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Abstract

This thesis investigates properties of classical and quantum spin systems on lattices. These
models have been widely studied due to their relevance to condensed matter physics.

We identify the ground states of an antiferromagnetic RP? model, these ground states are
very different from the ferromagnetic model and there was some disagreement over their
structure, we settle this disagreement.

Correlation inequalities are proved for the spin—% XY model and the ground state of the
spin-1 XY model. This provides fresh results in a topic that had been stagnant and allows
the proof of some new results, for example existence of some correlation functions in the
thermodynamic limit.

The occurrence of nematic order at low temperature in a quantum nematic model is proved
using the method of reflection positivity and infrared bounds. Previous results on this ne-
matic order were achieved indirectly via a probabilistic representation. This result is main-
tained in the presence of a small antiferromagnetic interaction, this case was not previously
covered.

Probabilistic representations for quantum spin systems are introduced and some conse-
quences are presented. In particular, Néel order is proved in a bilinear-biquadratic spin-1
system at low temperature. This result extends the famous result of Dyson, Lieb and Simon
[35].

Dilute spin systems are introduced and the occurrence of a phase transition at low tempera-
ture characterised by preferential occupation of the even or odd sublattice of a cubic box is
proved. This result is the first of its type for such a mixed classical and quantum system. A
probabilistic representation of the spin-1 Bose-Hubbard model is also presented and some
consequences are proved.
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Chapter 1

Introduction and outline

1.1 Introduction

It became clear in the last century that the classical view of elementary particles using
classical mechanics is insufficient for a complete description of atomic phenomena. This is
especially clear when considering the Hydrogen atom, according to classical mechanics the
orbiting electron would continuously lose energy due to its radial acceleration causing it to
spiral into the nucleus. However it is clear that this cannot be the case, the Hydrogen atom
is stable over very long periods of time. A new theory applicable to fundamental particles is
required. This theory is, of course, quantum mechanics. One aspect of quantum mechanics
is that particles, even elementary particles, posses an “intrinsic” angular momentum known
as spin. We will consider properties of systems of particles with interactions coming from

their spins.

Statistical mechanics (both classical and quantum) is concerned with systems consisting of
a large number of subsystems (e.g. particles) whose interaction produces macroscopic ef-
fects. This is known as thermodynamic behaviour and is obtained by some process of aver-
aging over individual systems. This thermodynamic behaviour is described by equilibrium
states (states of an isolated system after large amounts of time) consisting of macroscopic
homogeneous regions (phases) which can be described by a finite number of parameters
of the system. Making such a description of the thermodynamics of a system rigorous is
difficult and has been a topic of intense study during the last century, we refer to [95]. This
thesis will mainly concern itself with the infinite volume equilibrium states of systems and

the phases which are present.



Quantum spin systems and phase transitions

Proving rigorous statements about quantum spin systems is a difficult task. We will often
be informed by the expected phase diagram of the systems we consider. In certain situa-
tions one may be able to consider a quantum system as being a (small) perturbation of a
classical model. This idea has led to positive results. It was shown in [20] that under cer-
tain conditions the low temperature phase diagram for a classical system accompanied by a
small quantum perturbation is only a small perturbation of the zero temperature phase dia-
gram of the classical system. Similar results were also obtained independently around the
same time [29]. These results required finitely many ground states of the classical model.
This requirement was lifted via a unitary conjugation of the system where the quantum per-
turbation lifts the ground-state degeneracy [30]. These results all rely on (extensions of)
Pirogov-Sinai theory [91, 104] that systematically extends contour techniques, which find

their origin in the work of Peierls [89] on the Ising model, to a wide class of models.

Proving the occurrence of phase transitions remains a major area of research in statistical
mechanics. One sees from nature that physical changes such as condensation of a gas below
the boiling point or magnetisation of a ferromagnetic material below the Curie temperature
occur quite abruptly as (for example) the temperature of the system is lowered. Capturing
this phenomenon mathematically is notoriously difficult. It can be characterised by non-
analyticity of the free energy, fa, of the system but for finite systems (with finitely many
degrees of freedom) on space A (lattice, box,...) fa is usually real analytic in each of its
variables. There is, however, a solution. When studying phase transitions we are interested
in very large systems. We work with the infinite volume limit f = limj|c fa and this limit
may not be analytic in one or more variables. This raises another major issue; can we take
this limit? The answer for many systems is yes. We take |[A| — oo as follows; let {A,},>1 be
a collection of sublattices of some infinite reference lattice A (for example A = Z¢), we say
A, = A asn — oo if for every finite A C A thereisan N > 1 suchthat A c A, if n > N.

We could take limits in a more general way if we wished (Van Hove) [95].

