered an exact solution of the antiferromagnetic chain with spin s = % ateach
site [12].2 However, despite this initial progress, spin chains with s > % were not amenable to such
techniques, and fifty years would pass before their low energy properties could be characterized. In
1981, Duncan Haldane proposed a radical classification of antiferromagnetic chains: Those with
integer spin have a finite energy gap above their quantum ground states, and exponentially decaying
correlation functions. Meanwhile, those chains with half-odd integer spin have gapless excitations,
with algebraically decaying correlation functions [13, 14].

Despite being consistent with Bethe’s 1931 solution, Haldane’s “conjecture” as it came to be
known, was met with widespread skepticism [16]. This was likely due to the fact that spin-wave
theory, a method that allows one to calculate the energy spectrum of antiferromagnets in higher
dimensions, largely agreed with Bethe’s one-dimensional results. We now know this to be a coin-
cidence, but at the time, this suggested to the community that spin-wave results might be reliable
in one dimension for all values of s. This would imply that all antiferromagnets would exhibit gap-
less excitations at low energies [7, 17]. Of course, this was in direct contradiction with Coleman’s
theorem, that invalidated spin-wave theory in one dimension, but nonetheless, by the 1980s it was

!Coleman’s theorem is often confounded with the Mermin-Wagner-Hohenberg theorem, which forbids an ordered
ground state in two spatial dimensions at finite temperature, and applies equally well to both ferromagnets and antifer-
romagnets [9, 10]. In Section 2.1.1, we review this subject further, and explain why Coleman’s theorem breaks down for
the ferromagnet.

2Unless otherwise specified, it is assumed that the spin value at each site of the chain is identical, so that an antifer-
romagnetic spin chain is uniquely defined by a positive half integer s.

YHaldane’s original preprint, which was rejected from publication in 1981, has since been made available online [15].



Chapter 1. Introduction

widely accepted that gapless excitations were universal among one dimensional antiferromagnets.

In fact, Haldane’s conjecture was met with surprise in other research areas of physics as well.
As will be reviewed in great detail later, Haldane’s conjecture hinges on a correspondence between
antiferromagnets and the O(3) nonlinear sigma model, a quantum field theory that was being used
as a toy model for quantum chromodynamics at the time [18]. The role of the spin, s, manifests as
a topological angle € in the sigma model, so that integer s translates to 6 = 0 and half-odd integer
s translates to 8 = &r. Thus, Haldane’s claim about antiferromagnets was also a claim about mass
gaps in the O(3) nonlinear sigma model. At that time, it was widely believed that a finite gap
would exist for all values of 6. This was known exactly for 8 = 0 [19], and suggested numerically
for small values of 6 [20, 21].

Over the next few years, Haldane’s conjecture would defy these skeptics, thanks to verification
from multiple areas of research. Experimentally, neutron scattering on the organic nickel com-
pound NENP, which is a quasi-one dimensional s = 1 chain, detected a finite energy gap above the
ground state [22, 23]. Numerically, studies using exact diagonalization, Monte Carlo, and density
matrix renormalization group methods were able to detect a finite gap in s = 1,2 and 3 [24-29].
Very recently this has been extended to s = 4, where a tiny gap of 7.99(5)x 10~ was measured [30].
Meanwhile, in the O(3) nonlinear sigma model picture, Monte Carlo methods were used to numer-
ically verify the absence of a mass gap when 6 = & [31-36], and a related integrable model was
eventually discovered by the Zamolodchikov brothers [37].

In many cases, the studies carried out in order to verify Haldane’s claims were scientific break-
throughs in their own right. Indeed, the fields of density matrix renormalization group [38—40], and
more generally tensor networks [41-43], as well as symmetry protected topological matter [44—47]
all originated, in part, due to Haldane’s conjecture. It is thus not a leap to claim that any generaliza-
tion of Haldane’s conjecture would be an impactful result to the physics community. And indeed,
this is what led physicists, including Affleck, Read, Sachdev and others to extend Haldane’s work
to SU(n) generalizations of spin chains in the late 1980s [48-51]. At the time, these were purely
hypothetical models with no experimental realization, but thanks to the correspondence between
spin chains and sigma models, they were still interesting in their own right. Another motivation
was a proposed relation between nonlinear sigma models and the localization transition in the quan-
tum Hall effect [48, 52, 53]. And while this unsolved problem remains a motivator to study such
models, recent developments from the cold atom community have revealed that SU(n) chains are
now experimentally realizable, offering a much more physical motivation [54-66]. These propos-
als have led to a renewed theoretical interest in the field of SU(n) physics [61, 67-77]. Moreover,
generalizations of the O(3) nonlinear sigma model, called flag manifold sigma models, have also
garnered recent attention, as they realize so-called ’t Hooft anomalies, which are interesting to high
energy physicists [71, 72, 78, 79]. This calls for not only a generalization of Haldane’s prediction
of gapped vs. gapless behaviour (driven by topological terms), but also for developing a more gen-
eral understanding of the spin-chain/sigma model paradigm, so as to understand which families of
SU(n) chains correspond to a particular quantum field theory.

In this thesis, we study SU(n) Heisenberg models on one-dimensional chains in various repre-
sentations. Unlike the familiar spin chains with SU(2) symmetry, for n > 2, multiple non-negative

2



Chapter 1. Introduction

integers are required in order to completely specify the representation. Ultimately, our goal is to
establish a generalization of the Haldane conjecture for these models. That is, we seek to determine
which families of SU(n) representations give rise to chains with gapless ground states, and which
families give rise to chains with unique, gapped ground states. Essential to Haldane’s argument is a
low energy equivalence between the antiferromagnet and the O(3) nonlinear sigma model, and so in
extending Haldane’s conjecture, we also generalize this equivalence. That is, we determine which
SU(n) representations correspond to chains that admit mappings to flag manifold sigma models,
which are the SU(n) generalization of the O(3) nonlinear sigma model.

We begin in Chapter 2 of this thesis with a review of the various arguments that, collectively,
provide a modern proof of Haldane’s conjecture. A large part of this chapter is dedicated to the
derivation of the O(3) nonlinear sigma model description of the spin chain, in an equivalent CP!
language, as this will serve as our starting point in later chapters. The notion of topological angle,
and how it arises from the spin chain as a Berry curvature term is explained. We also introduce spin-
wave theory and explain how, despite Coleman’s theorem, it is a useful tool in analyzing quantum
spin chains in one spatial dimension. In Chapter 3, we promote the symmetry group of the antifer-
romagnet from SU(2) to SU(n), and discuss these so-called SU(n) chains in full generality. This
requires a detailed discussion of the irreducible representations and Casimir operators of SU(n),
which we provide. We also explain the issue of local degeneracies in SU(n) chains, and how this
requires the addition of longer-range terms in the Heisenberg Hamiltonians. Experimental realiza-
tion of SU(n) chains is also mentioned. Finally, we finish Chapter 3 by reviewing various exact
results that are known for SU(n) chain systems, including the LSMA theorem [80, 81], generalized
AKLT models [67, 82, 83], and integrable SU(n) chains [12, 84—89]. Next, in Chapter 4, we focus
our attention on the simplest SU(n) chains: the SU(3) chains in the totally symmetric representa-
tions. We extend much of the analysis from Chapter 2 to these chains: we introduce ‘flavour-wave’
theory, which generalizes spin-wave theory, and derive the corresponding low energy quantum field
theory description of the SU(3) chain. In this case, the O(3) nonlinear sigma model is replaced with
the SU(3)/[U(1)]? flag manifold sigma model, equipped with two topological angles. We perform
extensive renormalization group calculations in this field theory, and combine these with results
from a Monte Carlo simulation and a strong coupling analysis to obtain a phase diagram for the
SU(3) chain. We discuss the 't Hooft anomalies present in this model, and present an SU(3) ver-
sion of Haldane’s conjecture. We complete this chapter with a discussion of other representations
of SU(3), including the self-conjugate ones. Next, in Chapter 5, we consider the symmetric repre-
sentation SU(n) chains, thus extending the calculations from Chapter 4 from 3 to n. The low energy
physics of these chains is captured by the SU(n)/[U(1)]"~! flag manifold sigma model with n — 1
topological angles. Here, new difficulties arise, perhaps most importantly the absence of Lorentz
invariance in the corresponding sigma model. We present extensive calculations that establish that
under renormalization, Lorentz invariance is restored. We also extend the strong coupling analysis
and "t Hooft anomaly conditions from SU(3) to SU(n). This leads to a version of Haldane’s conjec-
ture for SU(n) chains in symmetric representations. Having identified the SU(n) sigma models of
interest, we turn in Chapter 6 to the task of reverse engineering the correspondence between SU(n)
chains and sigma models. That is, given the SU(n)/[U(1)]"~! flag manifold, we classify all possible
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representations of SU(n) chains that admit a mapping from chain to sigma model with this target
space. We identify the key property that ensures the presence of an 't Hooft anomaly, namely a
transitive Z, action on the field content, which is a manifestation of n-site translation invariance
in the SU(n) chain. We also discuss the emergence of quadratic Goldstone bosons, and the subtle
correspondence between non-Lorentz invariance, Goldstone’s theorem, and spontaneous symmetry
breaking in general SU(n) chains. This leads to detailed classification tables of dispersion relations
for each SU(n) representation. Finally, in the last major chapter of this thesis, Chapter 7, we pro-
vide a physical picture of the mass-generating mechanism in SU(n) chains. That is, we explain how
topological excitations with fractional charge produce a finite energy gap in the flag manifold sigma
model, akin to the vortex-generated gap in the Kosterlitz-Thouless transition [90, 91].* This is first
done in the absence of topological angles; upon restoring the angles, we show how interference ef-
fects inhibit this mass-generating mechanism, and lead to a gapless ground state, for certain SU(n)
representations. Remarkably, these are precisely the representations that our generalized Haldane
conjecture predicts will have a gapless phase, and can be understood as a consequence of the tran-
sitive Z,, action, which ensures n — 1 distinct topological angles. In Chapter 8, we summarize our
results and provide an outlook towards the rapidly developing field of SU(n) physics.

“Throughout, we will refer to the Kosterlitz-Thouless transition, but perhaps a more apt name is the Berezinskii-
Kosterlitz-Thouless transition.



Chapter 2

A Review of the Haldane Conjecture

2.1 Introduction

Antiferromagnetic chains are described by the Heisenberg model,

H=17YS()-SG+1. 2.1)
J

Here, the sum runs overs all lattice sites j of the chain, and the interaction strength J is positive.
The vectors S are 3-tuples of spin operators,

S=(s. s, 8 2.2)

and satisfy the su(2) Lie algebra:’
[Sa,Svl = i€awpeSc. (2.3)

These chains are defined by their spin s, which corresponds to the irreducible representation of
SU(2) under which the spin operators S, transform.® The spin can be read off from the quadratic
Casimir operator,

S8 =s(s+ DL (2.4)

On the right hand side of this expression, I is the identity operator, whose dimension is equal to
2s + 1, the dimension of the spin-s representation of SU(2).

Before Haldane, most physicists based their understanding of antiferromagnetic chains on spin-
wave theory, which corresponds to taking the limit s — oo [17]. This amounts to a semi-classical
limit, as can be seen by inserting (2.4) into the Heisenberg uncertainty relation:

1
ASaASp 2 SKISa- Sol) AS 4= A(S3) = (S (2.5)

For large values of s, relative fluctuations of the spin operator, AS /IS ;| are order O(s™"). Thus in
the limit s — oo, the spin operators can be simply treated as three-dimensional vectors constrained
to have length /s(s + 1), and the Hamiltonian (2.1) resembles that of a classical antiferromagnet.
Spin-wave theory proceeds from here, seeking to describe low energy fluctuations about the clas-
sical ground state, which has its spins adjacently antiparallel (the so-called Néel state). As we will

SHere and throughout, we set Planck’s constant /i = 1.
A formal treatment of the representation theory of SU(n) will be provided in Section 3.2.1.
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demonstrate shortly, this leads to the prediction of gapless excitations, regardless of the value of s,
and largely agrees with Bethe’s s = % exact solution [12]. This agreement was sufficient evidence
for many, and as a consequence, the physics community largely accepted the spin-wave theory
prediction of gapless excitations as a universal property of antiferromagnetic chains [7, 16].

However, what most physicists were forgetting, or at least choosing to ignore, was the fact that
spin-wave theory inherently assumes an ordered quantum ground state. This is perfectly reasonable
in higher-dimensional systems, but is in direct contradiction with Coleman’s theorem for one-
dimensional chains [8]. In order to demonstrate this fact, we now present a brief review of spin-
wave theory, and discuss the Goldstone modes that lead to infrared divergences. Despite its general
invalidity, it has been appreciated rather recently that spin-wave theory can still be a useful tool in
one dimensional systems [92]. As such, this review will also set the stage for flavour-wave theory,
a generalization of spin-wave theory to larger symmetry groups, that we will introduce in later
chapters.

2.1.1 Spin-wave theory

To proceed with spin-wave theory, we begin by rewriting the Hamiltonian (2.1) in terms of boson
operators that satisfy canonical commutation relations. Since the classical ground state of the
antiferromagnet is the Néel state, which has a two-site unit cell, we introduce two bosons b; and
by, each via a Holstein-Primakoff transformation [93]. For example, on the even sites, we may

write,
, [ bib
S.=s-bb S, —iS, = V2sbi |1 - ;—1 (2.6)
S

which preserves the algebra (2.3). For the odd sites, we use a similar expansion, except now
the presence of bosons should correspond to deviations of S, from —s: §, = —s + b;bg. Now,
under the assumption of large s, we may expand the square root in powers of s~!, and substitute
this expression into (2.1). After performing a Bogoliubov transformation, we obtain a diagonal
quadratic Hamiltonian, with dispersion relation’

E(k) = 2Js| sin(k)]. 2.7)

In other words, spin-wave theory predicts gapless excitations that disperse linearly, with a velocity
of v = 2Js. In this context, these linear modes are referred to as Goldstone modes, since they arise
as a consequence of the spontaneous breaking of the spin symmetry, a result known as Goldstone’s
theorem [94].

It is these Goldstone modes that are the foundation of Coleman’s argument for the absence of
spontaneous symmetry breaking in one spatial dimension. To see this, note that the evaluation of
any physical expectation value, such as the staggered magnetization, necessarily involves a sum

"Throughout, we set the lattice spacing a = 1.
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over these modes. Indeed, inverting the Bogoliubov transformation that led to (2.7), we find

1

<Sz(x)> =S5- <bI(X)b1(x)> - 5= 5 f

dk 1 — | sin(k)|

2 | sin(k)) (2.8)

in the continuum limit (here x is the continuous coordinate along the chain). For small values of
k, the integrand behaves like %, indicating that (S ;(x)) suffers from an infrared divergence. Such
divergences are a clear sign of an ill-defined theory, and are ubiquitous in one-dimensional systems
whenever one assumes the spontaneous breaking of a continuous symmetry. As an exception, the
ferromagnet evades this problem, which is related to the fact that its Goldstone bosons disperse
quadratically instead of linearly. The mechanism behind this quadratic dispersion has been com-
pletely understood only recently [95-97], and we will have more to say on this subject in Chapter
6.

As we’ve highlighted above, the fact that spin-wave theory leads to infrared divergences, and is
thus an inconsistent theory, did not deter researchers in the field from accepting its predictions. And
as it turns out, information can still be gleaned from this formalism, so long as the right calculations
are performed. By this, we mean that if one restricts to the calculation of quantities that preserve
the symmetry that is being spontaneously broken, then infrared divergences will be absent. This
was recently demonstrated explicitly for spin chains for spinsup to s = % and is expected to be true
for all spins [92]. However, for spin-wave theory to be valid when doing numerical simulations, it

is important that the system size is much smaller than the correlation length & ~ s~!e™.

And so, perhaps it is not surprising that the spin-wave prediction at s = % roughly reproduces
Bethe’s exact solution. However, the explanation for why spin-wave theory was fundamentally
wrong for s = 1 could not have been anticipated at the time. This is because it had to do with a
topological distinction between integer and half-odd integer spin chains, and such concepts were
foreign to condensed matter physicists in the early 1980s. As we will now detail, Haldane’s simple
approach of maintaining the large-s limit, while weakening the assumption of a Néel ground state,

leads directly to this exciting new field of theoretical physics.

2.2 Sigma Model Derivation

In this section, we derive a low energy mapping between the spin-s antiferromagnetic chain and
a particular sigma model. By sigma model, we mean a quantum field theory whose fields define
a map from (Euclidean) space time to some curved manifold. Recall that in the large-s limit, we
may replace the 3-tuple of operators S with a classical vector in R3, constrained to have length
Vs(s + 1) by the quadratic Casimir. In this case, we are eventually led to a quantum field theory
whose field 77 is constrained to live on the sphere S2, a so-called S2-sigma model. This was the
approach originally taken by Haldane, although he followed the widespread convention of referring
to the model as the O(3) nonlinear sigma model, even though O(3) is not isomorphic to S2asa
group. Instead, what holds is

5% =0(3)/0(2), (2.9)
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where the quotient by O(2) corresponds to the gauge symmetry of choosing a particular direction
for S, [98].

A slightly different approach is to make use of a true isomorphism between the groups S2 and
CP!, and instead work with a complex field ¢ € C? that satisfies || = 1. This is the approach that
we will follow. Our reasoning for this choice will become clear in Chapter 3, when we promote
the on-site symmetry of the chain from SU(2) to SU(n). In this more general case, it is much more
natural to work with complex vectors ¢ € C” than their real-vector equivalents.

To this end, let us introduce the following matrices of spin operators,

(S, S.-is,
S_(Sx+iSy s, ) (2.10)

The su(2) Lie algebra (2.3) manifests itself in the following commutation relations:
[Sap:S vl = 0avS g — 6,488 av- (2.11)

In terms of these matrices, the Heisenberg interaction can be rewritten according to
. L] Ny
S+ 8(j) = SulS DS ()] (2.12)

As before, in the limit of large s, quantum fluctuations tend to zero and we can treat these matri-
ces as classical objects. The quadratic Casimir constraint (2.4) restricts the eigenvalues of these
matrices to be =+s.

The main strategy behind Haldane’s derivation, which still carries over here to the complex
formalism, is to begin as in spin-wave theory with a classical ground state ansatz, but then promote
the matrices S to objects that can vary in space and in time. Therefore, we must first establish a
convenient way of representing the Néel state in the complex formalism, before proceeding. Since
the eigenvalues of S are constrained in the limit s — oo, we may write

_yifs 0
S=vV (0 _S)V, (2.13)

with V a 2 X 2 unitary matrix. We may shift S by the constant matrix s, since this only alters the
Hamiltonian by a fixed amount. This allows for a convenient representation in terms of the first
row of V, ¢ € C%:

Saﬁ = S¢(*y¢ﬁ’ (2.14)

Since V is unitary, we have that |¢|*> = 1. Inserting this into the Heisenberg interaction, we find
w[S(HS G+ D1 = s%1¢"()) - ¢ + D (2.15)

In words, this equation demonstrates that the Heisenberg interaction is minimized when neighbour-
ing complex vectors ¢ are orthogonal. Thus, the classical Néel state in this formalism corresponds
to a pattern of alternating, orthogonal vectors: At even sites we have ¢ = ¢!, and at odd sites, we

8
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have ¢ = @2, which satisfy ¢'* - ¢? = 0. Pictorially, we may represent this ground state using two
coloured nodes ® := ¢! and @ := ¢*:

e ©o ©¢ o @ ©¢ © o - (2.16)

This diagram can be compared with the typical Néel pattern --- T|T] ---, in which neighbouring
objects are antiparallel instead of orthogonal — this is a distinguishing feature between the two
formalisms.

Now that the ground state ansatz has been established, we introduce fluctuations about the ¢,
for @ = 1,2. In terms of the original ¢® appearing in (2.13), we write®

1 |Ly1 |? 1 Lo
¢ = —Lipg® + /1 - ==y ¢ = —Lyp' + 41 - == (2.17)
s 52 s 52

This somewhat cumbersome notation has been chosen in order to be consistent with similar
derivations in later chapters of this thesis. The coefficients L = L3, correspond to fluctuations
within the two-site unit cell of the Néel state, and are functions of space and time, as are the basis
vectors ¢”. The remaining terms in (2.17), proportional to the radical, correspond to uniform
rotations of the entire two-site cell. We have chosen, by convention, to include a factor of % in front
of the L» and L,; coefficients.

In passing, we note that the expansion (2.17) can be related to the more familiar real-space
derivation of the spin chain/sigma model correspondence,

I 2,
H=—1% /1 - — 1, (2.18)
s s
using the equivalences
- =U'o,U [-# =2U'LU, (2.19)

where we’ve defined a unitary matrix U whose rows corresponds to ¢ (i.e. Uy = gog) and set

Li; = Ly = 0. Here l_,)nﬁ and 7 are all vectors in R?, and the Pauli matrices & are defined according

to
0'1=((1) (1)) azz(? Bl) 0'32((1) _01). (2.20)

In order to derive a sigma model, we now express the matrices S in terms of these new basis
vectors, ¢%, according to

Sap2)) = 585 0y SapRj+1) = s¢37 ¢ (2:21)

$1t is not necessary to work with both ¢' and ¢?, since they are linearly dependent. We do so for convenience only.
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We expand this expression in powers of s~!, and insert it into the Heisenberg Hamiltonian in order
to obtain a low energy description of the antiferromagnetic chain. Using

. \ 5 —|Lio* 0 _
Sop2)) =25 el + UTLU + %UT( | 012' |L12|2) U+0(s), (2.22)
. «2. 2t 1t (a2l 0 5
Sap(2j+1) =259+ U'LU + JU 0 Lol U+ O0(s™), (2.23)
—|L12

and Taylor expanding the terms that occur on different sites, the Heisenberg interactions become

tr[S2HS2j+ )] = (2.24)
452tr[UO UTA10,UUT Ay + 4|Lo; |7
+45(Lo1 [0,UU 112 + Lia[U8,Uay),

tr[S(2j + DS (2j +2)] = (2.25)
As2tr[U UT A0, UUT A1 + 4|L12|?
—4s(L12[0,UU o1 + Lot [U8, U] 12),

where we have defined’

Ay = ((1) 8) Ay = (8 (1)) (2.26)

Above, we have suppressed terms that are at least O(s~2). At this point, we are tasked with av-
eraging over the L, fluctuations in order to obtain a theory written in terms of U only. Haldane
achieved this by turning from the Hamiltonian formalism to the Lagrangian formalism, and this
will be our approach as well.

2.2.1 Coherent state path integral

In order to derive the Lagrangian description of the antiferromagnetic chain, we introduce a com-
plete set of coherent states. Starting with ¢ € C?, we define

1
V(2s)!

where a is a 2-tuple of boson creation operators (known as Schwinger bosons) [99, 100]. With
these objects, we may construct a path integral by inserting them between thin time slices of width
ot of the partition function:

|p) := (¢ - @)*'|0) (2.27)

N-1
z- [ ot [ [t " oce, + 50 2.28)
k=0

Throughout, we will denote by A, the matrix with a single nonzero entry (equalling 1), at row and column a. As
an abuse of notation, we will not specify the dimensions of A, which will change from 2 to n as we switch from SU(2)
to SU(n) in later chapters.

10
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Here |¢(71)) is actually a direct product of coherent states, one for each site of the chain,

I$(T1)) = 16 7)), (2.29)

and the integration measure is defined to be

DIP] := f [ 11 [d900- (2.30)
ko

where d€ is the normalized Haar measure of the coherent state [98]. To linear order in 67, we
may expand

(PEle™ T |p(ty + 67)) ~ (B(TlP(Ti + 67)) — ST HIP(T)). (2.31)

The second term will generate the Hamiltonian contribution to the Lagrangian. Meanwhile, the
overlap term can be approximated using

(BEIP(Ti +67)) = (1 + " - 0:)*. (2.32)

By taking the product over all time slices 7¢, we can then reexponentiate according to

[ [co@oloe + 1)) = exp Y 1og(g(mol(re + 67)) ~ exp )" 254" - e (233)
k k k

This is the so-called “Berry phase contribution” to the path integral. It is a geometric quantity, and
mathematically speaking, corresponds to the symplectic form on the coherent state manifold [71,
72]. Adding to it the Hamiltonian term 67(¢|H|$), and taking the number of time slices N — oo,
we obtain a path integral description of the partition function, Z, with Lagrangian density

L = Lgerry = (¢DIH|$(7)). (2.34)

In the previous subsection, we were able to express H in terms of the matrices U and L. Using
(2.17), we also do this for Lgery. First note that

1
Lieny = 5 ), $()" - 9:4()) (2.35)

j=0
N s[@1 - 0cp + 67 0:97 + 0.7 - 0:97 + 7" - 0,0:9].
To see this, note that the Lpery is a Lagrangian density, obtained by summing over both sites of
the unit cell, and dividing by the unit cell size, which is 2. It is not important which unit cell we
choose, so we have taken sites O and 1 of the chain. We have also made use of the Néel ansatz (as

reflected in (2.22), to identify ¢(j = 0) = ¢' and ¢(j = 1) = ¢>. The approximation follows from
Taylor expanding all terms about site j = 1, to linear order. Using (2.17), we find

Lpeny = —5€utt[0,UA20,U] - 2t[LA, UU"], (2.36)

11
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where we have made use of the identity tr{UT@U] = 0. This identity will be used repeatedly
throughout this thesis, and is proven for nxn unitary matrices in Appendix A. Combining this result
with (2.24) and (2.25), we arrive at the following Lagrangian description of the antiferromagnetic
chain:

L =452Ja[Ud U A3 UU Ayl + 4J|LP + septr[0,U" Apd, U] - 26{LO,UU'].  (2.37)

Again, we have divided the Hamiltonian terms by 2, which is the size of the unit cell, to obtain the
Hamiltonian density. As a final step, we now integrate over the fluctuations L, using the identity

dzdz*e—z*wz+uz+vz* _ Eeuv/w. (238)
w

This results in a Lagrangian in terms of U only:
L= SulAy Ud.U A3 UU] + 45*tr[ AU U Ayd, UU ] + seutr[8,UT A2, UL (2.39)

There are two names for this quantum field theory. As it is written, it resembles a sigma model in
terms of matrices U € U(2). However, U can actually be restricted to a smaller manifold, due to
the invariance of the theory under diagonal transformations:

i19|
U (60 egz) u. (2.40)

These transformations correspond to the group U(1) x U(1), and result in the restriction

U2  SuQ)

V@ = goxum =t

(2.41)

which is an example of a flag manifold. Thus, the above field theory can be referred to as the
SU(2)/U(1) flag manifold sigma model.

However, this naming convention is somewhat recent, and is related to extensions of Haldane’s
work to SU(n) chains, which is the subject of later chapters of this thesis. More commonly, physi-
cists choose to write the theory in terms of the first row of U, that is, in terms of ¢ := @' € C? [7].
In this formulation, (2.39) reads

* l * *
L£=45 (100 ~lp" 0.9 ) + - (10:0 ~ 19" - 029 ) = s€00,0" - Orp.  (2:42)

Since ¢ € C? and is constrained by |@| = 1, this is known as the CP! sigma model. It should
be emphasized that these two models are not just equivalent: they are identical. We are merely
distinguishing between two names for the same manifold, and thus the same sigma model. This
should be contrasted with the O(3) nonlinear sigma model originally obtained by Haldane. This
theory is equivalent, but distinct from the quantum field theory derived here.

12
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This completes the derivation of Haldane’s low energy mapping between antiferromagnet and
sigma model. As mentioned previously, these calculations will serve as a template when we con-
sider chain systems with larger symmetry groups in the remaining chapters of this thesis. But
before embarking on this generalization program, it is necessary to review additional arguments
that led Haldane to his famed conjecture.

2.3 Properties of the Sigma Model

We begin with arguably the most distinguishing property of the quantum field theory derived above;
namely, its topological angle.

2.3.1 Topological angle

Perhaps the most surprising aspect of Haldane’s conjecture is its discreteness; that is, how it distin-
guishes between chains with spin 2s and 25 + 1. In many aspects, our above derivation resembles
spin-wave theory, which is a large-s expansion and parallels a typical semiclassical perturbative
expansion with s~! ~ h. But if this were the case, and our calculations were purely perturbative,
then it would be impossible to detect a difference between even and odd s, in the limit s — oco. This
paradox is resolved by the final term in (2.39),'°

Liop = s€untr[8,UTA20,U1. (2.43)

The subscript ‘top’ stands for ‘topological’, and refers to the fact that it is left unaffected by con-
tinuous transformations of U. In other words, a topological quantity cannot be detected by contin-
uously varying a small parameter, such as s~!. To see that this explicitly holds for (2.43), note that
it is a total derivative:

f d*xLip = s f d*x0, (€™ - Oyip) € 2msiL. (2.44)

Therefore, L is affected only by the behaviour of ¢ on the boundary of R?, and will be unchanged
by transformations that alter ¢ in the bulk of R? only. Since any field configuration that contributes
to the overall partition function ZZ must have finite action, we may assume that ¢ attains a constant
value at some radius R away the origin. This allows us to identify R? with the sphere S?2, so that ¢
can be viewed as the following mapping:

SU(2)
-

. Q2
@:S o)

(2.45)

The topological properties of such maps from § 2 to the flag manifold SU(2)/U(1) are classified by
the second homotopy group, 2(CP'),

7(CPY = Z. (2.46)

0We have used A, =1 — A; and tr[UAU] = 0 to rewrite Ly, in terms of ¢ = ¢' instead.

13
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This is the formal justification for the appearance of Z on the right hand side of (2.44). Actually,
Liop 18 usually identified with an element of H?(CP', Z), the second cohomology group of CP!.
However, for all of the theories that we study, the groups H? and 7, coincide, and so we will not
have to worry further about this distinction [71, 72]. And as is becoming a repeated phrase in this
chapter, this machinery may seem unnecessarily complicated but will prove to be incredibly useful
when we consider more general symmetry groups later on.

The prefactor occurring in (2.44) motivates the following definition:

6 := 2ms. 2.47)

This is the so-called fopological angle of the sigma model. This nomenclature can be understood
by realizing that L, leads to the following prefactor in the path integral of the partition function:

e xLop — itk kel. (2.48)

In other words £, contributes a U(1) phase to particular field configurations, with phase angle 6.
Much later, in Chapter 7 of this thesis, we will explain how the energy gap predicted by Haldane
is related to this U(1) phase. In short, a nontrivial 8 leads to interference effects among fractional
topological excitations, resulting in the closing of the energy gap.

At this point, the distinction between half-odd integer s and integer s becomes clear: In the
former case, the corresponding sigma model has a topological angle of 8 = &, while in the latter
case, the topological angle is trivial. And while little was understood of the CP' sigma model with
nonzero 6, it was known that at 6 = 0, the model exhibited a finite mass gap [19]. This result, when
compared with Bethe’s proof that the s = % chain is gapless [12], led Haldane to argue that this
topological angle, which is ultimately determined by the parity of 2s, drives a phase transition in
the CP! sigma model [13, 14]. That is, when 6 = 7, a gapless phase is possible, while when 6 = 0,
the model should exhibit a finite gap in all cases.!! And thus, we arrive at the famous Haldane
conjecture for spin chains: Integer spin chains are gapped, while half-odd integer spin chains are
gapless. In the following subsection, we review additional studies that help elucidate the general
phase diagram of these chains.

2.3.2 Renormalization group flow

We may rewrite the sigma model in (2.39) as
1 1
L= gtr[UBM UTA10,UU"Ay] + 5 06wtr(d), U'A20,U1, (2.49)

where we’ve defined

§="~ v=2Js, (2.50)

""The condensed matter community tends to use the phrase “energy gap”, while the high energy community tends to
instead use “mass gap”. This reflects the fact that historically, the CP' sigma model was used by particle physicists as a
toy model for quantum chromodynamics.

14
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and rescaled T — vr. With this notation, it is clear that the Lagrangian is invariant under the ex-
change of spatial and temporal coordinates. In other words, Lorentz invariance has emerged in the
low energy theory of the antiferromagnet. This feature will prove to be essential when generalizing
Haldane’s conjecture to larger symmetry groups, as we will demonstrate in great detail in later
chapters of this thesis. Note that if one repeats this field theory derivation for the ferromagnet,
such Lorentz invariance is not achieved. This is deeply related to the fact that the corresponding
Goldstone bosons of the ferromagnet have quadratic dispersion relations [95-97].

The sigma model (2.49) at § = 0 exhibits another interesting property, which is known as
asymptotic freedom [18, 92]. This means that as we increase the energy scale of our theory, the
coupling constant g tends to zero. This is a statement about renormalization group flow, a subject
that will be reviewed in detail in Section 4.5, and so we will not prove this result here. As a con-
sequence of asymptotic freedom, perturbatively massless excitations will become massive, which
explains the finite mass gap when 6 = 0. Moreover, recent work suggests that asymptotic free-
dom may render spin-wave theory applicable to chains after all, so long as the physical quantities
considered preserve the spin symmetry [92]. This fact motivates our consideration of generalized
spin-wave theory in later chapters.

Since Haldane’s original papers, there has been a large research effort on broadening our un-
derstanding of the CP' sigma model phase diagram. In [86], it is established that for bare coupling
g less than some critical g, and for 6 = 7, the model flows to another sigma model which is confor-
mally invariant: the SU(2); Wess-Zumino-Witten (WZW) model [101, 102].'2 While it is natural
to expect a flow to some SU(2)-invariant conformal field theory at the critical point, this particular
model is singled out due to the fact that all other theories (which are SU(2); WZW models for
k > 1) are unstabilized due to relevant operators [86]. This flow behaviour is shown in Figure 2.1.
Note that for g > g., the model goes into a gapped phase with a spontaneously broken Z, symme-
try, which is a manifestation of the underlying translation symmetry in the spin chain.!? In [86], it
is explained how all regions of the phase diagram in Figure 2.1 can be reached: the bare coupling
g can be increased by adding antiferromagnetic next-nearest-neighbour interactions, and 6 can be
changed by adding alternating exchange interactions, which explicitly break translation symmetry.
In both cases, the scaling of the mass gap has been calculated using the SU(2); WZW model. Fi-
nally, the right hand edge of the diagram, corresponding to the strong coupling limit g — oo, has
also been considered [104, 105].

2.4 Exact Results

In addition to the exact result of Bethe for the s = % chain [12], which predicts a gapless ground
state with no broken symmetries, there are two additional pieces of rigorous evidence for the an-
tiferromagnet phase diagram, Figure 2.1. They are both in agreement with Haldane’s conjecture,

12 Another name for these models is WZNW, after Sergei Novikov [103].
BIf a translationally invariant chain with a d-site unit cell maps onto a sigma model, translation symmetry will
manifest as a Z; action.
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Figure 2.1: Phase diagram of the antiferromagnetic chain.

and are worth mentioning now, since their generalizations will appear later in the text.

2.4.1 The Lieb-Schultz-Mattis Theorem

The Lieb-Schultz-Mattis (LSM) theorem is a rigorous statement about ground states in translation-
ally invariant Hamiltonians [80]. Applied to the spin-s antiferromagnet, this theorem requires that
if s is not an integer, then either the ground state is unique with gapless excitations, or there is a
ground state degeneracy. This is consistent with the 8 = n line in Figure 2.1. In Section 3.5.2, we
prove a more general result (an extension of the LSM-A theorem, where A stands for Affleck [81]),
from which a proof of the LSM theorem follows automatically.

2.4.2 The Affleck-Kennedy-Lieb-Tasaki model

One of the most important theoretical results to follow Haldane’s conjecture and support its conclu-
sion was the Affleck-Kennedy-Lieb-Tasaki (AKLT) construction [82]. By forming singlet bonds
between adjacent spin-5’s of a spin-1 chain, the AKLT Hamiltonian was able to exhibit a unique,
translationally invariant ground state with a finite excitation gap. This result compliments the LSM
theorem, and corresponds to the 8 = O line in Figure 2.1. In Figure 2.2, we provide a pictorial
representation of this construction, which also serves to introduce notation that we will use later on
to draw generalized AKLT states.
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2.5. Conclusion

Figure 2.2: The AKLT ground state in an SU(2) antiferromagnetic chain. Each node corresponds
to a spin—% representation. Two nodes arranged vertically in single column are symmetrized, and
correspond to a spin-1 representation. A dashed edge denotes a singlet bond. Notice that this state
is translationally invariant.

2.5 Conclusion

In this chapter, we reviewed the various arguments that support Haldane’s conjecture about antifer-
romagnetic spin chains. Our primary focus was the derivation of the correspondence between spin
chain and sigma model, which becomes exact in the limit s — co. As we proceed to generalize the
Haldane conjecture to larger symmetry groups in the following chapters, we will follow the same
structure of argument as was presented in this chapter. For clarity, we repeat the steps followed
here:

1. Identify the classical ground states of the Hamiltonian, and the target space manifold of the
sigma model.

2. Perform a low energy expansion of the Hamiltonian, taking into account fluctuations that both
preserve and destroy the classical ground state structure.

3. Generate a Lagrangian from the path integral formalism, using coherent states.
4. Identify the (set of) topological angle(s) of the sigma model.

5. Determine the renormalization group flow of the sigma model, and make use of existing exact
solutions.'#

6. Consult (and generalize) exact results for the original Hamiltonian, such as the LSMA theo-
rem and the AKLT construction.

7. Combine the results of Steps 5 and 6, and formulate a conjecture about the ground state
behaviour of the Hamiltonian.

In later chapters, we will attempt to follow this agenda for a variety of quantum chain systems.
In doing so, we will run into a variety of technical challenges, and in overcoming these challenges,
we will be led to exciting new physical phenomena.

4A large class of results pertaining to the sigma models that we encounter go by the name of ‘t Hooft anomaly
matching conditions [106, 107]. Such results also exist for the CP! sigma model, and offer a modern interpretation of
Haldane’s conjecture. We will discuss ‘t Hooft anomalies extensively in Section 4.6.4.
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Chapter 3

SU(n) Chain Hamiltonians

3.1 Introduction

The defining symmetry of an antiferromagnet is the Lie group SU(2), the set of special unitary
2 x 2 matrices. The two complex dimensions of these matrices can be thought of as correspond-
ing to two species of particle: a ‘spin-up’ particle and a ‘spin-down’ particle. The fact that the
dimensions are complex follows from quantum mechanics, and is related to the invariance of the
wave function under U(1) phase transformations. These two particles correspond to the s = %
representation of SU(2). Larger spin representations are constructed by taking tensor products of
these 2-dimensional spaces. For example, a spin-1 particle corresponds to the (symmetric) tensor
product of two 2-dimensional spaces, or 2 spin—% particles. Adding more spin-5’s will increase the
representation (and thus the total spin), but the underlying symmetry group will remain SU(2).

In order to modify the group SU(2) itself, we must change the number of “species” of particle.
For example in quantum chromodynamics, the theory of strong interactions, the presence of three
species of quark (red, blue, and green) leads to an internal SU(3) symmetry [108]. However, quarks
are confined within hadrons, and do not form long chains like an SU(2) antiferromagnet. In fact, we
do not know of any naturally occurring chain systems with an on-site SU(n) symmetry, for n > 2.
This statement holds true not just for exact symmetries, but also for approximate symmetries, like
the SU(3) ‘flavour’ symmetry that relates the up, down and strange quark [108].

Nonetheless, shortly after Haldane’s conjecture was presented, work began on extending his
calculations from SU(2) to SU(n) chains [48-51]. Initially, this was a purely theoretical exercise,
with hopes of understanding the correspondence between sigma model and chain system on more
general grounds. It had been predicted that a certain family of sigma models could be used to
characterize the localization transition in the quantum Hall effect, and so there was promise that a
generalized Haldane conjecture could shed light onto this problem [48, 52, 53].

After this initial wave in the 1980s, interest in SU(n) chains diminished, likely due to their
disconnect from physically realizable systems. However, this all changed in the early 2000s, when
advances in cold atom experimentation suggested that chains with larger symmetry groups might
be possible to construct using optical traps [54—66]. In the past decade, these ideas have come to
fruition, and have resulted in a resurgence in theoretical interest in SU(n) chains.

The idea behind engineering SU(n) chains using cold atoms is the following. Alkaline Earth
atoms have vanishing electronic angular momenta. As a result, their nuclear spin Zeeman states
are all degenerate, and serve the roll of ‘species of particle’, in the sense mentioned above. If a
collection of these atoms are trapped in a chain-like formation, the interatomic potential between
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3.2. SU(n) Hamiltonians

sites will not distinguish between these Zeeman states, and an SU(2/ + 1) symmetry will emerge,
where [ is the atom’s nuclear spin [57, 64]. So far, the largest symmetry group that has been
realized in this way is SU(10), using Strontium, which has I = % [63].

One might ask why is it that alkaline Earth atoms are necessary in order to construct such SU(n)
chains. After all, doesn’t a spin-s SU(2) chain have 2s + 1 ‘species of particle’ at each site? The
issue is that while spin chains may have the correct number of states at each site, their Hamiltonians
are not invariant under larger symmetry groups except at fine-tuned points.'> This is because the
vector § of spin operators does not transform nicely under the larger SU(2s + 1) symmetry group.
On the other hand, when one writes down the Hamiltonian for a chain of alkaline Earth atoms, the
interactions are approximated by a pseudopotential that transforms trivially under the SU(2/ + 1)
group [64].

Of course, the symmetry group is only half of the story. A more significant experimental
challenge is how to realize different representations of the SU(#n) chain, which requires multiple
atoms trapped at the same site. There has been some progress is realizing 2-atom representations
(the analogue of spin-1) by making use of an additional degeneracy between the so-called s and f
states [57]. However, realizing the most general representations of SU(n) remains an outstanding
experimental problem. Even so, theoretical physicists have forged ahead, attempting to characterize
SU(n) chains in a variety of different representations.

In this chapter, we will introduce our systematic approach to studying SU(n) chain Hamilto-
nians in the most general representation. Our work builds off the seminal contributions of Af-
fleck [48-50] and Bykov [71, 72], and offers a modern perspective on how SU(n) representations
ultimately determine the target space manifold of the sigma model describing the chain’s low en-
ergy physics. In Section 3.2, we introduce the SU(n) Heisenberg Hamiltonian, and review elements
of the representation theory of SU(n), including Casimir operators and Young tableaux, that we will
require later on. Then, in Section 3.3, we discuss the classical ground states of these Hamiltonians.
We explain how longer-range interaction terms are necessary in order to stabilize these ground
states, and how the notion of flag manifolds arise from SU(n) representations. We also introduce
graphical notation that will be used throughout this thesis when discussing the structure of SU(n)
chains. Next, in Section 3.4, we classify all SU(n) chains that lead to an SU(n)/[U(1)]"! sigma
model at low energies. Finally, in Section 3.5, we review various exact results that exist for SU(n)
chains, including the Bethe ansatz models [12, 84, 85], the AKLT models [67, 82], and the Lieb-
Schultz-Mattis-Affleck theorem [80, 81]. We will make frequent reference to this section later on,
when we formulate our SU(n) versions of Haldane’s conjecture.

3.2 SU(n) Hamiltonians

In the previous chapter, we introduced 2 X 2 matrices in (2.10) that contained the 3 generators of
su(2). We now repeat these steps for general n. We define a traceless n X n matrix S,3 whose

!SFor an example of this fine-tuning, it is well known that the spin-1 bilinear-biquadratic chain has two points where
SU@3) symmetry emerges [48].
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3.2. SU(n) Hamiltonians

entries correspond to the n> — 1 su(n) generators. The entries of S op satisfy the same commutation
relations as in SU(2), (2.11), which we repeat here for convenience:

[S afs S;zv] = 6(IVS/Jﬁ - 5/4[5'5 av: 3.1

Using these matrices, the Heisenberg interaction takes the same form as the right hand side of
(2.12), which is
Ju[S @S (] (3.2)

As before, we take J > 0, which corresponds to an antiferromagnetic-like interaction. Thus, we
arrive at the SU(n) Heisenberg model:

H=J) alS()SG+ D] (3.3)
j

As it will turn out, this Hamiltonian will often be insufficient for our analysis. Instead, we will have
to consider a modified Hamiltonian which includes longer-range interaction terms. This is forced
on us by the representation theory of SU(n), which we now review.

3.2.1 Representation theory

Unlike SU(2), a representation of SU(n) is not labeled by a single number (the ‘spin’). Instead, it
is specified by n — 1 integers, which are related to so-called Casimir constraints:

tr[S™] = Cpl m=23,...,n. 34

In SU(2), the only constraint is the quadratic Casimir, tr[.S 2] = 5(s+ DI, which uniquely defines the
spin, s. For n > 2, a representation’s defining integers are conveniently expressed in terms of row
lengths of a standard Young tableau. Indeed, the most general representation [p1, p2, ..., pp—1] of
SU(n) corresponds to a unique diagram of boxes arranged in n — 1 rows, of lengths py, p2, ..., pu-1
respectively. The row lengths must satisfy p; > p» > -+ > p,_1 > 0. See Fig. 3.1 for some exam-
ples. This choice of labelling is related to the limit of large representation: in the limit p;y — oo, the
matrix of operators S is again replaced with a classical matrix, whose eigenvalues are completely
determined by the row lengths p, [50]:

1 n
Ao = Ppa— P pi=- lea- (3.5
a=

Here we’ve defined p, := 0. Note that since the quadratic Casimir tr[S 2] - oo when p1 — o,
it is sufficient to only consider large p; to obtain the classical limit, as reflected in (2.5); it is not
necessary to also require p, — oo for @ > 1.

It now becomes apparent how different representations of SU(n) may lead to different types of
sigma models. Indeed, the matrix S is constrained to live on the manifold U(n)/H, where

H =U(m) x U(my) X --- x U(my,) (3.6)
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3.2. SU(n) Hamiltonians

Figure 3.1: Examples of Young tableaux in SU(n). A diagram with k nonzero rows corresponds to
a representation in SU(n) withn > k + 1.

is a product of k unitary groups, one for each distinct value of A,, and m, is the degeneracy of
each A,. These spaces are known as flag manifolds, and can be thought of as generalizations of
Grassmannian manifolds, which correspond to m; = m and my = n —m (i.e. k = 2). Complex
projective space CP""! is the Grassmannian with n; = 1. Flag manifolds are very interesting
mathematical objects, and possess a variety of rich geometric structures, including symplectic and
Kéhler forms. For an in-depth account of this structure, we encourage the reader to consult the
recent review [6].

According to (3.6), it is possible to fix the target space manifold of the matrices S by choos-
ing the appropriate representation of SU(#) on each site. This leads to a very important question
that we should ask as we embark on a program to generalize Haldane’s conjecture: what is the
appropriate generalization of the spin chain/sigma model correspondence beyond SU(2)? Recall
that in the previous chapter, we established two equivalent mappings for the antiferromagnet: one
in terms of the SU(2)/U(1) sigma model (which equals CP"), and one in terms of the S? sigma
model. Critically, when n > 2 these two descriptions are not equivalent. Moreover, the manifolds
SU(2)/U(1) and CP! are no longer isomorphic when n > 2! This leads to at least three candidate
families of sigma model as we increase 7.

One may protest that our above inquiry about the ‘appropriate’ generalization of Haldane’s
conjecture is misguided. After all, we have just established that the target space manifold of S
is uniquely determined by its representation, and so wherein lies our freedom to choose how to
generalize Haldane’s conjecture? In our defense, we stress a distinction that must be made between
the target space manifold of S, and the target space manifold of the corresponding sigma model.
In SU(2), these two spaces coincided but this is not a requirement for n > 2. Indeed, as we will
show in the following section, it is possible to work with matrices S that lie in smaller manifolds,
and then combine these degrees of freedom over consecutive sites of a unit cell to produce a larger
manifold. For example, our focus in Chapter 4 is the SU(3)/ [U(D)]? sigma model. One may
arrive at this sigma model by considering representations of SU(3) that restrict S to SU(3)/ [U(D)]?
directly — these are so-called self-conjugate representations of SU(3). However, a second approach
is to consider representations that restrict S to CP?, and combine these degrees of freedom over a
three-site unit cell using orthogonality conditions to arrive at the same flag manifold. See Figure 3.2
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for examples of Young tableau in either case.

2 [T T]

Figure 3.2: Examples of Young tableaux that correspond to representations of SU(3) that lead to the
SUGB)/[U)P! flag manifold sigma model. These representations will be studied in Chapter 4.

This second approach turns out to be a rich source of new physics, as was first emphasized
by Bykov [71, 72]. As such, we repeat this construction in Chapter 5 for general n: we choose
representations that restrict S to CP"~!, and then combine n such fields across an n-site unit cell
to obtain the SU(n)/[U(1)]"*"! sigma model. The flag manifold SU(n)/ [uy+! corresponds to
my =1, fora = 1,...,nin (3.6), and is referred to as the ‘complete’ flag manifold associated with
U(n). By construction, these sigma models will also have a Z,, translation symmetry, which is a
manifestation of the n-site unit cell. These combined symmetries will lead to a rich classification
based on ‘t Hooft anomaly matching [106, 107], among other exact results. However, various
technical hurdles must be cleared along the way.

In passing, it is worth mentioning that the initial studies of SU(n) chains did not consider
such multi-site constructions. Instead, those authors focused on sigma models whose target spaces
coincided with the target space of the S matrices themselves [49]. In particular, this approach was
used to obtain CP"~! sigma models and their Grassmannian generalizations, with symmetry groups
U(n)/[U(m) x U(n — m)] [48, 50, 51]. In these papers, the desired sigma model was generated by
identifying the representation R that directly restricts S to the sigma model’s full manifold, and then
placing R and its conjugate R on even and odd sites of the chain, respectively. For representations
satisfying R = R, this construction reduces to the on-site method mentioned previously for SU(3)
self-conjugate chains.

3.3 C(lassical Ground States

In the limit of large representation, we replace S with Vidiag(Ay,...,4,)V, where V is a unitary
matrix, and the eigenvalues A, are given in (3.5). Again, this structure of S follows from the n — 1
Casimir constraints. The Heisenberg interaction then reads

alSOSDI = > Aadslg™ @) - (P, (3.7)

@B,y,6

where we’ve defined V(i) = ¢g (i). Since the ¢® are rows of a unitary matrix, they must be
mutually orthonormal on the same site. Implicit in this expression is our assumption that the
same representation occurs at each site of the chain, which we will always take to be true. Since
Ao = po — p for the representation with Young tableau row lengths p,, we opt to shift S by pl
to simplify our calculations (this merely shifts the interaction term (3.7) by an overall constant).
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Having done this, the simplest SU(n) chain Hamiltonian, namely the nearest-neighbour model,
becomes

n—1
H=J) > parld™ (- #G+DP, >0 (3.8)

Joap=1
Note that the sums over @ and S stop at n — 1, since p,, = 0 by definition. This nearest-neighbour
model is the logical starting point for any SU(n) generalization of the antiferromagnetic spin chain.
However, in most cases, we will be required to consider Hamiltonians with longer-range interac-
tions. For instance, if one considers an SU(n) chain in the totally symmetric representation, with
Po = 0 for @ > 1, then S is restricted to the manifold SU(n)/U(n — 1) = CP"!, meaning it is
entirely specified by a single complex unit vector ¢ € C". Now, in the nearest-neighbour model
(3.8), a Néel-like state that alternates between two orthogonal directions in C", such as ¢(2)) = ¢!
and ¢(2j + 1) = ¢?, would be a classical ground state. For n = 2 this is the end of the story, and
led us to an appropriate flag manifold description in Chapter 2. But for n > 2, there is a nontrivial
subspace, namely C"~2, that is spanned by vectors orthogonal to the Néel vectors ¢! and ¢?. As
a consequence, any field theory derivation will be plagued with local zero modes — zero energy

excitations above the ground state - that correspond to transformations into this unused subspace.

In order to resolve this obstruction in deriving a field theory, we are forced to modify the
Hamiltonian (3.8) by adding longer-range interactions. This will couple more lattice sites together,
and result in a classical ground state that is made up of vectors that span all of C". For the totally
symmetric representations, this will require up to n — 1-neighbour interactions, and will result in an
n-site unit cell structure for those chains. This is consistent with the exact Bethe ansatz solutions
(reviewed below in Section 3.5) that exhibit such n-site structure.!® Moreover, it has been shown in
SU(3) that zero point fluctuations are minimal in the 3-site state when p — oo, and this is expected
to hold for all n [109]. Accordingly, we believe that the first effect of quantum fluctuations in the
symmetric chains will be to select the n-sublattice state by an ‘order-by-disorder’ mechanism that
generates effective additional couplings of order 1/p that lift the classical degeneracy. It should
be kept in mind however that all the properties discussed for these longer-range Hamiltonians are
expected to apply to nearest-neighbour Hamiltonians, and that the longer-range couplings have
been introduced as a first effect of quantum fluctuations in those models. This sentiment applies
not only to the symmetric chains, but to all of the SU(#) chains that we consider.

In the following section, we explain how this construction generalizes as we increase the num-
ber of nonzero p,. Loosely speaking, the number of nonzero rows k in the representation will
correspond to the number of fields ¢ € C” that exist at each site of the chain. We will then take
A ~ 7 consecutive sites together to produce a mapping from the chain to the flag manifold sigma
model, SU(n—1)/[U(1)]""!. As we will show, any attempt to derive a sigma model with a different
target space manifold will ultimately fail; again, this will be due to spurious zero modes. Before
we embark on this classification task, it will be useful to introduce some graphical notation that

6By n-site structure, we are referring to the presence of an order-n discrete symmetry Z, in the low energy theory.
It is not the case that the ground state has n-site order, which would correspond to the spontaneous breaking of this
symmetry.
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will aid us in our calculations.

3.3.1 Pictorial representation of classical ground states

According to (3.7), to each site of the chain we should assign a set of orthonormalized vectors ¢®.
We may use the same basis on each site of the chain, since any local change of basis transformation
leaves the Hamiltonian invariant (and fortunately, no superpositions of states arise). Further, we
will use coloured circles to represent the first few elements of this basis, in an effort to visually aid
the reader. This generalizes what we originally did for the Néel state in the previous chapter (see
(2.16). Our colour dictionary, for the first eight basis elements, can be found in Figure 3.3.
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Figure 3.3: Colour dictionary for the first eight basis elements in C". These coloured circles will
be used to pictorially represent ground states throughout.

When drawing a classical ground state, we will arrange the same-site vectors into a single
column, and use a white space to separate neighbouring chain sites. For example, the Néel state of
the SU(2) antiferromagnet is

e 6 ¢ o6 o o o o - 3.9
while a classical ground state of the adjoint SU(3) chain is

e © ©¢ ¢ ¢ o o - (3.10)
e ©¢ ©¢ @ @ @ @ ---. (3.11)

That this is the ground state of the SU(3) adjoint chain will be demonstrated below.

The benefit of these ground state pictures is that it makes it easy to read off the energy cost of
a term tr[S (1)S (j)]. Indeed, in a classical ground state, each colour corresponds to a standard unit
vector ¢, and we have according to (3.8),

alSDS (N = ) Papple™ () - LI (3.12)
ap

The right hand side of this expression vanishes unless one of the complex unit vectors (i.e. one of
the colours) at site i equals one of the complex unit vectors at site j. In this case, the right hand
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3.4. Classification of SU(n) Chains

side equals po, pg,, where ag and By are the respective positions of the unit vector/colour in column
i and column j. To visualize this, it is useful to imagine bonds between all of the circles of the two
columns, as in Figure 3.4. These bonds are inactive (meaning zero energy cost), unless two nodes
are the same colour. For example, the Néel state in (3.9) has an energy cost of zero per site (recall
we have shifted the S .3 matrices by a constant), while the classical ground state of the adjoint
chain, (3.10), has an energy cost of p% per site.

Ogz=-----===mm=n- -0 o O
/ \blpg
O O o @
Pie pabz h
o :\O e - @

Figure 3.4: Left: Imaginary bonds between two sets of vectors ¢® and ¢” at sites i and j of the
chain. Right: The energy cost of each bond is p,,pg, whenever two nodes have the same colour;
ao and Sy are the column positions of these nodes.

3.4 Classification of SU(n) Chains

As a warm-up to the more complicated representations below, we begin with the totally symmetric
representations that have Young tableaux with a single row of length p;. According to (3.12),
any configuration that has no energy cost per bond will be a classical ground state of the nearest-
neighbour SU(n) Hamiltonian. Since only one node is present at each site, the Néel state is such an
example. However, as mentioned above, the basis at each site is larger than 2 for n > 2 (i.e. there
are more than 2 colours available), and this leads to an infinite number of ground states. Indeed,
the ground state

e ¢ @ o ©¢ ¢ © -, (3.13)

which exists for n > 2, is related by a zero-energy transformation to the Néel state. This lo-
cal degree of freedom is an example of a zero-energy mode, and destabilizes any candidate ground
state above which we would like to derive a quantum field theory. As a result, the nearest-neighbour
Hamiltonian must be modified if we would like to proceed. Since it is believed that longer-range in-
teractions may be dynamically generated from the nearest-neighbour model [109], we add further-
neighbour interactions to realize a stable ground state. Since there are n possible colours, we
require up to (n— 1)-neighbour interactions, all of which are taken to be antiferromagnetic, in order
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to remove the zero modes.!” For example, in SU(5), with interactions up to 4th-neighbour, one
such ground state is

e ¢ © O 0 @ @ @ O O ---. (3.14)

While this large number of interaction terms may seem contrived, there is a second reason why
one should consider adding them. Arguably, it is the simplest way to restrict to classical ground
states that have a Z, symmetry, which is to be expected for the symmetric chains, since this is a
feature of the integrable SU(n) chains, that correspond to p = 1 (see Section 3.5). Moreover, in
the following two chapters, we will explicitly demonstrate how the SU(n)/[U(1)]"~! sigma model
arises as the low energy description of this longer-range Hamiltonian. In short, while the on-site
matrix S lines in CP""!, by coupling n neighbouring sites, our underlying degrees of freedom are
actually n orthogonally coupled CP"~! fields, which is equivalent to SU(n)/[U(1)]"~".

In the more general representations with more than one Young tableau row, we will see a simi-
lar pattern: collections of CP"~! fields from neighbouring sites will become orthogonally coupled,
ultimately leading to the flag manifold SU(n)/[U(1)]"~!. Actually, the fields at each site will cor-
respond to a Grassmannian manifold in this more general case. If the following discussion seems
too abstract, we encourage the reader to first turn to Chapter 4, where the symmetric representation
SU(3) chains are considered in great detail.

Loosely speaking, the number of nonzero rows k in the representation will correspond to the
number of fields ¢ that exist at each site of the chain. We can think of these k fields as living in the
product space Py, := [CP"'1¥ of k copies of CP"~!. We will then take A := 7 consecutive sites
together to produce a mapping to the complete flag manifold SU(n)/[U(1)]"~. In other words, we
construct an embedding,

SUM)/[UM]"! < Py X -+ X Pips (3.15)

into the A-fold product of Py ,s. However, this isn’t the whole story, since the k fields on each
site (those within Py ,) can still be locally rotated amongst one another, leading to additional
zero modes. This is resolved by adding a A-neighbour interaction that freezes out these addi-
tional degrees of freedom, which is essentially mimicking what happens when a representation R
is coupled to its conjugate representation R. It corresponds to the embedding Gy, < Pk, where
Gk = U(n)/[U(k) x U(n — k)] is a Grassmannian manifold. In other words, by adding a sufficient
number of interaction terms to our Hamiltonian, we end up with the following embedding of a flag
manifold into a A-fold product of Grassmannians:

SU®)/[UD]"™" < Gip X -+ X G (3.16)

The argument that we have just sketched assumes that it is always possible to derive a complete
flag manifold sigma model description of an SU(n) chain. However, this is not entirely true: there
is a large family of representations that do not admit such a mapping, namely those representations
that satisfy p, = pg # O for at least two rows of the Young tableau. For such representations, this

7This is consistent with [109], which found that the energetically favoured state should have n colours.
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produces a factor of U(2) in the quotient group H in (3.6). While this also occurs when we have
two rows of zero length, as in the symmetric representations of SU(4), the result is fundamentally
different. In both cases, there are spurious local degrees of freedom on each site (corresponding
to rotating the ¢ fields into each other); however, the trick of adding a A-range interaction does
not freeze this additional symmetry in the case of p, = pg # 0. This should become apparent
below. As a result, for the most general representation of SU(n), we do not expect that a well-
defined mapping to the SU(n)/[U(1)]"~! sigma model exists, and so henceforth we restrict to the
representations that satisfy p, # pg for all nonzero row lengths. Our justification for this restriction
should be clear in Chapter 5, and it has to do with the classification of "t Hooft anomalies in these
theories. As we will explain later, any generalization of Haldane’s conjecture is greatly bolstered
by the presence of an ’t Hooft anomaly, and at this time, only the SU(n)/[U(1)]"~! sigma models
have been show to have this property. A second justification follows from Chapter 7, where we
interpret the Haldane gap as being generated by fractional instantons.

3.4.1 Representations with n — 1 rows

We now consider representations of SU(n) whose Young tableau have n — 1 nonzero rows. As
previously stated, we will assume throughout that no two rows have the same length. Arguably,
these representations are simpler than the symmetric ones considered above. Since the on-site
representation of the S matrix already corresponds to the manifold SU(n)/ [U(D]* Y, a nearest-
neighbour Heisenberg interaction is sufficient to derive the associated sigma model. Let us first
demonstrate this in SU(3). The interaction term for a classical ground state,

2
alS(NSG+ D= ) papsle™ () ¢PG+ DI, (3.17)
a,B=1

is never zero for two adjacent sites, which requires choosing the colour for four nodes. Since
p1 > p2, the minimum is p%, which is achieved when the two same-colour nodes are in the second
position of the column. Thus, a typical ground state in SU(3) looks like

e 6 6 6 &6 o o .-,

which is precisely what we drew above for the adjoint SU(3) chain (which corresponds to the case
p1 = 2, p» = 1). Note that no local transformations exist that cost zero energy: all of the p; nodes
must stay the same colour in order to minimize the tr[S (j)S (j + 1)] term, and the remaining two
colours behave just like the Néel state of SU(2). We will return to these chains near the end of
Chapter 4.

In SU(4), the term tr[S (j)S (j + 1)] requires the introduction of six coloured nodes. Using the
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3.4. Classification of SU(n) Chains

inequality p% + p% > 2pap3, we see that the ground states have the following form:
@ 6 6 o6 o o o
@ 0 6 0O o O ©
O 6 0 6 O o O

This pattern extends to general n: the first row of nodes establishes a Néel-like state, while the
remaining n—2 rows have a “reverse-ordered” pattern: the colour ordering along a column switches
direction between even and odd sites. Let us explain how this works. For general n, our task is to
minimize (3.12). Using orthonormality, this reduces to

n
alS(NSG+ DI = D" pappldh(+ D, (3.18)
af=1
where we’ve defined p, := 0. Since 5(j + 1) = <p"’ for some @’ (and all of the o’ are distinct), we
may introduce a permutation operator on the set of n elements, o : {1,2,...,n} = {1,2,...,n} that

obeys
P+ 1) ="
and rewrite (3.18) as
n
alS(NSG+ D1 =D PaPoia (3.19)
a=1

Thus, our task amounts to finding the permutation o that minimizes (3.19). By defining a vector
X := (p1,p2,...,Pn), We can think of o as specifying a second vector ¥; (3.19) is then their dot
product. Since the entries of both ¥ and ¥ are nonnegative and nondegenerate, it is clear how to
choose o so that  is as orthogonal to X as possible:

e Since p is the largest component of X, we assign to o(1) the smallest possible component of
¥, which is p,,.
e Next, assign to o-(2) the second smallest possible component of ¥, which is p,,_1.
e Repeating this procedure, we see that indeed the classical Hamiltonian is minimized by the
reverse-ordered ground state, corresponding to a permutation operator
oclimbk+1-10
The basis states at site j + 1 are @?(j + 1) = p7®.
The above procedure will work for all n. For another example, here is a ground state in SU(5):
e 6 & o o o o
© 0O 6 O o6 O o
© 0 0 0 o0 o o
O 6 O 6 O o O

For these representations, the unit cell is always 2 sites in length, which leads to a Z, translation
symmetry in the sigma model.
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3.4.2 Representations with row number dividing »

Let k be the number of nonzero rows in the Young tableau, and write n = kA. In this case, the
matrix S at each site of the chain lies neither in CP"~! nor SU(n)/[U(1)]*"!. While it would be
straightforward to derive other families of flag manifold sigma models from these representations,
we are only interested in those with target space SU(n)/ [U(D)]*!, as these models have been shown
to exhibit an 't Hooft anomaly in certain cases. Thus, some care must be taken in order to realize
the appropriate degrees of freedom. As before, we begin with an example, this time with k = 2 in
SU(4). This requires choosing four colours for four nodes in order to minimize the tr[.S (/)S (j + 1)]
term, which is easily done. For example:

@ 6 6 o6 o o o
@ 0 6 O e O ©

However, such a configuration does not lead to the manifold SU(n)/[U( D!, because the four
colours do not behave like four orthogonal CP? fields. Indeed, at each site, we may additionally
rotate the two colours into each other at no energy cost, which corresponds to another type of zero
mode. In order to achieve the correct flag manifold, we “freeze out” these additional degrees of
freedom by adding a weaker second-neighbour interaction, tr[S(j)S (j + 2)]. The effect of this
term is to invoke a “reverse-ordering” pattern between sites and their second-neighbours. The new
ground state is

@ ¢ 0 O e e O
© O e e 0 O e

The fact that this ground state minimizes the combined Jtr[S (/)S (j+ 1]+ Jotr[S (j+ 1S (j+2)]
term (for antiferromagnetic couplings J; >> J;) follows from the identity p% + p% >2p1p2. Ina
sense, this second-neighbour interaction generates the same behaviour that we saw in the previous
case of k = n — 1: The nearest-neighbour term partitions the colours into subsets, and the second-
neighbour term reverse-orders these subsets, effectively breaking the additional on-site rotation
symmetry between colours. In the £ = n — 1 case, both of these steps are achieved by the same
interaction term: first the colours are partitioned into 3 sets: e.g. {@®}, {®},{©,0, 0}, and then each
set is reverse-ordered compared to the previous time it occurred. It will turn out that this reverse-
ordering is a generic feature of all the representations that we consider.

As a next step, we extend from 4 to general even n, and consider k = 5. A nearest-neighbour
interaction will again serve to partition the colours into two sets, leaving a local rotation symmetry
among the k colours on each site. In order to freeze out these degrees of freedom, we again add a
second-neighbour interaction, which reverse-orders each set. For example, in SU(6) we have

®e O 06 OO0 e O o o
® O e O e O e O
© 0 @ O 6 O e O
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Clearly, the ground state will always have a 4-site unit cell for k = 3.
Now, when k < 7, the full set of colours is no longer used up when the nodes on two neigh-
bouring sites are filled. As a result, additional zero modes are present that cannot be removed by
reverse-ordering the colours within a set. To resolve this, we first add up to (1 — 1)-neighbour in-
teractions (always with antiferromagnetic couplings), to properly partition the full set of n colours
into A sets of k elements (A := %). Then, we add a weaker A-neighbour interaction which serves to
reverse-order within each set of the partition. For example, in SU(6) with k = 2, the Hamiltonian

we should consider is

H= " (AtIS(SG+ DI+ HulS(DS G+ ]+ BulS(DSG+3)),  (3.20)
J

with J; > J, > J3 > 0, which has, for example, the following ground state:

The J; and J> terms serve to partition the colours into three sets: {®, ®}, {®, O}, {0,0}, and the J3
terms serve to reverse-order within each of these three sets. Based off of this example, we can see
that the unit cell has size 24 for these representations.

3.4.3 Remaining representations

Finally, we consider all remaining values of k (the number of nonzero rows in the Young tableau).
Let ¢ = nmod k, so that n = Ak + ¢ for some A € Z. As in the previous case of n = kA, local
zero modes will be present unless sufficiently long-range interactions are included to use up all of
the available colours. We add up to A-neighbour terms, which partitions the colours into 4 sets of
k elements, and one set of ¢ elements. Briefly, we return to the notation ¢® for the basis vectors
instead of coloured nodes. Then, a possible partitioning of the colours is:

k+1

{¢19---7¢k}3{¢ 9---9¢2k}9'--7{¢(/171)k+17-

..,So/lk}, {So/lk+1"“’¢/lk+6}' (321)

Now, in order to minimize the interaction term tr[S (j)S (j+4)], the remaining nodes on the (1+1)th
site will be the reverse-ordered set {¢*, "7, ... @“*!}. For example, in SU(7) with k = 3, three
consecutive sites may look like

©c @ o
o 0 O
e O o
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The nodes of the next site (which is a (4 + 1)th neighbour), will then begin to be filled with the
remaining {¢', ..., ¢°} colours from the first site. In our present SU(7) example, this looks like:

e O e @ O @ - (3.22)
® 0 @ o0 @ O
@ o e 0 @ ©

Since ¢ = 1 in this example, the drawn ground state is stable. However for ¢ > 1, there will still
be zero modes associated with rotating among the set {¢', ..., ¢*}. Thus, an additional (1 + 1)-
neighbour interaction must also be added! The following ground state for SU(5) with & = 3
demonstrates this:

e O o o (3.23)

® O @ O

© 6 o0 o

Thus, we are led to the following conclusion for this class of representations: If ¢ = 1, our
Hamiltonians should contain up to A-neighbour interactions, and if ¢ > 1, we should also add an
additional (1 + 1)-neighbour interaction term.

Using the emerging patterns in the previous examples as a guide, we may now determine the
unit cell size for the most general representation. This quantity is very important, as it determines
the translation group symmetry that is present in the flag manifold sigma model. Note that in both
(3.22) and (3.23), there are two competing types of order among the coloured nodes. The first ¢
rows exhibit one type of order, which has periodicity A + 1 when ¢ = 1, and 2(4 + 1) otherwise.
Meanwhile, the remaining k — ¢ rows have a periodicity 24 for all ¢ except ¢ = k — 1, in which
case the periodicity is A. In order to determine the overall unit cell length, we must find the least
common multiple of these two periodicities. For example, in our SU(7) example, we see that the
unit cell will have length 12, leading to a Zj, symmetry in the field theory. This can be seen in
Figure 3.5.

3.4.4 Summary of classification

In Table 3.1, we summarize our results from the previous subsections. In the first column, we
specify the number of nonzero rows in the Young tableau, k, and the integer ¢ := n mod k. In the
second column, we write down the longest-range interaction that must be included in the Hamilto-
nian in order to eliminate any local zero modes. As always, it is understood that each interaction
term is J,tr[S(j)S (j + r)] for some coupling J, > 0, and that J, > J; for r < 5. Finally, in the
third column, we specify the order d of the translation group Z, that acts on the corresponding flag
manifold sigma model. This order equals the size of the unit cell in the classical ground states of
the Hamiltonian. In the final column of the table, the following identities are useful:
AA1+1) Aisodd

Iem[24, (1 + 1)] = 3.24
cm(24,(1+ 1] {2/1(/l+1) A is even ( )
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period 3

——

(ONN I

O 0 O
® O o
© O @
© e O

\

-~

period 4

O o0 e

Figure 3.5: Potential ground state of an SU(7) chain. Since the first row has 3-site periodicity, and
the remaining rows have 4-site periodicity, the unit cell is 12 sites in length.

lem[A,2(A + 1)] = {

AA1+1)

244+ 1) Aisodd

(3.25)

A1is even

Representation Longest Interaction Translation Group Order
k=1 Jott[S(HS G +n—-1)] n

k=n-1 Ju[S(HS G + D] 2

k=1, A<n Ju[S(HS G + V)] 22
n=21+1, k=2 Jr[S(HS G + V)] AA1+1)
n=kai+1, A>1,k>2 Jyr[S(HS (G + V)] lem[24, (4 + 1)]
n=kl+c, c#Lk-1 | Lqu[SGHSG+A1+1)] 21+ 1)
n=kal+k-1) Jartt[S(HS G+ A1+ 1)] Iem[4,2(4 + 1)]

Table 3.1: Classification results of all SU(n) representations satisfying p, # pg for all nonzero p,.
We use the notation lcm[a, b] to denote the least common multiple of @ and b.

3.5 Exact Results for SU(n) Chains

In this final section, we now review various exact results that are known for the SU(»n) Hamiltoni-
ans considered above. These exact results will prove to be especially useful when we attempt to
generalize the Haldane conjecture to certain SU(n) chains in later chapters.
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3.5.1 Integrable SU(n) chains and SU(n), critical points

Let us begin our discussion with the simplest representation of SU(n): the fundamental represen-
tation whose Young tableau consists of a single box. While this is a special case of the symmetric
models discussed above, we do not need to consider longer-range interactions, since in this case,
the model is exactly solvable. This was first realized by Sutherland [84], who used the Bethe
ansatz to find the exact spectrum of the p = 1 SU(n) chain, and show that it was gapless. Later,
it was discovered that the low energy degrees of freedom of this chain correspond to the SU(n);
WZW model [50, 85, 110]. This generalizes the SU(2) result of Bethe that was mentioned in Chap-
ter 2: The low energy spectrum is gapless, with n — 1 relativistic bosons propagating with velocity
v =2nJ/n[83, 84].

In order to understand this result, we may rewrite the nearest-neighbour SU(n) Hamiltonian in
terms of fermion operators. To this end, we introduce n flavours of fermion , and rewrite the
matrices S of SU(n) generators according to

S ap() = Y (D). (3.26)

There is only one independent Casimir constraint for the p = 1 model, tr[S 2], which in the fermion
language, corresponds to the condition of 1 particle on each site:

V(W) = 1. (3.27)
The nearest-neighbour Hamiltonian becomes a simple exchange term:
H =7 WG+ Dy + D). (3.28)
J

As in SU(2), we may obtain this model from an SU(n) Hubbard model,

H= 3 (<G + D + el + U Gue() - 17) (3.29)
J

, in the limit U/t > 1. Starting at small U, we may take the continuum limit, giving n flavours of
relativistic Dirac fermion. Next, by using non-abelian bosonization, we obtain a charge boson plus
the SU(n); WZW model. The Hubbard interactions can be seen to gap the charge boson without
affecting the low energy behaviour in the spin sector, yielding the SU(n); WZW model as the low
energy effective theory [86].

It is worth mentioning that without any additional symmetries, the SU(n); model is actual
unstable, due to the relevant operator tr[g], for WZW field g € U(n). However, for the SU(n)
chains presently discussed, at low energies there is an additional discrete symmetry, Z,, whose
action on g is _

g eng, (3.30)
and forbids the term tr[g]. In our longer-range models, a similar symmetry also emerges, as we
will see in the following chapters. There, it will be a manifestation of the underlying translation
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symmetry on the chain. Thus, the results in Table 3.1 should be quite suggestive of how Haldane’s
conjecture should be extended to SU(n).

For larger p, there exist integrable SU(n) models that can also be solved exactly [§7-89]. These
models have more complicated nearest-neighbour interactions, and have been shown to correspond
to the SU(n), WZW models at low energies [50, 68, 111]. Again, we can understand this from non-
abelian bosonization. In this case we must introduce fermions with p colours as well as n flavours,
and write a generalized Hubbard model. Non-abelian bosonization now gives the SU(n), WZW
model in the flavour sector, together with a charge boson and an SU(p),, WZW model for the colour
degrees of freedom. However it is now seen that the Hubbard interactions will generally gap the
flavour sector as well as the charge and colour sector, unless the interactions are fine-tuned. This
can be understood from the fact that the SU(n), WZW models contain relevant operators allowed
by symmetry for all p > 1, which are expected to appear in the Hamiltonian and destabilize the
critical theory. We understand the fine-tuned nature of the Bethe ansatz integrable models as,
remarkably, corresponding to fine-tuning of the field theory to eliminate all relevant operators.

In Section 2.3.2, we explained how the gapless phase predicted by Haldane in half-odd integer
spin chains is characterized by the SU(n); WZW model. We can now better explain why this is
the case. For arbitrary s, the spin chain may be mapped to the SU(2)y WZW model, with level
k = 2s[112, 113]. As mentioned above, these models will generically contain relevant operators
(unless they are fine-tuned, corresponding to the integrable models). Thus, under renormalization,
we expect the SU(2) chain to be described by some other, stable critical theory. With the added Z,
symmetry arising from a 2-site unit cell, the only candidate theory is SU(2);. Thus, if a gapless
phase is to occur in the spin chain, we predict it will be characterized by this ‘attractor’ theory. This
is consistent with the Zamolodchikov c-theorem, which requires that k be a nonincreasing function
of energy scale [114].

Now, the obvious question is how to generalize this mechanism to SU(#n). As hinted above,
when the Z, symmetry (3.30) is present, the SU(n); WZW model is stable. In fact, it is the only
stable WZW model with SU(n) symmetry [78, 79]. For instance, the primary operator transforming
under the adjoint representation of su(n) is a relevant operator in all levels k£ > 1. Therefore, one
might reasonably conclude that whenever an SU(n) chain can be mapped to an SU(n); critical
theory, it will flow to SU(n); at low energies. Unfortunately, the flow from k — k" < k is actually
quite subtle for general n, and is related to the concept of 't Hooft anomaly matching [115, 116].
We will return to this issue in the following two chapters.

Let us conclude this subsection by making a distinction between the low energy sigma models
that we seek in this thesis, and the Bethe ansatz integrable models mentioned above. Like Haldane,
our motivation is to predict gapless phases only at weak coupling, which lies outside the strong-
coupling regime of the integrable models. Thus, it is not appropriate to view our models as a
perturbation of the integrable ones, if we want to make any weak coupling predictions. However,
this is not to say that we aren’t interested in what happens when we add relevant operators to SU(n);
for k > 1. For example, the operator |tr[g]|? is a relevant perturbation for k > 1 and may lead to
a symmetry broken phase. However, we believe that this mechanism relies crucially on the sign
of the coupling constant in front of this term, and the gapped broken symmetry phase only occurs
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when this constant is negative. When it is positive, we instead expect a massless RG flow to SU(n)
(so long as the other constraints on the flow of & do not apply). Note that both of these scenarios are
consistent with the LSMA theorem (reviewed below), and are present in the SU(2) phase diagram
Figure 2.1. This issue is discussed in detail by Affleck and Haldane in [86].

3.5.2 The Lieb-Schultz-Mattis-Affleck theorem

The Lieb-Schultz-Mattis-Affleck theorem (LSMA) is a rigorous statement about ground states in
translationally invariant SU(n) Hamiltonians [80, 81]. It claims that if the number of boxes p in a
Young tableau is not a multiple of n, then either the ground state is unique with gapless excitations,
or there is a ground state degeneracy. Recently, it was claimed in [67] that the LSMA theorem is not
applicable to models with longer-range interactions than nearest-neighbour. Here, we dispute this
claim by extending the original proof in [81] to models with further-range interactions. Explicitly,
we consider the following Hamiltonian on a ring of L sites:

R L
H= ZH, H, := Z LS ()HS (G + )] (3.31)
j=1

r=1

where S is defined as above. We assume that i) is the unique ground state of H, and is transla-
tionally invariant: T|) = |/). We then define a twist operator

. L
2mi
A . .
= A= — 32
U=e — ;ng (3.32)
with

n—1
Q=) Saa—(1=1)Su =trS —nSu = p = nSp. (3.33)

a=1

Note that A is a Hermitian operator. Here p = }', p, is the total number of boxes occurring in the
Young tableau. Using the commutation relations (3.1), it is easy to verify that

|tIS (DS G+ 11, Q) + QG+ 7)| =0, (3.34)
which then implies
UTt[S (S (j + rU = ™ wt QUI=CID[S (j)S (j + r)]ent QU+I=CW), (3.35)
Using this, one can show that
U'HU - U =[H,A] - H+O(L™") (3.36)
so that U|y) has energy O(L™!). Now, using the translational invariance of i), we find

WU = WIT'UTI) = (U 20t 2 €Dy, (3.37)
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Since |¢) is a ground state of H, it is an SU(n) singlet, and so must be left unchanged by the global
2ni L .
SU(n) transformation e~ " 221 00, Moreover, using (3.33), we have

WU = e WU Smiyy, (3.38)

In Chapter 2, we saw that the matrices S could be written in terms of Schwinger bosons. This
is true for all n, as we will see in Chapters 4 and 5 when we discuss flavour-wave theory. The
diagonal elements S, always correspond to number operators for these bosons. Thus, S, acting
on i) will always return an integer, and ¢>™ can be dropped. Thus, we find that so long as p is
not a multiple of n,

WUl =0, (3.39)

implying that Uly) is a distinct, low-lying state above [y). This completes the proof. Finally, we
may also comment on the ground state degeneracy in the event that a gap exists above the ground
state. Through the repeated application of (3.38), we have

WU = & (UIW). (3.40)

So long as k < r := n/ gcd(n, p), the family {U*|)} is an orthogonal set of low-lying states. If
an energy gap is present, this suggests that the ground state is at least r-fold degenerate. In the
following subsection, we introduce valence bond solids that exhibit translation invariance when p
is a multiple of n. It is easy to see that when 1 < ged(n, p) < n, these constructions lead to explicit
r-fold degeneracies, consistent with our findings here. For example, the symmetric representation
of SU(4) with p = 2 leads to 2 distinct valence bond solids that are both invariant under translation
by 2 sites.

3.5.3 Affleck-Kennedy-Lieb-Tasaki models

In Chapter 2, we introduced the AKLT model as an important theoretical result that served to
bolster Haldane’s conjecture in its infancy. This is because it exhibits a unique, translationally
invariant ground state with a finite excitation gap for a spin-1 chain. Note that this does not vi-
olate the LSMA theorem since a spin-1 chain has a corresponding Young tableau with 2 = n
boxes. Recently, the AKLT construction has been generalized by various research groups to SU(n)
chains [61, 67, 69, 74-76, 83, 117]. In particular, symmetric representation AKLT Hamiltonians
have been constructed whenever p is a multiple of n [67]. Again, this is precisely when the LSMA
theorem does not apply. These Hamiltonians exhibit a unique, translationally invariant ground
state, and are constructed by forming SU(n) singlets from n fundamental representations on adja-
cent sites. Since p is a multiple of n, this may be done in a translationally invariant manner, by
shifting the left-most site of the singlet along the chain as one cycles through the p (symmetrized)
fundamentals at each site of the chain. See Figure 3.6 for the case of n = p = 3. This picture can
be understood as follows. If we denote by a;? a fundamental representation of SU(3) at site j, then
at each site we have

la}, a3, o), (3.41)
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which is symmetric under permutation of its entries (by definition). By considering three adjacent
sites, we may construct an SU(3) singlet out of three of these entries:

3 1 a b2 c d 3 e f
ea}a§+laj+2|aj,a/j,aj)laj+l,a/j+1,aj+1>|aj+2,aj+2,aj+2>. (3.42)
Here €, is the antisymmetric unit tensor with €y; = —€;9 = 1. The remaining free representations

a/jf, . ai. ., are similarly combined with adjacent sites, eventually creating an SU(3) singlet out of

the entire chain.

O O O ------- O - O O O
O O O ------- O O O - O
O-==nnem- O O O-==nnem- O O O

Figure 3.6: AKLT state for an SU(3) chain in the symmetric representation with p = 3. Singlets
are formed from three consecutive sites.

Note that when 7 is not prime, similar valence bond solids may be constructed that are con-
sistent with a nontrivial result from the LSMA theorem. That is, for p not a multiple of n, with
r := n/ gcd(n, p), Hamiltonians may be constructed with r-fold degenerate ground states that are
invariant under translations by r sites. In Figure 3.7, we provide an example of two-fold degenerate
ground states in SU(4). All of these models have short range correlations, and are expected to have
gapped ground states, based on arguments of spinon confinement [67].

O O O ¢ O O O ¢ O O o
O ¢ O---nmem- O O--mmom- ¢ O---nmem- O O--mmom- ¢ o
O O O O o O O O o O o
O O ¢ O O--mmom- O ¢ O O--mmom- O ¢

Figure 3.7: Two-fold degenerate AKLT states for an SU(4) chain in the symmetric representation
with p = 2.

Another generalization of AKLT models is possible for self-conjugate representations of SU(n).

We will make use of this fact explicitly in Section 4.7, when we discuss self-conjugate SU(3)
chains. Recall that such representations are labeled by a single integer p > 0, and have a Young
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tableau of the form

110 s

For all p, we may write down a translationally invariant valence bond state. This is done by
forming SU(3) singlets at each site, by pairing each fundamental representation with an adjacent
antifundamental representation. For example, in the adjoint representation of SU(3) with p = 1, at
each site we have

laj, a7 o) (3.44)

bl

which is antisymmetric across the °;
constructed as follows:

symbol. Then a singlet bond between sites j and j + 1 is

2 .3
D @i Q). (3.45)
This is shown in Figure 3.8. Here and throughout, objects appearing within the same column
are symmetrized, and two nodes that appear close together in the same row are antisymmetrized.
Dashed lines denote singlet bonds, as before.

GQ/I_’

1 a. b
1 aé+||aj,ajvaj>|a

2
i1

Figure 3.8: AKLT state for an SU(3) chain in the self-conjugate representation with p = 1. This
state spontanesouly breaks parity symmetry.

However, only when p is even is this ground state also invariant under a Z, parity symmetry,

which corresponds to a mirror reflection about the center of a bond between two sites of the chain.
This is demonstrated in Figure 3.9 for the case of p = 2. Similar constructions exist for all 7.

Figure 3.9: AKLT state for an SU(3) chain in the self-conjugate representation with p = 2. This
state is invariant under parity symmetry.

Finally, there is one more version of AKLT model that we will discuss in this thesis. In Chap-
ter 6, we will be led to SU(n) representations whose Young tableaux have two rows, with lengths
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3.5. Exact Results for SU(n) Chains

p1, p2 satisfying p; # p>» # 0. We note here that when p; + p> = n, it is straightforward to write
down a translationally invariant AKLT state. Indeed, we may construct a singlet over p; consec-
utive sites using (p; — p») fundamentals and p, antisymmetric doublets. Since each site has p;
representations (either fundamentals or doublets), we may shift the singlet by one site as we move
down the rows of the valence bond solid. Note that the self-conjugate SU(3) AKLT model is a
special case of this more general construction.

As a new example, let us explain this construction in greater detail for the case of SU(4), with
p1 =3 and p, = 1. We denote by ajf a fundamental representation of SU(4) at site j. Then on each
site of the chain, we have the representation

|a a a/ a4) (3.46)

which is symmetric under permutations of the first three entries, and antisymmetric under ex-
changes with the fourth entry. For instance,

2 1 3

1 4 2

Ia/j,aj,aa'a):Ia- cz a}-la J,oz a)
Iafl. aza a)-—la za.'a->=—la-a4a-'a.>
PP VA Uil et At K

Using two fundamental representations af‘;, and one antisymmetric doublet representation

O O ------00--=---0 O 0O
O === 00+ ===--0 O =-===-00-===---0
0O O O ------00------O O

Figure 3.10: AKLT state for an SU(4) chain with p; = 3 and p, = 1. Singlets are formed from
three consecutive sites, using two fundamentals and one antisymmetric doublet.