Often it will be very difficult to deduce that the free energy is not analytic directly. The
free energy is defined as the logarithm of the partition function, divided by the volume.
The functional derivatives of this free energy give, formally, correlations in the system
with total mass given by the partition function. This suggests it may be more sensible
to look at the Gibbs measure/Gibbs state that the partition function is the normalisation
constant of (we will see its definition in Chapter 2). How we take the infinite volume limit
of this Gibbs measure/state is open to some choice. We can take weak cluster points as

A — Z¢ (and, if we want, take the limit in a more general way than above) with various



boundary conditions (see Section 2.1.1). Alternatively we could decide on some important
property of these measures/states in finite dimensions and define an infinite dimensional
analogue (in classical systems this is the DLR condition and in quantum systems it is the
KMS condition). The existence of more than one infinite volume DLR/KMS state means
that there is a phase transition of the system. In this thesis we will use both approaches
but when taking the first approach we will always take periodic boundary conditions for

convenience, see Section 2.2.5 for discussion on these points.

Once we know that such a limit exists we can attempt to prove that a phase transition oc-
curs. Unsurprisingly this is notoriously difficult even when heuristic or numerical evidence
suggests it should happen. For classical systems things are somewhat easier (despite still
being difficult). For quantum systems there are extra difficulties coming from observables
being operators, causing commutativity issues. One can use results from classical systems
and transfer this to quantum spin systems for high spin [16], for example by using coherent

states, but one must still have a way to deal with the quantum system to some extent.

It is well known that the set of infinite volume KMS states form a simplex and that in the
extremal states truncated correlations decay. This means that showing the non-decay of
some truncated correlation proves that there is not a unique KMS state, hence there is a
phase transition. See, for example, [56, 103] for a discussion of such results. Many of the
results on phase transitions in this thesis are achieved by proving long-range order, that is,
the non-decay of a (spin-spin) correlation as the distance between the spin-carrying particles
diverges, see (for example) chapters 5, 6 and 7. This non-decay of a correlations indicates

some type of order (as opposed to disorder) of the spins in a system at a macroscopic scale.

Phase transitions are often accompanied by the breaking of an internal symmetry of the sys-
tem, for example magnetisation may correspond to a discontinuity in one of the derivatives
of the free energy [39], the symmetry is broken by the alignment of spins in the direction of
an external field whose strength is reduced to zero. This alignment of spins over long dis-
tances is referred to as ferromagnetic order, in the classical case it means that the spins (unit
vectors) point in the same direction, in the quantum case it means that the state of the system
is strongly correlated to a state that is symmetric under switching of individual particles (for
example a product state where each particle is in the same state). The rotational symmetry
has been broken as one particular direction is preferred. In this thesis phase transitions will
often correspond to a breaking of a rotational (more precisely SU(2)) symmetry, this is an
example of a continuous symmetry. We will also see an example of a phase transition cor-
responding to the breaking of a discrete (translational) symmetry in Section 7.4. Two types
of order will be of particular interest. The first is antiferromagnetic order, also referred to

as Néel order after Louis Néel who first noted the occurrence, [83]. It is characterised in



the classical case by neighbouring spins pointing in opposite directions. The quantum case
is characterised by strong correlation to a state of the system where neighbouring spins are
opposite, for example in spin-1 the Néel state has spins alternating between the +1 and -1
eigenstate (see sections 2.2.2 and 2.2.5). The second type of order is nematic order, also
called ferro-quadrupolar order. In the classical case this is characterised by spins aligning
along the same axis but not necessarily pointing in the same direction or alternating direc-
tion, this is clearly a weaker order than Néel order. In the quantum case nematic order is
more mysterious, in spin-1 it corresponds to being strongly correlated to the product state of
the O eigenstate [113]. In this case the precise relationship between Néel and nematic order
remains unknown. Nematic order has been a topic of interest due to its occurrence in Ni-
based compounds such as NiGa,S 4 [82, 114] and other compounds such as PrCu,, CeAg
[79, 99]. There is also a related staggered-nematic order, also called antiferro-quadrupolar
order, proposed for other compounds such as CeBg and PrPbs [80, 85], we will not dis-
cuss this order further as very little can be rigorously achieved. See Section 2.2.5 for more

precise statements and definitions.

Some available methods for proving the occurrence of phase transitions

There are few methods available to prove a system undergoes a phase transition. The first
was Peierls’ method, which finds its origin in the the work of Peierls [89] and was developed
for classical spin systems by Dobrushin [33] and Griffiths [51]. Extensions of Peierls’
method were used to treat anisotropic quantum Heisenberg models by Ginibre [47] and
Robinson [94]. This method shows spontaneous symmetry breaking, which implies a phase

transition. However it can only deal with breaking of discrete symmetries.

It is known for translation invariant models on Z¢ that if continuous symmetry breaking
occurs there is a gapless excitation spectrum. There is much literature on spectral gaps
[5, 6, 7, 25] and recent interest has been piqued due to the possibility that systems with

gapped ground states may support topological order.