Ia/;f; a/? ) = — Ia’]’.; a/;f), we may contract indices to form a singlet across three sites according to
€ale? o ottt alsatad o oty o, ). (3.47)
] /+1 /+] /+2 J’ ]+1’ ]+1’ J+l’ ]+1 J+2’ /+2’ ./+2’ ]+2
The remaining free representations a?, e ,a/if ., are then contracted into different singlet bonds,

over different sets of three sites. By using the pattern shown in Figure 3.10, a translationally
invariant valence bond solid can be constructed, that is also parity symmetric. In fact, for general
even n, we may always choose a p;-site singlet bond that is symmetric under parity, leading to a
parity-symmetric AKLT state. See Figure 3.11a and Figure 3.11b for two additional examples in
SuU(6).
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(a) AKLT state for an SU(6) chain with p; = 5 and p, = 1. Singlets are formed from five consecutive sites,
using four fundamentals and one antisymmetric doublet.

QO------00-------O O ====-00==---00-====-0 O
O ====-00==---00-====-0 O ====-00-==---00-==---0
O O ====-00==---00-====-0 O--====-00------00

QO------O Or====-00==---00-=----0 O------00

(b) AKLT state for an SU(6) chain with p; = 4 and p, = 2. Singlets are formed from four consecutive
sites, using two fundamentals (single circles), and two antisymmetric doublet (double circle).

3.6 Conclusion

We began this chapter by motivating the study of SU(n) chains as a natural extension to the familiar
Heisenberg model. Thanks to recent advances in cold atom experimentation, what started out as
a purely theoretical study has since developed into an exciting cross-disciplinary effort. Indeed,
SU(n) chains now garner interest from condensed matter physicists, cold atom physicists, and even
theoretical high energy physicists.

We first introduced the SU(n) Hamiltonian, and the n X n matrices of operators, S. Then, by
reviewing the representation theory of SU(n), we were able to relate Young tableaux to the eigen-
values of §, and ultimately to a classical Hamiltonian. Then, in exhaustive detail, we considered
all of the possible ways of realizing a particular quantum field theory, the SU(n)/[U(1)]"~! flag
manifold sigma model, by adding sufficiently long-range interactions to the Hamiltonian in order
to stabilize zero mode fluctuations. The results of this classification are presented in Table 3.1.
Then, in Section 3.5, we proceeded to review various exact results that exist for SU(n) Hamilto-
nians, namely the LSMA theorem, the AKLT construction, and the Bethe-ansatz integrable SU(n)
models. We also hinted at the renormalization flow of these SU(n) theories; this subject will treated
more thoroughly later on.

With this groundwork in place, we would now like to focus in more detail on particular repre-
sentations of SU(n). Admittedly, this chapter has been quite abstract, and quite removed from our
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3.6. Conclusion

ultimate goal of obtaining an SU(n)-version of the Haldane conjecture. In the following chapter,
we turn to SU(3) chains, and connect back to this overarching goal. The results of this chapter
will prove to be useful here, so that the appropriate Hamiltonian can be used, depending on which
SU(3) chain we consider. However, we will also draw on ideas from Chapter 2; in particular, we
will attempt to follow the prescription outlined in Section 2.5. This will lead to unexpected chal-
lenges, including the absence of Lorentz invariance, and also the presence of pure-imaginary, yet
non-topological terms in the sigma model.
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Chapter 4
SU(3) Chains

4.1 Introduction

In the previous chapter, we introduced SU(n) chains in full generality, and discussed how their
classical ground states, and consequently their underlying symmetries, depended on the chosen
SU(n) representation at each site. An important realization was that longer-range interaction terms
are necessary to include in the SU(n) Heisenberg Hamiltonian in order to stabilize local zero modes
that are present due to the larger symmetry available.

At this point, we are now prepared to derive our first mapping between SU(n) chain and quan-
tum field theory, and ultimately arrive at a generalization of Haldane’s conjecture. As will become
clear quite shortly, this is by no means a trivial task, and will require us to develop substantial
renormalization group results in order to arrive at any meaningful conclusion. As such, we restrict
in this chapter to the simplest extension possible; namely, we consider SU(3) chains in the totally
symmetric representations. According to the classification in Table 3.1, these chains require both
first and second-neighbour interactions in their Hamiltonian. Therefore, the model that we consider
in this chapter is

H= Z (Nie[S(HS (G + DI+ L[S (NS + D). 4.1
J

As always, we take Ji,J> > 0. Each matrix S transforms under the symmetric representation,
labeled by p, which corresponds to the length of the single row in a Young tableau:

p boxes

HEEEEEEEEN 4.2)

Later on, we will comment on the remaining representations of SU(3), and explain how our results
can be extended to the self-conjugate representations of SU(3), with two-row Young tableaux.

For the most part, this chapter will follow the outline presented in Section 2.5. We will begin
with extending the familiar theory of spin-waves to SU(3), and derive the predicted velocities of
such low-lying excitations. As mentioned in Chapter 2, despite the lack of spontaneous symmetry
breaking in one spatial dimension, this perturbative treatment still serves its purpose; in particu-
lar, we will use this so-called flavour-wave theory to verify the absence of zero-mode excitations
when second-neighbour interactions are added to the SU(3) Heisenberg Hamiltonian. Next, in Sec-
tion 4.3, we derive the SU(3)/[U(1)]? sigma model description of the symmetric SU(3) chain in
great detail. Our approach will be generalized in Chapter 5 to all n > 3, and so we make sure to be
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4.2. Flavour-Wave Theory

very explicit in our calculations. Following this, we turn to our renormalization group (RG) calcu-
lations in Section 4.5. Since this is the first appearance of RG technology in this thesis, we offer a
brief introduction to the subject, before turning to the flag manifold sigma model in particular. In
Section 4.6, we discuss the implications of these RG results, and present a phase diagram of the
SU(3) chain, which generalizes the SU(2) story in Figure 2.1. This phase diagram is supported by
the various exact results that we mentioned in the previous chapter, and we recall them here. The
phase diagram is also supported by a strong coupling analysis, and some Monte Carlo simulations,
which we review. At this stage, we are able to formulate our SU(3) version of Haldane’s conjecture
for symmetric chains. Finally, we finish this chapter by turning to the remaining representations of
SU(3) in Section 4.7.

The above work on symmetric SU(3) chains was published in 2017 in [1]. Section 4.7 was
published in [2]. Preceding our papers, Greiter and Rachel considered symmetric SU(n) chains
in [67], which was published in 2007. By constructing valence bond solids, a la AKLT, they pre-
dicted a finite energy gap for those representations whose row length p is a multiple of 3. The
result that we obtain will be consistent with this prediction. Similar results followed [61, 69, 74].
Furthermore, in 2012, Bykov established in two separate papers the first correspondence between
the symmetric SU(3) chains and the SU(3)/ [U(1)1? flag manifold sigma model [71, 72]. We were
not aware of Bykov’s contribution at the time of our research, and as such there is a large overlap
between his calculations and our derivation in Section 4.3. However, the remaining sections of
this chapter, including the extensive renormalization group calculations in Section 4.5, are entirely
novel. Finally, it is worth noting that various numerical studies have been carried out on the sym-
metric SU(3) chains, with contradicting predictions [70, 118-120]. However, these results were
recently surveyed in [77], and these contradictions are now better understood. This publication
also presented the most convincing results to date, using the density matrix renormalization group
to study the symmetric SU(3) chain with p = 3. Their findings are in complete accord with our
generalized Haldane conjecture, namely that a finite energy gap exists in this representation.

4.2 Flavour-Wave Theory

According to Coleman’s theorem [8], we do not expect spontaneous symmetry breaking of the
SU(3) symmetry in the exact ground state of our Hamiltonian. Nonetheless, we may still expand
about the classical (symmetry broken) ground state to predict the Goldstone mode velocities. If
the theory is asymptotically free (as in SU(2)), then at sufficiently high energies the excitations
may propagate with these velocities. In the familiar antiferromagnet, this procedure is known as
spin-wave theory; in SU(n) it is called flavour-wave theory [121, 122].

To begin, we rewrite the Hamiltonian (4.1) in terms of Schwinger bosons with three flavours.
The generators at site j can be written as

S ap()) = by(Dba()) 4.3)

and the local Hilbert spaces are defined by putting p bosons at each site, i.e. by the Casimir
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4.2. Flavour-Wave Theory

constraint

> bk (bali) = p. (4.4)
a
The resulting Hamiltonian is quartic in bosonic operators:

H = ) (Nby(DbalDBLG + Dbs(j + 1)+ JabgDba(DbLG + Db +2). (45)
J

As in SU(2), we proceed by identifying a classical ground state which corresponds to a true ground
state of (4.1) in the limit p — oo. It is a product wave function in which, at each site, all bosons
are in the same state. Note that if J, were zero, there would be an infinite degeneracy of potential
states, and it would not be clear around which state the quantum fluctuations should be introduced.
Moreover, this degeneracy would lead to local zero modes with vanishing velocity.

The introduction of J, resolves these issues and imposes a 3-site structure for the reference
state.!® As mentioned previously, this 3-site structure is consistent with the p = 1 Bethe ansatz
solution [12, 84, 85], and has been shown to be the state with minimal zero point fluctuations for
large p [109]. We view J; as originating from quantum fluctuations in the nearest-neighbour model,
and accordingly, we will apply our conclusions about (4.1) to the nearest-neighbour model without
hesitation. Unfortunately, the exact mechanism by which J, is generated is not yet understood,
and we cannot express J, as a function of J;; however, on general grounds we at least know that it
should be suppressed by a factor of p~!.

Since we have 3 bosons for each of the 3 sites, we have actually introduced 9 bosonic operators.
To emphasize this, we introduce the following notation:

joi=3j+@—1). (4.6)

The classical ground state involves only ‘diagonal’ bosons of the type b,(j,) and b;( Jy)- The ‘oft-
diagonal’ bosons are Holstein-Primakoff bosons, like those defined in (2.6). Flavour-wave theory
allows for a small number of Holstein-Primakoff bosons at each site, captured by

V(i) = 3 BLGybaliy) 47

aFy

and writes the Hamiltonian in terms of these 6 bosons. In the large-p limit, we have p > v(j,),
and we can expand

Syy =p- V(jy),
Say(jy) = PbL(jy)s
Sya(jy) ~ \/ﬁba(].y),

'8 Another coupling that works is a ferromagnetic third-neighbour interaction. This was considered in [1].
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4.3. Derivation of the Flag Manifold Sigma Model

to find
IS (IS Gi)l = p [B5Giby (i) + b Giby(iy) + biCiIbI i) + baCi)by ()] + O°).  (4.8)
In terms of these degrees of freedom, the Hamiltonian (4.1) decomposes into a sum
H=Hy + Hj3 + H»s, 4.9)

where H,, is a Hamiltonian involving only the two boson flavours b,(j,) and b;(j,). In momen-
tum space, this gives 3 different 2 X 2 matrices, each of which can be diagonalized by the same
Bogoliubov transformation:

& 1
H,.1 = const. + Zk: wik) Y (d;f (k)d (k) + 5) (4.10)

Jj=1
where

w((k) =2p~J1Jz

Therefore, the corresponding flavour-wave velocity is

v =3p\Ji /s, 4.12)

which is equal for each of the six Goldstone bosons. Later, when we consider SU(#n) chains with
n > 3, we will learn that different branches of boson will generically propagate with different
velocities. This will inhibit the automatic emergence of Lorentz invariance in the corresponding
flag manifold sigma models.

sin %’ 4.11)

4.3 Derivation of the Flag Manifold Sigma Model

Having verified that a unique, nonzero Goldstone velocity exists for the J; — J> Heisenberg Hamil-
tonian in (4.1), we now derive a low energy quantum field theory description of the chain. Since
the classical ground state has 3-site sublattice order, with unit vectors ¢ € C" defined on each site
(as per Chapter 3), we may define a unitary matrix U, by

Uag = ¢} (4.13)

Throughout, a superscript index labels the vector, and a subscript index labels the component of
the vector. Applying the pictorial notation from Chapter 3, we may represent the classical ground
state at hand by

e ©¢ © ¢ ¢ © © ¢ O ---. (4.14)

Since the Hamiltonian is invariant under changing the overall phase of each of the three vectors
@%, (see (3.12)), we see that the ground state manifold is isomorphic to SUB)/[U(1)]%. Two phases

45



4.3. Derivation of the Flag Manifold Sigma Model

can be changed independently, later referred to as gauge symmetries, while the third phase is fixed
by setting the determinant of U to 1. This manifold has 6 generators, namely the six off-diagonal
Gell-Mann matrices of SU(3), which corresponds to the same amount of Goldstone bosons found
in the previous flavour-wave calculations.

To describe fluctuations about the ¢®, and thus about the ground state manifold, we write:

1
¢ = D Lo + T lalg”. (4.15)
B
Here Ly, = 0 (no sum) and
PPu(@) = > Lol (4.16)
B

These complex coefficients L,p describe general fluctuations about the ¢®. The vectors ¢ are
those that appear in the formula for the SU(n) matrices S in the limit of large p:

Sap(iy) = ¢a” ()P(y)- (4.17)

This is the generalization to SU(3) of (2.21). By redefining the unitary matrix U, we may take L to
be Hermitian.'” Now, by letting U and L vary uniformly from site to site, we write

Saﬂ(jy) = p¢2,y(jy)¢g(jy) =p Z I«Sy(jy)Uig(jy)zya(jy)Uaﬁ(jy)a (4'18)
0,00

where we’ve defined L, = %Laﬁ when a # 3, and Ly, = /1 — u(@). Explicitly, the L matrix is

p \/1 - l%(llelz — L3P Ly L3
- 1
L= > Ly, p \/1 - #(llel2 +|La3?) L3
Ly, L3, P\/l - #(|L13|2 + |La3?)

(4.19)
The expression (4.18) can be rewritten as

Sapliy) = PLyy (i) D (Loyin) ULy Uyp(iy) + US, G Lys (i) Usp(y)) — (4.20)
0Fy

p (LG ULy nUss() + 2 Y Loy Uy Ly (i) Upi)-
0,0y

Using
Ly, Lsy = Ly + O(p™) 4.21)

The skew components of L generate unitary transformations, and can be recombined with the matrix U.
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we have
Saplin) = D (Loy(i Ul (i) Uypliy) + U (i) Lyo (i) Uss(y)) (4.22)
0Fy
+p(1 = gL () UypCi) + 07 Y Loy (iU () Ly () Uasp(y)-
0,0#y

In matrix form, this is
S(j,) = pUTA U + UL, AU + p ' UT LT, (4.23)

where A, is zero except at entry (y,y) where it equals 1:

1 0 O 0 0 O 0 0 O
Air=10 0 O, A,=101 0}, A3=]0 0 0. 4.24)
0 0 O 0 0 O 0 0 1
We’ve also defined
Log(iy) = Lay(iy)Lys(iy) = PO Ay lap- (4.25)

Let us pause for a moment and reflect on our calculations. Note that at no stage did we explicitly
use the fact that U, L and A, are 3 X 3 matrices. Indeed, the above calculations carry over directly
to SU(n) when we promote the objects ¢? to lie in C” instead of C>. This observation will allow
us in Chapter 5 to immediately use the result (4.23) without further proof.

Using (4.23), we now evaluate the trace terms appearing in (4.1). Again, this derivation will
hold for general nXn matrices, and we will refer to these calculations in Chapter 5. Since the matri-
ces U and L are evaluated at different sites, we Taylor expand which introduces spatial derivatives.
For example

1
Uljy) =Umj+y = 1) = U(p) + (1 = )0:U(jn) + 501 = YRUG) + -+, (4.26)

where we’ve assumed the derivative is uniform: d,U(j,) = 0,U( jjl). Expanding in powers of L
and p~!, we find after some tedious algebra,

te[S (jy)S (i)l = p* (7 — Y)*u[USUTA,0,UUTA,) (4.27)

+207 = V)P (Loy[0xUU Ty + Lyy[UB U1y ) + 41y |* + const.

For the complete derivation of this result, see Appendix B. This completes the second item on the
recipe presented in Section 2.5.
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4.3. Derivation of the Flag Manifold Sigma Model

4.3.1 Coherent state path integral

Having rewritten the Hamiltonian in terms of U and L, we now derive the Lagrangian by using a
coherent state path integral approach [99, 100, 123]. Our approach mimics the procedure outlined
in Section 2.2.1. As a complete set of states, we introduce

#) = (¢ - @)"10), (4.28)

with ¢ € C". As in SU(2), the a are bosonic operators, known as Schwinger bosons. Again,
we promote all of the fields to n-complex dimensional objects, so that we may make use of this
derivation again in Chapter 5. These states correspond to an element of the rank-p symmetric
representation of SU(n), [¢],, acting on a highest-weight state in the Hilbert space:

|¢) = [#],/highest weight). 4.29)

The resolution of the identity is then the integration over all of SU(n) of the projection |@){¢|:
1= f Dolp){gl. (4.30)

Inserting this between each time slice 7; of the partition function, we obtain terms of the form

(P)le™ T |p(ti1)) = (P(DPrsseye o 4.31)

Exponentiating these terms, we find the following contribution to the action:

[ [co@ipion) e (146" (r)- 0:p(r))” = exp plog ) (1+6"(r1)- 0 (7)) ~ exp p f dr¢"-0:9,

(4.32)
where we’ve used (¢9|¢’) = (¢* - ¢")P. Now, using (4.15), we have
ety = " OeLayUsp + Layd-Uyp, (4.33)

Y

where L is defined below (4.18). We neglect time derivatives of L, which are already small fluctu-
ations. Then we have

$°" - 00" = > LoaUpsLayd:Usp (4.34)
oy
= Z Z [LéaU;(;aTUaﬁ + U;azaéa‘rUdB + (1 - /’l(a))UgaaTU(Yﬁ:l + O(p_2)
ota B
= tr[Agd0:UUT] + p ' tr[{Aq, L}O:UU ] + O(p~2). (4.35)

Therefore, we see that the Lagrangian receives the following Berry contribution for each of the
n sites of the unit cell:
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4.3. Derivation of the Flag Manifold Sigma Model

Lp = _% (ptr[AaaTUU*] + tr[{Aa,L}a,UUT]) +0(p~H. (4.36)

We have divided by n, the size of the unit cell, since Lp is technically a Lagrangian density that
will be integrated against the two-dimensional measure dxd7. In SU(3), the explicit contribution
from a sum over 3 sites is, to O(p‘l ),

Lp = —gtr[AlaTU(x)UT(x) + M0 U+ DUT(x+ D)+ A30:U(x+2)UT (x +2)]  (4.37)

—%tr[{Al, LU UT(x)+{As, L(x+ 10 U(x+ DU (x+1)+{A3, L(x+ 1)}3, U(x+2)U" (x+2)].

In SU(2), such an expression led directly to the topological term (2.44) upon Taylor expansion
and integrating out the L matrices. Here, we will find that such a procedure will lead to additional
terms that are purely imaginary in imaginary time (like a topological term), yet are not quantized.
These so-called ‘A-terms’, which are absent in SU(2), can be interpreted as torsion terms in the flag
manifold metric tensor. In Section 4.5, we will devote considerable effort to analyzing the A-term
in SU(3) using the renormalization group.

4.3.2 Complete field theory

We now are in a position to derive the complete field theory of the SU(3) chain in the symmetric
representation. First, we Taylor expand the result (4.37). Note that since the L matrices are already
subleading, this Taylor expansion is only nontrivial for the first line in (4.37). We find

2
Lp= —geﬂvtr[(Ag +2A3)9,U9,U"1 = SulLdUU], (4.38)

where we again made use of the identity tr[dUU'] = 0, which is proven in Appendix A. Now,
let us determine the Lagrangian contribution from the Hamiltonian. Using the formula (2.34), we
have

L-Lp= —%(tr[S @OSx+D]+tuSx+ DS +2)]+t[S(x +2)S (x)]) (4.39)

J:

—gz(tr[S (S (x +2)] + S (x + 2)S (0)]).

Note that we have remembered to divide by 3, the size of the unit cell, when adding (4.27) into
this expression. We have also made use of the 3-site order to make the identification x ~ x + 3.

Inserting (4.27), we then have

3
J .
L= Lp= =] 3 PUlUOU RedsUU Agir] + 2plIL, Aa)OxUU Agr] + 4lLas ] (4.40)
a=1
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3
J
_? [4p2 Z tI'[Uax UTAaaxUUTAa+2] + 4Ptl’[{L, A(t}axUUTAa+2] + 4|Lw,w+2|2],
a=1

where all indices are defined modulo 3. Now, the L matrices can be integrated out using the same
Gaussian identity we used in Chapter 2, (2.38), as well as the result (4.38). For example, integrating
out Ly and L}, leads to

delzdLTZ exp

4
—3U1 + DLl = 2L12 (19:UU o + 2202 - Jl)[axUU*]m)] (4.41)

xexp [~2La1 ([0:UU 112 = 222 = I UU o)

_ . 2J, — 1)?
tr[AluaTUVAzaTUU'Hpﬂ 2= J1)

1 _ )
- I S =2 TV w[A U U AL, UUT
CXP[ 30, + /) 30+ Iy T 2 ]]

2J, — Ji
3(Jy + J)
Similar integrals can be done for the Ly3 and L3 terms as well. In the end, we arrive at the
following action:

X exp [p emtr[a#UUTAzaTUU*AI]} :

3
1 L1 .
S[U] = f dxdr(zg[vtr[A(,_anxU*AaaxUU'H;tr[Aa_luaTUTAaaTUU']] (4.42)

a=1

3
0 2
Hio— Gt [(A1 = A9)3,U8,U"| + i€ ; tr[Aq 1 U8, U Apd, UUT]).

Let us define the various parameters introduced above. The coupling constants g and A obey

1 vV 2tp 2] —
1_pYhih PNy (4.43)
g J1+ I 3 J 1+ >
the velocity satisfies
v=3p\J1 1, (4.44)
and the topological angle is defined by
2
g=TP (4.45)

This action defines a sigma model quantum field theory. That is, a theory whose fields, (in this
case the matrices U), are restricted to lie in a particular smooth manifold. For us, this space is the
flag manifold SU(3)/[U(1)]?: the space of special unitary 3x3 matrices that are invariant under two
U(1) gauge transformations. The terms proportional to é correspond to a symmetric metric tensor
on this manifold, and the A-term corresponds to an antisymmetric metric torsion. For more details
on the mathematical structure of both sigma models, as well as flag manifolds in general, we refer
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the reader to the papers of Bykov [71, 72], as well as the recent review [6].2° In the following
section, where we list the various properties of this model, these gauge transformations will be
verified explicitly.

But before moving on, we make an additional useful observation. Since our quantum field
theory was derived to capture small fluctuations about a classical ground state, we may treat U as
a matrix close to the identity operator, and write

U = el Zawals (4.46)

for small real fields wy, and su(3) Lie algebra generators 74. Indeed, this is a defining property of
any Lie group, including SU(3) in which U belongs. Now, in Appendix C, we prove a factorization
property of SU(3) matrices. Namely, any matrix U can actually be written as

U = ¢/ @3T3+wsTs) yi Zpzz g waTa , (4.47)

where T3 and Ty are diagonal matrices, and the remaining generators are off-diagonal. Inserting
this factorization into (4.42), the gauge invariance cited above will ensure that the fields w3 and wg
do not appear in the action. In other words, the flag manifold sigma model action is described by
only 6 fields, which agrees with the real dimension of SU(3)/ [U(1)]%. This number of degrees of
freedom is consistent with the fact that we found 6 Goldstone bosons in our flavour-wave theory
calculations. Moreover the w, fields propagate with precisely the same velocity, v. This is to
be expected, since it was flavour-wave theory that provided our reference state for deriving the
quantum field theory in the first place!

4.4 Properties of the Field Theory

The first symmetry to notice in (4.42) is the invariance under exchanging the spatial and temporal
coordinates, x < 7; i.e. the theory is Lorentz invariant just as in SU(2). This can be made more
obvious by rescaling 7 — vr.

Next, we comment on the coupling constants. The first, g, is a direct analogue of the CP!
coupling (2.50), and as in that theory, it tends to zero in the limit of large representation, p — oo.
We will make use of this fact in the following section when we perform perturbation theory to
determine various renormalization group flows in the sigma model. Meanwhile, the coupling con-
stant A is novel, and arises due to a mismatch between the first and second-neighbour interactions
in the Heisenberg Hamiltonian. Only for the fine-tuned choice of J; = 2J; does this term vanish.
Unfortunately, we are unable to identify a physical symmetry of the SU(3) chain that would rule
out such a term, and so we are forced to analyze its consequences. Interestingly, this A-term is
a pure-imaginary term in imaginary time, and contributes only a phase to the underlying SU(3)
partition function, much like the topological term analyzed in Section 2.3.1. However, unlike a
topological term, it is not related to an invariant, and so is not quantized in any way.

2The ‘flag’ structure is more obvious when we recall the isomorphism U(3) = SU(3) x U(1), so that the manifold is
U(3)/[U(1)]*. In [6], additional equivalent definitions of flag manifolds can be found.
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Finally, let us direct our attention to the terms involving 6. As our notation suggests, these are
topological invariants, and correspond to the second cohomology group of the manifold SU(3)/[U(1)]*:

H*(SUR)/[UMD?) = Z x Z. (4.48)

Recall that this group is equivalent to the second homotopy group for flag manifolds, which clas-
sifies topologically distinct maps from S2 to the target space. As we explained in Chapter 2, since
any finite-action field configuration must attain a constant value at some radius R away from the
origin in spacetime, we may identify R? with the sphere S2, and view any field ¢ € SU(3)/[U(1)]?
as a map from S? to the flag manifold. Explicitly, the topological invariant is

Qy = €y fdxd‘rtr[Aa(?#UavU] €L, (4.49)

1
2mi M

so that topological action arising from (4.42) reads

3
Siop =i 6aQu (4.50)
a=1
with 6; = -6 = = =L, and 6, = 0. Actually, we have some freedom in our definition of the 6,,
since it is easily verlﬁed using tr{UAUT] = 0 that the topological charges Q, satisfy
01 +02+03=0. (4.51)

In fact, not only do the topological charges sum to zero, but so do their densities, g, := tr[A,0,Ud,U .

4.4.1 The flag manifold as coupled CP* sigma models

In Section 3.3, we explained how longer-range interactions in the Heisenberg Hamiltonian served to
couple degrees of freedom together across sites of the chain. According to (4.18), in the symmetric
representations we presently consider, to each site of the chain we may assign a field ¢%, which
corresponds to a CP? degree of freedom. In a nearest-neighbour model, the unit cell would involve
only two such CP? fields, and local zero modes would persist. But as we have seen, by adding a
Jo> term in (4.1), we couple three sites together, and obtain a field theory involving three separate
CP? fields. We now rewrite our sigma model in a manner that makes this threefold CP? structure
explicit. Using the identity

x,a—1

S

M

3
o7 0" = Z 10,0 = @™ - 3" ). (4.52)
a=1

a=1

we see that the flag manifold sigma model resembles that of three CP? fields, coupled via orthog-
onality and the A-term. Indeed, after some algebra we find

3
Z |aﬂ¢a|2 oo (ll Z [1/1(‘0* a+l a,u‘Pa)(SD(H'l 8,0™) + i, a,u‘P - dyp* (l]
a=1 a=1

(4.53)
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where we have rescaled 7 by setting v = 1. The first term occurring above is precisely the action
for a CP? field. This expression makes explicit the embedding of the flag manifold SU(3)/[U(1)]?
into three copies of CP%:

UQ3)
U(1) x U(1) x U(1)

< CP? x CP? x CP>. (4.54)
Since CP? is the Grassmannian G, this embedding is a special case of (3.16).

4.4.2 Gauge symmetry

We now turn to the U(1) x U(1) gauge structure of the sigma model. In (4.42), this manifests as
invariance of the action under the transformation U’ (x, 1) = D(x, 7)U(x, T), where

eiﬂ] (x,7) 0 0
Dx,t)=| 0 P2 (67) 0 (4.55)
0 0 eiﬁ3(x,7')

with 3 = =9 — J,. It is actually easier to verify the gauge symmetry in terms of the ¢®. In terms
of these fields, this transformation corresponds to ¢’® = e?2®. Let us verify each term in (4.53)
separately. Since

|‘p/*,ail . aﬂ¢la|2 — |¢*,(lile—i19ai1 . (aﬂsoaeiﬂw + Soa/ ﬂeiﬁ”)|2 — |‘p*,afil X 6#90a|2 (456)

because the ¢ are mutually orthogonal, we can use (4.52) to verify that the real terms in (4.53) are
gauge invariant. The A-term can be similarly shown to be invariant since the phase factors cancel
out. Finally, the topological charges transform as

f,uv(aygom : avﬁol*ﬂ) = Eﬂv(ay‘xpa 0y ) + eyv(a,u(iﬁa)av(_iﬁa)) (4.57)

+€,uv(a/1¢a 0, (—i0y)) + fuv(a,u(iﬂa)‘/’a - 0yp™7).

The second term on the right hand side vanishes by symmetry: €, is antisymmetric while (0,9,0,9,)
is symmetric. Meanwhile, the third and fourth terms cancel due to the identity

A - ") = 0. (4.58)

Thus, the topological term is invariant, and (4.42) possesses the gauge symmetry (4.55) as claimed.
It is perhaps useful to relate these gauge symmetries to the familiar U(1) gauge symmetry of
the CP? sigma model. To this end, we introduce three fields Ay € R?, which satisfy

AL(x) + A2(x) + AX(x) = 0 (4.59)
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for all x and u. This constraint is equivalent to the condition that #3 = =t} — ¥, in (4.55). In terms
of these A/, there exists yet another rewriting of (4.42), which is

3 .
Z 1 0 €
S = fdxdT( [i |(6# + lA'Z)SDa|2 + %eﬂvAg + ﬁ/l((ﬁ*,di—l . 6ﬂ¢a)(¢a’+l . av¢*,a):|] . (460)

a=1

To prove this, we first expand the real term in (4.60):

|+ iADR°[* = 0,0 + (ALY = 240" - 3,," (4.61)

— |a/1‘Pa|2 — g™ #‘Pa|2 " (AZ — g™ . “‘pa)2‘
This form suggests we shift A} by ip™* - 9,¢". In doing so, this changes the topological term in
(4.60) according to
€0, Ay > €40, AT + i€,,0,0"" - Dyp”. (4.62)

Since the A;; are decoupled from the ¢, we may now integrate out the gauge fields completely, and
obtain the desired theory (4.53). Note that shifting the gauge fields does not disturb the constraint
(4.59), since
3
@m+ﬁm+@mH%m+ﬁm+@m+Z¢wﬂw, (4.63)

a=1

and the second term vanishes since it is of the form trf[UdU].

4.4.3 75 symmetry

Translation symmetry in the underlying SU(3) chain is realized in the sigma model as a global Z3
symmetry: U — U’ = RU, with
010
R = [O 0 1]. (4.64)

1 00

This cyclically permutes the three ¢® fields, which can be represented pictorially as
e~"eforfe. (4.65)

Note that R® = 1, as it must. Using the form of the action (4.53), the only nontrivial calculation we
must do to verify symmetry under R has to do with the topological term. Note that

2 2 2 2 2
?”(Ql ~ 03 - ?H(Qz — Q) = ?”(Ql ~ 03+ {(Ql + 0+ 05)— 3§Q1. (4.66)

Since Q1 + O» + O3 = 0, the second term vanishes. Now recall that the topological term enters the
partition function as a pure phase. Since Q; € Z, we have

ez’gip(Q|—Q3) o ez"T’?(Q,_Q3)eZnin1 _ ez’;ip(Ql—Q3)’ 4.67)

which proves the symmetry. We will have more to say on this symmetry later on, when we discuss
the concept of °t Hooft anomaly matching.
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4.4.4 Other discrete symmetries

Another discrete global symmetry of the sigma model is parity symmetry, which corresponds to
a mirror symmetry in the SU(3) chain. In fact, there are three non-equivalent mirror symmetries,
which lead to three non-equivalent parity symmetries. For example, a reflection about the line
separating @ and @ sites in the chain corresponds to

@' (x,7) > @ (=x,7) @ (x,7) > @*(=x,7) (X, 7) > @' (—x, 7). (4.68)

It is easily verified that such a transformation leaves (4.53) invariant. Note for instance that the
topological term is unchanged: Q; and Q3 change sign, but so does the partial derivative, d,, and
these two changes cancel out. This parity symmetry will not be related to any ‘t Hooft anomalies,
but will become important in Section 4.7 when we discuss other SU(3) representations.

Finally, the sigma model is also unchanged under the symmetry ¢%(x,7) — ¢%(x, —7), as well
as i — —i. This corresponds to time-reversal symmetry in the SU(3) chain.

4.5 Renormalization Group Calculations

In Chapter 2, once we derived the corresponding sigma model of the antiferromagnet, we were
immediately able to draw conclusions about its phase diagram. This was because a great deal of
theoretical investigation had already been carried out for the CP' sigma model. In particular, it was
well established that the theory is asymptotically free, meaning that the coupling constant g flows
to small values at high enough energies [18].

Having derived the flag manifold sigma model description of the SU(3) chain in this chapter, we
would now like to proceed in a similar fashion. Ultimately, we hope to establish a phase diagram
for the chain that depends on the representation p, and uncover an SU(3) version of Haldane’s
conjecture. Unfortunately, we have more work to do first. Since these flag manifolds are relatively
novel theories, they have not been studied to the same extend as in SU(2). Therefore, in this section,
we are forced to do the necessary renormalization group (RG) calculations ourselves, in order to
establish asymptotic freedom in the SU(3) chain. We will also investigate the relevance of the
A-term, as it is an operator that is not often considered in standard quantum field theories.

4.5.1 A primer on renormalization group theory

Since the notion of renormalization group flow will be central to the results of this thesis, we offer
here a brief reminder of its theoretical foundation.?! The fundamental idea behind the renormal-
ization group is that coupling constants change as we change the length scale of our theory. In
the context of spin chains, this notion of different length scales is very natural: the atomic spacing
of spins along the chain is a much smaller distance than the observable lengths defined by macro-
scopic phenomena. This motivates the search for so-called relevant operators — those operators

2I'The content of this subsection is partially transcribed from the author’s MSc thesis [124].
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whose coupling constants increase as we increase length scales. In contrast, irrelevant operators,
those whose couplings decrease as we increase length scales, are less interesting to us as physicists
who seek to model and identify macroscopic phenomena.?> When we apply this thinking to our
flag manifold sigma model, what we hope to understand is which of the couplings g and A are
associated with relevant operators.

In order to achieve this understanding, we must determine the functions governing the evolution
of g and A as a function of length scale. These are known as beta functions, and can be defined
as follows. Given a family of length scales bA parametrized by b, the beta function of coupling
constant X is defined according to

o dX
Px = dlogh’

Here A can be thought of as an underlying ultraviolet (i.e. high energy) cutoff in the theory, de-
termined in part by the inverse lattice spacing, a~'.2> Since increasing b corresponds to increasing
length, relevant operators have positive beta functions. Now, there are various ways of calculating
Bx; we choose to follow Ken Wilson’s approach, who is credited for much of our modern under-
standing of the renormalization group [125]. According to Wilson, one reduces the length scale of
the quantum field theory by integrating out those fields whose momentum modes are restricted to
lie in a thin shell in momentum space. This shell consists of all momenta with magnitude lying
within (b~'A, A).24

Let us explain how this integration is carried out for the case of a single scalar field, ¢. Then
we will turn to the flag manifold sigma model in the following subsection. The Lagrangian density
is taken to be

(4.69)

1
L, = 5(&0)2 + Z X0il¢l, (4.70)

where O;[¢] is a generic operator involving the field ¢ and its derivatives. We begin by separating
the field into slow and fast components,

¢ =¢s t o5, 4.71)

where ¢, contains the momentum modes of ¢ with magnitude less than 5~'A, and ¢ r contains the
modes that lie within the shell. In terms of these new variables, the Lagrangian density can be
reorganized as follows:

Ly=L+ L+ Ly (4.72)

The first term, L, equals the original Lagrangian density, but with ¢ replaced with ¢,. The sec-
ond term, £, equals the free fast Lagrangian density, %(690.,«)2. The remaining term contains all

22For completeness, we note that operators that are neither relevant nor irrelevant are referred to as marginal.

ZIn practice, A is a reduced cutoff, which is less than the bare cutoff Ay := a~'. This is because we typically work
with a Lagrangian that already corresponds to some lower energy description of the system than the original underlying
Hamiltonian.

Z4Note that since b is a length scale, b~' A corresponds to an energy scale less than A.
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operators that mix slow and fast components. The partition function can then be rewritten as

o f Dyyppe | TGN < 7, f Dypye [ LD, (4.73)
where
Zoy = fz)we—fddxif (oY= Z(;,}fDSDf e J ALy (4.74)
and
o [4OL (o [ Ly (4.75)

In other words, integrating out the fast modes has generated new terms in the Lagrangian. Since
the operators appearing in (4.70) were generic, we can write

1
6L = E(szw(a%)2 + Z 6Z:0i[ps] (4.76)

in terms of renormalization constants 6Z, and 6Z;. To compare L + 6L to the original theory, we
rescale coordinates
x— b lx 4.77)

so that the new UV cutoff is once again A, and rescale the field

Qs = @5 A[(1 +6Z,)b2 (4.78)

so that the new kinetic term is once again %(&p)z. Defining d; and n; to be the mass dimension
and number of factors of ¢, respectively, of O;, we find that the coupling constants of the reduced
theory, X;(b), satisfy
0Z;
X;(b) = X; (1 + Yl) (1 +6Z,) "%, 4.79)
i
This expression can now be differentiated with respect to log b, yielding the beta functions of
the theory, Bx,. Often, we use flow diagrams that capture the information provided by these beta
functions.

4.5.2 Renormalization of the SU(3) chain

According to the steps outlined above, we begin by deriving a perturbative expansion of the sigma
model, (4.42). This is achieved by rewriting the matrices U in terms of the 8 generators 74 of
SU(3), according to

U = ¢l Zher @aTa, (4.80)

These matrices are defined explicitly in (E.1), and can be thought of as generalized Pauli matrices.
They satisfy the su(3) algebra
[T, Tg] = 2ifapcTc, (4.81)
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where the fypc structure constants are fully antisymmetric. Due to the factorization property of
SU(3) matrices (4.47), and the gauge symmetry (4.55), we can replace (4.80) with the simpler
relation

U = e“le. (4.82)

Here and throughout, lowercase Latin letters index the off-diagonal Gell-Mann matrices, lowercase
Greek letters index the diagonal ones, uppercase Latin letters index all eight Gell-Mann matrices,
and repeated indices are summed over. Now following Wilson, we rewrite the fields U in terms of
‘slow’ (Uy) and ‘fast’ (Uy) fields, as

U=U;Us (4.83)

and make use of (4.82) for each factor. These fast fields have momentum modes restricted to a
Wilson shell [b~'A, A), where A is an energy cutoff (less than the inverse lattice spacing), and b >
1. The RG step of integrating over this shell is then equivalent to integrating out the fields U from
the theory. This factorization of U is motivated by Polyakov’s work on the O(3) nonlinear sigma
model, which found the model’s RG equations by a quadratic expansion of the ‘fast fields’ [126]. In
Appendix D, we review this calculation, and also demonstrate the equivalence between Polyakov’s
decomposition and (4.83) for the SU(2) case.

We are now ready to insert (4.83) into our Lagrangian. But since we will be forced to make use
of many identities involving the structure factors fipc, we choose to rewrite the Lagrangian in an
equivalent form, which is derived in Appendix E.2. Neglecting the topological term, as it does not
contribute to perturbative RG equations, this equivalent form reads

1 3 + +
L= 8—gtr[(’)ﬂ(UTTyU)6#(UTTyU)] + A%eﬂytr[f)ﬂUU' T30, UU'T3]. (4.84)
For convenience, we define the composite objects
My = UlTaU; N, = 8,UU; (4.85)

which will simplify our notation greatly. We now derive a perturbative Lagrangian by focusing on
each term in (4.84) separately.

First term of (4.84)

We start by inserting U = UUj into the first term of (4.84), and expanding Uy = I + iw,T, —
%wawaaTb + O(w?). Then to leading order

. 1
U;T,,Uf =Ty —iwg[Te, Tyl + wewpT, T, Tp — Ewawb{TaTb, T,}. (4.86)

The quadratic term can be simplified by noting that since w,wp is symmetric in a and b,
1 1
o |TTyTp = STaTp. Ty} | = Z0aws (ITar [Ty, Tl + [T, [Ty Tull). - (487)
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Now using the su(3) algebra, and defining
habyD = (fachybc + fbchyac) > (488)

we obtain
UTT),U =M, +2fupwiMy — wawphapy,pMp. (4.89)

Derivatives and traces are now taken, resulting in
t((@u(U'T, V)] = (4.90)
Ul M) 1 + 4 faye firyadu@adpptl McMal + 4 fuye fryawawptrl M8, Ma]
+ 4 fuy b0, watr[0, M, My + 4 forpwatr[0,M,,0,,M)]
+ 8 faye foryaOuwawptr[M 0, M 4] — 40,wqwphapyptr[0,MyMp]
— 20aWphabyptr[8,My3,Mp] + O(w?).

We can simplify some terms. Using (E.4), we have

tr[M.My) = tue[UIT UUIT U] = [T Ty] = 264. (4.91)
Additionally,
tr[Mad,Mg] = tt[U,8,U{TpTa] + tr[8,U U TATp) (4.92)
= tr[0, U, U [T, Tg] (4.93)
= 2ifapctr[d,UUlTc] (4.94)
and
habyp fDyc = = fpak JoyEfDyC — fDVE fayEfDyCc =0 (4.95)

imply that the term proportional to d,wqwphapyp vanishes. The result is
twl@ (U T, U)?] = al(3,M,)°] + 8(3,00)” + 4faye foyawawptr| 9, M0, Ml
+ 81 fupe 0y wawptt[0, U U T, ] + 16i fupp0ywawptr]0, U UL T,
- 2wawbhab7Dtr[8ﬂMyaﬂMD]

plus linear terms in w, and higher-order corrections. For now, we neglect the linear terms: this will
be justified shortly. Then, to quadratic order in w,, the first term of (4.84) can be written as

1
gtr[(aﬂ(U*TyU»z] = (4.96)

1 1
—tr(,M,)* + —
Sgr(” ) 8

+ 8i fupe 0y wawptt[0, U U Te] + 16i fupp0ywawptr[0, U UL T,

8(8,110)(1)2 + 4fayCfbwaawbtr[auMCayMD]

- 2wawbhabyDtr[8ﬂMyaﬂMD]] .
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Second term of (4.84)

We now perform the same expansion of Uy to simplify the second term of (4.84). Define
L, = e,r[8,UUTsd,UU T3], N, :=8,U,U.. (4.97)
Then we have

Ly=  tl0,UsU;Tsd,UsU T3] + 6util,Us U TgUpN, U Ts] (4.98)
+ 6t N, U Ts0, U ULT3U ] + €uttIN, U TsU N U T3 U ).

Using (4.89), this is

Ly = +utl0,UsU}Ts0,UsU T3] (4.99)
+ €utr[0, Uy (T + 2 fuspwaTp — WawphapspTp) N,,U}T3]
+ eutr[N, U;T86VU 7 (T3 + 2 fu3pwaTp — wawphapzpTp)]

+ eutrt[Ny (Ts + 2 fugpwaTh — WawphapspTp) Ny (T3 + 2 fuz3pwaTp — wawphapzpTp)].

Expanding the remaining Uy, and dropping a term proportional to 6,w.0,wy€,, which vanishes
after Fourier transforming, we find

3
/LLq = Euyﬂ% tI'[NluTngTﬂ + auwawbtr[NvT;, (T3T,Tg — TsT,T3)] (4.100)
1
+ an(wawb)tr[Nv(TiiTaThT_% = 13T, TpT3))]

+ wawb(4fb3df¢18c‘tr[NpTchTd] + tr[]vaD]\,p (habSDT?a - hab3DT8)])

+ Ziapwawbtr[TaTch (becT3 - fb3cT8)]a
where again we have omitted the terms linear in w,.

Discussion of linear terms

In both parts of (4.84), we have refrained from writing the terms linear in w, explicitly. We now
justify this choice. After integrating by parts, all such terms are of the form

wWaF4(X) (4.101)

where F,(X) is a function of the slow matrices U, and involves two derivatives. Naively, we
may argue that f d?>xw,Fu(X) = 0, since w, only contains fast modes, while F, is made of slow
functions. However, since F, contains products of slow modes, it will generically have some fast
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modes; thus a different argument is required to justify neglecting these terms. We present two such
arguments:
First, upon integrating out the fast fields, the contribution to the effective Lagrangian is

1
6L =5 [ PREIFDGuE - DG (4.102)
where G, (%) is the Green’s function of the w fields. In l?—space, this is

| k1 5 S
6£(k)—§ L _1A<Vzl<AWﬁFa(k)Fa(—k) (4.103)

because the w fields only have momentum modes in the Wilson shell. Since F (IE)) involves no more
than four slow fields, k is restricted to |k| < 4A, where A := b~'A. Following [126], we will take
the limit A — 0, and argue that |51:(1€’)| — 0. Indeed, since F a(l?) contains two derivatives of slow
modes,

IF(l?)I < AZIF(I?)l (4.104)

for some operator F (l?) involving up to four slow fields, without derivatives. Therefore,

3 ~ ~ = ~ -
16L) < A max |F(k)|F(=k). (4.105)
2 R<k<4A

Since F (k) just involves products of slow fields, this maximum should be bounded by some A inde-
pendent constant as A — 0, say maxo<<alF (l?)llF (—l?)l. Therefore |6.L] vanishes as A3. This is to
be compared with the marginal kinetic term, (@,wa)z, which only vanishes as A. This agrees with
our naive intuition, that since F,(X) involves two derivatives, 6L should consist of irrelevant oper-
ators; however, we are more careful here, since the momenta of G,,(X — ¥) in (4.102) is restricted
to the Wilson shell.

An alternative argument for neglecting linear terms is as follows. In the perturbative La-
grangian, the leading term that arises from w,(x)F,(x) will correspond to a Feynman diagram
with a single internal line. Since the leading g-dependent interaction is a four-point vertex, the
simplest O(1) diagram arising from w,(x)F,(x) will serve to renormalize a five-point or six-point
interaction. Such diagrams can be excluded from a first-order perturbative calculation of 5(g) and
B(), which consider the four-point and three-point interactions, respectively.

4.5.3 Integration over a Wilson shell

Having justified the dropping of linear terms, we now Fourier transform the sum of (4.96) and
(4.100) and perform Gaussian integrals over the w,. We use the general formula

f Digle | PxELLo) — ne3tt]loe [0 (4.106)
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where O is a formal expression involving the Green’s functions of w,. Following Polyakov’s ap-
proach (reviewed in Appendix D), we expand the tr[log] to second order, since higher-order terms
will involve more than two derivatives acting on the Uy, and correspond to irrelevant operators. The
slow functions appearing in the linear term of this expansion can be replaced by their averages, as
in (D.7). Meanwhile, the quadratic terms of the tr[log] can be approximated using (D.11). Notice
that terms proportional to ,w,wy, do not contribute to linear order, according to (D.8). The result
is

tr[log0] = (4.107)

d’k ;1 1
fdzx( (271-)2 (z—szaycfayl)tr[a#MCaﬂMD] - mhaawtr[aﬂMy@MMD])

1 [ &k kuky
f(Zﬂ')z k4 (fabEtr[N TE] +ftlbptr[N T ])

\/_f(z )2 /lfa3df“8L6#Vtr[N T N, Td] + /lfpvtr[N TDN (huanT3 haa3DT8)])

d’k k k€
+ \/g/lg 2 e F;PV (fabEtr[NyTE] + fabytr[N/JTy])
Q2n)> k
i
X ( + E (tr[TbT8NvTaT3] - tr[NvTaTSTbT3]) - tr[Nv (faScT3Tch - fa3cT8Tch)]
+ itr[NV (Tg{T,, Tp}T5 — T3{T4,, Tb}Tg)])) + higher-order corrections.

Here the integration over £ is restricted to the Wilson shell. The first line can be simplified using
haayp = 60,p, and (E.7). The second line can be simplified using

(fupetrIN, TE] + fabptr[NyTp]) ~12(t[N, T, 1)* — ([N, Tal)>. (4.108)

The third line can be simplified too. Since f,g.f.34 vanishes unless ¢ = d, the first term is propor-
tional to €, tr[N,T:N,T.] = 0. Using hyq,p = 60,p, the whole third line is

d’k 1
6 V3gle,, f G 2 I TsNT 31, (4.109)

The last line can be dropped, since it is symmetric in a, b and multiplies terms proportional to fpy.
Finally, we use the momentum-shell integrals

k11 K.k |
R - 25 l0gb k=g (e =fd2k— K> 4.110
«fb“A<k<A 2m)? k> 2n °8 f K4 8(k%) 2k2g( ) ( )
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for a general function g(kz). At last, we arrive at

logh

T

tr[log O] ~ f dzx(l(fr b (0L(@u M1 = 363, M,)%1) + ~= (12N, TaD)? ~ 11N, T])?)

(4.111)
€nAglogh

+3V3(log b)gAeuntr[N, TgN, T3] +i V3 -

(fapEtrINLTE] + faupy TN, T 1)
X ([N, TaT3TyTs] = e[ N, T, T8 T T31) + 2iteN, (fus T3 TpTe — fachgTch)])).

Now, we make use of various identities proven in Appendix E. The identities (E.16) and (E.21)
let us rewrite the first line as

Slogbh 2
~“Ten tr[(0,My)"]. (4.112)
Now consider the last term:
. —€pAglogh
A= zﬁ‘”T( fabEt [N, Tg] + fabytr[NﬂTy]) (4.113)

X ((tr[NvTaT3ThT8] — [Ny ToT3TpT3]) + 2ite[Ny (fas 3T T — fa3cT8Tch)])~

The first term of the second line is simplified using (E.26). Then antisymmetry in a and b imply

\/gew/lg logb

A= —
8

(fabEtr[NﬂTE] + fabytt[N, Ty]) (4.114)
X (bectr[Nv(TaTcTS = T8TaT )] + fpcttIN(T3T T — ToTcT3)]
+ SacttIN(T8TsTe — TpTcT3) + foactt[NW(TpT T3 — T3Tch)])-

Now we use (E.28) to simplify this to:

EnAglogh
A=-2 \/ng(fabEtr[NpTE]"‘fabytr[NyTy])tr[NvTch](f3bcfa8d+f8bcf3ad+f3acf8bd+f8acfb3d)-
(4.115)
Recognizing the antisymmetry, this is

€yAglogh
A = = V34— tN LT N fapetINTE] + Sy tN,T))) (e fraa + fracSspa)- - (4.116)
Now we use (E.33). The result is

€ V3glogh
A= %i‘”z—gg(tr[NﬂTltvaTz] — tr[N, T4trN, Ts] + tr[N, TetrN, T7]). (4.117)
T
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Now we need to prove that the operator appear here is proportional to Lg. This is (E.41):

&u(trIN, T1trN, T ] = [N, TtrN, Ts] + [N, TeteN, T71) = —i V3u[N,TsN, T3].  (4.118)
Therefore,
33glogh
A= ﬂg%eﬂvtr[N#TngTﬂ. (4.119)

Now we return to the Lagrangian, which requires dividing (4.111) by 2. Using (4.119) and
(4.112), this is

1 5logb V3 3g glogh
L= % ( 1- gﬁ)tr[aﬂMyaﬂMy]+ TAeﬂytr[N#TngTﬂ(l 232 logb+273). (4.120)

This allows for the identification of

-1
3 S5glogh
Ao = 4|1 = 22 10gb gor = g1 - 2528 4.121)
2r 4
from which we can read off the § functions:
5¢* 3g4
Be(d.g) = = ad.g) = —=. (4.122)
4 2

4.5.4 Results of the RG calculations

Let us consider each beta function in turn. First off, we conclude that g is a relevant parameter:
Since it has a positive beta function, it flows to large values at large length scales. Such behaviour
is referred to as asymptotic freedom, since the opposite flow towards short length scales, or equiv-
alently high energies, renders the theory ‘free’ (i.e. g — 0). This is precisely the behaviour that
occurs in the CP! sigma model considered in Chapter 2. In fact, asymptotic freedom is known to
occur in CP"~! for all n > 2, and so our result should not be that surprising, since we have demon-
strated in (4.53) that the flag manifold can be viewed as three coupled CP? fields.> A fact that we
will use repeatedly throughout this thesis is that in the absence of topological angles, asymptotic
freedom indicates the presence of a finite energy scale in the theory. In other words, when 6 is triv-
ial (corresponding to p being a multiple of 3), we expect our sigma model, and thus our underlying
SU(3) chain, to exhibit a finite energy gap. This is our first result that will lead us to an SU(3)
generalization of Haldane’s conjecture.

Now let us turn to the beta function for 4. At first glance, it appears that the A-term is irrelevant:
at large length scales A will flow to zero and we may drop it from our analysis. Unfortunately, this
is not the complete story. Recall that we are doing RG calculations for a perturbative Lagrangian,

BHowever, a critical difference between the theories CP! and CP"! for n > 2 is that the latter is known to exhibit a
finite mass gap even in the presence of topological angle. This is where the intuition of a flag manifold as being coupled
CP""! sigma models dramatically breaks down.
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obtained by replacing U with ¢/“«T« in (4.42). The kinetic term that results upon this replacement
is

1
Ly = gaﬂwac?ywa. (4.123)

In order to obtain the more familiar kinetic term of free bosons, we must rescale the fields according

to wy, — \/gwa. As a result, the perturbative Lagrangian we obtain has the following structure

1 ., 3
L= Eaﬂwaaﬂa}a + 1182 €y Rupew10,wp0yw . + 8P ypeqwwp0yw 0ywq + 0(1g*) +0(g%) (4.124)

where R, and Pgucq are tensors of real coeflicients that can be expressed in terms of the SU(3)
structure factors. At this order in perturbation theory, the imaginary term does not have coupling
constant A. Instead, its coupling constant is A = Ag3/2. Therefore, in order to accurately assess the
relevance of the imaginary term, we must calculate the beta function of A, and determine its sign.
Since

3 31 3g~
Ba(d,8) = g2pa+ Egleﬁg = g/l >0 (4.125)

we conclude that the imaginary term in (4.124) is also relevant. Therefore, any comprehensive
phase diagram of the symmetric SU(3) must include axes for both A and g. Despite this fact,
a novel interpretation of RG flows based on 't Hooft anomalies suggests that it may be safe to
neglect the A-term in many cases. This will be explained shortly. As a consequence, in some of the
arguments that follow, we will make the simplifying assumption that A = 0.

4.6 Phase Diagram of the Symmetric SU(3) Chain

At this stage, let us reflect on our findings. Given an SU(3) chain in the rank-p symmetric rep-
resentation, we have obtained a mapping to an SU(3)/ [U(D)]? flag manifold sigma model, with
topological angles 6 = iZ"Tp. In the absence of these angles, i.e. when p = 3k for some k € Z,, we
expect this sigma model, and thus the underlying chain, to exhibit a finite mass gap.

Meanwhile, we have learned from the exact results of Chapter 3 that when the angles are
nontrivial (p # 3k), the LSMA theorem forbids such a finite mass gap in the SU(3) chain, unless
translation symmetry is spontaneously broken (see Section 3.5.2). This is consistent with the fact
that the spectrum of the chain with p = 1 is known exactly, and it does not exhibit a finite energy
gap (see Section 3.5.1). When p = 3k, the LSMA theorem breaks down, which is consistent
with our sigma model conclusions, and also the SU(3) AKLT model, which explicitly constructs a
translationally invariant SU(3) chain with a finite energy gap, as shown in Figure 3.6.

Together, these facts suggest that there should exist a gapless phase in the SU(3) chain driven by
topological effects. In other words, there should exist a critical coupling g., below which the model
exhibits gapless excitations. Above g., translation symmetry will be spontaneously broken with 3-
fold ground state degeneracy. Indeed, this is consistent with the findings of Corboz et. al. [109],
who found a trimerized phase in the J; — J, SU(3) Heisenberg model. According to our expression
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4.6. Phase Diagram of the Symmetric SU(3) Chain

for the coupling constant (4.43), g is an increasing function of J,, and so we expect that for J,
sufficiently large, the system will correspond to g > g., and will be gapped with a spontaneous
breakdown of the Z3; symmetry.

See Figure 4.1 for our proposed phase diagram. So far, we haven’t discussed the model at f = r,
which corresponds to a model that explicitly breaks the Z3 symmetry, and thus breaks translation
symmetry in the chain model. This aspect of the phase diagram, as well as the other ground state
degeneracy predictions, will be justified in the following subsections.

s >

| N
(b) l
I > 1x
SU(3)1i )
/3 I gless Zgapped ~ 3%
|
s > > 2%
[
SU(3)1,:L/// )
21 /3 >
™/ ga%less , gapped ) 3
[
|
' > 1x
|
|
0 > -
9e g

Figure 4.1: Phase diagram of the SU(3) chain in the rank-p symmetric representation. The angle,
0= 2{er’ vanishes when p is a multiple of 3.

Let us compare our phase diagram to what occurs in the CP! sigma model of the SU(2) chain
(see Figure 2.1). Both include gapless phases that are characterized by SU(n); Wess-Zumino-
Witten CFTs, and occur when 6 = 27” Indeed, this will be a general trait of symmetric SU(n)
chains — a fact that we will prove in following chapter, after a great deal of work. Both also include
gapped phases at 8 = 0; it is here that the AKLT-like models reside. What is unique to SU(3) is the
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4.6. Phase Diagram of the Symmetric SU(3) Chain

2-fold degeneracy at 8 = &, which can only be realized by explicitly breaking translation symmetry,
and will be shown below.

As it stands, our arguments are very similar to those initially put forward by Haldane, and so
perhaps one is also tempted to caveat our prediction as a ‘conjecture’. However, just as modern
developments have bolstered Haldane’s original arguments, there exist additional results in SU(3)
which support our findings. We now review each of these in turn.

4.6.1 Monte Carlo simulations

In order to verify the effect of topological angle on mass gap in the SU(3) chain, classical Monte
Carlo simulations were carried out by Lajké in [1]. Typically, such a calculation is not possible
due to the sign-problem related to the pure-imaginary nature of the topological term. However, this
issue was resolved using a clever method of Allés and Papa, which first carries out the simulations
for imaginary topological angles ©# = —i6, and then extrapolates to real angles [33, 36]. This proce-
dure works only if we exclude the A-term from our analysis (which is also a pure-imaginary term,
and contributes to the sign problem). Explicitly, the topological pat of the action was discretized
by splitting each square plaquette (in 2d Euclidean space) into two triangles [127], and defining a
local topological charge density ¢, according to

g _ &) @I - g E ) - 9" (7))
lp“2(7) - @ (Pl (7)) - @ (Fllp* (7o) - p*(F)|

(4.126)

Here A, j is the triangle with nodes i, j and k defined in clockwise order. Combining these topolog-
ical charge densities with the discretized real action,

)

* - - 242
@ (7)) - " (P + o) (4.127)
a=1 u=x,7
the algorithm proceeds by sampling the time averaged correlation functions,
_ 1 1 *,1 *,1 1
C = 7 > (' 0.0 6™ ()™ (0.0) - ¢! (x. 7). (4.128)

T

Note that the A-term is neglected in these simulations. The correlation length can then be extracted
by fitting C(x) with an exponential; its inverse defines the mass gap above the ground state that
we seek. The mass gap is extracted from imaginary to real angles using the fitting function (c; +
269)/(1 + c36%) [33, 36].

In Figure 4.2, the results of these Monte Carlo simulations for the SU(3) chain can be found.
For completeness, we also include similar results for the SU(2) chain in Figure 4.3. As expected,
when 8 = 0O a finite mass gap exists for all values of g, in both SU(3) and SU(2). However,
for sufficiently small g, this mass gap closes for particular values of #%: in SU(3), this occurs at

2r

8 = =5, and in SU(2), this occurs at 6 = +x. These are precisely the topological angles that occur
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Figure 4.2: Monte Carlo simulations in the SU(3)/[U(1)]?> sigma model, with 1 = 0. By extrapo-
lating from imaginary topological angles, we see that below a critical coupling, the mass gap closes
at 6 = +2n1/3.

in our flag manifold sigma models when p is not a multiple of n, for n = 2, 3. We believe the finite
mass gap that persists beyond some critical coupling g., which is approximately 2.55 in SU(3),
corresponds to a phase transition from a gapless phase into a gapped phase with spontaneously
broken translation symmetry, in accordance with the LSMA theorem. Therefore, these Monte
Carlo simulations present strong evidence in favour of our proposed phase diagram in Figure 4.1.

4.6.2 Strong coupling analysis

A second calculation, also led by Lajké in [1], was to consider the g — oo limit of the flag manifold
sigma model, with A set to zero. In this limit, the action consists only of a topological term, and
can be used to extract information about ground state degeneracies. Indeed, a similar calculation
was originally carried out by Seiberg in [104] and Plefka and Samuel in [105] for CP"~! sigma
models, and their findings were in agreement with the far-right side of the SU(2) phase diagram
in Figure 2.1. In particular, the presence of a finite gap for all values of 6 follows from the fact
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4.6. Phase Diagram of the Symmetric SU(3) Chain

Figure 4.3: Monte Carlo simulations in the CP! sigma model (corresponding to the SU(2) chain).
Below a critical coupling, we see that the mass gap closes at § = +.

that when the action is purely topological, the field ¢® become correlation free. Thus, we may also
conclude that in SU(3), a finite gap will be universal in the limit g — oo.

In short, the strong coupling analysis of the sigma model involves obtaining the free energy
density, by first developing a lattice version of the gauge-field formulation of the action, (4.60). It
is found that in the limit g — oo, this density is given by

£(61,03) = —log (%x 26, + 2mm, 05 + 27:)), (4.129)
where
1 (6h —Gg)cos(@) — 01 cos (%‘) + 63 cos (%3)
Z = ) 4.1
57(01.65) P NE— (4.130)

Since (4.64) ensures that 8; = —65 in our theories, we plot f(6;, 83) along this line in Figure 4.4.
The cusp in the free-energy at 271/3 (the blue line) is indicative of a phase transition, and will
be what we consider in this section. The behaviour at 8 = 7 (the red line) corresponds to a model
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Figure 4.4: Free energy of the SU(3)/[U(1)]> sigma model at strong coupling. The blue line,
corresponding to our model with two topological angles, exhibits a cusp at 8 = +27/3. The red
line, corresponding to a single topological angle, exhibits a cusp at 6 = +x. This corresponds to
the self-conjugate SU(3) chains, discussed in Section 4.7.

with explicitly broken Z3 symmetry, but possessing a Z, parity symmetry. We will consider such
a model in Section 4.7.

Since a finite mass gap is present for all values of 6 in the strong coupling limit, it should be that
the Z3; symmetry is spontaneously broken. We verify this explicitly by calculating the expectation
value of the topological charge densities,

0f(01,63,8 > ) 0f(01,63,8 > )
=- =- 4.131
(q1) = —i 2, (q3) = —i 90, ( )
depending on from which sector R, , we approach the point §; = —63 = 27r/3. By sector, we mean
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4.6. Phase Diagram of the Symmetric SU(3) Chain

which values of m, n that maximize the free energy in (4.129). We find

oI @ @ (@)

from R0 —ig + i% 0 iz — i‘/Tg (4.132)
fromRoig | iz —i2 —ig+il 0

from Ro i 0 i% - i‘/Tg i% +i ‘85

where (g,) was calculated using g» = —(q; + ¢3). These cases are connected by the Z3 transforma-
tion, clearly showing the spontaneous breaking of the symmetry.

4.6.3 Wess-Zumino-Witten models and the explicit breaking of Z;

The final two arguments that we mention here are related to the renormalization group flow of the
SU(3) chain. As discussed in Section 3.5, we expect that any gapless critical point that occurs in our
SU3)/[U(D)]? flag manifold sigma model will be described by a particular CFT, the SU(3); Wess-
Zumino-Witten model. This relies crucially on the fact that the model possesses an additional Z3
symmetry; otherwise the relevant operator tr[g] will destabilize the theory, where g is a fundamental
WZW field.?® We comment in passing that SU(3); has a marginal operator whose coupling constant
will change sign at the phase transitions identified in Figure 4.1. That is to say, at strong enough
coupling g in the sigma model, a marginal operator becomes marginally relevant, and drives a phase
transition to a gapped phase with 3 ground states that spontaneously break translation symmetry.
This is discussed further in Chapter 5.

Now, we consider what happens when the Zj3 is explicitly broken, in order to predict the phase
structure of the sigma model at topological angles other than 6 = 0, i%”.

Let us break the Z3 explicitly, but preserve a Z, symmetry that exchanges g and g'. Then the
following relevant operator is permitted:

V = p(trlg] + tr[g']). (4.133)

Here p is an undetermined coupling constant. This is what occurs, for example, when we pre-
serve the parity symmetry (4.68) that interchanges ¢' and @>. Such an explicit breaking could be
achieved by altering the nearest-neighbour bonds between the 1 and 3 sites from J; to Ji(1 + 9).
As a consequence of this, the topological angle 6 is altered accordingly:

2rtp Ja J
o 2P (14 - . 4.134
3 ( T+ J1(1+6)+J2) (4.134)

We now consider two possible scenarios, distinguished by the sign of o:

ZDespite the confusing notation, we insist on using the standard variable g for our WZW fields, despite the fact that
it has nothing to do with the sigma model’s coupling constant, g.
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4.6. Phase Diagram of the Symmetric SU(3) Chain

e Case 1: 6 > 0O In this case, the bond is weakened, so that the underlying chain exhibits the
following pattern
- WSSWSSWSSWSS ... (4.135)

where ‘W’ refers to a weaker bond, and ‘S’ to a stronger bond. Such a chain will form SU(3)
singlets from the three sites adjacent to two ‘S’ bonds, resulting in a unique ground state.
Since 6 is shifted below 2?”, we predict a unique ground state for all values of 6 until the

critical value of 8 = 0.

e Case 2: ¢ < 0 In this case, the bond is strengthened, and the chain’s pattern becomes
- SWWSWWSWWSWWS ... (4.136)

Instead of forming singlets, now the chain will form 3 representations out of the two sites
adjacent to a single ‘S’ bond.?” Such ‘33 chains’ are known to spontaneously dimerize and

exhibit a finite energy gap [128, 129]. Since 6 is shifted above 2%, we predict a 2-fold degen-

3 ”
erate ground state for angles in the interval (%’T, 4?”), including the angle 6 = 7.

The previous discussion justifies the right edge of Figure 4.1. Now let us return to the WZW
operator V, defined in (4.133). We claim that p should have the following dependance on 6:

2

poc(@— ?) (4.137)

Then, if we write the diagonal elements of the WZW fundamental g as ¢/”, V becomes

2r
Vo (9— ?)Zcosﬂa. (4.138)

a

For values of 6 less than 2?”, this term has a unique minimum with ¢, = 0, and corresponds to a
unique ground state. On the other hand, for 6 > %’r V is minimized by the two values ¢, = i%”.

Thus, with the form (4.137), we obtain the desired degeneracies.

4.6.4 ’t Hooft anomaly matching

Finally, we discuss the notion of ’t Hooft anomaly matching [106, 107]. In short, the presence of an
"t Hooft anomaly signifies nontrivial low energy physics. In one spatial dimension this necessitates
a gapless phase so long as the symmetries of the model are not spontaneously broken. Often, this
consequence is described as a field-theoretic version of the LSMA theorem. In this subsection, we
first review the theory of 't Hooft anomalies, and then cite results that apply to our SU(3) chains.
In order to understand 't Hooft anomalies, we must first define anomalies themselves. Consider
a quantum theory which has a symmetry group G that leaves the classical action invariant. We say

2"The 3 representation of SU(3) has a Young tableau with p; = p, = 1, that is, H
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4.6. Phase Diagram of the Symmetric SU(3) Chain

that G is anomalous if G is violated in the full quantum theory. Thus anomalous symmetries are
symmetries of classical theories which do not survive the transition to quantum mechanics. For
instance, if G is a continuous global symmetry, then it has a conserved current jﬁ with A labeling
the generators of G. If this symmetry is anomalous, then there are quantum corrections which
makes the divergence of j;‘ nonzero:

& jn = AL (4.139)

The quantity A* on the right hand side of this equation is what is referred to as the anomaly. The
chiral anomaly in quantum electrodynamics is the prototypical example of this behaviour [130].

So far, what we have said applies to global symmetries. If instead G is a gauge symmetry,
then anomalies indicate a fundamental inconsistency of the theory and must vanish. Recall that
gauge symmetries are not conventional symmetries that act on the configuration space and lead
to identical physics. Rather, they are redundancies in our description of the physics when we
work in the space of gauge fields rather than its quotient by gauge transformations. While these
gauge anomalies tell us our theory is sick, they can be used as a field theoretical tool, as was first
shown by 't Hooft [106]. Given a theory with an exact global symmetry G (no anomaly), we
can imagine ‘gauge-ing’ the symmetry by introducing gauge bosons B?, minimally coupled to the
theory according to the prescription

Oy > 0 — igB T (4.140)

for generators T4 of G. If this G-gauge theory is anomalous, we say that the original theory has an
‘t Hoot anomaly. Thus, ‘t Hooft anomalies do not invalidate the global symmetry, but they lead to
powerful constraints on the phases of the theory.

The utility of 't Hooft anomalies stems from their nonrenormalization property: the anomaly
is independent of energy scale. This implies that it can be calculated exactly using the low energy
degrees of freedom, which is precisely what we access when we derive field theory descriptions
of condensed matter systems. In one spatial dimension, if a symmetry with an 't Hooft anomaly
is not spontaneously broken, we therefore may conclude that there exist low-lying excitations in
the theory.?® Otherwise, there would be no degrees of freedom to couple to the gauge fields and
generate the anomaly.

Let us now turn to the CP' sigma model of the spin chain, which will prepare us for our dis-
cussion of 't Hooft anomalies in SU(3) chains below. While there are no pure 't Hooft anomalies
as we’ve defined them above, there are so-called mixed t* Hooft anomalies in CP'. By this we
mean that if we gauge a continuous global symmetry, a second, independent symmetry becomes
anomalous. For CP!, this mixed anomaly is between the continuous group PSU(2), and the discrete
group of translations Z,. Here it is essential that we properly identify the continuous global sym-
metry of the model as PSU(2) = SU(2)/Z,, and not SU(2), since otherwise no anomaly would be
detectable [78, 79, 132].%° This is because SU(2) gauge fields have integer quantized topological

28In higher spatial dimensions there is another possibility: the system is gapped with some topological quantum field
theory [131].
®This quotient by Z, follows from the fact that the center of SU(2) acts trivially on the spin chain.

73



4.7. Other SU(3) Chains

charge, while PSU(2) gauge fields can correspond to nontrivial sections of a PSU(2) bundle with
half-integer quantized charge. Now, it is found that if one tries to gauge PSU(2), the Z, group of
translations is violated whenever 8 = m: the corresponding counterterm added to the Lagrangian
to account for half-quantized PSU(2) gauge fields is not invariant under Z;. This is the 't Hooft
anomaly, and implies that half-odd integer spin chains either have spontaneously broken transla-
tion symmetry, or gapless excitations. These possibilities reaffirm Haldane’s conjecture, and are
consistent with the phase diagram in Figure 2.1.

In the SURB)/[U(1)]? sigma model, a similar 't Hooft anomaly result holds [78, 79]. When
6 = 23—” there is a mixed anomaly between the continuous group PSU(3) = SU(3)/Z3 and Z3, the
latter of which corresponds to translations in the SU(3) chain. Thus, when p is not a multiple of
3, we may conclude that either a gapless phase exists, or translation symmetry is spontaneously
broken. This is entirely consistent with the phase diagram presented in Figure 4.1.

In fact, the nonrenormalizaiton of ’t Hooft anomalies provides further evidence that the critical
point characterizing these gapless phases indeed corresponds to the SU(3); universality class. In
[78, 79], the anomalies for both our flag manifold sigma model and the SU(3); WZW model
were calculated, and were shown to agree. Thus, a renormalization group flow from one to the
other is completely plausible. We will have more to say on how 't Hooft anomalies constrain
renormalization group flow of these flag manifold sigma models in the following chapter.

4.7 Other SU(3) Chains

Before concluding this chapter, we turn to the remaining representations of SU(3): those which
have Young tableaux with row lengths p; and p, # 0. According to the discussion in Section 3.4,
solong as p; # py, it suffices to consider a nearest-neighbour Heisenberg Hamiltonian (i.e. J, = 0).
The edge case p; = p, corresponds to a representation that is conjugate to a symmetric model with
p = p1, and leads to the same sigma model as the symmetric chains presented above. In the
following, we attempt to generalize our symmetric SU(3) calculations to this more general setting
of p1 # pp # 0.

4.7.1 Classical ground states and mixed order parameters

In Section 3.4, we already established the classical ground states of these more general SU(3)
chains. Using the pictorial notation from that chapter, a typical ground state is

e o ¢ o ¢ 0 o0 - (4.141)
@ ©o @ @ @ @ @ . (4.142)

Unlike the symmetric ones, these representations correspond to states with 2-site order. Another
novel property is the existence of both ferromagnetic and antiferromagnetic order parameters. In-
deed, we have that

(Sap2) £Sap2j+ 1)) #0 (4.143)
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for both the choices of ‘+’ and °-’, which follows from the equation

*,1 %,3 .
P1$a by + p2da’ by - =2j

. . ) (4.144)
P10 0%+ P ey - =2j+1

(Sap()) = {

The expectation values taken in (4.144) are with respect to SU(3) coherent states, which are a direct
generalization of those in (4.28). We assume a lowest-order expansion, so that each ¢“ is evaluated
at the same site. Explicitly, the positive sign corresponds to a ferromagnetic order parameter, F,

1 . . 2 - *
Fap = 5(Sap(2)+ Sap(2j + 1) = LLLgi3), (4.145)

2

and the negative sign corresponds to an antiferromagnetic order parameter, A,

1
Aap = 5(Sp@)) = Sap@j + 1) = 51010 - 6,76, (4.146)

If we recall our discussion of Coleman’s theorem and spontaneous symmetry breaking in one spa-
tial dimension, the presence of both F' and A is rather interesting. On the one hand, we have
an antiferromagnetic order parameter, which leads to linearly dispersing Goldstone bosons which
are the source of infrared divergences when the symmetry is spontaneously broken. On the other
hand, we have a ferromagnetic order parameter, which leads to quadratically dispersing Goldstone
bosons.>* Such bosons are not ruled out by infrared divergence considerations. Thus, in this gen-
eral setting, it may be possible for the SU(3) symmetry to be partially broken spontaneously, so that
quadratic Goldstone bosons persist, while the remaining degrees of freedom correspond to a true
symmetry of the ground state [95-97]. In Chapter 6, we will further discuss these possibilities, and
speculate on an entire flag manifold sigma model hierarchy that may arise in generic SU(n) chains.
But for now, we turn to flavour-wave theory, and explicitly check that both linear and quadratic
modes are indeed present in the spectrum.

4.7.2 Flavour-wave theory

Following Mathur and Sen [123], we write the matrix of generators, S, in terms of two 3-component
commuting boson operators b, and b?:

Sap = (1 = p2)bl' by — pabj*by. (4.147)

3That quadratically dispersing modes arise from a ferromagnetic order parameter can be understood as follows.
When one derives an effective Lagrangian for Goldstone bosons corresponding to broken symmetry generators Q,,
there is a term linear in 0, that is proportional to {[Qq, Og]) [95]. In the case of spin chains, these broken symmetry
generators are S, and § y, S0 that the linear time-derivative term depends on (8.). For ferromagnets, this is nonzero and
quadratic dispersion results; for antiferromagnets it vanishes so that the leading time-derivative term in the Lagrangian
is proportional to 42, and results in linear dispersion. These results extend in a straightforward way to the SU(n) order
parameters discussed in the present section.
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The classical ground state corresponds to (p; — p3) bosons of type b!, and p; bosons of type b?.
Now, following the same steps as laid out in Section 4.2, including Holstein-Primakoff and Bogoli-
ubov transformations, we obtain a diagonalized Hamiltonian involving 6 Goldstone bosons.?! The
dispersion relations of the bosons at small energies are as follows:

2J1(p1—p2)palk?
- 1 #2p2
wia®) = 20pilkl wsa) = wseky =] pam PUEP (4.148)
Jp1lkl P1=2p>2

As expected, we find both linear and quadratic dispersion relations. However, for the special case
of p; = 2p»,, only linear modes exist. This is consistent with the fact that the ferromagnetic order
parameter (4.145) vanishes in this case. These representations are the so-called self-conjugate
representations of SU(3), with Young tableaux

2p

110 w159

In the mathematical language of Bykov, we say that the self-conjugate representations correspond
to a Lagrangian embedding, in which the total Berry phase of the unit cell vanishes [6, 71, 72].

Ultimately, we are interested in low energy theories that only possess linearly dispersing modes.
This is so that the emergence of Lorentz invariance can be facilitated, which would lead to a flag
manifold sigma model like the ones considered earlier in this chapter. Accordingly, we now restrict
to the self-conjugate SU(3) chains, and derive a low energy description.

4.7.3 Low energy field theory and the absence of Lorentz invariance

The field theory derivation for self-conjugate SU(3) chains (i.e. those with p; = 2p») is very similar
to that of Section 4.3 for the symmetric chains. Indeed, the only modification has to do with the
coherent states that we use. Defining p according to p = p» = p1/2, these coherent states are

6!, ¢%) = (' - a"HP(@* - a™*)P|0), (4.150)

with ¢*!-¢%> = 0 and |¢*|> = 1. The a® are Schwinger bosons. After a series of lengthy calculations,
we obtain the following action

S = f dxdr(p2J1 (4107 - 0,0 + 107 - 0.7 + ™" - 0,7 | (4.151)

g, , .
t7 (40" 0ep! P 41972 - 0ep? + I 0P ) + Siop-

31 Actually, flavour-wave theory also produces two spurious ‘flat modes’, with momentum-independent dispersion
relations w;g(k) = 4(p1 — p2). However, these modes do not lie entirely in the representation, and should be removed
from the analysis. Indeed, they do not appear in the field theory.
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Here
Stop = inp(Q1 — 02), (4.152)

where Q, is defined in (4.49), with O, € Z. Note that the topological angle is now 6 = np, instead
of the value -_0-27er found previously. Therefore, in the strong coupling limit the free energy of this
model coincides with the red line in Figure 4.4.

Moreover, we observe that while this theory involves three complex fields ¢“, it does not pos-
sess the same symmetries of the symmetric chain’s sigma model derived above. Most notably,
there are now two distinct velocities, which prevents the theory from being invariant under Lorentz
transformations. In a perturbative expansion, in which we replace the matrix U,g = <pg with e/@aTa,
we find that four of the w, propagate with one velocity v, while the remaining two fields propa-
gate with v/2. These velocities, as well as the counting of these modes, are in agreement with the
flavour-wave findings of the previous subsection.

A further point of interest is that while this theory lacks Lorentz invariance, it does possess a
symmetry that rules out the possibility of a A-term. Indeed, the Z, translation symmetry, which
acts as

ol 9 Q- -, (4.153)
or
@~ 0O @ — 0,

changes the sign of each term proportional to A in (4.42). This symmetry is also responsible for
restricting the number of velocities to 2, down from the most general possibility of 3. It also leads
to the 2-fold degeneracy at strong coupling that we see at 6 = 7 in the phase diagram, Figure 4.1.

4.7.4 Phase diagram

Let us consider how the phase diagram of these self-conjugate SU(3) chains should differ from that
of the symmetric chains, Figure 4.1. Unfortunately, the LSMA theorem does not apply to these
models, as can be seen by examining the proof in Section 3.5.2. The so-called twist operator that
served to generate a distinct low-lying state acts trivially on the self-conjugate representations of
SU(3), so that no conclusions may be drawn.

In fact, none of the arguments in favour of a gapless phase carry over to these SU(3) chains.
There is no self-conjugate analogue of the Bethe-ansatz solvable model discussed in Section 3.5.1.
Moreover, Monte Carlo analysis indicate a finite gap for all values of p [2]. And finally, the ’t
Hooft anomaly was related to the Z3 manifestation of translation invariance, and does not occur
for the Z, symmetry of a chain with a 2-site unit cell. These facts lead us to predict that there is no
gapless phase in the self-conjugate SU(3) chain: there is a finite energy gap for every value of p.

That being said, there is still a way to distinguish between the cases of even and odd p. When p
is even, we may write down a translationally invariant valence bond state, which is a self-conjugate
generalization of the SU(3) AKLT state. This state is also invariant under the Z, parity symmetry,
(4.153). When p is odd, any translationally invariant AKLT-like state we attempt to write down
necessarily breaks this parity symmetry. These states are shown in Figures 3.8 and 3.9. This leads
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us to conclude that self-conjugate SU(3) chains with p odd will exhibit spontaneously broken parity
symmetry. This is also supported by a strong coupling analysis, which finds broken parity when
6 = m, but not when 6 = 0.

4.8 Conclusion

In this chapter, we have generalized Haldane’s conjecture to SU(3) chains in various represen-
tations. First, we considered the rank-p symmetric SU(3) chains, whose Young tableaux have a
single row of p boxes. Such chains admit a low energy mapping to the SU(3)/[U(1)]? flag mani-
fold sigma model, with topological angles 8 = +27p/3. By combining extensive renormalization
group calculations with a collection of supporting arguments, including Monte Carlo simulations, a
strong coupling analysis, 't Hooft anomaly matching conditions and known exact results for SU(3)
chains, we proposed the phase diagram in Figure 4.1. In particular, we argued that when p is a
multiple of 3, the SU(3) chain will exhibit a unique, gapped ground state, in a fashion similar to the
integer-spin SU(2) chains. For all remaining values of p, we argued that gapless excitations would
exist for small enough interaction strengths, with a transition to a phase with spontaneously broken
translation symmetry at larger strengths.

Next, we considered SU(3) chains with 2-row Young tableaux. We demonstrated that in this
more general setting, the spectrum is no longer purely linearly dispersing. Instead, there are both
linear and quadratic low energy modes, which can be understood as arising from the mixed ferro-
and antiferromagnetic order parameters that exist simultaneously in these models. This led us to
focus on the self-conjugate representations, with p; = 2p», since these are the only other SU(3) rep-
resentations with linear modes only. Again, a flag manifold sigma model description was obtained,
but this time it lacks Lorentz invariance due to the presence of two distinct velocities. Conse-
quently, we conclude that a gapless phase does not occur in the self-conjugate chains for any value
of pi = 2p>. When p; is odd, we further predict that parity symmetry is always spontaneously
broken.

Our findings are summarized below in Table 4.1 for all SU(3) representations that lead to flag
manifold sigma model descriptions.

Representation (p1, p2) Spectrum
3k, 0) gapped; unique
Bk +1,0) gapless
(4k, 2k) gapped; unique
(4k+2, 2k+1) gapped; 2-fold

Table 4.1: A generalization of the Haldane conjecture to SU(3) chains. We label representations
by the lengths of their Young tableau’s rows, p; and p;. Here k is a positive integer.
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Chapter 5

Symmetric SU(n) Chains

5.1 Introduction

In the previous chapter, we established a low energy mapping between the symmetric SU(3) chain
and the SU(3)/[U(1)]? flag manifold sigma model. This model can be visualized as three copies
of CP? that are coupled via orthogonality. And since each copy of CP? has the same velocity and
coupling constant, the resulting flag manifold exhibits Lorentz invariance. This fact is not always
guaranteed, as we saw when we studied the self-conjugate SU(3) chains, and were led to a sigma
model with two distinct velocities.

In this chapter, we again focus on symmetric representations, but promote the symmetry group
from SU(3) to SU(n) in general. We will attempt to derive a flag manifold sigma model description
of these chains in a similar fashion; namely, by starting with flavour-wave theory and then deriving
a path integral using SU(n) coherent states. As expected, the structure of an SU(n)/[U( D!
manifold will emerge, equipped with n—1 topological angles that depend on the representation size,
p. However, the unique velocity property in SU(3) that ensured Lorentz invariance will not prove
to be a general property of SU(n). Instead, we will find that there exist | 5 ] unique velocities, which
at first appears to be a major impediment to any SU(n) generalization of Haldane’s conjecture.
Indeed, any gapless phase should correspond to some Lorentz invariant conformal field theory, and
so, perhaps these distinct velocities prevent such a phase from occurring.

The majority of the calculations in this chapter are devoted to resolving this concern. In partic-
ular, we make use of the renormalization group to study the flow of these distinct velocities as we
change the energy scale of our theory. Ultimately, we will find that these velocities flow to a single
unique value, so that Lorentz invariance emerges after all. At this point, we are then able to extend
our SU(3) phase diagram to SU(n), and predict various gapless phases driven by topological terms.
Again, we will rely on the presence of "t Hooft anomalies, as well as more general results about the
renormalization group flow of conformally invariant field theories with SU(n) symmetry, namely
the SU(n); WZW models. Our main result is the prediction of gapless excitations above the ground
state when p and n have no common divisor greater than 1.

In Section 5.2, we begin by writing down the SU(n) Heisenberg Hamiltonian with interactions
up to (n — 1)-th neighbour. As explained in Chapter 3, such long-range interactions are necessary
in order to stabilize local zero modes. We also present the findings of SU(n) flavour-wave theory
in this section. Next, in Section 5.3, we derive the low energy quantum field theory description of
the chain, and obtain the same flavour-wave velocities in a perturbative expansion. In Section 5.4,
we use the renormalization group to argue that at low energies, these (distinct) velocities flow
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to a common value, so that Lorentz invariance emerges and the field theory becomes a Lorentz
invariant SU(n)/[U(1)]""! flag manifold sigma model. The first derivation of the SU(n)/ [U(H+!
flag manifold sigma model from SU(n) chains was done by Bykov in [71, 72], who elected to
fine-tune the various interaction strengths in the Heisenberg Hamiltonian to guarantee Lorentz
invariance from the outset. These sigma models were also studied systematically in [78] and [79].
In Section 5.5, we present our proposed phase diagram for the SU(#n) chain, incorporating the ’t
Hooft anomaly matching conditions of [78, 79] and [116], This phase diagram is the source of our
SU(n) version of the Haldane conjecture. We also perform a strong coupling analysis. Finally, our
conclusions follow in Section 5.6.

5.2 SU(n) Chains and Flavour-Wave Theory

Our starting point is the following SU(n) Heisenberg Hamiltonian, with interactions Jy, J, . .., Ju—1,
all positive, that couple each site of the chain with up to its (n — 1)-th neighbours:

n—1
H=" 3" JalS()S(i+n) (5.1)

j r=1

In Figure 5.1, we draw the first few interactions in a typical SU(n) chain.