For continuous symmetries it is known that in one or two dimensional lattice models there
can be no breaking of the symmetry at positive temperatures. This result is usually attributed
to Mermin and Wagner [78] who proved this was the case for the quantum Heisenberg
model. Fisher and Jasnow [37] proved decay of two point correlations in the anisotropic
case. The classical O(n) model was covered in two dimensions by McBryan and Spencer
[77] where power-law decay of two point correlations was proved, this was generalised to
two dimensional classical systems with symmetry groups that are compact connected Lie

groups [90].



Despite the theorem of Mermin and Wagner and its extensions there is a method (in fact
it is essentially the only method currently available) for proving the occurrence of phase
transitions in systems with continuous symmetries in dimensions three or more (and in the
ground state of dimension two); the method of reflection positivity. See sections 2.1.3 and
2.2.6 for a discussion of reflection positivity. This method dates back to the remarkable
work of Frohlich, Simon and Spencer [43] who proved that a phase transition occurs in
(¢ - ¢)§ quantum field theories and the classical isotropic Heisenberg model on a cubic
lattice in dimension d > 3. The result was extended to quantum models in the now famous
paper of Dyson, Lieb and Simon [35]. It was proved, in particular, that the isotropic spin—%
XY model and the Heisenberg antiferromagnet with spin S > 1 undergo a phase transition
in dimension d > 3. This was extended to the XY model with spin S > 1 for the ground
state in dimension d > 2 by Kennedy, Lieb and Shastry [58]. A proof for the quantum
Heisenberg ferromagnet is absent, this model does not enjoy the very useful property of

reflection positivity. This remains a big open problem.

A major drawback of reflection positivity is that it usually imposes very strictly require-
ments on the underlying structure (the lattice). It requires that the underlying lattice has
significant reflection symmetry, such as a cubic lattice in Z¢ or the hexagonal lattice. Tri-
angular lattices can not be dealt with in quantum models due to reflections through sites
causing commutativity issues between each side of the reflection. There has been some
work that does not require this spatial reflection symmetry by using the notion of spin-
reflection positivity. This technique was used by Lieb to prove uniqueness of the ground
state of the Hubbard model at half filling [73], both the attractive and repulsive case were
considered. It was later shown that in the repulsive case there is ferrimagnetic order in the
ground state on bipartite lattices (see [100] for a definition of ferrimagnetic order). The idea

of spin-reflection positivity has been developed by Tasaki and Tian [107, 108].

Since these initial works the theory surrounding reflection positivity has seen much interest
[39, 41, 42]. A consequence of reflection positivity is Gaussian domination which allows
to obtain an infrared bound, a bound on the higher Fourier modes of (spin or particle)
correlations. We will see this method used in Section 5.2, 6.2.6, 6.2.7, 6.2.8, 6.2.9 and
7.3.1. This was used in previously mentioned works [35, 43]. The result of Dyson, Lieb
and Simon [35] was used by Neves and Perez to prove that there is Néel order in the ground
state of the antiferromagnet for d = 2 and spin S > 3/2 [84]. Kennedy, Lieb and Shastry
extended the result to the spin—% antiferromagnet in d = 3 [58], the same authors also proved
that there is a phase transition for the XY models for all spins S € %N and dimensions d > 2
[59]. Other models such as the spin-1 bilinear-biquadratic exchange Hamiltonian have also

benefited from the technique. It was shown in [106] that Néel order occurs in the ground



state of the antiferromagnetic case in dimensions d = 2, 3 if the biquadratic interaction is
small enough. Nematic order was also shown in the ferromagnetic case if the biquadratic
interaction is slightly stronger than the ferromagnetic interaction. This nematic order has
also been proved to occur in spin-1 for a purely biquadratic interaction [69]. This is the
content of Chapter 5. The result also holds in the presence of a small antiferromagnetic
interaction however it is expected that the stronger Néel order is present here. Infrared
bounds have also been used with probabilistic representations of quantum spin systems,

this will be discussed in the sequel.

A further consequence of reflection positivity are chessboard estimates. See Section 2.2.7
for a discussion of chessboard estimates, we will use them in Section 7.4. These estimates
can be used to show phase transitions in cases where infrared bounds cannot be used. Chess-
board estimates find their origins in the work of Frohlich and Lieb [39] and were developed
subsequently [41, 42]. This method has been used on the g state Potts model with g > 1
[60]. It was used to prove the occurrence of a phase transition in the classical 120° model.
The method has also been used to prove that if use of chessboard estimates provides proof
of a phase transition in a classical spin system then there will also be a phase transition
in the corresponding quantum spin model provided the magnitude of the quantum spin is
large enough [16]. It has more recently been used to prove long range order in quantum
dimer models [49]. The method can also be applied to diluted spin systems [23, 24] this is
the content of Section 7.4. Chessboard estimates allow to prove breaking of discrete sym-
metries. For example in [24] it was shown that for certain annealed classical models on
bipartite lattices there is a phase characterised by the preferential occupation of either the

even or odd sublattice.

Correlation inequalities

Correlation functions are often of interest. If we knew everything about correlations of a
system we would usually know everything about the system as they often characterise the
distribution. In this thesis we will often be concerned with two-point correlations and their
behaviour in the infinite volume limit. It is not trivial to prove that these correlations exist
in infinite volume. Despite this there are results using correlation inequalities. These in-
equalities date back to the work of Griffiths [51] for the Ising model. They have been very
useful for classical models for establishing infinite volume limits of correlation functions,
proving the monotonicity of spontaneous magnetisation and to establish inequalities on crit-
ical exponents. Quantum systems have proved more difficult to study. Ginibre proposed a

general setting under which correlation inequalities hold [48]. This included many classi-



cal systems and some quantum systems. Proving that a given quantum system satisfies the
requirement of this framework is difficult. It has been shown that the quantum XY model
fits this setting for spin—% and the ground state in spin-1 [10], this is the content of Chapter
4. Correlation inequalities had previously been shown for the quantum XY model with pair
interactions [45]. Inequalities for (untruncated) correlations in more general models were

proposed in [40].

Probabilistic representations of quantum spin systems

Useful connections between many-body quantum systems and probabilistic models have
seen growing recent interest. These representations date back to Feynman but since then
there has been much work. It is expected that there are deep connections between the Bose
gas and models of spatial random permutations [110] however this has not been rigorously
proved. For quantum spin systems this work dates back to the work of Té6th [107] who used
an interacting self-avoiding random walk representation of the Heisenberg ferromagnet to
bound the pressure. A similar model for the antiferromagnet was introduced by Aizenman
and Nachtergaele [2]. These models were combined and extended by Ueltschi [111]. We
explain this model in Section 6.1. A connection between the probabilistic representation
and various quantum spin systems was proved. For example for the nematic region of a
general spin-1 bilinear-biquadratic interaction where it was proved that nematic order oc-
curs for d > 5. It was also shown that in the presence of a purely biquadratic interaction on
a bipartite lattice there is Néel order. The work of Crawford, Ng and Starr [28] on empti-
ness formation makes use of the model, as does the work of Bjornberg and Ueltschi [19]
on decay of correlations in the presence of a transverse magnetic field. We also consider
the same spin-1 model [70] using and developing another loop model introduced in [81].
In this work it was shown that there is Néel order for a large range of parameters of an
antiferromagnet interaction accompanied by a nematic interaction in dimension d > 3. This
work also obtained some inequalities for different correlation functions that seemed very

hard to obtain otherwise. We will see this work in Section 6.2.

These models have also seen significant interest from a purely probabilistic perspective.
For probabilistic models such as those presented in [2, 69, 81, 111] it has been shown
that macroscopic loops occur in the infinite volume limit, this is equivalent to symmetry
breaking in the corresponding quantum models. It remains an open problem to rigorously
describe the structure of these macroscopic loops (indeed there are expected to be multiple
macroscopic loops). It is conjectured [111, 113] that these loops have a Poisson Dirichlet

structure with parameter depending on the interactions. For example the loop model corre-



sponding to the ferromagnet is expected to have a PD(2) structure whereas for the nematic
region PD(%) is expected. Proof of such a result would provide much information on spin-
spin correlations. For example, as mentioned in the prequel, proof of phase transitions can
be achieved through proof of the non-decay of some relevant spin correlation by showing
that the Cesaro average of the correlations is bounded away from zero. This result does not
give information on the correlation between specific sites (other than that some unknown
sites have a spin correlation that is bounded away from zero). Using the conjectured struc-
ture of macroscopic loops an explicit expression for spin correlations between sites can
be obtained that becomes exact in the large volume, large distance limit. Recent work by
Kotecky, Mitos and Ueltschi [65] showed occurrence of macroscopic cycles for the random
interchange process on the hypercube. Work by Schramm [98] and Berestycki [11] proved
that the random interchange model on the complete graph undergoes a phase transition
characterised by the emergence of infinite cycles whose sizes satisfy a Poisson Dirichlet
law. It has recently been proved by Bjornberg that large cycles also appear when permu-
tations receive a weighting of 6#<“/$ where @ > 1. Probabilistic representations have also
been used to explore other properties of quantum spin systems. They were used to bound
the emptiness formation probability (the probability that a region has all spins in the same
eigenspace) for the Heisenberg antiferromagnet [28], to investigate gapped ground states
of systems with continuous symmetries [5] and to classify pure Gibbs states of certain spin
systems [111, 113].

Dilute spin systems and systems of itinerant particles

Systems where spin-carrying particles are itinerant have also received much attention in the
literature. One such example is the Hubbard model. As mentioned before this model was
studied using the method of spin-reflection positivity with great success. The model is very
relevant as a system of many electrons for the study of ferromagnetism. In particular, if the
spin interaction is neglected, is the Coulomb interaction a possible cause of ferromagnetic
ordering [107]? Experiments on Bosons in optical lattices have also renewed interest in
the Bose-Hubbard model. The Bose-Hubbard model has some significant differences with
the Hubbard model, which models fermions, due to the system allowing many particles to
occupy the same site. One can also include a spin interaction with this model and study the
effect of this interaction. We will do this in Section 7.5. Bosons with spin are relevant to the
theory of 3He super-fluidity [68]. They have also been discussed due to connections with
multicomponent Bose-FEinstein condensation, [97, 105]. It was shown that in the absence
of explicit spin interactions the system has a groundstate that is fully polarised. The case

of explicit spin interactions has also been dealt with [57], it was shown that the structure of



the ground state only depends on the sign of the spin-dependent term. Various authors have
looked at systems involving explicit spin-1 interactions using perturbative methods [54, 61]

or using a mean-field approach [88, 92].