Figure 5.1: Interactions in a typical symmetric SU(n) chain. Explicitly, we have drawn the nearest-
neighbour interactions in blue, second-neighbour interactions in red, and third-neighbour interac-
tions in green. For n > 4, further interactions must also be included.

As always, S (j) is an n X n matrix whose entries contain the n> -1 generators of SU(n). We
consider only symmetric representations in this chapter, meaning that the chain is characterized
by a single integer p, according to tr[S] = p. In the large-p limit, we are able to replace S with
a matrix of classical numbers. To this order in p, the Casimir constraints of SU(n) completely
determine the eigenvalues of S. We have

Sap = pp" g (5.2)

for ¢ € C" with |¢|> = 1. The interaction terms appearing in (5.1) reduce to
alS(NS G+ Nl = pP0)" - #( + nI. (5.3)

80



5.2. SU(n) Chains and Flavour-Wave Theory

Since ¢ lives in C", a classical ground state will possess local zero modes unless the Hamiltonian
gives rise to n — 1 constraints. This is the justification for our study of the longer-range Hamil-
tonian above, which removes any local zero modes by including longer-range interactions. These
interactions result in an n-site ordered classical ground state which gives rise to a Z, symmetry in
any low energy field theory description. For example, in SU(5), one such ground state is

e e @ O ©o e @ @ O O ---. (5.4)

This Z, symmetry is also present for the p = 1 Bethe ansatz-solvable models, as mentioned in
Section 3.5.1 [12, 84, 85]. In fact, it is expected that quantum fluctuations may produce an n-site
structure through an order-by-disorder mechanism that generates effective additional couplings of
order p~! that lift the local zero modes [109].> However, the explicit mechanism for generating
these couplings has not yet been worked out, so that we cannot predict the numerical values of
these longer-range interactions from a nearest-neighbour model.

Since the classical ground state minimizing (5.1) has n-site order, it is characterized by n nor-
malized vectors that mutually minimize (5.3). That is, the classical ground state gives rise to an
orthonormal basis of C". Due to this n-fold structure, we rewrite the Hamiltonian as a sum over
unit cells (indexed by j):

n n—1

H=Y 33 1ulSGa)SGa+ D] Jai=nj+(@=1). (5.5)

j a=1r=1

5.2.1 Flavour-wave theory

As we’ve mentioned repeatedly above, we do not expect spontaneous symmetry breaking of the
SU(n) symmetry in the exact ground state of our Hamiltonian, due to Coleman’s theorem [8§].
Nonetheless, we may still expand about the classical (symmetry broken) ground state to predict
the Goldstone mode velocities. If the theory is asymptotically free, as in SU(2) and SU(3), then at
sufficiently high energies (set by the inverse correlation length) the excitations may propagate with

these velocities [92].
To this end, we introduce n? bosons in each unit cell to reproduce the commutation relations of

the S matrices, (3.1):
Sapliy) = b ()bs(iy)- (5.6)

The counting is n flavours of boson for each of the n sites of a unit cell. The condition tr[S] = p
implies there are p bosons at each site. The classical ground state involves only ‘diagonal’ bosons
of the type b,(j,) and b;( Jy)- The ‘off-diagonal’ bosons are Holstein-Primakoff bosons. Flavour-
wave theory allows for a small number of Holstein-Primakoft bosons at each site, captured by

V() = D BhGbaliy),

aFy

32 Again, we emphasize that n-site structure refers to the presence of a Z, symmetry, and not of a spontaneously broken
quantum ground state.
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and writes the Hamiltonian (5.5) in terms of these n(n — 1) bosons. In the large-p limit, p > v(j,)
and we expand

Sz(fy) =p- V(jy)>

Sy = NPbLGy).
SZ(J}/) ~ \/ﬁba(jy),

to find

t[S (S Gip)l = p [B5Giby (i) + B Giby(iy) + biCiIbI i) + baCi)by ()] + 0. (5.7)

In terms of these degrees of freedom, the Hamiltonian (5.5) decomposes into a sum

H=Y" Hy, (5.8)

Y<n

where H,, is a Hamiltonian involving only the two bosons b, (j,) and b,(j,). In momentum space,
this gives @ different 2 X 2 matrices, each of which can be diagonalized by a Bogoliubov
transformation:

2
1
Hy s = const. + > wy(k) ) (d;t(k)d (k) + 5) : (5.9)
k j=1

where
wi(k) =2p VIiJn—t

and the d;, are new boson operators. Therefore, the corresponding flavour-wave velocities are

sin %‘, (5.10)

vy = np NJiJu-s tr=12,...,n—1. (5.1

When 7 is odd, there are n modes with each flavour-wave velocity. When n is even, this is true
except for the velocity vz, which has only 5 modes. In each case, the number of modes adds up to
n(n—1). We note that for n > 3, there is no longer a unique velocity, and the emergence of Lorentz
invariance does not occur. Only for a specific fine-tuning of the couplings can Lorentz invariance
be restored. These tuned models were the ones considered by Bykov in [71] and [72].

5.3 Derivation of the Flag Manifold Sigma Model

As hinted in Section 4.3, much of our calculations from the symmetric SU(3) chains easily general-
ize to SU(n) chains in the same representation. As such, we include only an abbreviated derivation
of the sigma model; for further details, we refer the reader to Chapter 4. Since the classical ground
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5.3. Derivation of the Flag Manifold Sigma Model

state has n-site order, with unit vectors ¢* € C" defined on each site, we first introduce a second
set of vectors, ¢* € C", defined via a unitary matrix, U:

Uop = ¢ (5.12)
This new basis can be used to describe fluctuations about the ¢* on each site, as in (4.15):
1
# = Y L + T it (5.13)
B

As before, Lyo = 0 (no sum), and p*u(@) = Yg|Lagl*. Following Chapter 4 (which in turn follows
Chapter 2 for SU(2)), we let U and L vary uniformly from site to site, and write S (j,) in terms of
them. After many simplifications, we find

te[S (jy)S (il = p* (7 — Y)*u[USUTA,0,UUTA,) (5.14)

+2(7 = Y)p(Liy[0:UU 1y + Ly [UA U ,py) + 4|Ly, |* + const..

The complete derivation of this result can be found in Appendix B. The next step is to construct the
coherent state path integral, and derive the Berry phase contribution to the Lagrangian. This pro-
cedure was done for general n in Section 4.3.1. We repeat the result here, (4.36), for convenience:

! (PtrlAed:UU™] + trl{Aq, L3 UUT]) + O(p™"). (5.15)

n

Lp

5.3.1 The complete field theory

Since our approximated action is only quadratic in the L matrices, we may integrate out these modes
to obtain an action in terms of the U matrices only. Combining (5.14) and (5.15), the Lagrangian
terms involving a given matrix element L, are:

ATy + Tu-)Lap = 2Lag ([0:UU g + p((n = DTy = 110U U 1) (5.16)

=215 (19:UUT1} = pl(n = )Je = tIDIOUUTT),

where ¢ := |@ — 8. The d.-dependent terms have come from the Berry phase term (5.15), and the
0,-dependent terms have come from

Jte[S ()S (p)] + Jn-1tt[S (jp)S (nta)l (5.17)
in the Hamiltonian. Integrating over L,g, we are left with a real term,

(=0T — tJ,1?
n(Jy + Ju-r)

tr[AUd U Agd, UU'] - p tr[AUd, U Agd, UU"],

(5.18)

1
real _
Lwﬁ B n(J; + Ju-r)
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as well as an imaginary term

Limag _ p((n - Z)Jn—l - t-]t)

T T _ t +
of I (10:UU apl0:UU o — [0:UU 1ol 0 UU o). (5.19)

Above, there is no sum over the repeated «, 8 indices. The factor of n in the denominator comes
from converting the sum over lattice sites within the n-site unit cell to an integral. To these terms,
we must add the L-independent terms appearing in (5.14) and (5.15). They modify (5.18) to

J,,_,],n

1 -
real F i 2
- ———tr[ALUI,U' Ao, UU"'] + p ——————
‘La,B [ a T LYt ] (-]t Jn—z)

tr[AUO U A0, UUT].  (5.20
T r[ P 0 ] (5.20)

Comparing the ratios of the prefactors of the spatial and imaginary temporal terms, we identify the
velocities of the theory as
v = n?pil, ;. (5.21)

This agrees with the flavour-wave velocities found in Section 5.2. Meanwhile, the terms in (5.15)
modify (5.19) to produce the following pure-imaginary contribution to the Lagrangian:

LM = —g), > Ao ptrldUU A, UUT Ag] - S, (5.22)
a<p
where
§:= 23 uin,0.UU"] (5.23)
n
@
and
nd; = w (5.24)
p Ji+ Jn
Using the identity tr[0U U] = 0, the integral of S can be shown to be a total derivative:
. 21p &
iS==E Y- 10 (5.25)
n
a=2
where |
Q1= 56w f dxdrtr[0,U8,U" A). (5.26)

Relabelling S = —S op, and combining (5.22) with (5.20), we arrive at the following action:

1
S = Z f dxdt (v|a_/g|tr[AaUc')xUTAﬁ(')xUUT] + tr[AUd-U A0, UU'|  (5.27)

o 8la—p Via—|

6w ) Aapl f dxdrtr[0,UUT Ay, UUT Al + S p,
a<f
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with "
& = v_(-]t + Jn—1)- (5.28)
t

Since the coupling constants and velocities satisfy g, = g,—, and v, = v,,_;, we conclude that there
are |n] velocities and coupling constants. Moreover, we have that

. 1 1
— 1 = 1 =
§ Qo = zmeﬂvfdxdﬂr[aﬂuavu 1= 2m'6*”f dxdrd, U0, U'] = 0, (5.29)

a=1

so that there are n — 1 independent topological charges. We note that the A-terms appearing in
(5.27) are not quantized, despite the fact that they are pure-imaginary in imaginary time. We give
an interpretation of these terms below. In [72], these A-terms were absent as a result of the same

fine-tuning that ensured a unique velocity. Indeed, the choice J; = /"T_’ ensures that v, = 1 for

all ¢, and moreover that A, = O for all . Note that this choice does not, however, equate all of the
coupling constants, g;.

5.3.2 Gauge invariance

The theory (5.27) is invariant under the gauge transformations
Ux,7) = D(x,0)U(x, 1), (5.30)

where D(x, 7) is a local, diagonal matrix. Since such matrices are generated by the n — 1 diagonal
SU(n) generators, this corresponds to a [U(1)]"~! gauge symmetry. Thus, we have obtained the
SU(n)/[U(1)]*! flag manifold sigma model description of the SU(n) chain, as expected. The
topological angle content of this model follows from the second cohomology group, which is

n — 1 times

H*SUM)/[UM" H=Zx---XZ. (5.31)

So, this model is characterized by n— 1 topological charges, which is consistent with S o, in (5.27).
The coupling constants g; and A, correspond to the metric and torsion tensors on this manifold,
respectively [79]. However, a unique metric cannot be defined, since the theory (5.27) lacks the
Lorentz invariance that is often assumed for sigma models. Thus, we have a non-Lorentz invariant
flag manifold sigma model, just as was the case in Section 4.7, where self-conjugate SU(3) chains
were considered. In the following section, we will use the renormalization group to show that at low
enough energies, these distinct velocities in fact flow to a single value, so that Lorentz invariance
emerges after all.

5.3.3 Embedding into complex projective spaces

In Chapter 3, it was explained how the complete flag manifold SU(n)/[U(1)]"~! can be embedded
into an n-fold product of CP"~! spaces. In (6.7), this was restated explicitly for the case of SU(3).

85



5.4. Renormalization Group Analysis

Here, the situation is no different. The n complex fields ¢® may be viewed as each living in its own
CP"! sector, and we may identify the flag manifold with its image under the following map:

n copies

— CP"!'x...-xCP"!, (5.32)

U(n)
(U

Explicitly, this embedding is determined by the metric parameters g;, the torsion parameters A;,
as well as the condition of orthogonality between the fields. In this context, we may view the
topological charges Q, as the pull-backs to the flag manifold of the familiar topological charges
defined on CP"~!. In Section 4.4.2, we further made use of this embedding to introduce U(1) gauge
fields Ay, to rewrite the action as in (4.60). A similar rewriting proves to be much more difficult in
SU(n), since now there are multiple coupling constants g,. Said differently, the metric is no longer
diagonal in the ¢®.

5.3.4 Translation invariance

Since it will be critical below, we take a moment to observe the action of translation on the flag
manifold sigma model. Since translation shifts the chain by one site, it corresponds to the mapping

gaa — goaf+1’ (533)

where the index « is defined modulo n. Therefore, translation manifests itself in the sigma model as
a Z, action, generalizing the Z3; symmetry present in the symmetric SU(3) chains. We will return
to this fact when we discuss 't Hooft anomalies below.

5.4 Renormalization Group Analysis

Recently, the Lorentz invariant versions of the above flag manifold sigma models were studied in
great detail in [79]. In particular, the renormalization group flow of both the g, and A, parameters
were determined for general n. Moreover, field theoretic versions of the LSMA theorem were
formulated, using the methods of 't Hooft anomaly matching. For a review of this subject, see
Section 4.6.4. Here, we would like to apply these results to our SU(#n) chains which lack Lorentz
invariance in general. To do so, we consider the differences of velocities occurring in (5.27), namely

Ay = v = vy, (5.34)

and ask how they behave at low energies. More precisely, we calculate the one-loop beta functions
of these A, to O(g,) and O(A,). We will find that each of the A, flows to zero under renormaliza-
tion. Moreover, we will show that this implies Lorentz invariance at our order of approximation.
This is consistent with the fundamental SU(n) models with p = 1, where it is known by Bethe
ansatz that Lorentz invariance is present [12, 84, 85]. Our calculations were motivated by a sim-
ilar phenomenon in 2+1 dimensional systems, where an interacting theory of bosons and Weyl
fermions renormalizes to a Lorentz invariant model [133, 134].
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5.4.1 Goldstone mode expansion

In the following, it will be useful to introduce dimensionless velocities, u;, defined according to

L7]

P — v, (5.35)
51

p—
[STE

U :=

< |3

t=1

and introduce new spacetime coordinates which both have units of (length - time)!/?:

X — i_ - Vi (5.36)
v
In these units, A,y = u; — uy. The coefficients g, appearing in (5.27) are dimensionless, and are all
proportional to %. Since we’ve taken a large-p limit, we will expand all quantities in powers of the
g:- As we will see below, the coeflicients A, in (5.27) do not enter into our one-loop calculations,
and so we will neglect them throughout.
Since we are interested in the low energy dynamics of these quantum field theories, we make
the simplifying assumption that the matrices U are close to the identity matrix, and expand them in
terms of the SU(n) generators. In Appendix C, we prove that U may factorized according to

D = eiwyTV
U =DV . (5.37)

V= eiwu T,

Let us explain our notation. Here and throughout, we use Greek letters to index the diagonal SU(n)
generators, lowercase Latin letters to index the off-diagonal ones, and uppercase Latin letters to
index the complete set. Repeated indices will always be summed over unless otherwise specified.
Since D is diagonal, this factorization of U implies that D drops out from the traces occurring in
(5.27):

tr[U3,UT A0, UUT Ag] = tr[V3, V' Aed, VVT Ag] (5.38)

Therefore, when deriving the Lagrangian of the w,, we may write U in terms of the off-diagonal
generators only:

. 1
U =éevTe =1 +iw,T, - Ea)ua);,TuTb +O0(wY). (5.39)

We choose a convenient normalization in which the off-diagonal generators have entries 1 or +i,
and satisfy
[Ta, Tp]l = 2ifapcTc. (5.40)

These generators are n X n matrices that have a very specific structure. There are n — 1 diagonal
ones, and n(n — 1) off-diagonal ones, that come in pairs. For each pair of integers {«@, 8} with @, 8 =
l,...,nand a # B, there are exactly two generators with nonzero (a, ) entries. We define /5 to
be the set of two indices corresponding to the SU(n) generators with nonzero («, 3) entries. For
example, in SU(3), the off-diagonal generators (in Gell-Mann’s notation) are 7', T, with nonzero
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entries in the (1, 2) positions; T4, T5 with nonzero entries in the (1, 3) positions; and T, 77 with
nonzero entries in the (2, 3) positions. They are provided explicitly in Appendix E. Then,

Lo =1{1,2} Li35=1{4,5} I ={6,7} (5.41)

With this notation, we now expand —tr[d, UU TAQE)#U U TAﬁ] to O(w*). We start with

N 1
0,UU" = i0,w Ty + |0wawp — zﬁﬂ(wawb)] T,Tp (5.42)
i 1
-3 [6ywawbwc - Op(Wawp)w, + gﬁﬂ(wawbwc)] T,TpT. + O(w™).
(5.43)
Since | |
Ouwawp — an(wawb) = 3 [aﬂwawb - a)a(?,,wb] , (5.44)
we have
1 1 .
[(%wdwh - an(waa)h)] T,T), = Eéﬂwawh[Ta, Ty = i0ywawp farcTc. (5.45)

Moreover, since
1 1 1
0,wawpw =0, (Wawp)We+ 58,1 (Wawpwe) = 5(8ﬂwawbwc — W0, WpWe)+ 3 (WaWpOywe— w0, Wpw,),
(5.46)
we also have

1
0uwawpw,e — Oy (wewp)we + §6H(a)awbwc) T.T,T, (5.47)

1
= _gwaaywbwc ([To, TplTe + T[Ty, T.])

= _?waaywbwcfabD[TD, T.]
= gwaa,uwbwcfabDchETE-
Combining these facts, we have
0,UU" = i0,w Ty + i0,0awp farcTc — % fabD [peEWa0uwpw Tk + O(w?). (5.48)
This yields
~tr[0,UU A0, UUTAg] = 0,040, ptr [ Ty Ao TpAg] (5.49)

2
+ fbcE + gfbchDngg} 6ywaauwbwc (tr[TaAaTEAﬂ] + tr[TEAﬁTaAa])
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+5ﬂwawb8ﬂwcwdfab5ﬂd(;tr1\a TEAﬁTG.
Now we want to simplify this by understanding
tr[TaAa/TbAB] = [Ta]ﬁa[Tb]a,B- (5.50)

Since a # S, the above expression vanishes if either of a or b is a diagonal generator. In fact, we
have

26 ,bel
[ ToAaToAg] + t{TpATahg] = {0 7 S 1F (5.51)
0 else
Returning to our calculation, we now have
—tr[0,UUT A0, UUTAg] = Z (0402 + 2 focadutaduwpwe (5.52)

ael‘,ﬁ
4
+ gfbcEfEdaa,uwaaywbwcwd + 6ywewbauwcwdfebafcda:|a

where all repeated indices are summed over. Now, to obtain the full Lagrangian, we must sum over
the possible combinations of @ and . Since

n n pB-1
IDIH I s
a<f aclyp B=2 a=1 a€lyy a

where ), again denotes a sum over all the off-diagonal generators of SU(n), the non-interacting
Lagrangian has the form

111
Lo=— [_(arwa)2 + ua(axwa)z} > (5.54)
8a | Ua
where
8a -= 8l ﬁ||1 55 Ug 1= M|a—ﬁ||1 d (5.55)

and again, all repeated indices are summed over. We rescale the fields according to

Wy > /%% (5.56)

Vgagbgc ha(,u)
2 g

we ,uwbwcwdfecafbda + fbcEfEda Vgaa Wq ,uwbwcwd] +O(w5)

to yield

— Jfbca ,uwaa Wpe (5.57)

nggcg ha(u)

L= % [ (0; wa)z + ”a(axwa)

where

1o,
ha(ﬂ):{ua H=r (5.58)

Uy H=x

This expression will be the starting point of our renormalization group calculations.
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5.4.2 Dimensional regularization

In Chapter 4, we introduced the theory behind the renormalization group and proceeded to use
Wilson’s formalism in order to calculate the beta functions of g and A in the symmetric SU(3)
chain. In this approach, the length scale of the theory is explicitly changed, and the beta functions
are determined by finding the altered values of g and A at this new scale.

An alternative approach is to use a regularized theory at a fixed energy scale.>> Consider the
following example Lagrangian density of a real scalar field:

L= %(&p)z +m?? + Xt (5.59)
This theory is not regularized: a perturbative expansion of its correlation functions will lead to
divergences, order by order. To resolve this, we use a procedure known as dimensional regulariza-
tion, in which we continue the spacetime dimension away from an integer, rendering momentum
loop integrals finite. We then subtract off these contributions by introducing counterterms into the
Lagrangian density, before continuing back to an integer dimension. This is performed at a given
energy scale M, which we fix.
For example, at one loop, the ¢ self energy receives a contribution proportional to

d’p 1 d
o ocr(l - 5), (5.60)

where I'(x) is the gamma function with poles at non-positive integers. For non-integer d, this
expression is finite, and can be cancelled by introducing a counterterm

%%(090)2 (5.61)

into the Lagrangian, with
0Zy o< —F(l - g) (5.62)
Repeating these steps for all divergences at a given order, we arrive at a renormalized Lagrangian
density at scale M,
Ly, = %z¢(8¢,)2 + ZuMPm2g? + ZxM* X, ¢}, (5.63)

in terms of a renormalized field ¢, and renormalized coupling constants m, and X,. The renormal-
ization constants Z; contain the introduced counterterms 6Z; according to

Zi=1+6Z,. (5.64)

The explicit energy scale M enters to make the renormalized coupling constants dimensionless.
Now, to extract the beta functions, we must relate the two Lagrangian densities (5.59) and (5.63).
Matching kinetic terms, we find

© = \Zpr, (5.65)

33The beginning of this discussion first appeared in [124].
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and then rescaling, we find
m, =mM~' 7,7, (5.66)

X, = XM*722 73" (5.67)

These equations are the dimensional regularized analogues of (4.79) in Chapter 4. Differentiating
with respect to (— log M) generates the desired beta functions. The negative sign enters because an
increase in energy M corresponds to a decrease in length scale, b.

Exactly how the counterterms in (5.64) are defined leads to further choice in renormaliza-
tion scheme. If only the divergent parts of the loop diagram are included in the counterterm, the
scheme is known as ‘minimal subtraction’. In our calculations, we use the more common ‘mod-
ified minimal subtraction’ scheme, or MS, which adds to the counterterm the universal constant
log (e /4r) that often occurs in Feynman diagrams. This is implemented by rescaling the energy
scale M — M‘Z—f in (5.63) [130, 135].

5.4.3 Renormalization group equations

In order to derive the renormalization group equations for the model (5.57), we introduce a set of
renormalization coefficients, Z; and Z"’ abeqe &S follows. Since (5.57) has divergences at one-loop
order, we rewrite the theory in terms of renormalized parameters, as

1 2|, 0 V8a8y8e hyw)
L= 2 |:ZT_H(8T(‘)(Z) + urZ;‘(@xwa) + ZpabcT g

Soca ywaaywbwc (5.68)

x/gzgigdh (,u)[ e

g,- ,uabcd \/;8/1(’063 wbwcwdfecafbda #ahcd3fbcEfEda \/gaﬂwaa wbwcwd]+0(w )

The superscripts ‘r’ emphasize that the coupling constants and velocities appearing in (5.68) are
different from those appearing in (5.57) (and are not indices to be summed over). Each of the renor-
malization coefficients has the form Z = 1 + 6Z, where 6Z is a one-loop counterterm regularizing
any UV divergence. Below, we use dimensional regularization to calculate the 6Z at a fixed energy

scale M. Then, by rescaling
1/4
1
Wy — ( ) (5.69)

ZaZ;

in (5.68), and comparing (0,w,)? terms in (5.57) and (5.68), we obtain the following equation for

r.
u:

ZX
u, = u, Z—Z (5.70)
The derivative of u], with respect to —log M,
du,
=— , 5.71
P dlogM (5.71)
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is the beta function of u,, and describes the flow of u, as the energy scale, M, is changed. The
negative sign is present, so as to be consistent with our definition of beta function in Chapter 4,
which differentiated with respect to a length scale, log(b). It is important to note that since this
equation only depends on Z} and Z}, we are only tasked with calculating divergences of two-point
functions in our lowest-order regularization scheme.

We use dimensional regularization to evaluate one-loop diagrams in d = 2 — € dimensions in
(5.68). We drop all ‘7’ superscripts, and introduce the following compact notation:

Zopea ) = «/gagbgcg h (u)f““f bde (5.72)

MC€h, (1) \8a8b8c8d
3 8a
Again, all indices refer to off-diagonal SU(n) generators, except for the uppercase letters, which
refer to the complete set. We’ve introduced the renormalization scale M so that the coupling con-
stants remain dimensionless. Since we are only tasked with calculating the Z/;, the only diverging
diagrams we must consider are those that correct the boson self energy. This immediately implies
that the cubic interaction term occurring in (5.68) plays no effect at this order. The only contributing

diagram Il,;(k), shown in Figure 5.2, equals

(azb)cd(/“l) JocEfEda (5.73)

dd
Hub(k) = _Zf (2 )d <wL(CI)wc( 61)) [gabcc(ﬂ)k k + gccab(ﬂ)‘]ﬂ%l] (574)
where
8abcd = g;lb)cd + gfj,)cd- (5.75)

In addition to UV divergences, there are also IR divergences occurring at zero momenta. To
remove these, we introduce a small mass m to the boson fields w,, and take the limit m — 0 once
we’ve extracted the UV divergence. A convenient mass term with the appropriate dimensions is

m*3 u,w?. Then, the free propagator is

Uc

(@l@rl=0) = q= (.9 (5.76)
and we have two integrals to consider:
o Integral 1:
dlq 1 ad¥ g 1 1 0
- (=q)) == =—+0 5.77
f DD = | G s = 3 O BTD

o Integral 2:

dd—l =) 1
4 - — P+ 0 (578)

Qmy=l @ +mZ3  2me

ddq
f W(w(q)wc(—q»qqu ==
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a

Figure 5.2: The diagram I1,;(k), drawn using [136].

In Integral 2, we’ve taken u = x without loss of generality. It appears that such integrals will
renormalize the boson masses; however, since these contributions are proportional to the IR
cutoff m, when we restore m — 0, these poles will drop out of our calculations. See equation
13.82 of [130] for a similar argument in the O(3) nonlinear sigma model.

Returning to the process (5.74), we find that

1 M€ ~/gagp 1 /)
(k) = —ﬂ—ekﬂkﬂgabcc(u) = _Takukugc Zhe('u)facefbce a(u

8e 38a

fbcEfacE . (579)

This result will contribute to the renormalization constants involving w, and wp.

5.4.4 Beta functions of the Goldstone velocities

In order to simplify (5.79) further, we make use of two identities (F.1) and (F.12), proven in Ap-
pendix F. Doing so, we conclude that (5.79) equals

n—1
_ M€ ga0up hi(p) ha(p) 1
(k) = _Tk,uk,u( 2 Tgiglt_il - E[ga + 3 chgc])- (5.80)

i#t

(no sum over a). Since
0uwdyw ~ —~wdw ~ +kkwk)w(—k) (5.81)
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we may read off from I1,;(k) the renormalization group constants:

-1
Megauy /= 1 2 1
ZT=1+ —_— - (g, + = . 5.82
‘ 2ne (Z‘ g Bg Bt 3 Zg ) ©-82)
i;t
MEga = Ui
Z¥=1+ 5.83
a 27Tl/ta€( £ glt i~ ga 8a 2 ch ( )

i;&t
(no sum over a). Inserting these expressions into (5.71), and using (5.70), we find that for ¢t =
1’27"',‘]:: I.%J’

n-1
=iy |t (584)
T < 8 Ui U

i=1
1#t
These are the beta functions for the different Goldstone velocities in the flag manifold sigma model.
In the following subsection, we use (5.84) to show that these velocities flow to a common value at

small energies.

5.4.5 Renormalization of velocity differences

We want to study the renormalization group flow of the velocity differences, A, defined in (5.34).
As mentioned above, the identity u; = u,—_, reduces the number of independent velocities to g = L%J,
and the relation

A = A + Ay = Ay — Ay (5.85)

shows that the number of independent velocity differences is g — 1. To study their flow collectively,
we introduce a (g — 1)-component vector, A, with components

A= A i=1,2,...,9-1. (5.86)

If we assume that the velocities u; are initially close together, so that the SU(n) chain is approxi-
mately Lorentz invariant, the vector A will obey an equation of the form

d
dlogM

—BA = A =RA (5.87)
for a (g — 1) X (¢ — 1) matrix R. The spectrum of R will reveal the low energy behaviour of the A, :
if the spectrum is strictly positive, we may conclude that all velocity differences flow to zero in the
IR. Let us now determine R.

Assuming the velocities u, are initially close together, we rewrite (5.84) to linear order in A" as

- Asi
Uy Zq [Z — (gl+t + 8- l|) + Sl Atq] + O(Az)’ (588)
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q
2
Bu 1 = Z (giv1 + 8i-1) + O(A?), (5.89)
=1 l
depending on the parity of n. (We’ve 1ntr0duced a go := 0 for notational convenience). Here
we have used the fact that only g := | 5] velocities and coupling constants are unique. The beta
function for a component A’ of A is then

q- 1
i g
o Z o 81 et 1) = g1 (givr + 1000 | (5.90)

g [ 8li—ql A1
8t q

+ + -— - + +O(A?
o [;:1 o (8i+e + &-il) % | anq[ 818ii—ql + 81811-q| + O(AD),

_ 1 G A AN L
= “ox > g[gl (gi+1 + 8i-11) = &1 (ivr + &ii-1) | gén 21 o (st + 8l +0(A%),
(5.91)

i=1 i
depending on the parity of n. Clearly, finding the eigenvalues of the R matrix in (5.87) is a difficult
task. As a first check, we consider the symmetric point where all couplings equal the same value, g
(except for the artificial gg, which is always zero). In this case, we can clearly read off from (5.84)
that

Bar = ——(n -D (5.92)

so that the matrix beta equation is diagonal, with R having positive eigenvalues. Next, we consider
small values of n.
e SU4)
In this case, there is a single velocity difference, Sa,,, with
Ba,, = _An gt +2g3] <0. (5.93)
12 o 2 1 2
e SU(5)
In this case, there is again a single Velocity difference, with

Ba, == % A12(81 +g3) <0. (5.94)

e SU(6)
In this case, there are three velocities, three coupling constants, and two unique velocity
differences, Aj» and Aj3. The eigenvalues of the 2 X 2 matrix R are both positive. Explicitly,
they are

1

{ 1
21818283

2
(PP 28282 + 22,
211818283 (g1g2 885 g2g3)

(5.95)

(s123 +g1gs + 818383 + £183 + 383) -
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Unable to find the eigenvalues of the R matrix explicitly, we resort to a numerical investiga-
tion of its spectrum. We verify that the spectrum is positive definite by computing the minimal
eigenvalue of R for fixed coupling constants. First, we choose the | 5 | coupling constants randomly
from the interval (0, 1). In 10 000 trials, we find that the minimal eigenvalue is always strictly
positive, for SU(n) with n = 3,4, ...,50. Next, we probe points in parameter space where different
coupling constants have a common value, by choosing coupling constants from a discrete lattice
on (0, 1)L21. Since the dimension of the lattice increases with n, we choose a coarser discretization
as n increases, to keep the number of lattice points below 100 000. In this case, we find that for
n=3,4,...,16, the minimal eigenvalue of the R matrix is again strictly positive. This supports the
conjecture that the spectrum of R is always positive, so that each velocity difference A, flows to
zero in the IR.

So far, we have verified that the velocity differences A, in these sigma models flow to zero at
low energies. However, we now claim that this is sufficient to conclude that the entire theory (5.27)
is Lorentz invariant at low energies. We note that we are not required to restore the pure-imaginary
A-terms occurring in (5.27), since they are proportional to €,,0,¢0,¢, a Lorentz scalar. Indeed,
since the interaction vertex receives no O(g) correction, the only spacetime dependence enters
through the renormalization of /,(u) and through the renormalization of the fields w, themselves.
Since the latter are independent of u (see (5.82) and (5.83)), the Lorentz non-invariance of the
interactions is entirely captured by the /(). Since u, — u, — 0 implies u; ! — ut‘,l — 0 at O(g),
we may use the results of the previous subsection to conclude that the /,(u) all flow to a common
value h(u), and thus Lorentz invariance of the entire model (5.27) is possible if the velocities are
initially close to each other.

5.5 General Phase Diagram

Based on the renormalization group analysis in the previous section, we conclude that at low
enough energies, SU(n) chains in the rank-p symmetric representation (without fine-tuning) will
be described by a Lorentz invariant flag manifold sigma model

1
L= Z tr[Ao U8, U Agd, UU] - ¢, Z a-ptr[0,UUTA,0,UUT Ag), (5.96)
a<p Sla—B a<p

with topological term

_ 2np

n—1
Sop = i6 Z aQ, 9: (5.97)
a=1

n
In [79], the renormalization group flow of the A; and the g; was determined, and given a geometric
interpretation. It was found that for n > 4, the g, flow to a common value in the IR, and that for
n > 6, the 4, flow to zero in the IR. Thus we may expect an S, (permutation group) symmetry to
emerge at low enough energies, and for n > 6. It is known that in these S ,-symmetric models, the
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unique coupling constant g obeys [79]

dg n+2 ,
_ _ 0 08
dlogh ~ 4z 877 (5.98)

ﬂgz

and the theory is asymptotically free. These facts suggest that a gapless phase, driven by topological
terms, may be present in these types of SU(n) chains. In previous chapters, we learned that this
occurred whenever the topological angles of the theory were nontrivial, i.e. for p not a multiple of
n. Should this phenomenon extend to all values of n?

Before jumping to this conclusion, it is important to realize that SU(2) and SU(3) are special.
Since 2 and 3 are prime, any value of p not a multiple of n is necessarily coprime with n, and
leads to n — 1 nontrivial topological angles. And, by the LSMA theorem, this leads to either a
gapless phase or an n-fold degenerate ground state. However, for nonprime values of n, that have
nontrivial greatest common divisors with p, another scenario is possible. For example, in the
p = 2 representation of SU(4), the topological angle 6, = 7% becomes trivial; moreover, the LSMA
theorem implies only a 2-fold degenerate ground state, instead of an n-fold one. These observations
should make one hesitate before extrapolating our results from the previous chapters.

On the other hand, we do expect the prediction of a unique gapped ground state when p is a
multiple of n to be robust. This follows directly from the fact that AKLT-like states exist for these
representations, as shown in Section 3.5.3.

5.5.1 Strong coupling analysis

By taking the large coupling limit, g; — oo, we are able to see that the ground state degeneracy of
the flag manifold sigma model does in fact depend on gcd(n, p). In this limit, only the A-terms and
topological terms survive. We will neglect the A-terms: for n > 6 this is justified by the fact that
the A, parameters flow to zero under renormalization; for n < 6, this is an added assumption that is
made to simplify our analysis. In this case, with only the topological terms remaining, the partition
function is a path integral over the topological charge densities, with the extra constraints that the
topological charges take integer values, and that the topological charge densities on each plaquette
of the lattice sum to zero. We find

Z0,...,0,) = Z 201,65 + 21m, . .., 0, + 27m,,)V (5.99)

where V is the spacetime volume, m; € Z, and

dic + 2sin (L(k - 6,)
2(91792,...,971):]%]_[%. (5.100)
a=1 @

For our models, we have 6, = 2”Tp(a — 1), so that the denominator of this expression does not
diverge. The term(s) with the largest value dominate the sum, so that the free energy density reads
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as
fy,...,6,) =—log max  z(6,6, + 2xmy,...,0, + 27rmn)). (5.101)

{ma,m3,+ ;my

Just as in SU(3), we may identify phase transitions in this model by identifying sets of {m,} where
multiple terms in the free energy density dominate the logarithm. Indeed, as we pass from one
phase to another, we shift from one dominant term to another, resulting in a cusp in f. The number
of dominant terms meeting at a given point will give the degeneracy of the phase transition. Thus,
we search for distinct sets {m,} and {n,} that obey

72(01,60, + 2mmy, ..., 0, + 2nm,) = 2(01,6> + 2nno, ..., 60, + 21n,), (5.102)

which can happen if the angles on the right hand side are a permutation of the ones on the left, up
to a constant shift. This fact follows from the explicit expression of z, given in (5.100). So, we look
for permutations o € S, such that

My(e) = Ng + A, (5.103)

where A is some constant shift. The solutions of this expression are
oM e a+k k=1,2,...,n—1, (5.104)

where the right hand side is defined modulo n. The number of distinct solutions equals n/ gcd(n, p).
Thus, we find that if n and p are coprime, there are n such solutions, leading to an n-fold ground
state degeneracy. Meanwhile, if gcd(n, p) = g > 1, we find an r-fold degeneracy, where r := n/q.

5.5.2 ’t Hooft anomaly matching

Using the notion of 't Hooft anomaly matching, both [79] and [78] were able to formulate a field-
theoretic version of the LSMA theorem for SU(n) chains. In short, the presence of an ’t Hooft
anomaly signifies nontrivial low energy physics; in one dimension, this necessitates a gapless phase
so long as the symmetries of the SU(n) chain are not spontaneously broken (see Section 4.6.4 for
a review). It was shown that in these models, an 't Hooft anomaly is present so long as p is not a
multiple of n. Explicitly, it is a mixed anomaly between the PSU(n) := SU(n)/Z,, symmetry and
the Z,, translation symmetry of the n-site-ordered classical ground state. It is a PSU(n) symmetry,
and not an SU(n) symmetry, because of a Z, subgroup of SU(n) that acts trivially on each term in
the field theory. This is important because when one tries to gauge PSU(n), it leads to gauge fields
with topological charge %, and forces one to include in the Lagrangian a counterterm that violates
the Z, symmetry. When this anomaly is present, the gapped phase must have spontaneously broken
translation or PSU(n) symmetry; the latter is ruled out by Coleman’s theorem. In the gapped phase,
the ground state degeneracy is predicted to be m, which is consistent with the strong coupling
analysis of the previous subsection, as well as the LSMA theorem.

The authors of [79] then argued that while an anomaly is present whenever p mod n # 0,
an RG flow to an IR stable WZW fixed point is possible only when p and n have no nontrivial
common divisor. In this case, the flow is to SU(n);. Otherwise, the candidate IR fixed point
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is SU(n)4, where g = gcd(n, p), which is unstable and requires fine-tuning in order for the flag
manifold sigma model to flow there. Also, there is no possible flow from this unstable theory
to SU(n)1, since this would violate the anomaly matching conditions derived in [116] for generic
SU(n) WZW models. There, it was found that the WZW model of level k¥’ can flow to level k only
if k¥ > k and ged(n, k) = ged(n, k).

5.5.3 A Haldane conjecture for SU(n) chains

Based on these arguments, we conclude that the rank-p symmetric SU(n) chains may flow to an
SU(n); WZW model if p and n do not have a common divisor. In this case, we expect gapless
excitations to appear in the excitation spectrum. For other values of p not a multiple of n, we
predict a gapped phase with n/ gcd(n, p)-fold ground state degeneracy, in accordance with the
LSMA theorem. Finally, when p is a multiple of n, we predict a unique gapped ground state,
such as the AKLT-like configuration given in Section 3.5.3. See Figure 5.3 for a simplified phase
diagram of the SU(n) chain in the case when p and n are coprime. We can understand this phase
transition as being driven by the SU(n)-invariant interaction term }, J{Jg in the SU(n); WZW
model, where J;, and Jg are the left and right moving currents, respectively. This operator is
marginal: for one sign of its coupling constant, it is marginally irrelevant and flows to zero; for the
other sign it flows to large values [115]. Our claim about gapless behaviour translates to a statement
about the sign of this coupling constant: at weak flag manifold coupling g, we expect this term to be
marginally irrelevant. Then, at larger couplings, the term becomes marginally relevant, and there
is an RG flow to a gapped phase with n degenerate ground states that break translation symmetry.

These predictions are a natural extension of our SU(3) Haldane conjecture from the previous
chapter. We note that when p and n have a common divisor, at least one of the topological angles
occurring in (5.97) is necessarily trivial. In the instanton gas picture of Haldane’s conjecture, each
type of topological excitation must have a nontrivial topological angle in order to ensure total
destructive interference in half-odd integer spin chains [137]. This might lead one to speculate that
a similar mechanism is at play here in SU(n) chains. We will prove that this is indeed the case in
Chapter 7.

SU(H)l
®

Q\ y

gapped

(n-fold degeneracy)

ga};less

Figure 5.3: A simplified phase diagram of the SU(n) chains we consider, as a function of coupling
constant g when p and n are coprime. A more accurate diagram would include | 5| different cou-
pling constants; in this case, we predict a critical point described by SU(n); occurring somewhere
in this multidimensional space.
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Finally, we may speculate on the size of the energy gap when p is not coprime with n. In
general this is a difficult task, but in the special case of a theory with a unique coupling constant g,
one may identify a characteristic length scale. This follows from the fact that g is described by the
beta function (5.98), which has a lowest-order solution of the form

80
1+ 220 log(M)

i

gM) = (5.105)

Here go is the bare value of g, and is a function of the interaction strengths J; of the underlying
SU(n) chain. This equation shows that g becomes order 1 at an energy scale of

A = Ce @, (5.106)

for some unknown prefactor C with units of energy. This expression defines a characteristic energy
scale that should correspond in magnitude to the finite mass gap in our SU(n) chains. For SU(2)
and SU(3) chains, this calculation leads to a direct prediction. In particular, we predict the Haldane
gap in SU(3) chains with p a multiple of 3 to be of the order

4N
ANp=z = Ce S+, (5.107)

Of course, if one starts with a nearest-neighbour SU(3) model, then this expression is less predictive
because of the difficulty in finding J, as a function of J;. And even still, the prefactor C is unknown.
In [77], a numerical estimate of this gap in the nearest-neighbour p = 3 model was found to be
An=3/J € (0.017,0.046).

For n > 3, the presence of multiple coupling constants leads to another complication. While
we know that each coupling is inversely proportional to p, the prefactors depends on the interaction
strengths J; of the chain, and we do not have a beta function as simple as (5.98). Nonetheless, if the
interaction strengths are chosen so that all of the couplings g; are of the same magnitude g; ~ ¢/p,

4nep

then we may still expect the gap to scale like e @2 . For example, in SU(4) the simultaneous tuning
\/J1]3/(11+J3)~C Jz ~C (5.108)

leads to a Haldane gap prediction of order A,,—4 = C e 3 In any case, the prediction of a gap that
decreases exponentially in p should hold for all values of n, even without fine-tuning.

5.6 Conclusion

In this chapter, we have extended Haldane’s conjecture to SU(#n) chains that have a rank-p sym-
metric representation at each site. Our starting point was SU(n) flavour-wave theory, where we
first realized that the property of having a unique excitation velocity, which is present in SU(2)
and SU(3) chains, no longer is true for chains with n > 3. This fact inhibits the immediate emer-
gence of Lorentz invariance that occurred in those simpler models. In Section 5.4, we came to
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the same conclusion by deriving in detail the low energy sigma model description of these SU(n)
chains. However, in Section 5.5, after extensive renormalization group calculations, we were able
to conclude that these distinct velocities in fact flow to a common value at low enough energies.
Because of this, we argued that SU(#) chains in the rank-p symmetric representation do in fact
correspond to the (Lorentz-invariant) SU(n)/[U(1)]"~! flag manifold sigma model, equipped with
n—1 topological angles 6, = 27” pa. Then, by applying a combination of exact results, including the
LSMA theorem, AKLT constructions, and 't Hooft anomaly matching, we were able to formulate
the following conjecture:

e For p and n coprime, we predict a gapless phase driven by topological angles to exist below
some critical interaction strength. This phase is characterized by the SU(rn); WZW model.
Above this critical coupling, we predict spontaneously broken translation symmetry and n-
fold degenerate ground states.

e For 1 < ged(n, p) < n, we predict that a gapless phase can never occur, so that translation
symmetry is always spontaneously broken by the LSMA theorem. The ground states are
n/ ged(n, p)-fold degenerate.

¢ Finally, for p a multiple of n, we predict a unique, gapped ground state that is translationally
invariant. The AKLT ground states presented in Section 3.5.3 correspond to this scenario.

Our prediction that translation symmetry is necessarily broken when p and n have a nontrivial
common divisor other than 7 is rather interesting. This was not a possibility for the chains with
smaller symmetry groups considered in Chapters 2 and 4, because n = 2 and n = 3 are both prime
numbers. When this is the case, we see that some, but not all of the topological angles in the
sigma model vanish. It appears then, that in order for a phase transition to be driven by topological
effects in these SU(n) chains, we require all n — 1 angles to be nontrivial. In Chapter 7, we present
an elegant argument for why this is the case. In essence, the finite gap in SU(n) chains can be
understood as being generated by topological excitations. However, when all n — 1 topological
angles are nonzero, these excitations destructively interfere with each other, and destroy the mass-
generating mechanism.
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Chapter 6

Flag Manifold Sigma Models From
Other Representations of SU(n)

6.1 Introduction

In the previous chapters, we have clearly seen that much can be learned by establishing a mapping
between SU(n) chains and flag manifold sigma models. In this chapter, we seek a more complete
understanding of this correspondence. What this entails is addressing the following question: What
representations of SU(n) chains give rise to SU(n)/[U(1)]"~! flag manifold sigma models? Once
this has been answered, we should then further ask: What representations of SU(n) chains give
rise to those flag manifold sigma models that possess 't Hooft anomalies, and lend themselves to a
Haldane-like prediction of gapless excitations in certain cases.

In this chapter, we answer these two questions, ultimately classifying all SU(n) chains that
admit such a flag manifold sigma model mapping. We have already set the stage in Section 3.4,
where we classified the classical ground states for the most general representations of SU(#n). In
fact, we suggest to the reader that they recall much of Chapter 3 in order to motivate the present
discussion. Here, we will begin by summarizing various facts about the flag manifold sigma models
in Section 6.2. Then we turn in Section 6.3 to the derivation of the dispersion relations of low
energy modes in generic SU(n) chains. In Chapters 2, 4, 5, these were called the dispersion relations
of flavour-wave, or Goldstone mode excitations. We will see that generically, both quadratic and
linear dispersing modes are present in these models, which is a manifestation of the ferro- and
antiferromagnetic order parameters that coexist. This phenomenon was previously observed in
Section 4.7 for SU(3) chains; now we learn that it occurs for all n. We also speculate in this section
about how such coexisting order parameters may lead to an entire hierarchy of flag manifold sigma
models, of different dimension, for a given value of n. Next, in Section 6.3, we restrict our attention
to the representations with linear dispersion only, and determine their topological angle content.
In Section 4.7, this amounted to considering the self-conjugate SU(3) chains, in addition to the
symmetric ones. For n > 3, we will see that many other families of representations also possess
this property. Then, in Section 6.4, we summarize our calculations and determine which of the
representations considered in the previous section also admit a mixed ’t Hooft anomaly. This will
allow us to extend our SU(n) version of the Haldane conjecture from the previous chapter to new
representations of SU(#n). Finally, our concluding remarks can be found in Section 6.6.
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6.2. Flag Manifold Sigma Models

6.2 Flag Manifold Sigma Models

For concreteness, let us write down the Lagrangian for the SU(n)/[U(1)]""! flag manifold sigma
model, in a manner more formal than that found in previous chapters. We introduce n orthonor-
malized fields ¢® € C", which are each invariant under a separate U(1) symmetry,

0% s e, (6.1)

If we denote by g.s the (symmetric) metric on the flag manifold, and b,g the (antisymmetric)
torsion, then the Lagrangian (5.97) can be rewritten as

L= [2up + bape™ | (" - ™)@ - ™) + Liop 6.2)
a,B=1

where Ly is the topological term

n

60 v (01 *,Q
Lop= ), e O g™ (6.3)
a=1

Only n — 1 of the angles 6, are independent, since the theory is invariant under shifting all angles
by the same amount. This reflects the fact that
H*SUm)/[um) =z"". (6.4)
In fact, all of the topological angles may be removed using the combined shifts
Oy — Oy + 21h, + bog = bog — by — bg (6.5)

but this hides the 27 periodicity of the 6, [79]. Finally, the shift g,3 — gop — co — ¢g introduces the
familiar CP"~! kinetic terms into the Lagrangian:

Lo L+ calloug? - 1™ - ™. (6.6)

a=1
Based on this fact, it is useful to use think of the embedding

SU(n)

W — CPn_l XX CPn_l (67)

and visualize the field content as a set of orthogonal CP"~! fields, coupled through the metric and
torsion terms. Since CP"~! = G, this embedding is a special case of (3.16).

In most cases, the tensors g, and b,g will admit additional, discrete symmetries. For example,
a sigma model that arises from an SU(n) chain with a d-site unit cell in its classical ground state
will possess a Z; symmetry as a manifestation of the translation symmetry on the chain.
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6.3. Dispersion Relations

However, what is also true is that in most cases, the SU(#n) chain will not directly map to the
above Lorentz-invariant sigma model. There are two reasons for this. The first is that the fields ¢®
are not guaranteed to propagate with the same velocity. Indeed, for the symmetric representation
SU(n) chains, it was shown in Chapter 5 that only for a fine-tuned choice of SU(n) chain coupling
constants do these velocities become equal. However, we now know that at low enough energies,
all of the velocity differences flow to zero under renormalization. In this chapter, we will assume
that this mechanism holds more generally, so that we may identify the various velocities of the
CP"! fields.

The second reason for Lorentz non-invariance is more of a hindrance. It follows from a
mismatch of terms arising from the coherent state path integral construction, ultimately lead-
ing to some of the ¢® having quadratic dispersion. Mathematically, we say that the embedding
SUM)/[UM]! — [CP""11" is not Lagrangian in this case. Let us speculate a consequence of
these quadratic modes. Since Coleman’s theorem does not apply in 1+1 dimensions to modes with
quadratic dispersion, the generators associated with these modes may spontaneously order, result-
ing in true Goldstone modes with quadratic dispersion [95-97, 138]. These Goldstone bosons will
couple to the remaining linear modes, which themselves form an SU(n")/ (U1 sigma model
with n’ < n. If a subgroup of the translation symmetry acts transitively on the n’ linear fields, then
it becomes possible for a novel ’t Hooft anomaly (mixed with the Z,, subgroup) to exist in such
SU(n) chains.** However, for now we will avoid these complications by focusing only on theo-
ries with purely linearly dispersing modes. In the following section, we determine exactly which
representations of SU(n) lead to such theories.

6.3 Dispersion Relations

In Section 3.4, we determined which SU(n) Hamiltonians were required in order to establish a
flag manifold sigma model mapping for a given representation, R. In other words, we determined
how many longer-range interaction terms had to be included in order to stabilize local zero modes.
These results are summarized in Table 3.1, which is repeated here for convenience:

With these results in hand, we now turn to the field theory mapping itself. Of course, a de-
tailed derivation for each Hamiltonian would be a very tedious undertaking, and we do not pursue
this here. Instead, we focus on particular features, namely the topological angles and possible
dispersion relations that exist in these theories, and refrain from determining the precise coupling
constants and velocities as a function of the interaction strengths J,.. Later on, we will explain how
these pieces of information, combined with a set of reasonable assumptions, will allow us to make
predictions about the ground state behaviour of certain SU(n) chains. But first, let us review the

3*Note that while mixed anomalies between PSU(n) and Z,, do exist for n and »n’ sharing a nontrivial common divisor,
they will not allow for a renormalization group flow to the stable fixed point SU(n), [78].
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Representation Longest Interaction Translation Group Order
k=1 Jor[S(HS (G +n—1)] n

k=n-1 Jite[S(HS G + 1] 2

k=14, A<n Jyr[S(HS (G + V)] 21
n=21+1, k=2 Je[S(HS (G + D] AA+1)
n=kl+1, A>1,k>2 Je[S(HS (G + D] Iem[24, (4 + 1)]
n=kl+c, c#lLk—-1 | JJjqtuS(HSG+A1+1)] 221+ 1)
n=kl+k-1) Jrtrt[S(HS (G + 2+ 1)] lem[A4,2(4 + 1)]

Table 6.1: Classification results of all SU(n) representations satisfying p, # pg for all nonzero p,.

coherent state path integral construction for an arbitrary representation of SU(#n). This generalizes
the discussion found in Section 4.3.1.

6.3.1 Generalizing the coherent state path integral construction

In order to construct a mapping from Hamiltonian to sigma model, we use coherent states to gener-
ate a path integral of the ground state fluctuations. These coherent states are constructed as follows.
For a representation with nonzero Young tableau rows py, . .., px, we introduce k orthonormal fields
#® € C", and k n-component creation operators a®. We then define [99, 100]

k
@) := > [ - a”17(0). (6.8)
a=1

These are the coherent states of SU(n), and in order to construct a path integral, we insert them
between thin time slices of the partition function:

(D(1)|e T|D(1; + 67)) = (D(T)|D(; + 6T))e HOT. (6.9)
The right hand side can be approximated using
k
(@EIOT +067) = ) [1+¢™ - 0:¢"]", (6.10)
a=l
which follows from .
(D)D) = Z(rﬁ*’“(f) LGS (6.11)

a=1
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By taking the product over all time slices 7;, we can then reexponentiate according to

[ [co@ie; + 61)) = exp > log(@@id(r; + 60)) ~ exp D\ > padp™ - 824", (6.12)

1 4 3
The Berry phase contribution to the path integral is obtained by adding up this contribution over

each site of the unit cell:
1 & &
Loery =~ ; Z; Pt (j) - 0:°()). (6.13)

Here d is the size of the unit cell, and ¢*(}) is the field ¢* evaluate at site j. Since we are deriving
a field theory about a classical ground state, to lowest order ¢“() is the colour of node « at site j,
which we have been representing using ¢“.

To obtain the complete quantum field theory, one must add to Lperry a gradient expansion of
the SU(n) lattice Hamiltonian, and this is where the lengthy calculations lie. However, if one is
interested only in time-derivatives, it suffices to restrict attention to Lgery, since the Hamiltonian
is time-independent. The lowest-order expansion of Lgery, which amounts to replacing the ¢“(;)
with their uniform counterparts ¢ (where 8 depends on @ and j), will indicate how many of the
sigma model’s modes have linear dispersion. The next-order expansion, which takes into account
the spatial fluctuations of the ¢ across the unit cell, will provide the topological angle content of
the theory. It turns out that the non-uniform fluctuations of the ¢, namely L,z as defined in (5.13),
do not contribute to the topological term, and so in the following, we may safely replace ¢* with
¢“ in (6.13) throughout.

Let us explain why this is the case. According to (5.13), in deriving a field theory we should
write

9" = ) Lap’ + 1= p(@e", (6.14)
B

where Lyo = 0 (no sum), and u(a) = X5 |Laﬁ|2. Unlike (5.13), we absorb the ‘large representation’
parameter p‘1 into the definition of the L,g terms. This is to avoid the notational complication of
dealing with multiple nonzero parameters p,, in the expansion of the ¢“.

Now, this expansion formula (6.14) will be inserted both into the Hamiltonian and the Berry
phase term (6.13). What we seek to show here is that no term involving the L,z will contribute to
the topological terms €,,0,¢™ - d,¢” upon integrating out the Lyp. Indeed, this follows from the
Gaussian integral formula®

. _I* s T
dea/BdLaﬂe L12WL12+14L12+VL]2 — ;eu\//w’ (615)
which we used explicitly in Chapters 2, 4, and 5. Now, any term involving one time derivative and
one space derivative on the right hand side of (6.15) will have come from expressions of the form
uLyy = aLp[d:UU 1y +bL1a[0,UU (6.16)

vLi, =ali,[0:UU']1; = bL;,[0:UU ]y, (6.17)

33In the following, we restrict to the case of Lyg = Li,.

106
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for real parameters a and b. This structure arises from the Hermitian requirement of the Hamilto-
nian, which is the source of the spatial derivative terms. Meanwhile, the time-derivative terms are
anti-Hermitian in imaginary time. This is a property generic to any integral over L, appearing in
our field theory derivation. From here, it is easy to see that the cross-terms involving d; and 0, will
always be of the form

entr[Aa0,UUAsd, UU™, (6.18)

with a # . These terms are not topological; instead, they are the so-called ‘torsion terms’, which
occur in (6.2) with coefficients b,g (in previous chapters, we referred to them as A-terms). There-
fore, we conclude that the L,z do not play a role in our discussion of topological angles below, and
we will henceforth omit them entirely.

Dispersion Relation Calculations

For each family of representations in Table 6.1, we determine the lowest-order contribution to
LBeny. For each field ¢ that is present, this indicates the presence of (n—1) quadratically dispersing
modes. Only in the case of a vanishing Lgeny at this order does linear dispersion occur for each
mode of the theory. However, even in this case, Lorentz invariance is not automatic since the fields
¢® will generically propagate with different velocities, as we saw in the previous chapter.

6.3.2 Representations with 1 row

First we consider representations with one row. The ground states are very simple in this case: one
row of n nodes, with each colour occurring once. For example, in SU(5) one such ground state is

e ¢ © O 0 @ @ @ O O ---. (6.19)

Therefore, we have

Loery ==E2 30" 9r"(j) + HO. (6.20)
=1

where H.O. includes higher-order terms. Since each colour occurs once in the sum on the right
hand side, the sum equals tr[U 79, U] for a unitary matrix U, which vanishes by Appendix A, and
so all modes have linear dispersion in the representations with £ = 1 row.

6.3.3 Representations with n — 1 rows

Next, we consider representations with k = n — 1 rows. According to the pattern of ground states,
two of the colours occur once (in the first position of the columns), and the remaining n —2 colours
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occur twice, with reverse-ordering. For example, in SU(5), the ground state looks like

@ 0 6 O 6 O o
o 0 0 0 O O O
o &6 O 6 O o O
Therefore we have, according to (6.13),
pi 1<
Loeny = =5 @ 0:0! + 6 0:67) = 2 ) (Pat + Pu-as2)@™ () 3:6°(). (621
a=3
Using tr[UT0,U] = 0, this can be rewritten as
Laerry = =5 Z(pa L+ Pueara = POO™() - 0:6° (). (6.22)

a/3

Now we have up to (n — 2) fields with quadratic dispersion. The exact number will depend on
how many of the conditions p,—1 + py—e+2 — p1 = 0 are satisfied. Each constraint corresponds
to two fields ¢“, except for the constraint 2p(,41y,2 = p1 when n is odd, which corresponds to a
single field. The representations that satisfy every constraint, and thus give rise to sigma models
with purely linear dispersion, correspond to the so-called self-conjugate representations of SU(r)
(that don’t have equal row lengths in their tableaux). Indeed, in SU(3), the condition is 2p; =
p1, corresponding to the self-conjugate representations considered in Section 4.7. Similarly, in
SU(4), the condition for linear dispersion is p, + p3 = p1, which is equivalent to the self-conjugate
condition p; — py = p3.

6.3.4 Representations with row number dividing 7.

Now we consider representations with k rows, with = 4 € Z. In this case, the ground states have
order of length 24, with each colour occurring twice. If k = 3, the pattern looks like

®e O 06 OO0 e O o o
® O e O e O e O
© 0 @€ O 6 O e O

For k < 7, the pattern is modified, which can be seen in (3.20). Introducing the notation
AY = "% 097, (6.23)
and following these patterns as a guide, we find that

k A
1
LBerry = __/1 Z Z Pa T Dk+l-a ACH(J l)k) (6.24)

a=1 j=1
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which can be rewritten using tr[U T9.U] =0 to yield
1

-EBerry = _2/1

k-1 A
D2 (Pa+ Prer-a = p1 = pOATIE, (6.25)
a=2 j=1

This suggests that there can be up to (k — 2)A fields with quadratic dispersion. In order to remove
all of these modes, the representation must satisfy certain constraints. When k is even, they are

k
Pa + Pk+1-a = P1 t Dk 05:25---’5 (626)

and when £ is odd, they are

k-1
Pa + Pk+1-a = P1 + Dk a=2,..., 5 (6.27)

2pe1 = p1+ pr (6.28)

Each of the constraints (6.26), (6.27) corresponds to the dispersion of 24 fields, and the constraint
(6.28) corresponds to the dispersion relation of A fields. In the special case of k = 2, which
corresponds to Young tableaux with two rows, we have automatically that Lpey = O for all values
of p1 and p;. The simplest representation for larger k is shown below, for SU(8):

(6.29)

This diagram satisfies p; + ps = p2 + p3.

6.3.5 Remaining representations
Representations of SU(21 + 1) with two rows

Let n = 24 + 1, and consider representations with 2 rows. In this case the ground states have unit
cells of length A(4 + 1). For example, in SU(5) with k = 2, a candidate ground state is

For all of these representations, the first row will have periodicity A + 1, and the second row will
have periodicity A. The Berry phase term is then

A+1 A
_ P a_ P2 B
-LBerry = (/l I 1) ;A 1 ;A » (630)

109



6.3. Dispersion Relations

which can be rewritten to give

LBerry ==

A
[p2(A+ 1) = pid] Y- A%, 6.31)

1
A+ 1) £

For most values of p; and p;, the corresponding sigma model will have A fields with quadratic
dispersion, and A + 1 fields with linear dispersion.?® However, for the special representations
satisfying

Ap1 = (A1 + Dp2 (6.32)

a theory with purely linearly dispersing modes is achieved.

Representations of SU(kA + 1), with A > 1,k > 2

Now we letn = kA + 1, with 4 > 1 and k > 2, and consider representations with k rows. According
to Table 6.1, we must further specify the parity of A:

e Aleven:
The ground state unit cell has length 24(4 + 1) in this case. The first row has (1 + 1)-site
order, while the remaining k — 1 rows have 21-site order, with the coloured nodes exhibiting
reverse-ordering. Therefore, the Berry phase term is

A+1

kK 2
1 (-
T = > D P+ Praa-pAPIED, (6.33)

.LBerry = _(/l + 1) P 21 =45

While simpler to rewrite in terms of the A* with @ > A + 1, we will always choose to rewrite
the Berry phase in terms of the least number of fields possible. This leads to

A+1 k=1 A
1 .
—— ) [21 A+ D)(ps + —— +Prsa_g—pa—pi)APHED,
LBerry = D Z p1—( )2+ pi)] A 1 2, ;(P,B Pk+2-p—D2—Dk)
(6.34)
e 1odd:
In this case, the result found in (6.34) is slightly modified to
A+1 =
- — _ —hy— B+jk=1)
LBerry = T Z Ap1 = (A + D)(p2 + pp)] A 7 2, ;(P3+Pk+2—ﬁ P2—PiA .
(6.35)

36 As mentioned below (6.40), we can rewrite Lgery to have A + 1 fields with quadratic dispersion, and A fields with
linear dispersion.
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Representations of SU(kA + ¢) withc # 1,k — 1

Again, let k be the number of rows. The ground states in the case have unit cell order of length
2A(A + 1). The Berry phase contribution is

1 c A+1 i 1 k A )
- _ a+(j=De_ _—_ A+ D+HB=)+(j=1)k—c)
LBerry = 20+ 1) ZZ[pa+pc+l—a]A 1 Z Z[pﬁ+pk—ﬁ+c+l]A .
a=1 j=1 p=c+1 j=1
(6.36)
Using the tr[UTAU] = 0 identity, we can only remove 2(1 + 1) fields. We are left with:
1 c—1 A+1 .
LBerry == [Pa + Petl-a — (pl + pc)] Aa+(j_1>c (637)
24+ 1) po
1
3T Z Z [+ 1P + prprest) = Apr + pe) [AHHDHE0Hm0E=,

B=c+1 j=1
The number of independent constraints that must be satisfied in order to achieve a sigma model
with purely linear dispersion is | 5] + I_'%J.

Representations of SU(kA + (k — 1))

The remaining representations are for n = kA4 + (k — 1). In this final case, we must again split into
two subcases, based on the parity of A:

e leven:
According to Table 6.1, the ground state has A(d + 1)-site order. The first ¢ — 1 rows of the
ground state have period 2(4 + 1), while the last row has period A. The Berry phase term is

k=1 A+1 2

-EBerry = (/l N 1) ; JZ;[Pa + Dk- ]Aa+(1 D(k=1) _ ﬁzz;pkA(k—l)(/Hl)#f (6.38)

RN i o ot — e JA@HG- D)

=T D 2,2, [Pa + Pk—a = P1 = Pi-1]
R i[(ﬂ + Dpi = Apy + prep]ACDEDP
A+ 1) £ Pk P17+ Pi-1 .
e Aodd:
Now the ground state has 24(A + 1) order, which changes the result in (6.38) to

k=2 A+1 et

_ a+(j-1)(k—
= 2( D ZJZI Do+ Pica = p1 = Pt JATTUTDED (6.39)
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A
D20+ Dpic = Ay + prp)]AEDEDE,
B=1

1
2A(+ 1)

6.3.6 Summary of calculations

We have compiled these results in Table G.1 in Appendix G. Each row corresponds to a family of
SU(n) representations. The ‘Min #  column counts the minimum number of C” fields ¢ that have
linear dispersion in the corresponding SU(n)/ [U(D] i gma model. The larger, right hand column
lists the conditions that the representation parameters p, must satisfy in order for additional fields to
acquire linear dispersion. Each condition is accompanied by a number in parentheses: this dictates
how many fields ¢® become linearly dispersing when this condition is satisfied. For example, the
second row of Table G.1 corresponds to representations with n — 1 rows in their Young tableaux.
These representations will always have at least two linearly dispersing fields in their sigma model.
In order to have more linearly dispersing fields, we must start to satisfy conditions. When 7 is
even, these conditions are p, + pp-q+1 = p1,fora =2,..., % Each satisfied condition adds 2 more
linearly dispersing fields to the sigma model. It is amusing to note that when all of these conditions
are satisfied, we obtain the set of self-conjugate representations of SU(n) (that don’t have two rows
of the same length).

It is important to note that there is some ambiguity in the number of linear vs. quadratic modes,
which follows from the trace identity tr[U9,U] = 0. This expression allows us to rewrite a partial
sum Y ,eq @ - 0.9 in terms of the ¢ that do not occur in the sum:

AR WA TS (6.40)

a€A BEA

To be consistent, we will always choose to write the Berry phase contribution in terms of the least
number of fields possible. However, of primary interest to us in this thesis are theories that only
have linearly dispersing modes; in this case, the counting becomes uniquely defined.

6.4 Topological Angles

In addition to the dispersion relations, we may also extract the topological angle content from the
Berry phase terms. This requires taking into account the spatial variation of the fields ¢® in each
of the terms found in the previous section.

As we have already seen, each field is associated with some condition on the Young tableaux
parameters p,. When determining the set of topological angles, it will be important to keep track
of these conditions; ultimately, this will lead to a list of angles for each of the conditions appearing
in Table G.1. Our motivation for this bookkeeping is so that we can understand which topological
angles correspond to linearly dispersing fields. Since quadratic modes correspond to ferromagnetic
order parameters, it is conceivable that by ‘turning on’ a subset of the p, conditions, we may be able
to effectively reduce the symmetry of our sigma model from SU(n)/ (U] to SUW")/ [U(n’)]""1
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for some n’ < n. It will be essential to keep track of which topological angles survive in the smaller
theory.
To begin, we recall (6.13):

d k
Lieny === > > Pad™ () - 3:4°()) (6.41)
=1

a=1

QU=

J

where d is the unit cell length. The lowest-order terms were analyzed in the previous section, which
amounted to replacing ¢ with ¢®. Now, we take into account spatial fluctuations of the ¢*. Again,
the non-uniform fluctuations L,g do not contribute at this order, so in this case, we may write the
leading order correction to (6.41) as

a=1

d k
1 . w,x(a, j j
Loeny =+ +6u D (=1 ) padup™ P -0,0"")  +HO.. (6.42)
J=1

Here all of the terms are evaluated at the same lattice site, and - - - hides the terms from the previous
section. The notation x(«, j) reminds us that for each field in the sum, we must consult the ground
state structure (see Section 3.4), and use both the row (@) and column (j) to determine the index x.
Using this, we may rewrite this contribution from the Berry phase term as

1 n
Loeny = 5= ) bada: (6:43)
a=1

where

Go = €y0u@™" - Oyp” (6.44)
is a total derivative. From here, we are able to read off the topological angles, 6,. We will carry out
this procedure for each family of SU(n) representation listed in the previous section.

6.4.1 Representations with one row

In the case of one-row representations, the Berry phase term reduces to

n
pi .
Loeny = Gt Z(a — 13" - 0, (6.45)
a=
so that )
0y = TPl — 1) (6.46)
n

Since there are no quadratically dispersing fields when k& = 1, these angles do not correspond to a
nontrivial condition on the p,.
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6.4.2 Representations with n — 1 rows

Now we consider representations with k = n — 1 rows. Starting from (6.42), it is clear that we only
have to focus on a single column in the coloured ground state diagram:

1 n—1 .
LBerry =--t Efyv Z paay‘;o 0,97 (6.47)
a=1

The topological angles are then
Oy = TTPg. (6.48)

According to the conditions in Table G.1, two fields are always linearly dispersing, corresponding
to 8; = pir and 6, = 0. The remaining n — 2 angles correspond to fields that must satisfy condi-
tions on the p,. The exact relationship between angle and nontrivial condition is given below in
Table 6.2, making use of (6.48):

Subcase \ Condition Angles

neven Pa + Pn-a+1 = D1 Bu> On—ar1 a=2,..., %

Pa t+ Pn—a+1 = P1 | B> On—ax
n odd Zp%:pl Onr1 a=2,...,%5

+
2

Table 6.2: The relation between topological angles and condition on the p,, for representations of
SU(n) with n — 1 rows. For each condition, one or two fields ¢ becomes linear dispersing, and has
topological angle provided in the right-most column.

6.4.3 Representations with row number dividing »

Now we consider representations with k rows, with % = A € Z. In this case, the correction to LBerry

18
k

1 . ) o i o
Loery = 376w D D |G~ Dpa+ @+ j = Dpicria|0,™ - ™, (6.49)

a=1 j=1

so that the topological angles are

n. .
Ou.j = Z(Pw + Pr1-a)(J = D) + TPk 1-a- (6.50)
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The range of these indices can be read off from the sums in (6.49). Here we use two indices to
enumerate the fields. Since 24 of the fields always have linear dispersion, the angles 6, ; and 6 ;
are always present. Meanwhile, the remaining (k—2)A angles are associated with certain conditions,
according to the following table Table 6.3.

Subcase Condition ‘ Angles

— ko _
k even Pa + Pk+1-a = P1 + Dk 9(11,j90k—(1+1,j CY—Z,...,E,_]—I,...,/I

Pa + Pk-a+1 = P1+ Pk | Oaj> Ok—a+1.j

2pi1 = p1+ pr Ot ;

k odd

Table 6. 3' The relation between topological angles and conditions on the p, for representations
with k = 4 rows in their Young tableaux.

6.4.4 Remaining representations
Representations of SU(21 + 1) with 2 rows
Suppose n = 24 + 1, and consider representations with 2 rows. We again refer to Table G.1. From

A A+1

Lperry = yy/l(/l+1)ZZ(t—l+(J—l)(/l+1))(9,150*’ 9,¢' 6.51)
=1 t=1

A A+l

5 ZZ(J_ 1+ (- 1)/1)3 <P* JHA+]L g ¢]+/l+l

,uv
/1(/1 =1 t=1

we see that there are two families of angles:

27p)
a+1

t =

-1 +ap(1-1) (6.52)

fort=1,...,1+1,and

2
b = ﬂ(] ~ 1) +apad (6.53)

for j = 1,...,4. The 6, angles correspond to fields that are always linearly dispersing. The
remaining angles are associated to the single condition Ap; = (1 + 1)p».
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Representations of SU(kA + 1) with k > 2.
The representations of SU(n), with n = k4 + 1, may be divided into two cases, according to the
parity of A:

e Case 1: 1 even.
Since the first row of the ground state has (4 + 1)-site order, and the unit cell order is 2A(1+ 1),
we may write Lperry as two parts:

Liery = Lyl + Loy (6.54)
The first part is
41 22
L) = sz 5 Z Z(z 1+ — DA+ 130" - 0, (6.55)
which gives rise to the following topological angles:
1 24
6, = AT ;(z— 1+ (- DA+ 1)) (6.56)
fort=1,2,...,4+ 1. These angles can be further simplified to
27pi
) = (/l+1)(t—1)+7rp1. (6.57)

The second part of the Berry phase corresponds to the lower k— 1 rows of the classical ground
state. It reads

kA1 A+l
@ _ & B B
Loery = 2004 1) §2]§: ;:1 [Pali— 1+ (- 12D (6.58)

+ Dol = 1+ A+ (0= 122)[0,0" " - 8™
The associated topological angles are
A+1

/4 . .
%) = 10T ; [Pali = 1424t = D) + proa-aj = 1+ A+ (= 1)22)] (6.59)

fora=2,...,kand j=1,..., A Again, the angles simplify to

ﬂ .
H(I,j = Z(pa + pk+2—a)(] -+ Do (660)

where we used the fact that Anrp, = 0 since A is even. The correspondence between angle and
condition on the p, is provided in the following table, Table 6.4
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Subcase \ Condition Angles
k+1
Pa + Pk+2-a = P2+ Pk | OojsOk+2-0a.j @=3,..., 5
keven | (A+ 1)(pa2 + px) = 24p) 0, j=1,..,4 t=1,...,0+1
k
Pa t Dk+2-a = P2 + Dk ga,ja9k+2—a,j 023,...,5;
k odd 2pep = P2 P Oz j=l..a
(A + D(p2 + pr) = 24pi O t=1,...,A+1

Table 6.4: The relation between topological angle and condition on p,, for representations of SU(n),
withn = kA + 1, withk > 2 and A > 1 odd.

e Case 2: A odd.
Assume A > 1 so that this case is distinct from the representations considered previously.
Now that A is odd, the order of the unit cell has changed to A(4 + 1). The two parts of Lgerry
from the previous subsection are modified to

A+1 A

o) P . . .
. t—1+G— DA+ 1)30™ - 0y, 6.61

and

kA
Loery = /l(/?j: ) 2.2

+ Prea-a(j = 14 A+ (0= 120)[8,0™" - 0,0,

[Pati= 1+ (2= 1)22) (6.62)
=1

The angles are then
27tpy
= -1 .
6 (/l+1)(t ) (6.63)

and

A 2_ D) ) + TPa- (6.64)

T .
Oo,j = Z(Poz + Dk+2-a) (] -1+

The range of these indices can be read off from the sums in (6.62). The same correspondence
between condition and angle found in the previous case applies here as well, so long as the
slightly modified conditions for A odd are used (which can be found in Table G.1).
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6.4. Topological Angles

Representations of SU(kA + ¢) withc # 1,k — 1

Write n = kA+c, for ¢ # 1, k—1, and consider representations with k rows. In this case, the ground
state order is 24(4 + 1). Again, we split the Berry phase contribution into two pieces. The first ¢
rows contribute the following term:

~

A+1 ¢

1 _ €uv 3 .
Liery = —2/1(/l+1);;;[p“(t L+ (= 12+ 1) (6.63)

= 4Peast(t= 1+ A+ 1+ (= D2+ 1)|0,0™" - 0,6,
which gives the topological angles

7(Pa + Pear1)
s = %(z ~ 1) + 2Pe-as1 + (A~ Dpo. (6.66)

The range of these indices can be read off from the sums in (6.65). Meanwhile, the remaining k — ¢
rows contribute the term

A A+l &k

Loy = 310055 1)22 3 [psti- 1+ - D2 (6.67)

=1 1=1 p=c+1
+ Piprent(G= 1+ (= D20+ D], - 0,8/
which gives the topological angles

. 7(pg + Pk-p+c+l) .
p.j = = (= D)+ A+ Dpicpeert +7App. (6.68)

The range of these indices can be read off from the sums in (6.67). Here, 6 and @ have been used in
order to differentiate the two families of fields and topological angles, so as to simplify our notation.
The relationships between topological angle and condition on the p, are given in Table 6.5.

Representations of SU(kA + (k — 1))

Finally, we must consider the representations with n = kA4 + (k — 1), with k boxes. Here we also
have two subcases, according to the parity of A:

e Case 1: 1 0odd
The ground state has 24(4 + 1)-site order. The first kK — 1 rows have the following Berry phase
contribution:

k—1 A+1

A
o _ S 3 _
‘£Berry 2/1(/1 +1) — JZ: ; Pt =14+ (= D21+ 1)+ (6.69)

IS

= Prealt = L+ A+ 1+ (j = D2+ 1)|0,0" - dyp™
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Subcase Condition Angles
C
a=2,...,=t=1,...,4+1
Pa + Pce+l-a = P1 + Pe 9{1,[7 Hc—(y+l,t 2
k.ceven | (A + 1)(pg + pr-pres1) = Ap1 +pe) | Op s Ocprerrj B—c=1,. ,k;c,j =1,...,2
c
=2,...,=t=1,...,4+1
& odd Pa t Pe+l-a = P1 + Pc Oa,ts Oc—ar1, @ 2
o JR -
A+ 1D)(Pp + Pr—prest) = Ap1+ pe) | Op.j Ocpresr poc=1,  kzcl
c even B ~ seees >
2(A + l)pk+;+1 = A(p1 + pe) Q@J i1
c—1
Pa + Pc+l-a = P1 + Pe ea,lvec—aﬂ,z a=2, ] b= ]’ ”’/1+1
2pel = p1+ Pe Ocs k—c-1
k. odd P ZPiTPe 1 T B-c=l....—
A+ D(pg + Pr—pre+1) = Ap1 + pe) | O, Ok—pre+1,j i=1 1
Pa t Pe+l-a = P1 + Pe 901,1,90—01+l,t a=2,. ,Cgl;l‘zl, LA+
codd 2pens = pi+ pe ?%’C ) k-1
k even (A + D)(pg + Pi—prcs1) = Ap1 + pe) | g, Ok—prer1,j B-c=1..., D)
24+ Dprgs = Ap1 + pe) ék%“,j j=1,...,2

Table 6.5: The relation between topological angle and condition on the p, for representations of
SU(n) withn = kA + ¢, withc # 1,k — 1.

The corresponding topological angles are

9, . = ﬂ(pa + pk—a)
b A+ 1)

As before, the range of @ and ¢ can be read off from the sums in (6.69). Meanwhile, the last
row of the ground state contributes the term

(t=1) + TPia. (6.70)

A 2(+1)
2 _ _ _ *J
Lo = S Z Z; (= D+ @~ DA™ - 3y (6.71)
giving rise to the angles
27 pi
0; = p ZPEG - 1) + per, (6.72)
for j =1,...,A. The correspondence between condition on the p, and topological angle can
be found in Table 6.6.
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Subcase \ Condition \ Angles
k-1

Pa + Dk—a = P1 + Pi-1 O1:0k-a a=2,..., —

kodd | (a+ Dpx = Ap1 + pi-1) 0; J=lo A t=1,..,4+1
k-2

Pa * Pk—a = P1 t+ Pi-1 Oo,i-0k-at a=2,..., T;
k even 2P§=P1+pk—1 Q%J t=1,...,1+1

A+ Dpr = Ap1 + pr-1) 0; j=1,...,2

Table 6.6: The relation between topological angle and condition on the p, for representations of
SU(n) with n = kA + (k — 1), with k boxes.

e Case 2: Aeven
This is the final case. Now that A is even, the order of the unit cell has changed to A(1 + 1).
The two parts of Lperry are modified to

4
2

k—1 +1

[Patt =1+ (= D22+ 1)) (6.73)
=1

s Cuv

Berty — 31+ 1) 445

~

+ Prcaa(t =1+ A+ 1+ (= D24+ 1)|9,0™"" - 0,0

and
c A (At
@ _ & . B wj o j
Loy = T4 ]ZI Z] [ =1+ (= DA 9™ - 8,9, (6.74)
and the angles are modified to
0. —s ﬂ'(pa"'pk—a)(t_ 1) +7p +7T(p(t+pk—a/)(/l_2) (6.75)
o (A+1) ko 2 ‘
and 5
0; > %(j— ). (6.76)

The correspondence between angles and conditions on the p, follows the same pattern as the
previous case, with a slight modification of the conditions themselves, according to Table G.1.
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6.5. A New Generalization of Haldane’s Conjecture

Summary of calculations

In Table G.2, found in Appendix G, we collect the results of this section, by listing all possible
topological angles for each representation of SU(n). The relationships between angle and condi-
tions on the p, were provided explicitly in the various tables above.

6.5 A New Generalization of Haldane’s Conjecture

The lengthy analysis of the previous sections makes clear the fact that most representations of
SU(n) chains do not lead to linearly dispersing sigma models like those of the symmetric SU(n)
chains considered in Chapters 2,4, and 5. This is already apparent in SU(3): Any representation that
is neither self-conjugate nor completely symmetric has at least one (and at most two) CP? fields
¢ with quadratic dispersion. In order to achieve a purely linearly dispersing theory, a series of
constraints on the Young tableaux parameters p, must be satisfied. In the special case of represen-
tations with all p, nonzero and distinct, these constraints lead to the self-conjugate representations
of SU(n).

Here, we restrict to representations of SU(n) that satisfy the various constraints listed in Ta-
ble G.1. This ensures that the corresponding sigma models have linear dispersion only. Before
proceeding further, we must reflect on what we are hoping to achieve with this classification. Ulti-
mately, we are interested in the possible gapless phases in SU(n) chains, and how one might extend
Haldane’s conjecture to novel representations. Based on our understanding of the symmetric mod-
els, we know that this task can be recast in terms of ’t Hooft anomaly matching. The recipe is as
follows:

e Step 1: Map an SU(n) chain to a (linear-dispersing) flag manifold sigma model at low ener-
gies.

o Step 2: Identify the 't Hooft anomalies of the sigma model. When such an anomaly is present,
we may conclude that the ground state either exhibits spontaneously broken symmetry, or
gapless excitations.

As we’ve mentioned several times already, in [78] and [79] it was shown that an "t Hooft anomaly
may occur in the SU(n)/[U(1)]"~! sigma model when an additional Z, discrete symmetry is present.
It is a mixed anomaly between the physical PSU(n) symmetry of the chain, and the discrete Z,
symmetry. Actually, in [78] it was shown that mixed anomalies occur between PSU(n) and Z,,
whenever n and n’ have a nontrivial common divisor. However, in this latter case, the correspond-
ing sigma model cannot be embedded into a WZW theory that flows to level k = 1. Therefore, here
we focus on chains that have this Z,, symmetry only. Moreover, this symmetry must act on the n
complex fields transitively according to

L : 9% > @1, (6.77)

In the following chapter, this gapless property of SU(#n) chains with 't Hooft anomalies will
be reinterpreted in terms of fractional instantons. We will show that in the SU(n)/ (U sigma
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model, topological excitations exist that generate a finite energy gap above the ground state, much
in the same way that vortices drive the familiar Kosterlitz-Thouless transition [90, 91]. For a
certain set of topological angles {Off)}, these excitations destructively interfere with each other and
the mass-generating mechanism breaks down, thus leading to a gapless ground state. It turns out
that when an 't Hooft anomaly is present, the topological angle content in the sigma model is
precisely {GE,O . Ultimately, this follows from the form of the action (6.77). Therefore, in addition
to concerning ourselves with linear dispersion, we also restrict our focus to SU(n) representations
whose translational symmetry group Z, = Z,, and acts transitively on the fields ¢“.

Of course, it is important to acknowledge this is by no means an exhaustive classification of
gapless phases in SU(n) chains. We do not attempt to classify all possible 't Hooft anomalies in
these models, and so we are limited to the current list of known anomalies, and apply this knowl-
edge to our theories. Moreover, we must also remember that the absence of an anomaly teaches
us nothing: we are unable to predict any ground state properties when this is the case. However,
we do have the LSMA theorem (see Section 3.5.2), which predicts either a gapless ground state or
spontaneously broken symmetry for an SU(#n) chain whenever the sum p := ), p, is not a multiple
of n.

6.5.1 Representations that admit transitive Z, actions

Having made these remarks, we are now in a position to seek out representations of SU(n) that
may be amenable to a generalized Haldane conjecture. We assume that all of the constraints on
the Young tableaux parameters p, have been satisfied, so that all of the n fields ¢® are linearly
dispersing. For each class of representation occurring in Table 6.1, we record when it is possible
for the translation group to equal Z,, and act transitively on the set of fields.

e Case l: k=1.
Since Z4 = Zy,, this is possible for all n.
e Case2: k=n-1
Since Zy4 = Z, this is possible only in SU(2) (which reduces to Case 1).
e Case3:k=15,1<n
Since d = 24, and A < 7, this is possible only when k = 2. See the ground state below for an
example in SU(4):

e ¢ 0 O e e O O e
© O e e 60 O e o O

In other words, when 7 is even, Young tableaux with two rows (of differing lengths) give rise
to flag manifold sigma models with an additional Z,, symmetry. According to Table G.1, such
representations are always linearly dispersing, so no other assumption on the row lengths p,
is required. Note that the angles in this case are (see Table G.2)

2
b= —(pr+p)a-1)  a=12...n (6.78)
n
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where we have shifted each angle by the constant np;.

e Cased:n=21+1,k=2
Since n cannot equal d = A(4 + 1), no such representations give rise to a Z,, symmetry.

e Case S:n=kA+1,k>2,1>1.
In this case, the Z,; symmetry does not act transitively on the set of n fields: Some of the fields
lie in an orbit of order A + 1, while the remaining fields lie in orbits of size 2.

e Case6:n=kAd+c,c# 1,k—1.
Similar to Case 5, the fields do not lie in a single orbit under the action of Z;. So while it
is possible for Z; = Z,, the fields do not transform under the necessary action (6.77). The
simplest example of this is SU(12) with k = 5 rows in a Young diagram. Under the Z, action,
the fields partition into three orbits of size 6,4 and 2, and the anomaly classification is no
longer applicable.

e Case 7: n=kd+ (k—1).
Similar to the previous two cases, the fields do not lie in a single orbit under the action of Z,.

In summary, we find only one new family of SU(n) representations that give rise to a linearly
dispersing SU(n) JIU(D]! flag manifold sigma model with the Z, symmetry (6.77). It is the set
of representations with two rows (of different lengths) in their Young tableaux, when 7 is even. The
corresponding topological angles in this theory are

2
0(1 = —ﬂ(pl +p2)a’ a = ],2,. .. n (679)
n

so that p; + p» plays the role of p; in the symmetric models. This means that an 't Hooft anomaly
is present whenever p; + p» is not a multiple of n. This is also consistent with the LSMA theorem,
mentioned above. Moreover, based on the classification of SU(n) WZW flows discussed in Sec-
tion 5.5.2, we may further conclude that only when (p; + p») is coprime with n is a stable gapless
phase possible. Otherwise, if p; + p, shares a nontrivial common divisor with n, then the theory is
necessarily gapped with spontaneously broken symmetry.

On the other hand, when p; + p; is a multiple of n (and the LSMA theorem does not apply), it
should be possible to have a unique, translationally invariant ground state with a finite energy gap.
This statement is supported by the fact that when p; + p = n, it is straightforward to write down a
translationally invariant AKLT state. This is explained in Section 3.5.3.