One can also consider systems where particles may not possess a spin that interacts with
its neighbours (e.g. systems with impurities). These dilute spin systems have only limited
results in the quantum case, although the classical case has seen some positive progress. The
case of the Potts model with a large number of states was studied under annealed dilution,
it was shown that the model has a phase where staggered order occurs; order characterised
by preferential occupation of the even or odd sublattice for a system on a bipartite lattice
[23]. This was later extended to classical systems with continuous spin [24]. Extending

such results to a quantum system will be the content of Section 7.4.

1.2 Key results

In chapters 5 and 6 we consider a spin-1 quantum spin system with a bilinear-biquadratic
interaction. We prove that Néel order occurs when the sign of the bilinear interaction is
negative (the antiferromagnetic case) and the sign of the biquadratic interaction is positive
(the nematic case) and not too large compared to the bilinear interaction (Theorem 6.2.6,
found in [70]). This result extends the famous result of Dyson, Lieb and Simon [35] by
handling the terms coming from the biquadratic interaction and therefore allowing an ex-
plicit region where Néel order occurs to be identified. We also prove that for the bilinear
interaction accompanied by a small antiferromagnetic interaction nematic order is present
(Theorem 5.1.1, found in [69]). This result applies to the region of the phase diagram that
is expected to be antiferromagnetic. This raises the interesting question of the connection

between nematic and Néel order for this quantum model.

In Section 7.4 we present a dilute quantum spin system. We consider dilution coming from
site annealing. It is proved that for some region of the systems parameters and low enough
temperature there is a phase transition categorised by preferential occupation of the odd or
even sublattice (Theorem 7.4.1, found in [63]). Such results had previously been obtained
for classical systems but this result is (to our knowledge) the first result for quantum spin

systems.

In Chapter 4 we prove correlation inequalities for the quantum XY model. Proving corre-
lation inequalities for quantum systems has been difficult, with limited results. We are able
to treat the spin—% case at all temperatures and the spin-1 case in the ground state. This is
based on [10].



1.3 Outline of thesis

In Chapter 2 some theory for the general setting of classical and quantum spin systems on a
lattice is presented. For classical systems we outline the set up for a classical spin system on
a lattice as well as examples of some well known classical spin systems. We then discuss the
issues of defining infinite volume systems such as DLR states. The property of reflection
positivity for classical spin systems is also introduced. For quantum systems we outline
the set up for a quantum spin system on a lattice including the definition and properties of
quantum spin operators. Examples of some well known quantum spin systems including
ones that will be considered in later chapters are given. There is then a discussion on the
issues of defining infinite volume systems such as the evolution operator and KMS states, as
well as some theorems on infinite volume limits of thermodynamic functions and a precise
definition of Néel and nematic order. The property of reflection positivity for quantum
spin systems is introduced and some of its consequences are discussed. We conclude this
chapter with a small result concerning double commutators of matrices that may be of use

when using the Falk-Bruch inequality [36], as is done several times in this thesis.

In Chapter 3 we present a brief result on the ground states of a particular classical spin
system. This model will be referred to as the staggered nematic model but is also referred
to as the antiferromagnetic RP?> model. We prove that the ground states of this model have
a certain chessboard structure characterised by a high degeneracy despite being frustration

free.

In Chapter 4 we show the positivity or negativity of truncated correlation functions in the
quantum XY model with spin-% (at any temperature) and spin-1 (in the ground state). These
Griffiths-Ginibre inequalities of the second kind generalise an earlier result of Gallavotti.
This is achieved by proving that the system under consideration fits the general framework
presented by Ginibre [48]. In order to treat the spin-1 case we use the ideas of Nachtergaele
[81] by representing a spin-1 system as a projection of two spin—% systems onto the spin

triplet.

Chapter 5 is based on the paper [69]. We introduce a spin-1 quantum nematic model (also
known as a biquadratic model) and prove that this model undergoes a phase transition at
low temperature in high dimension of the lattice. This result extends the work [3] to the
quantum case. It also complements the work of Biskup, Chayes and Starr [16] whose
methods proved the occurrence of a phase transition for this model in high (> 1) spin. It is

then proved that this result is maintained if a small antiferromagnetic interaction is added.