6.6 Conclusion

In this chapter, we have attempted to classify all SU(n) chains that admit a mapping to the SU(n)/[U( D!
sigma model at low energies. Our motivation for doing so was the presence of mixed ‘t Hooft
anomalies between the physical PSU(n) = SU(n)/Z, symmetry of the sigma model, and a tran-

sitive Z, action. Such anomalies are an indicator of nontrivial low energy physics, and so by
establishing such mappings, we may uncover novel gapless phases in SU(n) chains.

123



6.6. Conclusion

We have found that unless two rows of the Young tableaux have the same length, it seems
possible to realize such a mapping for any irreducible representation of SU(n). When two row
lengths are degenerate, the SU(n) matrices S lie in a different (partial) flag manifold that can not
easily be embedded into the (complete) flag manifold SU(n)/ (U1

However, even when no row lengths are degenerate, we find that the corresponding sigma
model will have complex fields with both quadratic and linear dispersion relations. One conse-
quence of this is that Lorentz invariance is likely never to emerge at low energies, as it does for the
symmetric SU(n) chains that possess only linearly dispersing fields. We have classified which rep-
resentations lead to only linearly dispersing models, and have determined the topological angles in
each case. Moreover, within this subset of representations, we have further classified which chains
also admit a Z, symmetry that acts transitively on the SU(n) fields, so that the possibility for an ‘t
Hooft anomaly exists.

In the end, we have found that only the SU(n) representations with even n and two rows in their
Young tableaux, with lengths p; # p», satisfy all of these properties (in addition to the symmetric
representations considered previously). As a result, we have made the following modest extension
of the SU(n) generalization of Haldane’s conjecture for even n: when p; + p» is coprime with n, a
gapless ground state is predicted; otherwise, a gapped ground state is expected, with spontaneously
broken symmetry if p; + p, is not a multiple of n. The magnitude of the gap can be predicted in the
same way as in Section 5.5.3, and should generally decrease exponentially as a function of p; + ps.
In Table 6.7, we summarize these findings by listing which representations of SU(n) we predict to
have a gapless phase driven by topological terms.

Representation Condition

EEEE =1

‘ ‘ ‘ ‘pl boxes
P2 boxes

(p1 + p2,n) = 0 and n even

Table 6.7: The set of SU(n) representations that exhibit a gapless phase at weak coupling.
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Chapter 7

Fractional Instantons and the Haldane
Gap in SU(n) Chains

7.1 Introduction

In the past few chapters, we have followed the program of extending Haldane’s conjecture to more
and more general SU(n) chains. In the end, we have come to the conclusion that a gapless phase
should only occur for representations that admit a mapping to the SU(n)/[U(1)]"~! sigma model
with n — 1 nontrivial topological angles. Indeed, this statement summarizes our findings for SU(2)
in Chapter 2, for SU(3) in Chapter 4, for the symmetric representations of SU(n) in Chapter 5, and
finally for the most general representations of SU(#n) in Chapter 6. Here, in this final chapter, we
seek to develop an alternative argument that explains why these gapless phases arise. Instead of
making use of formal ‘t Hooft anomaly matching arguments, we will establish a physical picture
of Haldane’s conjecture in terms of a gas of interacting fractional topological excitations.

This work generalizes an old result of Affleck that interpreted Haldane’s original conjecture
in terms of interacting merons, or ‘half-instantons’ [137]. Merons behave like planar vortices far
from their centers, but lift out of the plane near their cores, and form finite action configurations
when a collection of them has net vorticity zero. Remarkably, when the CP! sigma model has a
topological angle of m, corresponding to a half-odd integer spin chain, the merons that point up at
their origin destructively interfere with the merons that point down at their origin (also known as
anti-merons), and the mass generating mechanism of the model is no longer effective. While this
isn’t the full story, since larger-action configurations such as double-merons do not destructively
interfere at 6 = r, it offers an intuitive picture in favour of Haldane’s conjecture.

In Chapters 4, 5 and 6, we have generalized this paradigm of mapping spin chains to relativistic
quantum field theories to SU(n) chains in various representations. When a transitive Z, action is
present, the corresponding sigma model has n — 1 independent topological angles 6, = 2%(1/.
Throughout, we will treat p € Z, as given, labelling a particular representation of SU(n) that
admits such topological angle content. From the previous chapters, we know that there are two
possibilities for p:

e Case 1: The SU(n) representation has one row, of length p, in its Young tableau.

e Case 2: The SU(n) representation has two rows, of lengths p; and p; in its Young tableau.
Then p = p; + p». This case is possible only for even n.

According to our generalized Haldane conjectures, these SU(n) chains have a gapless ground
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state whenever p and n are coprime: gcd(n, p) = 1. This is in accordance with the LSMA theorem
(see Section 3.5.2), which predicts either a gapless phase or spontaneously broken translation sym-
metry when p is not a multiple of #n [80, 81]. A subtle feature of this result, which can only occur
for n > 4, is that when p and » have a nontrivial divisor, and p is a not a multiple of n, translation
symmetry is always spontaneously broken. This follows from an ’t Hooft anomaly that forbids the
flow of the above sigma model to SU(n), the only stable SU(n) fixed point [115, 116].

In this chapter, we will offer an intuitive explanation of this gap dependence on p and n, based
on a mass generation mechanism due to fractionalized topological excitations. We begin by re-
viewing the Kosterlitz-Thouless transition in Section 7.2, and explain how it relates to the mass
generation mechanism in SU(2). In Section 7.3, we add anisotropic potentials to the SU(n) chain
that break the continuous global symmetry down to U(1), and classify the topological excitations
that have finite action. Next, in Section 7.4, we show how these excitations, so-called fractional
instantons which have topological charge % are responsible for generating a mass gap in the sigma
model, in a similar fashion as the vortices in the Kosterlitz-Thouless transition [90, 91]. However,
this mechanism is highly dependent on the topological angles of the model, which are determined
by the representation p of SU(n). This dependence is discussed in Section 7.5, where we ultimately
conclude that mass generation by fractional instantons occurs except when p and n are coprime, in
which case a gapless phase is possible.

7.2 Mass Generation in the O(3) Nonlinear Sigma Model

7.2.1 The Kosterlitz-Thouless transition

Since we hope to relate (the absence of) a finite energy gap in our sigma models to some form
of topological excitation, let us begin by reviewing how a similar mechanism works in a very
famous example. We are referring to the continuous phase transition in the ‘XY model’, which
was described independently by Berezinskii in 1971 [90] and Kosterlitz and Thouless in 1973 [91].
This work contributed to Kosterlitz and Thouless sharing the Nobel prize with Haldane in 2016.

The XY model describes the physics of a classical spin restricted to a two-dimensional plane
(which we can think of as corresponding to the ‘X’ and ‘Y’ directions in real space, hence the
name). Explicitly, its Hamiltonian is

H:-st*i-s*j, (7.1)
@)
where ) ; ; denotes summation over all nearest-neighbour sites in the two-dimensional lattice, and
§; € R? is the classical spin vector at site i € Z>. Note that the interaction is ferromagnetic, i.e.
the prefactor of the spin-spin interaction is negative, unlike all of the SU(#n) chain Hamiltonians
that we have considered thus far. If we write the spin vectors in polar coordinates according to
§; = scos(p;), and rescale J by 572, we are left with

H=-J Z cos(pi — p))- (7.2)
(i,))
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In the continuum limit, the differences p; — p; are replaced with partial derivatives, and we may
Taylor expand the cosine, so long as we assume the classical spins vary smoothly from site to site.
We end up with

J
H~Eo+ 5 f d*x(Vp)? (7.3)

where ¥ € R2, and (Vp)2 = ((9x/n))2 + (ayp)Z. The thermodynamics of this system is obtained from a
partition function, which may be written as a path integral as follows

Z=eFb f Diple s [ (7.4)
We may now identify the integrand in the exponent as a Lagrangian,
1 2
Lxy = 2—g(VP) . (7.5)

with g = ij This is the low temperature, or weak coupling, form of the XY model. To arrive at
it, we had to assume that higher derivatives of p could be ignored in the expansion of the cosine
in (7.2). Such terms do not reemerge upon renormalization, since it may be shown that all of the
higher derivative terms are irrelevant.

This rewriting (7.5) will be useful later when we approach Lyy from our flag manifold sigma
models through a limit of theories, which restrict the target space from SU(n)/ [U(1)]? first down
to [U(1)]""!, and then down to U(1). At first glance, it appears that Lxy is simply a theory of a
free boson, p, and will thus exhibit gapless excitations for all values of 8. However, Kosterlitz and
Thouless realized that this conclusion overlooks the crucial fact that p is a periodic variable. In
other words, the target space of p is U(1), which is equivalent to the circle S', and is topologi-
cally nontrivial. Accounting for this, they found that a finite mass will be generated for the boson
p at sufficiently high temperatures (equivalently, at strong enough coupling), and that this mass
generation can be explained in terms of topologically nontrivial field configurations.

To understand this mass generation, let us estimate Z using a saddle point approximation
(which is exact in the zero temperature limit). This amounts to solving the Euler-Lagrange equa-
tions for Lxy, and identifying extremal configurations, p., i.e. solving

V2p, = 0. (7.6)

Of course, the most obvious solution to these saddle point equations is the trivial configuration,
ps = const.. However, the story does not end here. Since p lives in U(1) = § I there also exist
solutions p, that obey the following equation:

Sgdl -Vp =2nk Kk € 7. (7.7)
r

Here I is a closed contour integral in the XY plane. For nonzero «, this equation requires that p, has
a singularity within the contour; consequently, it cannot be continuously deformed into the trivial
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configuration, p. = const.. In other words, p, is a topologically distinct saddle point, and must
also be included in the path integral over all field configurations in (7.4). The integer « is called
the topological charge of p,, and the simplest configurations p; and p_; are called the vortex, and
anti-vortex configuration, respectively.

Let us now determine the classical action of these configurations. Due to the U(1) symmetry
of the problem, p, should only depend on the radius, r, so that by (7.7), |[Vp| = ’;‘ Then, we have

2
ol = ;—g f dzxrlz. (7.8)

Unless k = 0, we see that the action of p, exhibits both an infrared and an ultraviolet divergence.
The ultraviolet divergence can be resolved by introducing a lattice spacing a, which we will discuss
shortly, but the infrared divergence is problematic. If all topologically nontrivial configurations
have infinite action, they will not enter the saddle point approximation, and will not be responsible
for a mass generating mechanism, as predicted by KT. How then, do we proceed?

The resolution to this issue is found by considering configurations that are sums of vortices,
with net topological charge zero. To see this more easily, define the dual field p by

E,uvavﬁ =P (7.9)

where ¢, is the antisymmetric tensor with nonzero components €| = —€j9 = 1. Then the topolog-
ical charge equation (7.7) can be rewritten as follows:

f d*xV?p, = —2nk. (7.10)
z

Here X is the oriented surface whose boundary is the contour I'. This equation shows that the most
general saddle point we can write down should obey the following Poisson equation:

Vip =21 ) Kid(X - X)). (7.11)
j

In other words, the Euler-Lagrange equation V?p = 0 is modified by singularities on the right
hand side. Now, using (Vp)?> = (Vp)?, one may show that the action remains finite so long as
2jkj = 0, ie. the net topological charge vanishes. In particular, the least-action configurations
that are topologically nontrivial consist of a vortex/anti-vortex pair, with separation distance R.
Using (7.8), we see that

1 R
Slp1 +pi] = —log(—)< oo, (7.12)
2g a
It is these configurations that KT used to explain the generation of a mass gap in Lxy.
The simplest, and most famous explanation for this mass gap follows from energy and entropy

considerations. It can readily be shown that below temperature g. = n/2, the free energy for an
individual vortex diverges, while above this temperature, it is favourable for individual vortices to
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form.>” Thus, we expect a phase transition to occur at this temperature, in which the vortex/anti-
vortex pairs unbind, leading to so-called ‘vortex proliferation’.

To see this mechanism at play more explicitly, one may derive an effective Lagrangian that
describes fluctuations about the vortex/anti-vortex pairs in the low temperature phase. To this end,
we write p = p. + p’, where P, solves (7.11), and @’ are small deviations. The action for p then
reads

S[pl = L fd2x (V) +4nmip > ;| (7.13)
2g -
where on the right hand side we’ve shifted p° — p. Now, returning to (7.4), we must sum over all
possible configurations of p, which amounts to summing over all choices of {«;}. It is here that we
make the dilute gas approximation, allowing us to assume the individual vortices are far apart, and
do not interact with each other. Then, we may write

1w 1 Camisey 1T i =2
¢S = ¢ n [ XD | | d*xje P | | d?xpe’s PO (7.14)
n!l i m! el
]: =

Here j and k label vortices and anti-vortices, respectively. Now, using the dilute gas approximation,
we may sum over configurations before integrating over p. This yields

Y oo [ 2 2
2 L 3 3
-5 _ —i fdzx(Vp)ZeZa Jd x(e te )

e

: (7.15)

for some constant y, which depends on our choice of regularization. In the context of dilute instan-
ton gases, y is called the fugacity. This equation reveals that in the continuum limit, the XY model
is characterized by the following Lagrangian, which is known as the sine-Gordon model:

1 2np
Lsc = —(Vp)* — ya® cos (E) (7.16)
28 8

From here, the predictions of Kosterlitz and Thouless of a vortex unbiding phase transition are man-
ifest. Indeed, at low temperatures, corresponding to g — 0, the sine-Gordon model corresponds to
a free boson, and gapless behaviour is predicted. We should think of the vortex/anti-vortex pairs as
being tightly bound in this phase. Meanwhile, for large values of g, we may expand the interaction
term to obtain (after rescaling p)

2 2.2
LY 1 053, (7.17)

l o2
Lsg = F V)" +
demonstrating that a boson mass m,, := (2an)*y/g is generated. In this phase, the vortex/anti-vortex
pairs are unbound, and unpaired vortices proliferate. A transition between these two phases will
occur precisely when the scaling dimension of the interaction term turns relevant, which is known

37"When discussing entropies, we set Boltzmann’s constant, kg, to 1.
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in the sine-Gordon model to occur at g. = n/2. This is the same temperature quoted above that
followed from an energy vs. entropy argument.

As a final observation, we stress the fact that in the low temperature (weak coupling) regime,
the XY model exhibits quasi-long range order. That is, correlation functions in the gapless phase
exhibit power-low (i.e. algebraic) decay, and the U(1) symmetry is not spontaneously broken.
This is the same kind of order that we predict for the topologically driven gapless phases of our
SU(n) chains. Of course, true long-range order, which necessitates the spontaneous breaking of the
(continuous) U(1) symmetry, would be in direct violation of Coleman’s theorem.

7.2.2 Mass generation in the CP' sigma model

Now that we’ve reviewed the explicit mass generating mechanism of the XY model, we are ready
to relate this phenomenon to spin chains. Historically, this was first done by Affleck in the language
of the O(3) nonlinear sigma model [137]. Here, we will repeat this derivation in CP!, as this will
set the stage for our generalization to larger flag manifolds later on.

Our strategy is quite simple. Since the U(1) symmetry of the XY model can be embedded into
the larger CP! target space of the antiferromagnet, we will introduce a potential that restricts the
fields ¢® € C2 to a U(1) subspace of CP'. In the limit where this potential is infinitely large, we
have precisely the XY model, and we have an explicit mass generating mechanism at hand, namely
vortex proliferation. Then, we will weaken this potential, and see how this mechanism persists
through a family of models, all the way back to the isotropic theory of CP'.

Our starting point is

1 .
L=7 (18,1 = l" - Bupl) + Liop- (7.18)

with ¢ = 1/s. For simplicity, we first consider the case of integer spin chains, so that we may
neglect Lyop. In the following subsection, we will restore it, and see remarkably how it destroys the
mass generating mechanism, and leads to the closing of the Haldane gap.

Next, let us add to (7.18) the following potential,

V = m(g1* — lp2*)%. (7.19)

In terms of the spin vectors S € R3, this corresponds to adding to the Heisenberg Hamiltonian the
term ;S :(j)S;(j). Clearly, in the limit m — oo, this potential restricts § to lie in the XY plane.
Or, to relate things to the O(3) nonlinear sigma model, parametrized by 7 € S2, it forces the form
T

ii =(cosp sinp 0) (7.20)

which relates us back to (7.5). In the complex notation, we see that V restricts ¢ to lie in a U(1)
subspace of CP!, parametrized by the angle o~

1 1
=—| - 7.21
4 V2 (el(r) ( )
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In this form, we have explicitly chosen a gauge by setting the first component of ¢ to be real and
positive. This reflects the fact that CP! is a coset space, SU(2)/U(1).

Now, we know from the previous subsection that a mass is generated in this theory when
m — oo, due to vortices. However, we stress that this argument necessitated the introduction of a
UV cutoff, 1. In terms of a classical XY model on the lattice, a~! naturally arises as the inverse
lattice spacing. But here, in the continuum CP' sigma model, ™! must arise from somewhere else.
It is perhaps not surprising that the UV cutoff now comes from m, the explicit (large) mass scale
that we have inserted by hand, via V.

While this observation is satisfying, it does not help us relate back to the CP! sigma model,
which corresponds to m = 0. As we reduce m, how do we realize UV-finite vortex configurations?
The answer to this question is that the vortices become nonplanar as we reduce m. In other words,
since S is no longer restricted to the XY plane for finite m, it becomes energetically favourable for
a vortex configuration in p to lift off the plane and point in the +Z direction at the vortex core. In
the small-m limit, such configurations will have action

Spl — %log(mL), (7.22)

where L is the system length. As before, the infrared divergence associated with L — oo is remedied
by considering configurations with net topological charge of zero.

Let us see what these nonplanar vortices look like in terms of the complex ¢. Far from its core,
a configuration with topological charge +1 will have the form

1 (1
$= N (eiw) (7.23)
where w is the polar angle in the XY plane. In the infinite-m limit, such a configuration has a
singularity in w at the origin. However, for finite m, this singularity may be avoided by sending one
of the two components of ¢ to zero (which corresponds to n3 — +1 in the O(3) nonlinear sigma
model):

1 0
p— (0) or p— (ei‘“)' (7.24)

The phase remains in the second case due to our gauge choice; however, at the configuration’s core,
it can be removed by a pure gauge transformation, and thus does not lead to a true UV singularity.

Such configurations are known as ‘merons’, or fractional instantons. Specifically, we will refer
to the first as a meron, and to the second as an anti-meron. The word instanton makes reference to
the fact that one of the two spatial dimensions in the CP! theory is actually Euclidean time. Meron
refers to the half-quantized charge of these configurations, which we now demonstrate.

Since the topological charge, Q, of ¢ is the integral of a total derivative, we may rewrite Q as
the difference of two contour integrals, one around the origin and one around infinity:

1 * *
0= i [é;dx#ga cOup” — 96‘ dx,p - 0,9 ] (7.25)
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The contour is necessary to avoid any gauge singularity that may be present at the origin (see
below). For both possibilities in (7.24), the contour about infinity contributes a charge of % Mean-
while, the contribution from the contour about the origin is trivial in the first possibility, and -1 in
the second, leading to Q = i%, which proves the half-quantized charge of the meron. At the end of
this subsection, we will comment on the gauge invariance of this topological charge.

The arguments from the previous subsection carry over directly to these nonplanar topological
configurations. As above, we may perform a dilute instanton gas summation, and arrive at a sine-
Gordon Lagrangian. Before, the coupling constant g depended on the ultraviolet cutoff, a; now, it
depends on the anisotropic parameter, m. And before, we realized the KT transition by increasing
g at fixed a. However, we may equally well increase g at a fixed bare coupling constant, by
lowering the energy scale, m. This follows from the asymptotic freedom of the parameter g, which
is manifest in the following equation [137]

N g
1+ (g/2n) log(ma)

8eff (7.26)

Therefore, as we reduce m, we push the sine-Gordon model’s temperature closer and closer
to the transition temperature. Eventually, as m approaches zero, we will necessarily be above any
critical value of bare g, and be in the gapped phase with condensed vortex configurations. Thus,
we conclude that the CP! sigma model, in the absence of any topological term, will be in a massive
phase for any value of g, and that this mass is generated by topological excitations with half-integer
charge.

Gauge Invariance of the Topological Charge

Before carrying on, let us reflect on the structure of (7.25). There, we rewrite the topological
charge Q as a difference of two contour integrals. It is interesting to note that while their sum is
necessarily invariant under the U(1) gauge symmetries ¢z — ei’?ﬁgoﬁ, an individual contour integral
is not. Indeed, under ¢ — ¢,

9§dxﬂgo 0" 9§dxﬂga SOyt + iggdxyﬁﬂﬂ. (7.27)

The second term, which breaks the gauge invariance of the contour, is necessary in order to ac-
count for gauge transformations that alter the U(1) winding number of ¢ along the contour. This
feature implies that it is not meaningful to ask where the topological charge of a configuration ¢
is localized. For instance, two gauge-equivalent versions of the SU(2) meron have the following

behaviours at infinity:

1 1) , 1 (e_i“’)

@ = . ¢ =— ) (7.28)
V2 (e‘” v2\ 1

Their behaviour at zero is given by the first possibility in (7.24). The contour around infinity in
(7.25) equals —% for the case of ¢, while it equals +% for the case of ¢’. Meanwhile, the contour
around zero is trivial in the case of ¢, and equals +1 for the case of ¢’. The full expression
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in (7.25) yields Q = % in both cases, as it must. Finally, we note that by choosing the gauge

’

¢ = %(e“""/ 2,e“/2)T  the contour around infinity vanishes, which is what one finds in the O(3)
version of the meron [137].

7.2.3 The breakdown of mass generation at ¢ = r.

We are now in a position to interpret Haldane’s conjecture in terms of fractional instantons in the
CP! sigma model. Let us restore the topological angle 6 = 7, and study how the mass generating
mechanism changes. For large m, we are in the U(1) model and the 6-term does not play a role;
rather it is not well defined. However, as m is lowered towards zero, the fugacity in the sine-Gordon
Lagrangian is modified as follows:

v — ycos(6/2). (7.29)
This is because both vortices and anti-vortices are now weighted by the factor ¢//? if they corre-
spond to merons, and by the factor e~/2 if they correspond to anti-merons. Recall that we must
sum over all possible saddle point configurations.

Thus, we see that y vanishes at topological angle 6 = &, which corresponds to half-odd integer
spin chains. This seems to suggest that the non-planar vortex/anti-vortex pairs will never unbind,
and a massless phase will persist at all temperatures. However, this is not the whole story. Higher-
order configurations, such as double vortices with k = +2 will have topological charge 0 or £1, and
do not lead to a vanishing fugacity. Nonetheless, these configurations effectively raise the critical
value of g, below which occurs a gapless phase. Thus, we may at least conclude that the critical
value of m is smaller at = & than at # = 0. Based on the overwhelming evidence in favour of
Haldane’s conjecture, we expect that this critical value is driven all the way to m = 0, so that a
gapless phase does indeed occur.

7.3 Reducing the Global Continuous Symmetry to U(1)

Now that we have reviewed in great detail how fractional instantons generate a mass gap in the
CP! sigma model, we are ready to study how this mechanism generalizes to flag manifold sigma
models. Our strategy is the same: we break the symmetry of the flag manifold down to U(1), where
a phase transition is well understood in terms of vortex proliferation. Our complete Lagrangian is
(6.2), which we repeat here:

n

L= [2ap0" + bape” | (©" - up™ )05 - 0™ ) + Liop. (7.30)
a,f=1

As in the previous section, we will for now neglect the topological Lagrangian. It will be restored
later on, once we have established mass generation in the case of 6, = 0. To this Lagrangian, we add
an anisotropic potential V; that breaks the SU(n) symmetry down to [U(1)]"~!, while preserving
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the discrete Z, symmetry and the [U(1)]"~! gauge structure:

Vi=my > (5P - Ie5P) (7.31)

a=1 <y

This is the SU(n) generalization of adding the term ) 8:())S:(j) to the SU(2) Hamiltonian. In-
deed, for the symmetric SU(n) chains, it is straightforward to rewrite V| in terms of the SU(n)
generators on the chain. We have

1 .
el = PRV (7.32)
so that )
m . . 2
Vi= = 0> (Saslia) = Syyli) (7.33)
p a=1 <y

To obtain the corresponding lattice terms, we simply multiply the right hand side of these expres-
sions by n, and sum over j. It is interesting to note that in the case of SU(3), the potential V| is
proportional to

3
Z [73(je)T3(ja) + T3 () Ts(jo)] (7.34)
a=1
where T3 and T3 are the two diagonal generators of SU(3) in the Gell-Mann basis. Now, in the
limit m — oo, the potential V| restricts each of the ¢ to lie on an n — 1 torus, parameterized by
n — 1 angles, ¢g = ¢p(a):
1 . . . . \T
¥ = —— (S1 eIS2 ... elSn-l plSn) 7.35

¢ i ( ) (7.35)
Throughout, we fix a gauge by choosing ¢{ to be real and positive, for all @. Since the number of
free parameters equals the number of orthogonality constraints (both equal n(n — 1)/2)), one might
conclude that there is a unique configuration of the ¢ in this limit (up to permutations). However,
the orthogonality constraints are invariant under the following transformations,

05 — %] Va, B, (7.36)
which are true symmetries for each of the n — 1 un-gauge-fixed directions, 8 = 2, 3,...,n. There-

fore, by introducing the potential (7.31), the continuous symmetry group of the sigma model has
been broken down to [U(1)]""'. A typical gonﬁguration of the ¢ in this submanifold can be
constructed from the nth root of unity, £ := /7 :

1 .
05 = W("ﬁel”ﬁ op € [0,27]. (7.37)

3Based on the previous chapters, we recognize how important the Z, symmetry is to generalizing Haldane’s conjec-
ture. It would be a serious matter to break it explicitly now.
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Indeed, orthonormality of these states follows from the identity ;" _, £°* = 0, which holds for all
p # 0 mod n. Since the Lagrangian (7.30) couples all of the n — 1 copies of U(1) together, it will
be useful to break the symmetry down further. To this end, we introduce a second potential V5,
given by

n n—1

Vo= -m Y > (a1 - (1)) - (7.38)

a=1 =2
In terms of the SU(n) matrices, this potential takes the form

n n—

V2 = —nz%z
J a=1

The factors of n in the exponent are necessary in order to preserve the Z,, symmetry, which corre-
sponds to translational invariance in the underlying lattice model.>* Since V; is still minimized by
the configurations (7.37), it can be rewritten in terms of the U(1) fields, o, yielding

1
(S 150G = SpGa)) - (7.39)
B=2

n n—1

Vo =4dm Z Z sin’(n(oy — 0p)). (7.40)

a=1 =2

It is clear that the effect of V, is to equate all but one of the U(1) fields. In our fixed gauge, this
amounts to setting g = 0 for B # n, resulting in a theory that involves o, only. This is equivalent
to the XY model. By inserting this restricted form of ¢ into (7.30), it is easy to show that the byg
terms vanish, and the resulting O(2) coupling constant is g, defined by

gl = Zg;[g. (7.41)
a’ﬁ

7.4 Mass Generation by Fractional Instantons

In this section, we would like to extend the discussion of non-planar vortices in the CP! sigma
model to the larger SU(n)/[U(1)]"~! sigma model. With any luck, we should find that a similar
mass generating mechanism is at play here, and that it breaks down when particular topological
angles are restored.

Recall that a non-planar vortex, (which we’ve already referred to as a meron or a fractional
topological instanton) has the following form in terms of the CP! field, . Far from its center, it
reads

o= L( : ) (7.42)
e .
Meanwhile, near its center, it tends to either (1,0)T or (0, ¢®)T, in order to avoid an ultraviolet
singularity.

¥Since ¢ has dimension 0 in 1+1 dimensions, an operator with arbitrarily high powers of ¢ is still renormalizable.
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Extending this calculation to SU(#n) is straightforward. Now, the topological charge is a vector
0 = (Q1,03,...,0,), corresponding to the n fields ¢®. A configuration far from its core has
Y = \/Lﬁe"‘” for all @, and receives a contribution to the topological charge of % from the contour at

infinity. Meanwhile, in order for the configuration to be UV finite at its core, the phase ¢/ in each
of the nth components of the ¢* must either vanish or become a pure gauge transformation. This
leads to an n-fold family of topological excitations, distinguished by which one of the ¢ tends to
(0,0,0,...,e“)T. For that particular ¢, a contribution of -1 is added to its topological charge from
the contour about the origin in (7.25), while the remaining n — 1 fields receive no contribution, as
they are topological trivially there. See the example below for an explicit solution in the case of
n = 3. Thus, we obtain n species of topological configuration, with charges

position &

1 —_——
Q"= ~(LL....~(n=D.....1). (7.43)

And so for all n, we find fractionalized topological excitations, or fractional instantons, in our
symmetry broken model.

7.4.1 Example: An explicit fractional instanton in SU(3)

Here, we prove the existence of a fractional instanton in SU(3), with topological charge Q' =
(—%, %, %). While the most general complex unit vector in C* depends on five real parameters, we
make a symmetric ansatz that reduces this number down to two, which is the minimum number of
parameters necessary to construct a fractional instanton. For our three orthogonal vectors ¢, we

take:
sin | cost+1i | costh—i
sin?} o> =—=| cost®—i @ ==| cost+i |. (7.44)
' — V2 sinde® — V2 sindeiv

Here w is the polar angle coordinate, and ¢ € [0,7/2] depends only on the radial coordinate:
¥ = Y(r). Inserting this ansatz into the Lagrangian (7.30), one obtains

1 1
L= [(arﬁf + S UI@) + mgUz(ﬁ)] , (7.45)
r
where
.2 2 | —
Ui(¥) = sin” 9 cos” I + 1 sin” 19, (7.46)
and
5 2 1 ) 2 1 2 -4 2 2
U(®) = 3 cos“ ¥ — 3 sin“ ¢ + 28 cos“ (3 sin” ¥ — 4 cos” F)“. (7.47)
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Note that there is a unique coupling constant g = gi» = g13 = g3 in the SUB)/[U()]? sigma
model, and the terms proportional to b,g have vanished. This is the classical Lagrangian for a
particle at position ¢} at time r, in a time-dependent effective potential

1
Vet = —ﬁUl () — mgUz (). (7.48)

Now, at radii r such that rzmg < 1, Ve is maximized by minimizing U;(:%) on [0, 7/2], which
is achieved with % = 0. On the other hand, for r — oo, the effective potential is maximized
by minimizing U;(:9), which is done with ¢ = & = arccos(1/ V3). Since %Ul > 0 on [0, ],
and %Uz < 0 on the same interval, we may conclude that a solution exists with () increasing
monotonically from 0 at » = 0 to ©J at r = co. As expected, the vectors ¢ in (7.44) tend to (7.37),
up to a gauge transformation, as » — co. Moreover, as » — 0, the UV singularities ¢/ in > and
¢ vanish, and ¢! — (0,0, ¢“)T. This completes the example.

7.4.2 Multiple copies of the sine-Gordon model

While the number of such topological configurations has increased, the original argument from
CP! for mass generation carries over to this more general case: for each species of topological
excitation in this n-fold family, we have a species of particle in the Coulomb gas formalism [137].
That is, each particle has a partition function that is represented (at large distances) by its own
sine-Gordon model,

1 2
L = E(a,,a)2 + ycos(fa), (7.49)

which is identical for each of the n species. As above, vy represents the fugacity of the fractional
instanton gas. Since all of the n species arise from the same action, each will have the same fugacity
and critical g, so that the above model (7.49) is merely copied n times, and the SU(2) analysis
from Section 7.2.2 can be applied directly. As m is lowered, the effective critical temperature is
increased until the topological excitations condense and a mass gap is produced. Thus, we conclude
that fractional instantons are responsible for generating a mass gap in the SU(n)/[U(1)]""! sigma
model (7.30), in the absence of topological angles.

7.5 Destructive Interference in the Presence of Topological Angles

We now restore the topological angles 6, and study how the mass generating mechanism changes.
As before, when m is large, our theory reduces to the U(1) sigma model where the 6-terms do not
play a role. However, as m is lowered towards zero, the fugacity vy in the sine-Gordon model is
modified to

DI (7.50)
a=1
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where the sum is over the n species of fractional instanton, and 6, = a6, with 8 = 2”7['. Using
(7.43), one easily finds that this sum equals y 3, ¢PX. So long as p is not a multiple of 7, this sum
vanishes. In other words, for such values of p, the fugacity of the sine-Gordon model vanishes,
suggesting that the Coulomb gas is always in its massless phase.

At first glance, this appears to be inconsistent with our results from the previous chapters, which
also predict a gap when p is not a multiple of n, but has a nontrivial shared divisor with n. This
discrepancy is resolved by considering higher-order topological excitations. Indeed, while objects
that have winding number greater than +1 in w have larger action, they too must be considered, and
do not necessarily lead to a vanishing fugacity. A similar calculation shows that a configuration
with winding number « has charge Q**, with

03" = = ~ Kbup (7.51)

and modifies the fugacity to y 3, £P*. If « is a multiple of n, this will lead to a nonzero fugacity.
This is also true in the case of SU(2): recall the double meron configurations discussed above.
However, the conclusion arrived at before also applies here: since these higher winding objects
have larger action, we can at least conclude that the critical value of m, above which occurs a
gapless phase, is lower at 6 = 2”7” than at 8 = 0.

Now, if ged(n, p) # 1,n, then not only do events with winding number n contribute to the
fugacity, but so do events with winding number d := n/ gcd(n, p). Since these contributions will
have a much smaller action than the n-winding events, this shows that whenever p and n have a
nontrivial common divisor, the critical value m is larger than at § = 27” (although still lower than
at @ = 0). Thus, it is possible to interpret our generalized Haldane conjecture in terms of these
fractional topological excitations: When p and n are coprime, mass generation only starts to occur
for configurations that have winding number +n. In SU(2), these events are not strong enough to
open a gap at the isotropic point m = 0, and we predict that this holds for general n. In other
words, we are claiming that the critical value of m is zero when p and n are coprime. When p and n
have a nontrivial common divisor different from 7, configurations that have much less action begin
to contribute to mass generation, starting with objects that have winding number d. The simplest
example of this is in SU(4), with p = 2. In this case, configurations that have winding number +2
successfully generate a mass gap, while for p = 1 these configurations destructively interfere, and
a mass gap is not generated by the subleading configurations, with winding +4. Finally, when p is
a multiple of n, the least-action configurations that have winding +1 produce a mass gap, just like
the merons in SU(2).

While we haven’t offered a rigorous argument as to why the critical value of m is indeed fixed
at zero in the case of p and n coprime, we can make the following observation. According to
the LSMA theorem, a finite energy gap above the ground state implies spontaneously broken Z,,
symmetry whenever p is not a multiple of n. In the sine-Gordon model (7.49), this Z, symmetry
corresponds to the following transformation:

2n

oo - —. (7.52)
n
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While this transformation acts nontrivially on most fractional instantons, it has no effect on config-
urations with winding number n, which are the elementary excitations in the sine-Gordon model
when p and n are coprime. Thus, our prediction of a gapless phase in this case is perhaps not too
unreasonable, since any finite gap would necessitate the spontaneous breaking of (7.52), which acts
trivially on the Coulomb gas of n-winding events.

7.6 Conclusions

In this chapter, we have proposed a mass generating mechanism by fractional instantons in the
complete flag manifold sigma models, with target space SU(n)/[U(1)]""!. These theories arise
naturally from SU(n) chains in particular representations, as we have seen many times throughout
this thesis. In particular, we have focused on theories with n — 1 nontrivial topological angles,
Oy = % p. These correspond to either the rank-p symmetric representations of SU(n), or the
two-row representations for even n, with p = p; + p».

For p a multiple of n, we have shown that topological configurations with charge % produce
a finite gap above the ground state, much in the same way that vortices produce a gap in the
Kosterlitz Thouless transition of the XY model. When p and n have a nontrivial common divisor
different from n, we’ve shown that a mass gap is still produced, but now it is due to larger-action
configurations that have charge m. Finally, when p and n are coprime, we have argued that no
energy gap is produced by topological configurations. Together, these three results offer an intuitive
explanation of the generalizations of the Haldane conjecture to SU(n) chains that have appeared in
this thesis.
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Chapter 8

Summary and Outlook

In this thesis, we have succeeded in achieving our original goal of extending Haldane’s famous
conjecture about antiferromagnetic chains to systems with SU(n) symmetry. To summarize our
main result succinctly, we have found that there are two families of SU(#n) chains that exhibit a
gapless phase at low energies. The first family consists of those chains with a completely symmetric
rank-p representation at each site, with p a positive integer whose greatest common divisor with
nis 1. In the case of n = 2, these chains are precisely those with half-odd integer spin, i.e. the
spin chains predicted by Haldane to be gapless. The second family of SU(n) chains that we have
identified are also labeled by a positive integer p satisfying the same coprime constraint with n,
but are only gapless for even n. These representations are not completely symmetric: instead, they
have two rows in their Young tableaux, of lengths p; and p; that sum to p. The simplest chain
corresponding to this second family has SU(4) symmetry, with the representation (p; = 2, p> = 1)
at each site.

While the above classification is elegant, and was the source of motivation for much of the work
appearing in this thesis, it is by no means the only noteworthy result that has been obtained. Indeed,
in our attempt to push the conceptual and technical limitations of Haldane’s original calculations,
we have made numerous discoveries that will have a lasting impact on the field of SU(#n) spin
systems.

In Chapter 3, we learned early on that the nearest-neighbour Heisenberg model used by Hal-
dane is inadequate for deriving a low energy field theory of chains with larger symmetry groups.
This can be understood by considering how the Young tableau parameters p,, which generalize
the notion of spin in the antiferromagnet, determine the target space manifold of the chain’s matrix
degree of freedom, S. For SU(2), this manifold is always CP!, and one may readily derive the
familiar CP! sigma model. But for n > 2, the space CP! is promoted to a flag manifold, and further
care must be taken when deriving a low energy description. Throughout Chapter 3, we developed a
prescription for obtaining a well defined quantum theory, which amounted to adding longer-range
interaction terms to the Hamiltonian. These interaction terms serve to restrict the target space of
S to be an orthogonalized product of CP"~! models. Then, by summing over the unit cell (which
is determined by the classical ground state of the chain), we obtain n orthogonalized CP"~! mod-
els, which together constitute a sigma model whose target space is the complete flag manifold,
SU®m)/[U)]*L. As a result, we were able to answer in Chapter 3 the obvious question posed by
many seeking to extend Haldane’s conjecture beyond SU(2): what is the appropriate generaliza-
tion of the CP' sigma model that describes the antiferromagnet at low energies? It turns out that
CP! should be promoted to the complete flag manifold of SU(n). As a tangential development in
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this chapter, we also extended the exact results of Lieb, Schultz, Mattis and Affleck (the LSMA
theorem) to the longer-range Hamiltonians that we introduced.

In Chapter 4, in deriving an explicit expression for the sigma model of the SU(3) chain in the
symmetric representation, we made three important realizations. First, unlike the CP' Lagrangian
that is characterized by a single parameter g, for n > 2 there is an additional A parameter that
corresponds to a two-derivative interaction term that couples the different CP"~! sectors together.
When we interpret the Lagrangian as a metric on the flag manifold target space, this parameter
corresponds to a torsion, or antisymmetric tensor. Such terms were unanticipated, as torsion does
not exist in the simpler case of CP!. Using the renormalization group, we were able to conclude that
A is a relevant parameter, and should be included in the low energy limit. The second realization
we made concerned the topological angle content of these theories. Since flag manifolds may be
embedded into a product of CP"~! models, it is possible to define multiple topological charges, by
pulling back the topological term from each CP"! sector. Mathematically, this is seen by noting
that the second cohomology group of the flag manifold is Z"~'. In the symmetric SU(3) chains,
we found that this led to two topological angles 6; = ? and 6, = 4’;—1’. Since 3 is prime, these
angles both are nontrivial so long as p is not a multiple of 3; however, we began to speculate that
for larger values of n, it might be possible for some, but not all of the topological angles to be
trivial. How would Haldane’s conjecture generalize in this case? Finally, the third realization we
made in Chapter 4 arose from considering other (non-symmetric) representations. In spin chains,
it was well understood that for translationally invariant systems, the classical model would always
exhibit antiferromagnetic order for a positive interaction strength, J. However, for n > 2, we
learned that it is possible to realize ferromagnetic and antiferromagnetic order simultaneously (in
the classical limit). This led to the fascinating consequence of having Goldstone bosons with
two types of dispersion relation: linear dispersion for those corresponding to antiferromagnetic
order, and quadratic dispersion for those corresponding to ferromagnetic order. And all of these
bosons arise from the same parent group, SU(n). We concluded this chapter by restricting to those
representations with antiferromagnetic order only. In addition to the symmetric ones, this led also
to the self-conjugate SU(3) chains. We found that these chains did not exhibit Lorentz invariance
at low energies — a surprising feature, but one that would prove to ubiquitous in the remaining
chapters of this thesis.

In Chapter 5, we were forced to confront the absence of Lorentz invariance head-on. Here, our
goal was to extend our derivation of the flag manifold sigma model from the symmetric SU(3) chain
to symmetric chains with generic SU(n) symmetry. Armed with our newfound understanding from
the previous two chapters, we hoped to obtain a model with target space SU(n)/[U( D!, that
depended on two parameters g and A. But yet again, we were confronted with the unexpected.
Instead of a single g and a single A, we instead found | 7] different coupling constants of each
type. We now understand that this is consistent with the underlying symmetry of the model: the
most generic metric and torsion tensors on the complete flag manifold sigma model of SU(n)
each have | 7] free parameters. But more importantly, we also found that for n > 3, our theory
was not characterized by a single velocity v (which corresponded to the velocity of spin-waves in
the antiferromagnet). This feature of multiple velocities meant that for all values of n > 3, the
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symmetric SU(n) chain seemed not to have a Lorentz invariant low energy description. It was at
this point that we engaged in the arduous task of calculating the renormalization group flow of these
distinct velocities. Our findings, which we believe are rather consequential to the study of SU(n)
chains, were that at large length scales, these velocities all converge to a common value. As a result,
we may write down a Lorentz invariant theory for the SU(n) chain after all. This observation was
crucial in establishing an SU(n) version of Haldane’s conjecture, which relies in part on ’t Hooft
anomaly matching arguments of Lorentz invariant quantum field theories. We concluded that the
rank-p symmetric SU(n) chain corresponds to the relativistic complete flag manifold of SU(n),
with topological angle content 6, = Z’T’f “fora =1,2,...,n— 1. Moreover, we concluded that only
when p and n share no common divisor, may this theory exhibit a gapless phase at weak coupling.
As we alluded to above, only in this scenario are all n — 1 topological angles nontrivial: if p and n
have common divisor g, then 6,,;, = 0. This observation motivated our efforts in Chapter 7

Before investigating the consequence of a vanishing subset of topological angles, we saw it
appropriate in Chapter 6 to classify all remaining (i.e. nonsymmetric) SU(#n) chains. Having n — 1
distinct topological angles seemed to be a necessary condition for realizing a gapless phase, and
so we set out to list all representations that would map to a sigma model with this property. It was
here that the phenomenon of linear vs. quadratic dispersion that appeared in SU(3) chains returned
in full force. Throughout this chapter, we learned that linear dispersion is in fact quite a special
property of SU(n) chains. For most choices of representation parameters p,, there will at least be
some corresponding Goldstone bosons with quadratic dispersion relations. In a series of tables, we
were able to record exactly what relations must be satisfied between the p, to guarantee that this
does not occur. Having done this, we then turned to the classification of topological angle content
for all of these purely linearly dispersing theories. Again, we were met with a surprising result: in
addition to the symmetric chains, there is only one other type of SU(n) chain that has the appropriate
dispersion relations and topological angles to allow for a mapping to the complete flag manifold of
SU(n) with 6, = 2”%. This type of chain occurs only for even n, and has the representation with
two rows of lengths p; and p; at each site, with p = p; + py and p; # p,. Using arguments similar
to those presented in Chapter 5, we concluded that when p has no nontrivial common divisor with
n, the corresponding SU(n) chain will be in a gapless phase at weak coupling.