In Chapter 6 we introduce several probabilistic representations for quantum spin systems
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that have seen interest in recent years. To begin we introduce the Aizenman-Nachtergaele-
Té6th-Ueltschi representation and prove the connection with quantum spin systems. Section
6.2 begins with the content of [70]. The loop model introduced by Nachtergaele [81] is
presented and several results concerning the connection between spin and loop correlations
are proved. It is proved that for a general spin-1 interaction that is SU(2) invariant there
is a phase transition (Néel order, or equivalently occurrence of macroscopic loops) for a
large region of the model parameters at low temperature and for lattice dimension three or
above. An alternate proof from [70] is provided that uses the loop model directly, reflection
positivity is an essential tool. A result related to nematic order (which was relevant in
Chapter 5) is then proved, a discussion on what is needed to improve this to a proof of
nematic order is included. These two results are then reproved using the method of space-
time reflection positivity introduced in [17]. This result offers a slight improvement over

the previous result concerning Néel order.

In Chapter 7 we consider several quantum lattice systems where sites are allowed to have
particle occupation numbers other than 1. In Section 7.1 the setting for a lattice system with
quenched dilution is presented and an example of both a classical and quantum quenched
system is given. In Section 7.2 the setting for a lattice system with annealed dilution is pre-
sented. In Section 7.3 it is proved that there is a phase transition for an annealed Heisenberg
model whenever there is also a phase transition for the non-diluted system as long as the
particle density is sufficiently close to 1. This section serves to show the (simple) adapta-
tion of a well known result to the annealed case and also as a warm up to the next section.
Section 7.4 is based on the paper [63]. It is proved for a quantum annealed system that
for some values of the systems parameters and low temperatures there is a phase transition
characterised by distinct states that prefer occupation of either the even or odd sublattice of
the (bipartite) lattice. Finally Section 7.5 introduces a model of itinerant Bosons on a lattice
(the Bose-Hubbard model) where particles interact according to a general spin-1 interac-
tion. A probabilistic representation for this model is derived which is of a similar flavour to
those seen in Chapter 6. This representation is used to derive expressions for off diagonal
correlations and spin correlations between particles in terms of probabilities of events in the

loop model.
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Chapter 2

Setting for classical and quantum
spin systems on a lattice

2.1 Classical spin systems on a lattice

2.1.1 Setting and examples

Consider a finite lattice, A, with a set of edges, &. In examples we will take A C 74 to be
a box with nearest neighbour edges, &, or the discrete torus in dimension d. Each x € A
will have an associated classical spin, S, € Q, where Q C RY is a closed set (discrete or
continuous). Denote by SA = {Sy}ien € oM a spin configuration consisting of a spin for
each x € A. We call a configuration, S, of spins outside A a boundary condition. Particles
at sites connected by an edge will interact according to their spins. For A ¢ Z¢ we denote
by ¢4 a function depending only on {Sy}e4. In order to describe the energy of a spin system
we specify its Hamiltonian. The Hamiltonian will involve interactions ¢4 for AN A # 0.
For the Hamiltonian to be well defined we require translation invariant interactions and a

decay condition for the norm of the interactions:

1. da({Sy}xea) = Pa+a(TafSilxea), @ € 7% where T, is the translation operator by a.

2. Z @4l < oo where || - || is some appropriately chosen norm.
A30

(2.1.1)
For S = (Sa, SAc) the most general Hamiltonian can then be written as
HA®)= ), 6a(Sihen), (2.1.2)
AcZ finite
ANAZD
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the conditions (2.1.1) ensure the sum is well defined. There are many excellent references

on this topic, for example [13, 95] and references therein.

The law of spin configurations, Sy, is then given by a Gibbs distribution at inverse tem-
perature 3 of the form e PHr®)(dS) where u is some a priori Borel product measure
on Q. B > 0is given by g = ﬁ where T is the temperature in Kelvins and Kp =
1.38 x 107 2m?Kgs~2K~! is Boltzmann’s constant. We refer the reader to the literature
[46, 56, 96, 103] for treatment of Gibbs measure theory. Note that we only define this

measure for finite A. We now present some examples of classical spin systems.

1. The Ising model. This is undoubtedly the most famous model of lattice spins. We
denote the spin at x € A by 0. The set of possible spins is Q = {—1, +1} with the a

priori measure, u, the uniform measure. The Hamiltonian is given by

Hy(op) = — Z oy — Z i, (2.1.3)
Xx,yEA ieA
lx—yl=1

For u = 0 we can see that having neighbouring spins aligned leads to more ener-
getically favourable configurations. Note that the configurations with lowest energy
(the ground state configurations) correspond to all spins being either +1 or —1, this
configuration has energy —|&|. The minus sign in the Hamiltonian means that is is a
Sferromagnetic model, removing it results in an antiferromagnetic model. The model
was invented by Lenz [71] and studied by his student, Ising in the 1920’s. Ising
solved the system in dimension one, showing that there is no phase transition [55].
It was assumed that there was also no phase transition in dimension two, however
it was shown by Peierls [89] that in fact there is a phase transition. The proof used
the beautiful and now famous Peierls’ argument, we shall see it in section 7.4. In
the absence of an external field the two dimensional case was solved analytically by

Onsager [86]. The subsequent literature on the Ising model is extremely large.

2. The Potts model. This model generalises the Ising model to more than two possible
spin states. It was introduced by Renfrey Potts in his 1951 thesis. An excellent review
of the Potts model can be found in Wu’s article [115]. We have spins o € {1, ..., g},

g € N, again with uniform a priori measure. The Hamiltonian is

HA @A) == ). Orvay (2.1.4)
x,yeA
l—yl=1

It is energetically favourable to have all spins aligned. In two dimensions there is a

first order phase transition if ¢ > 4 and a continuous transition when g < 4.
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3. The Heisenberg model. This model is used to model both ferromagnetism and anti-
ferromagnetism. It can be seen as a generalisation of the Potts model to continuous
spins, S, taking values in Q = S? with a priori measure the Haar measure on the

surface of S? with total mass 1. The Hamiltonian is

HASA) ==J ) 8.8, (2.1.5)

x,yeA

v-yl=1
Taking J > O gives the Heisenberg ferromagnet and taking J < 0 gives the Heisen-
berg antiferromagnet. Note that on a bipartite lattice the sign of J does not matter
as we can flip all the spins on the even sublattice to effectively switch the sign of J.
This model has an obvious O(3) symmetry. It was famously shown that in d > 3 the
ferromagnet exhibits a phase transition [43]. The proof used the method of reflection
positivity and infrared bounds that will feature often in this thesis. It was known due
to the Mermin-Wagner theorem [78] and its extensions that no such phase transition
could occur for d < 2. Note that we could also take a more general model where
Q = SV for other values of N € N, this is called the O(N) model. The O(N) model
has (unsurprisingly) an O(N) symmetry. Formally the Ising model is the O(1) model.

4. The nematic model. This is a model of liquid crystals. We refer the reader to [31] for
theory on the physics of liquid crystals. The spins, S,, take values in Q = S? as in the
Heisenberg model. The Hamiltonian is

HASN) = =T ) (S-S (2.1.6)

x,yEA

le—yl=1
This model is invariant under reversal of any spins due to the square in the interac-
tion. The case J > 0 and J < 0 are not equivalent in this model and in fact behave
quite differently. For J > 0 ground state configurations will involve nearest neigh-
bour spins being aligned in the same direction. It has been proved that the system
undergoes a phase transition in dimension d > 3 [3]. The quantum version of this
model will be the topic of Chapter 5. For J < 0 the ground state configurations are

more complicated [8, 9, 60], this will be the context of chapter 3.

2.1.2 Infinite volume Gibbs measures

For the models presented in Section 2.1.1 we considered only finite A. To consider the

infinite volume limit of these models we must make sense of both the Hamiltonian and the
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Gibbs measures. The problem is that neither are well defined for infinite volumes. We will
deal with A c Z¢ and for convenience consider only A that are boxes centered at the origin.
We can take more general sets as in [95] (e.g. the limit in the sense of Van Hove) but for us
boxes will be sufficient. If we wish to consider spins on the entirety of Z¢ we must take into
account spins outside of A. For a system with Hamiltonian Hx (S, ) and boundary condition

Sae at inverse temperature 8 we define the systems partition function by

ZA(Sac,B) = f u(dSp)e PIrS), (2.1.7)
QA

Expectations in this system will be given by the Gibbs states

1
= —BHA(S)
Dswes = 7750 3 fQA H(dSA)f(S)e , (2.1.8)

denote the associated measure by pa(-|Sac, ). The two standard ways of defining infinite
volume Gibbs states are either to consider weak cluster points of (-)s,. s as A — Z? with
various boundary conditions or to use the DLR condition [13, 32] (named after Dobrushin,
Lanford and Ruelle).

Definition 2.1.1. For Hamiltonian, H, on Z¢ and inverse temperature, B, a measure, [,
on OF is called an infinite volume Gibbs measure if for every finite A ¢ Z¢ and p—a.e.

boundary condition we have that u satisfies the DLR condition

HCISAc) = UA(ISace, B). (2.1.9)

The set of all infinite volume Gibbs states, G, for a given § is of interest. Gg is a weakly
closed convex set. When |Gg| > 1 we say that the system undergoes a phase transition.
We can show that the Ising model undergoes a phase transition by taking A to be a box in
Z? centred at the origin with boundary conditions all set to +1 or all set to —1. This is the

famous result of Peierls whose beautiful contour method will be seen in Section 7.4.