Finally, in Chapter 7, we were able to provide a physical and intuitive argument as to why these
flag manifold sigma models exhibit a gapless phase only when all n — 1 topological angles are non-
trivial. Arguably this chapter is one of most important of this thesis, as it recasts our generalized
Haldane conjecture in the familiar Coulomb gas formalism, and explains why certain represen-
tations of SU(n) are so special. This work drew from an early result of Affleck that explained
Haldane’s original claims in terms of half-quantized topological excitations, or merons. Here,
we generalized these notions to SU(n), and promoted the merons to excitations with topological
charges i%. First, we showed that when 6, = O for all a, the finite energy gap in the flag manifold
sigma model can be understood as being generated by a proliferation of these topological objects.
This is the same mechanism that drives a finite gap at the Kosterlitz Thouless phase transition in
the XY model when vortex pairs unbind. Then, by turning on the 6,, we were able to observe how
inference effects come into play. In short, the fugacity in the Coulomb gas of topological excita-
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tions is modified by the 6,, and vanishes precisely when all n — 1 values 6, = 2”5 = are nonzero!

With a vanishing fugacity, the mass-generating mechanism breaks down, so that a gapless phase
occurs. Actually, what we observed is that the fugacity vanishes at lowest order for all values of
p # n (including those with a nontrivial common divisor), but when topological excitations with
greater charge (and correspondingly greater action) are considered, only those with ged(n, p) = 1
lead to a gapless phase. That this Coulomb gas picture correctly describes our generalized Haldane
conjecture is a very satisfying result.

Let us now close by commenting on future research directions. The most pressing issue left
unsolved by the work in this thesis has to do with SU(n) chains that admit Goldstone modes with
both linear and quadratic dispersion relations. This already occurs in SU(3) for any representa-
tion that is neither symmetric nor self-conjugate. How might one proceed in order to characterize
such chains? One idea is that according to Coleman’s theorem, quadratically dispersing Goldstone
bosons are perfectly valid in one spatial dimension (at least at zero temperature). Therefore, it is
conceivable that the subgroup of the SU(n) symmetry corresponding to ferromagnetic order might
spontaneously order, leaving true quadratic Goldstone bosons coupled to a smaller theory. For in-
stance, if only m < n of the n copies of CP"~! have linear dispersion, then perhaps the low energy
theory of such a chain will be that of a complete SU(m) flag manifold sigma model, coupled to
n — m quadratically dispersing CP"~! sectors. In anticipating such a possibility, already in Chap-
ter 6 we have recorded which topological angles correspond to the linearly dispersing CP"~! fields
in such a scenario. If this description were true, then what we would have is a remarkable hier-
archy of flag manifold sigma models: For each n, by altering the number of satisfied conditions
on the p, representation labels, we could realize a nested set of flag manifold sigma models of
SU(my),...,SU(@my), withm; < my < --- < my = n. Moreover, based on our topological Coulomb
gas picture (and likewise the ‘t Hooft anomaly matching picture), an SU(n) chain with discrete Z,,
symmetry (arising from an m-site classical unit cell), might now realize a gapless phase, character-
ized by an SU(m); WZW point. Again, this scenario is only possible because quadratic Goldstone
bosons are not forbidden by Coleman’s theorem. This exciting possibility motivates our current
research efforts into understanding these more general SU(n) chain systems.

In addition to this direct extension of our work, there are a variety of other research avenues that
have now been opened up thanks to this thesis. In particular, it is now a major numerical challenge
to verify our generalization of the Haldane conjecture. We expect that this task will spur the devel-
opment of new techniques, just as the challenge of verifying Haldane’s original conjecture led to
great numerical progress, including the invention of the celebrated density matrix renormalization
group. Already we have seen this occur in SU(3), with Gozel et. al. establishing the existence of
a finite mass gap A/J € (0.017,0.044) in the symmetric SU(3) chain with p = 3 [77]. Antiferro-
magnetic SU(n) spin ladders have also been considered [139-141], as have two-dimensional SU(7)
Heisenberg models [142—144].

Furthermore, our predictions about SU(n) chains also serve to challenge the experimental
physics community. Over the past decade, cold atom physicists have continued to make advances
in optical trapping technology, with the most recent publication being [66]. Our predicted finite
energy gaps for particular representations should now be observable in such set-ups. For example,
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the p = 3 representation of SU(3) should exhibit a nondegenerate ground state with a finite gap, and
the p = 2 representation of SU(4) should exhibit a gap above two-fold degenerate ground states.
Since p > 1 in these chains, one must devise a way to achieve multiple sets of n particle species at
each site, either by trapping multiple atoms or by making use of an additional orbital degeneracy,
such as the nearly degenerate clock states of alkaline Earth atoms. Of course, such experiments
present a much greater challenge than those that originally measured the finite gap of the spin-1
chain, since in that case an actual quasi-one dimensional material was readily available.

Finally, a third research direction stemming from this thesis has to do with flag manifold sigma
models in general. While these models have always been of interest to mathematical physicists,
they have recently garnered more attention in the theoretical physics community thanks to their
applicability to SU(n) spin chains. In particular, in [145] Bykov has since investigated integrable
flag manifold sigma models, which generalize the older notions of integrability in the CP' sigma
model put forth by the Zamolodchikov brothers, among others. In fact, we will soon publish
with Bykov and Affleck an extensive review article on flag manifold sigma models, which should
further encourage cross-disciplinary research efforts from mathematicians and physicists alike [6].
We believe that this review, combined with our thesis, will inspire additional research efforts into
the rich structure of flag manifolds themselves, ultimately bringing new insights into the SU(n)
chains that we have focused on here.
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Appendix A

Proof of tr[U@UT] =0

In this appendix, we prove the identity tr[UOU"] = 0 for an arbitrary unitary matrix U. We will
make use of this identity frequently throughout this thesis. To begin, we write an arbitrary unitary
matrix U as

Uap = ¢, (A.D)

where the ¢ are the rows of U, and are orthonormal complex vectors: ¢*? - @ = Oap- We can
express the nth row-vector, ¢", in terms of first n — 1 rows using the antisymmetric unit tensor, as:

® 2 —
O = €ay.an,Pin Py - P (A2)
This follows because
P = L] A3
‘p - E(I],(lz"'dn<pa1(pa2 ce (pan_l ap ( . )
and
€arara, Pyt = 0. (A4)
for=1,2,3,...,n— 1. Now, we use the identity
60102’---0)1 €Blﬂ2---ﬁnfla’n = Z Sgn{a], az,... aanfl }6alﬁal 602ﬂa2 e 6(Yn71ﬂan,1 . (AS)
{ar,a2,...an-1}

Here the sum is over all permutations of a;, ay, . .. a,—1. Now, orthogonality and (A.5) imply
" =1, (A.6)
and
* N0 _ w1 %2 *,1— 2 -
Q" 09" = €xar-a, ) s P B P (OPp )05, - P ) (AT
Here the - - - is a sum over derivatives of each factor. Now we use

#1 %2 #,n—1

€., Pa 90&2 Pap BB Bu-1an (390,4131)%232 e ‘PZ:] = ()0*’1 : 6‘)01’ (A8)
which follows from orthogonality and (A.5). So

n—1
@' 0p™" = ) @t - g, (A9)
a=1
which implies,
n
D 0g" - 9™ = uloUU" = 0. (A.10)

a=1
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Appendix B

Low Energy Expansion of the
Symmetric SU(n) Hamiltonian

In this appendix, we provide some details from the derivation of the low energy Hamiltonian of the
SU(n) chain in the rank-p symmetric representation. These results are used both in Chapter 4 for
the SU(3) chain, and more generally in Chapter 5 for the SU(n) chain. In particular, we simplify

the following Heisenberg interaction term

tr[S()S Gl

using (4.23). We write

2 4
S GS Gl = ) Xty m + ) (X't m) + X1, 7)) + O(p ™),
i=1 i=3
with

X'y, m) = plUTGOA UG)U TG Ay UGl
X2(y,n) = a[UTGy)LGy)s A UG UGGy AU i)
X (y,m) = ptelUTGOLGy), AU G)UT (i) AU Gl
Xy, m) = U () LGDUGHU G Ay Uil

Since the matrices U, L, L are evaluated at different sites, we Taylor expand. For example,

1
U(jy) = Umj+ (y = 1) =U(y) + = 7)0:U(jp) + A YRUG) +--- .

B.1)

(B.2)

(B.3)
(B.4)
(B.5)
(B.6)

B.7)

We assume the derivative is uniform, d,U(j,) = 9,U(j)), and consider each of the above terms
separately. Since L characterizes a fluctuation, we treat it as the same order as JU. Finally, we

suppress the argument j, of each matrix throughout. Then:

e Term 1:

X'y, ) = pHelAy A, + (= V) (U UA, 0, UUT A, — AyA,0, U0 U]

Since A, A;, = 0 for y # n, this simplifies to

X'(y,m) = p*(n - y)ulU8,UTA,0,.UUTA,].

(B.8)

(B.9)
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Appendix B. Low Energy Expansion of the Symmetric SU(n) Hamiltonian

e Term 3:
X(y,m) = ptrl{L, A} 1+ =y)ptel{L, Ay UO U A1+ —y)tl{L, Ay} A,0,UUT] (B.10)

Since the first term is a product of a diagonal and an off-diagonal matrix, its trace vanishes.
What remains is a commutator:

Xy, m) = (1= ypt| L, Ag), A 10, UUT, (B.11)
which simplifies to
X3(7’ 7]) = (77 - V)P (Lyn[UaxU%]ny + Lny[axUUT]yn> . (B12)

Note that X3(y,n) = X>(11, 7).

e Term 4: Since L contains two powers of L, we only have to expand U to zeroth order. We
find

X*y,m) = L, * = X*(, 7). (B.13)

e Term 2: A similar calculation shows that
X2(y.1) = 2Lyl = X*(. 7). (B.14)
Finally, combining the results of these five calculations, we find
S (S (il = p*(7 = ¥/ ulU0:UT A0, UU™A,] (B.15)

+207 = V)P (Loy[0UU Ty + Lyy[UB U1y ) + 41y |* + const.
which proves (4.27).
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Appendix C

Factorization of SU(n) Matrices

In this appendix, we prove a factorization identity for SU(n) matrices. Let Greek letters index the
diagonal generators of SU(n), lowercase Latin letters index the off-diagonal generators of SU(n),
and uppercase Latin letters index the full set of generators. That is,

ZTA:ZTQ+ZT7. (C.1)
A a Y

Then, given U = €474 € SU(n), we may factorize it as follows:
U = ¢ Treiwala, (C.2)

We will prove this identity to third order in the w, and w,, but mention how the proof extends
to every order in perturbation theory. Using the Baker-Campbell-Hausdorff formula,

1 1
log(e¥e") =X +Y + S YT+ S (XY= G YD + - (C.3)
we have
o _ 1 i
loge el = iy Ty = Swywal Ty, Tal = 5 (0y@pwal Ty, [T5. Tall = w340 Ta [Ty 1))

(C4)

to order O(w*), which equals

. 1

= l[wa — WyWp fypa + 3 (wywﬁa)bfﬁbnyCA - wywdwaybcdeA) ]TA +O(w™h). (C.5)

The formula for the higher-order terms occurring in (C.3) and (C.4) are quite complicated, but
always involve nested commutators. This important fact allows us to reduce every term in the
expansion to one that is linear in the generators, 74. A term that is ~ «" will involve n — 1 nested
commutators, leading to a contribution that is proportional to a product of n — 1 structure factors
fape, multiplied by a single SU(n) generator T4. Therefore, order-by-order, we may construct a
mapping between the w, and the wy:

1
WA = Wg — WyWp fypa + 3 (wywﬁwaﬁbcfyCA - wywdwaybcdeA) +O(wh). (C.6)
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To prove the factorization identity, we must be able to invert this formula. This is done by repeat-
edly inserting

1
Wy = WA + WyWp fypa — 3 (wywﬁwaBbnyCA - wywdwaybcdeA) +O(w*). (C.7)
into each of the terms on its right hand side We find:

2 1
Wa = WA + WyWp fypa + gwywﬁwaﬁbefyeA + gwywdwaybcdeA +O(wh). (C.3)

Thus, for any SU(n) matrix U = €474, we may perform this transformation to obtain the factorized
form occurring above.
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Appendix D

Polyakov’s Renormalization of the O(n)
nonlinear Sigma Model

In this appendix, we review Polyakov’s calculation of the beta function for the O(n) nonlinear
sigma model [126]. In Section D.1, we use Polyakov’s original notation. Then in Section D.2,
we demonstrate how our calculations can equivalently be done in the SU(2)/U(1) sigma model
language.

D.1 Renormalization in the Real-Space Vector Language
In this section, we start with the following Lagrangian
L= i|a,,ﬁ|2. (D.1)
2g
The idea is to construct a ‘slow’ unit vector 7, out of 7#’s momentum modes below b~ A, where

A is a reduced cutoff, and » 2 1. The remaining modes of 7i can then be written in terms of an
orthonormal basis {&,}, orthogonal to 7i;:

n—1
i =it(1-¢)"2 + > g, (D.2)
i=1
where ¢? = ?:_11 ¢l.2. The fields ¢; consist entirely of ‘fast” modes, with momentum lying in the

Wilson shell [b~'A, A). Integration over the shell is then equivalent to integrating out the fields ¢;.
Inserting this expansion (D.2) into £ gives (to quadratic order in ¢;)

28L = (i) (1 — ¢%) + (0ui)” + $ip j0,8: - 08 + 200,40, - &} — 2¢i5,2ﬁs -¢. (D3

A naive argument would claim that the term linear in ¢; can be neglected, since 7 and &; contain
slow modes only. However, their product will generically have modes lying in the Wilson shell;
a better argument is presented in Section 4.5.2. Dropping linear terms, we are left to evaluate the
Gaussian integral

1
f Di¢] exp (—g f & x (0t (1 = §%) + Dudi)’ + §i0 08 - Ol + 20:0u 0, - €)) ) (D.4)
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Using

f Dig] = f [ DotrDs-), (D.5)
b

~IA<k<A

the effective Lagrangian is
2g.£eff = (aﬂﬁs)z +gtr [log (5,']' - Gijéij(éﬂﬁs)z + Gija#é)i . aﬂé)j + 26#Gij8'ué)i . E])] , (D6)

where G;;(x) is the Green’s function of the fields ¢;. Since terms involving more than two deriva-
tives of slow fields are irrelevant, we can expand the trace-logarithm:

tr [10g(81 — Gij0:j(Buity) + Giju; - 0l + 20,G1j0,e - 2)) (D.7)
=- f d*x G;;(0)5;(0,71)* + f d*x G;j(0)(0,@; - 0,8;) +2 f d*x0,G/(0)0,2; - &;
1
54 f d*xd*y 8,G(x — y)[0,&; - €1(x), 8,G(y — X)[0,&; - &1(y) + irrelevant,

where we defined G(x) by G;j(x) = 6;;G(x).) The third term vanishes since

[ Pk K
3,G(0) = —i f Wk_g = 0. (D.8)
Rewriting G(0) = fb,l A<h<A %%, the expansion in (D.7) reduces to

d*k 1
= j};lA . —(2702 2 fd2x( —(N - 1)(aﬂﬁs)2 +(0,@; - 5#31.)) (D.9)

Pkd®qky (g +k)y , , N .
2P k—g G+ k)7 [0,€; - €;1(@)l0,é€; - €;](—q) + irrelevant,

where we Fourier transformed the last term, and both K and £ + 4 lie in the Wilson shell [b71A, A).

Now we expand
k),
f (g + )2 (D.10)
b1A<|g+ki<A (g + k)

in powers of g, and keep the zeroth order term only, since terms with more powers of g will
correspond to irrelevant operators:

d*kd*>q ky (g + k d*kd*q kk 1 (" d*kd’q 1

q’ (g + by, = 9 + irrelevant = — dredq_ + irrelevant.  (D.11)

Qn)* k2 (g + k)? Qn)* k* 2 Qn)* k?

Inserting this expansion into (D.9), and integrating over k, the effective Lagrangian becomes

logbh
28 Lo = (aﬂns)z - %

|1 = D@,t)* = 8,8 - 0,8 + (8, - €))7 (D.12)
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D.2. Renormalization in the Flag Manifold Language

Finally, we insert a complete set of states to obtain the identity
(0u8)* = (0, - &))" + (Buity)? (D.13)

since 71, - €; = 0. Thus,

_ i > \2 _ (n—2)
Lo = 50 [1 oy logb}. (D.14)

From this, we conclude
dg  (n-2) ,

dlogh  2rn

Bg) = (D.15)

D.2 Renormalization in the Flag Manifold Language

In the previous section, the renormalization calculation relied on an expansion of the field 77 in
terms of ‘slow’ and ‘fast’ components:

2
i =ii(1- ")+ > g, (D.16)
i=1

We would like to generalize this notion to matrix field theories, by writing
U=U;Us (D.17)

for U, Uy, Us € SU(2) , where U contains the fast modes of U, and Uy the slow modes. Rewriting
the O(3) nonlinear sigma model in terms of SU(2) matrices,

S

¢=U'o,U U € SU(2), (D.18)
we prove that (D.17) is equivalent to (D.2) in the SU(2) case. We expand the fast matrix as
Ur =1+ iwe0q — WawpTa0p + O(w), (D.19)

and only keep terms up to quadratic order in w (higher-order terms will correspond to diagrams
beyond one loop). Now

1 1
Ulo,U = Ul (1 - iw, T, - 5wathaT,,) o, (]1 +iwgTa = SwawpTaTy | Uy (D.20)

. 1
= Ulo .Uy — w,wpUl o, Ty TyUy + iwgUl [0, T, U — Ewawbuj{TaTh,az}Us (D.21)

= Ufo,U(1 - 20%) + =20, U0y Us + 20,U o, Us. (D.22)
Defining
- 1 St - 1 Syt
el = tI'EO'USO'yUS, é = EtI'O'USO'xUS, (91, 92) = Cuwy, —2wy), (D.23)
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D.2. Renormalization in the Flag Manifold Language

we find |
F-i=d-i(l - §¢2) + o ULy Uy + poUl o Us. (D.24)

To read off the components of 77, we use
(D.25)

(R 1 .
n; = —trfo;¢ - ] = Etr[mU o, Ul.

Applying %tr[O'] to the above expression, we find
(1= ¢H)'2 + g8 + 0(8”). (D.26)

b d -2 1 1 =3 1 -
=i - §¢2) + ¢1§tr[an.ayUs] + ¢2§tr[anaxUs]

Finally, we check that we’ve found an orthonormal basis:

- = 1 = 2\ -2 1
e - = Etr[(el S3) & - F)] = Etr[UIUyUSUIO'xUS] =0, (D.27)

1 =2 2 = 1
G - &) = 5tr[UjaZUsUja,-Us] =0.

ﬁs . é)[ = Etr[(O' .

Therefore, our expansion (D.17) is equivalent to Polyakov’s expansion (D.2).

(D.28)
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Appendix E

Identities Involving f4pc and T4 in
SU3)

In this appendix, we prove various identities involving the SU(3) generators 74, and their structure
factors fypc. We label the 8 generators of SU(3), the so-called Gell-Mann matrices, according to

010 0 -i 0 1 0 O 0 01
T,=]1 0 O T,=1i 0 O 73=10 -1 O T,=10 0 O (E.1)
00O 0 0 O 0 0 0 1 00
00 —i 00O 00 O 1 1 0 O
Ts=10 0 O Te=10 0 1 ;=10 0 —i Ts=—|0 1 O
i 00 010 0 i O V3 0 0 -2
These matrices obey the su(3) algebra
[Ta, Tl = 2ifapcTc (E.2)

for completely antisymmetric fypc. Explicitly, the nontrivial values of fypc are

1 V3

Sz =1 Jas = f316 = f1a1 = fise = fas7 = 3 fasg = ferg = - (E.3)
Throughout we use the following index notation: Lowercase Latin letters index the off-diagonal
Gell-Mann matrices, lowercase Greek letters index the diagonal Gell-Mann matrices, uppercase
Latin letters index all eight matrices, and repeated indices are summed over. By construction, the
Gell-Mann matrices satisfy

tr[T4Tg] = 2643, (E.4)

as well as the completeness relation

2
[(Talij[Tal = 2640k; — g(sij5kl- (E.5)

E.1 Structure Factor Identities

In this section, we first prove two specific identities involving the fspc that we will require in our
RG calculations in Chapter 4. Then we define the following composite objects, given a unitary
matrix U:

My =U'TsU N, =0,UU". (E.6)
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E.1. Structure Factor Identities

With these new objects, we prove six additional identities.

E.1.1 Identity 1

Here we prove

fcyafcyb = Oab- (E7)
We first write
fcyafcyb = fe3afe3b + fesafcsp- (E.3)
Then using the explicit values of fspc given in (E.3), we see the first term equals
1 1 1 1
Je3afe3b = 6a20b2 + 0a10p1 + Z5a55b5 + Z5a45b4 + Z5a65b6 + Z5a75b7 (E.9)
and the second term equals:
3
Jesafesb = 7 (0450p5 + 0aa0pa + 6a60b6 + 0a70p7) - (E.10)

Adding (E.9) and (E.10) completes the proof.

E.1.2 Identity 2

Here we prove
ocp if C = c is off diagonal,

_ E.11
Javc fabp {35CD if C = vy is diagonal. ( )

First, we establish
JaBcfapp = 30cp. (E.12)
Using (E.4), we have

tr[[TA, Tgl[T4, Tc]] = ‘[r[ZTATBTATc ~T3TcTp - TiTBTC] = =8 faBpfacD- (E.13)
Then using (E.5) on the middle term, this becomes

tr[ZTATBTATc ~T3TcTp - TiTBTC] = 2[Talij[TB)jk[TalulTclii — [TalijlTalju[TcTp + TBTclki
4 2
= —gtl‘[TBTc] —o6tr[TcTg + TeTc] + gtl‘[TcTB + TTc]

= —12tr[TT ]
= —246pc, (E.14)

where in the last step we used (E.4). This proves (E.12). Now we expand it as follows:

36cp = faBcfaBp = Jabc fabD + 2 fapc fupD- (E.15)

If C = vy is a diagonal index, the second term vanishes, and the second case of (E.11) follows. If
C is off-diagonal, the second term gives 26¢p according to (E.7), which proves the first case of
(E.11).
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E.1. Structure Factor Identities

E.1.3 Identity 3

Here we prove

D ul(@uMa)*1 = =6 > ([N, Tal). (E.16)
A A
Using (E.5), we have
[Mpij[IMgli = (U il TB1um Ul j LU 1ip [ T8 g [Us 1y (E.17)

. 2
= [U‘;]in[Us]ql[Us]mj[Uj]kp (26nq6pm - génmépq)

2
= 2010kj — §5ij5kl-

Also, using (4.92), we have
tr[Mpd,Ma) = 2ifpactt[d,UsUlTc]. (E.18)

Now, we use these two expressions to simplify the following equation in two different ways. On
one hand, we have

D (UTMpdMAD = > [Mplijl0, M1l Mgluil8Mali (E.19)
A,B A,B

2

= D [0uMa)ildMaln (26,~,6k,~ - 36 jakl)
A
2
=2 ; (@, M)*] = 3 ([0, MA])?
=2 Z (8, Ma)*]
A
since tr[d,M,] = 0,tr[T,] = 0. On the other hand,

D (UIMpd,Ma = =4 > foacfoantIN,TleN, Tp]l = =12 )" t[(@,U,UTc)). (B.20)
A,B A,B,C.D C

This proves (E.16).

E.1.4 Identity 4

Here we prove

=2 3 W@INTeD? = ) tl(@uMy ). (E.21)
c Y
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E.1. Structure Factor Identities

We repeat the proof of (E.16), but reduce the summation over A to a summation over diagonal

Gell-Mann matrices only. On the one hand,

D (trIMpd M) = > (M1 718, My )i Milial 0 My 1
v.B v.B

2
= Z[a,uMy]ji[apMy]lk (2(5i15kj - §5ij5k1)
Y

2
=2 ; trl(8,My)*] - 3 (Wl0,M,])* = 2 Zy: tr[(8,M,)?].

On the other hand,
D (IMpd, My = =4 > faye foyatrIN, TN, Tal = =4 ) (u0,UUT])
v,B v,B,C,D c

where we used (E.7). This proves (E.21).

Identity 5
Here we prove
[Ny Ty (T3TpTs — TsTpT3)] = 2itc[NyTo (f3pe TeTs — faneTeT3)]

This follows directly from:

. 1
T3T, T3 = [T3, T 0Tg + T,T3Tg = 2if3qcTcTs + —=T,T3.

V3

Identity 6

Here we prove

f3bctr[Nv(TaTcT8 - TSTaTc)] + f8hctr[Nv(T3TaTc - TaTcTS)]
+ f3actr[Nv(T8Tth - TchTS)] + f8actr[Nv(TchT3 - T3Tch)]
= 2itr[N, TyT ) (f3vefasa + fsveSf3ad + fracSsba + facfo3d) -

First, we rewrite the left hand side of (E.28) as
Favett [Ny [T Te, Tsl| + Fanett| Ny IT3, TaTel| + Fractt| Nl Ts, ToTel| + foaett N ToTe, T3]
which can further be rewritten as

Favett| Ny (Tal Te, T + [Ta, TsITE) | + fovetr| Ny (IT3, TalTe + Tul T3, TeD) |
+ Fractt| Ny ([Ts, ToITe + TplTs, TeD) | + foacte|[ Ny (Ty[Te, T3l + [Ty, T3ITe) |.

(E.22)

(E.23)

(E.24)

(E.25)

(E.26)

(E.27)

(E.28)

(E.29)

(E.30)
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E.1. Structure Factor Identities

Replacing commutators with structure constants gives
2i[f3bctr[Nv (TafesaTa + fagaTaT)] + fepctt[Ny (f3aaTaTe + Tafscala)l (E.31)
+ BacttINy (fspaTaTe + To f3eaTa)l + facttINy (T fe3aTa + fh3deTc)]],
which can be reorganized into
2i[f3bcfc8dtr[NvTaTd] + fabe fasdtWINVTaT ] + f3pe fadttINyTaTcl + fape freatt[NyTaTql — (E.32)
+ SacSsbattINVTaT el + frac f3cattINyTpTql + fac fe3attIN, TpTql + f8acfb3dtr[NdeTc]]-

Now, terms of the form f35. f.34 vanish unless b = d. This means the first and fourth terms cancel.
Likewise, the sixth and seventh terms cancel. What remains is

21 fape fasatt Ny TaTe) + faveFraat Ny TaTel + Frac fsnattINyTaTe + faac foaatrINyTaTel |,

which proves (E.28).

Identity 7

Here we prove
eyvtr[NdeTc](fabEtr[NyTE] + fabytr[NyTy])(becf3ad + f3acf8bd) (E33)
= —€u V3(t[N, T\ 1[N, T2] = tr{ N, T4Jte[N, Ts] + tr{N, Te ]t N, T7]). (E.34)
To begin, we check explicitly that the term

fabE(becf3ad + f3acf8bd) (E.35)

vanishes unless FE is diagonal. In fact, it is either zero or i%. We find the left hand side of (E.33)
equals

3
= T\/_Euv(tr[NyTl]tr[Nv({T4, T7} = {Ts, TeD] + [N, T2 tr[N,({T4, Te} + {Ts5, T7})] (E.36)
+ tr[ N, Ty]tr[N,({T1, T7} + {T2, Te})] + tr[N, Ts1tr[N,({T2, T7} — {T1, Te})]
+ [N, Tetr[N,({T2, T4} — {T1, Ts})] + [N, T7]te[N,({T1, T4} + {Ts, Tz})])-

Using
{Ts,Te} = —{T4,T7} = T», {T4,Te} ={Ts5,T7} = Ty, (E.37)
{Tl’ T7} = {T29 T6} = TS’ {Tl’ T6} = _{TZ, T7} = T4’ (E38)
{T\,Ts} = —{T>, T4} = Ty, {T1, T4} ={T5, T2} = T, (E.39)
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E.2. A Rewriting of the Sigma Model Lagrangian

the left hand side of (E.33) becomes
V3

— tr[N, T1tr[N, T7] + tr[N, T7]tr{N, T) ).

The ¢, tensor allows us to combine these terms, proving (E.33).

Identity 8

Finally, we prove in this subsection that

(TN, T1 1INy To] = [N, Ty ][N, Ts] + [N, T6 I[N, T71) = =i V[N, TN, T5].

First note that

[N, T1] = [NuJijlThji = [Nul21 + [Ny,
tr[N,T2] = [N 1ij[T2]ji = =i[Nyla1 + i[Ny 1o,

SO

EutrIN, 11N, T = i€y [[Nyla1 + INJi2] [=[NyJo1 + [Ny]i2]

= i€y ([Ny]Zl[Nv]IZ = [Nul21[Nyla1 + [Ngdi2 [Nyl — [N,u]l2[Nv]21)

= 2i€,[Ny]21 [Ny 112

Similar results hold for T4, Ts5, T, T7. Therefore the left hand side of (E.41) is

3
2ien|[Nula1 [Ny 112 = [N D31 [Ny 113 + NI [Ny s | = 2y ) tH{NuAaNyAgsi ]

a=1

Finally, using the results of Appendix E.2, we see that this equals
~i V3eutr[N, TsN, T5],

which proves (E.41).

E.2 A Rewriting of the Sigma Model Lagrangian

7e,w( — [N, T1]tr[N, T3] + tr[N, T2 ]tr[N, T1] + tr[N, T4]te[N, Ts] — tr[N, Ts]te[N,T4] (E.40)

(E.41)

(E.42)
(E.43)

(E.44)
(E.45)
(E.46)

(E.47)

(E.48)

In this section, we obtain an equivalent form of the SU(3)/ [U(D)]? sigma model’s Lagrangian. We

rewrite A, in terms of 73, T and [, and expand each term occurring in (4.42) separately.
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E.2. A Rewriting of the Sigma Model Lagrangian

Real part:
We start with X
L=- Z tr[0,UUT A0, UUT Ay ]. (E.49)
a=1
This can be rewritten as
3
£=-(1/2) ) t[3u(U AgU)3u(U A1 U)] (E.50)
a=1

since tr[0,Ud,U "AaAe+1] = 0. Note that

6A = V3Tg + 21 + 373, (E.51)
6A, = V3T + 21 — 375, (E.52)
3A; =1 - V3Ts, (E.53)

where [ is the identity matrix. Substituting this into (E.50), we may drop the I terms since
8,(UTU) = 0. Thus

36L = — (1/2)te[0,(UT(V3Tg + 3T3)U)3,(UT (V3Tg = 3T3)U)] (E.54)
— te[8,(UT(V3Tg - 3T3)U)3,(U' (- V3T3)U)] (E.55)
— t[8,(UT (= V3T8)U)3, (U (V3Tg + 3T3)U)]. (E.56)

Collecting terms, we find
L= (1/8)t[d,(U'T,U)d,(U'T,U)]. (E.57)

This result doesn’t depend on how we choose the diagonal Gell-Mann matrices. Note that the
diagonal matrix elements of the two diagonal Gell-Mann matrices together with +2/31 form a
complete orthogonal set of real vectors with norm V2. Thus:

2
DTl Ty = 263 - 5, (E.58)
Y

and we may also write: i
L =(1/8)3,(lU;[U10)3, (U 11, [U10)- (E.59)

The 2/3 term can be dropped because it gives a term containing 6,(U TU). The same result is ob-
tained with any basis of diagonal Gell-Mann matrices which obey the same completeness condition
and the same normalization.
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E.2. A Rewriting of the Sigma Model Lagrangian

Imaginary part:
We start with

3
6w ) 0,UU a0, UU" Ay

a=1

and define N, := 6,1UUT. Then we have

36t[N,A1N,As] = tr[N,( V3Tg + 21 + 3T3)N,( V3T + 21 - 373)]
= 2 V3t[N,N,Ts] + 3 V3tr[N,T5N,Ts] + 2 V3tr[N, TN, ]
+ 6tr[N,T3N, ] — 3 V3tr[N, Ty N, T3] — 6tr[N,N, T3]
= — 12t[N,N, T3] - 6 V3tr[N,TgN, T3]

and
36tr[N,AaNyA3] = 2tr[ N, ( V3Tg + 21 — 3T3)N, (1 — V3Tg)]
= 2 V3t[N,TsN,] - 6tr[N,T3N, ]
— 4\3t[N,N, T3] + 6 V3tr[N, TN, T]
= 6tr[N,,N, T3] — 6 V3t[N,N,Ts] — 6 V3tr[N,TsN, T3]
and

36tr[N,A3NyA ] = 2N, (I — V3Tg)N,( V3Tg + 21 + 3T3)]

= 6 V3tr[N,N,Ts] + 6tr[N,N, T3] — 6 V3tr[N,TsN,T3].

Taking the sum of all three, we find

3
366,y Z [0, UUT A0, UU  Ags1] = —18 V3t[8,UU T8, UUT5].

a=1

(E.60)

(E.61)
(E.62)
(E.63)
(E.64)

(E.65)
(E.66)
(E.67)
(E.68)

(E.69)
(E.70)

(E.71)
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Appendix F

Two Identities Involving SU(n)
Structure Factors

In this appendix, we prove two identities involving the SU(n) structure factors.

F.1 Identity 1

Here we prove

gt (“)fmfm = bup Z l('u)gn ’ (ED)
fy
where ¢ := |a — 1o and g, := grmodn fOr x > n. Since a, ¢, e all correspond to off-diagonal
generators, fyc. will vanish unless
ILy#1.#1, #1,. (F.2)

Moreover, for a and e fixed, there is a unique value of ¢ such that f,.. # 0. Calling this value c,,

we then have
gche(u) 1 ge he(pr)
fatefbce = ab

(no sum over e) (E.3)
e

since fpc,e = 0 unless a = b, and all purely off-diagonal structure factors in SU(n) have magnitude
%. Moreover, one can verify explicitly that for a € I,g and e € 5, with I,g N 1,5 = 0,

8c. = Oay8|B-6 t 006818~y + 9py8&la-s T Ops&la—y|- (F.4)

Note that if {e, B}N = {y,6} = 0, [T4, T.] = 0. Therefore, writing 3., = X, <5 2eer,,» the left hand
side of (F.1) is

gch (ﬂ) he(p)
- facefbce = ab Z Z ayglﬂ 5t 6aég|ﬁ Y| + 6ﬁyg|a -5 T 6,66g|a yl] (F~5)

8e
’y<5 66170
€’¢Ia/3

o h (ﬂ)

b [6—¥1
= lo Z " [Say8is-51 + Sas€ip— + Opyia-sl + OpsLla—y] -
y<6 g|6 -
175:#1{15
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FE2. Identity 2

We simplify each of these four terms. Let ¢ := 8 —a > 0 (we assume without loss of generality that
a < ). Then:

n n n—-a
hys—y (1) hi5—a)(10) hi(w)
Z —" G0y 8ol = Z ——gl-g] = Z — 8- (F.6)
y<o 8l s=at+1 Slo-al -1 &
Lis#lap 0B i#t
[ )
n a—1 n—1
5y (1) 1) hi(w)
z Oas8lB—yl = ng—ﬂ = ——&li—1| (E7)
gi(u)
y<6 8lo—! v=1 8l i=n—-a+1 8i
Iy¢5¢1a/3
[ )
n n n—_
hys—y (1) hys-, (ll) hi(w)
Z o Ogy8la—s| = Z oA il —— &+l (F.3)
y<o 86 s5=p+1 S1oAl -1 &
Ls#lap
[ )
p-1 n—1
his—y (1) hyg—y (1) hi(w)
! 0p58la-yl = i 8la—yl = Z lfgli+t| (F.9)
y<s 8l =1 8B iznpr1 S
Iyéilarﬂ v*a i#n—t

where it is understood that g, := gx mod » for x > n. In (F.7) and (F.9), we used the fact that g; = g,,—;
and h; = h,_; in the last equations. Combining these results, we have

ho(11) 1 N () hi(u)
8 (ﬂ Jacefoce = 50ab Z g(ll 8lr-i| + Z ;ﬂ 8+l | - (F.10)
11:&} tin t

Finally, replacing i — n — i in the second sum, we see that these two terms are in fact equal.
Therefore, we arrive at

gCh (/J) z(ﬂ)

Jace Joce = Oab Z 8lt—il» (F.11)

lit

which completes the proof.

F.2 Identity 2

Here we prove

gcfbcEfucE =5 ub

ga+ Zgél (F.12)
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FE2. Identity 2

We first write

8efocEfacE = i Z 8cfvcE facE- (F.13)

Y<06 c€lys

If ¢ € 1, then fy.g fuce vanishes unless b = a, and in this case equals

Sar ) [ fuae )’ = bap (F.14)
E

where a is the unique index satisfying a € I, with a # a. Indeed, for a,a € 1,5, we have
[Ta, Tl = £2i(Ae — Ap). (F.15)

Since A, —Ag generate the traceless diagonal Hermitian matrices, we may take them as the diagonal
SU(n) generators. In this case, f,zz = 0 unless E corresponds to (A, — Ag), where it equals 1. Now,
if ¢ ¢ 1,, then f,.g will vanish except for a unique value e,, with e, ¢ I, U I.. The term f., forces
a = b, too. Since |fypc| = % for purely off-diagonal generators, we have

1
gcfbcEfacE = 6abga + —Oap Z 8c- (F16)
4 c¢l,
Finally, noting that
1 1 1
— - = - F.17
2ga + 4 ; 8¢ 4 Zc: 8c ( )

completes the proof.
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Appendix G

Dispersion Relations For SU(n) Chains

In this appendix, we record the results of Section 6.3 and Section 6.4 in two tables.

G.1 Dispersion Relations

The following table lists the possible dispersion relations for any SU(n) representation satisfying
Pa # pg for all nonzero p,. The second column counts the minimum number of complex fields ¢
that will have linear dispersion in the corresponding sigma model. The third column lists conditions
that the p, must satisfy in order to achieve maximal linear dispersion (all n complex fields). Each
condition is paired with a number in parentheses, (x), indicating how many fields become linear
dispersing when that condition is satisfied. Additional comments are also included on the right

hand side of the third column.

] Representation ‘ Min # Conditions
k=1 n none
Pa + Pn—a+1 = p1 (2) neven;a =2,...,5
k=n-1 2
Pa t Pn—a+1 = P1 (2)
Zp%zpl ) nodd;azZ,...,%
Pat Pkil—a = p1+pr (21 keven;a=2,....5
n=kAa 24
Pa + Pk+l-a = P1+pr (24
2P%:P1+Pk )] kodd;a=2,...,%
n=21+1k=2| A+1 Apr=@A+Dpy (A

Continued on next page
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G.1. Dispersion Relations

n=kaA+1

DPa + Pks2-a = P2+ pr (24)
A+ 1D)(p2+pr)=2ap; (A+1)

[y

kodd;a =3,..., 51

21
Pat Drkv2—a = P2+ P (24
2 +2 = + A

A= even, k>2 Pz = P2+ P @) keven;a=3,...,§

A+ 1D(p2+p)=2ap1 (A+1)

Pa+ Pis2-a = P2+ P (24)
A+ D(p2+p) =2ap1 A+1) kodd;a=3,.... 55t

= 1
n=kAl+ 1
DPa + Pki2—a = P2+ P (21
2 +2 = + /l

A= odd, k>2 pez = P27 Pk @) keven;a:3,...,'§‘

A+ D(p2+p)=Ap1 (A+1)
k odd
Da * Pesl-a = P1+pe (2(A+1)) .
A+ D(pp + proprest) = Ap1 +pe) - (24) *=2....5
+ctl = k —-c—1
n=kAl+c 2(ﬂ+1)p% Apr+pd) () /3—021,...,—;
C = ¢€veén 2(/l+ 1) c
k-1 kevena=2,...,—
Z ” 1 Do + Desl—a = P1 +pe (2(1+ 1)) 2

> _

A+ D(pp + Prprer) = Ap1 +po) Q) Bectl... o+ k2 ¢

Continued on next page
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G.2. Topological Angles

Da * Pesl—a = P1+pe (2(A+1)) k even
2pet =p1+pe (A+1) B c—1
a=2,..., 5
(A + 1)(pp + Pk-p+er1) = Ap1 + pe) - (2 PR
n=kd+c 2+ Dprga = Ap1 +p) - (D) B-ec=1l....—
c = odd 2(/l+1)
c#k-l Do+ Pesioa = P1+pe 24+ 1) kodd;azz,,,,,czl
k>1 2per =prtpe (A+1D) =y
B=c+1,...,c+
A+ D(pg + pr—prect1) = Ap1 + pe) (2D 2
Pa + Dk—a = P1 + pi—1 (2(A+1))
A+ D= Ap1 +pic) - (D koddia =2,.... 55+
1
n=dk+ k-1 | 2ATD
Da * Pk—a = P1 + P11 (2(A+ 1))
A+1 =1 + Dy A
Adeven ( Pk Pr+pe-) (D keven;a/:Z,...,k;z2
2P§=P1+Pk—1 1+1)
Pa * Pk—a = p1 + pr-1 24+ 1))
A+ Dpe = Apr +pec) - (D koddsar=2,..., 55
20+ 1
nedk+ -1y | 24D
Pa t Pk-a = P1 + Pik-1 (2(/1 + 1))
20+ Dpp = Apy + pr p)
1odd ( Wi = Ap1+pe-1) (D) k2

2pe=pr+per A+

kevena =2,...

G.2 Topological Angles

The following table lists the possible topological angles for various representations of SU(n) chains.
The index j runs from 1 to A and the index ¢ runs from 1 to A + 1. These angles can often be
simplified by using the freedom of shifting each angle by the same constant. For the relationships

between angle and conditions on the p,, refer to Section 6.4 in the main text.
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G.2. Topological Angles

Representation \ Topological Angles
k=1 \ O = “L(a~ 1) @=12,...
k=n-1 ‘ Oy = TPy a=1,2,...
k=1 | On,j = “LEL0) (G 1)t 1ppy g a=1,...
2
6, = /l”pl (-1 +api(d-1)
= = ~ 2
n=21+1,k=2 j, = ﬂpz(]—1)+7rp2/l
P T(pa + Pr+2- a)( Dtn
n=ki+ 1L,k>2 @ = B Pe
_ 2 =
A= even, 1> 1 g, = /l”l’l (t=1)+7p, a=2,
g, = ™Pa +pk+2—a)( 1) 4 + m(pa + pk+2—a)(/1_ 1
n=ki+1,k>2 @] = 1 J Pa 2
/l:Odd,).>1 6 27Tp](_1) (1’22,...
_ T(Pa + Pe-a+1)
O = T(f =D+ 7dpe—a+1 + 1A= Dpq o=
- _ . m(pg + Pr_gre _
n=kl+c,c#1,k—1 By, = (02 Ijlk B+c+1)(j_ D)+ 7+ Dpigrest + 7Aps B=c+]1,
_ 7(Pa + Pk-a)
n:k/l'i'(k—l) HQI_T(t_l)-'-ﬂpk—af
_ 2 =
4= odd ;= ﬂpk(] - 1)+ prm @=1
_ 7(Pa + Pk-a) 7(Pa + Pk-a)
n=k/l+(k—1) g(l,t_T(t_l)—ank—af—l_f(/l_z)
A= even 9}.:@(]_1) a=1,...
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