2.1.3 Reflection positivity for classical models

Reflection positivity (RP) is one of the main tools of this thesis. Although it will mainly be
applied to quantum systems it is useful to first consider the classical version of this property.
The technique was developed in the now famous works of Dyson, Frohlich, Isreal, Lieb,
Simon and Spencer [35, 41, 42, 43]. Reflection positivity requires a great deal of symmetry
of the lattice, namely reflection symmetry in any plane bisecting edges. For this reason we

will work with the d-dimensional torus, Ty, of side length, L € 2N. Note that the torus also
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has symmetry under reflections through planes of sites and for classical systems we can also
use RP for such reflections. Let R be a reflection in a plane splitting Ty, into two halves,
Ty, T>. We have RT| = T». Denote by A the set of all functions QT — R that only depend
on spins in Ty. R acts on such functions by reflecting sites, for example R(S;) = Sgy.
Definition 2.1.2. We say a state (-) is reflection positive with respect to a reflection, R, if
forany f,g € Ay

(fRg) = (§Rf), (2.1.10)
(fRf) = 0. (2.1.11)

The content of this definition is mainly in the second condition, the first condition usually
follows from the structure of the lattice. Trivially the product measure, u(dS,), is RP. One
can think of RP as an inner product condition, the function f,g — (fRg) is a positive-

semidefinite, symmetric bilinear form. From this we have the Cauchy-Schwarz inequality

((fRg)* < (fRf)gRg). (2.1.12)

This is the main tool for using reflection positivity. Using this it can be proved [13, 41]
that for a reflection, R, in a plane bisecting edges the Gibbs measure for g will be reflection

positive if its associated Hamiltonian can be written in the form

Hy = —A—RA— Z B,RB,, (2.1.13)
a

for A, B, € A;. We will see how to apply this property to prove the occurrence of a phase
transition in later chapters. Note that all of the examples in Section 2.1.1 can be brought to
RP form. For example for the Hamiltonian 2.1.6 we reason as follows: for spin S define a
3 X 3 matrix Q by

1
Oup =SSP - 300 (2.1.14)

Note that Q is a traceless matrix and for two spins S,, S, we have

3
1
TrQ:Q) = D (Qap(@as = (Si- 8y - 5. (2.1.15)

a,B=1

This form was used in [3] to prove the occurrence of a phase transition for J > 0.
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2.2 Quantum spin systems on a lattice

2.2.1 Setting

In this section we will present a general setting for a quantum spin system on a lattice and
discuss topics such as infinite volume Gibbs states and reflection positivity. We will then
have the tools required to move into the later chapters. Some of the setting for quantum spin
systems on a lattice bears a resemblance to the classical setting. However the two settings
depart in some major ways. Let A be a finite lattice with a set of edges, & We will usually
take A C Z? to be a box with a set of nearest neighbour edges, & We denote by H a finite
dimensional local Hilbert space. For each x € A denote by H, a copy of H. Let A be the
algebra of operators on H and let A be its copy for x € A. For a subset A C A we define a
Hilbert space, Hy4, and algebra of operators, Ay, by

Ha = @xeaHx, (2.2.1)
Ap = QreaAs. (2.2.2)

We can define a partial order on these algebras. For A C B, and a € Ay we identify the
operator a ® Lp\4 in Ap. We use this to say Axr C Ap if A C A. An interaction ¢ = {¢4}
for AN A # 0 is then a family of operators satisfying:

1. Pa € Ag. (223)
2. Pa+a = Tapa Where 1, is the translation operator Ay — Axq. 2.2.4)
3. ¢, = da. (2.2.5)

For r > 0 we introduce a norm on interactions given by

gl = > ligalle™. (2.2.6)

A30
With this norm the space of interactions is a Banach space. For a given interaction and finite

A we can define a Hamiltonian by

Hy= > oa 2.2.7)

AcZ4 finite
ANA#D
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and finite volume Gibbs states at inverse temperature 8 > 0 by
1 _gH
Oap = —Tr-e74, (2.2.8)
ZA,ﬁ

with the partition function Zy g = Tr ePHr. We will define more general states in Section

2.2.4 when the infinite volume limit will be studied.

2.2.2 Spin operators

Many quantum spin systems, including all those considered in this thesis, are defined via
interactions involving spin operators. It is known that quantum models behave in some way
similarly to their classical counterparts at finite temperature (but there are some significant
differences!). It is the case that as the spin parameter § — oo we recover the classical
spin system however a rigorous treatment of this is still missing. There have been precise
statements for the free energy of certain systems as S — oo [12, 44, 72, 101]. We now
present an introduction to these operators and their properties'. For S € %N consider the
matrices (S, 52,53) on C25+! generating a (25 + 1)-dimensional irreducible representation

of su(2). They satisfy the commutation relations
5,88 =i )" EapyS”, (2.2.9)
¥

for @, B,y € {1,2,3} and &, the Levi-Civita symbol (= 1(=1) if (@, 3, y) is an even (odd)

permutation of (1,2, 3) and O else). Denote S = (S 182, 53), we take the normalisation
S-S=8( +1)I. (2.2.10)

These properties uniquely define the S’ up to unitary transformations (see [102] Section

VIIIL.4). The case S = % gives % the Pauli spin matrices:

1(0 1 1(0 —i 1(1 0
st=2 , S?== , SP=- ) 2.2.11
1 IR | Y AT O e

For § = 1 we have the following matrices:

| 010 | 0 -i O 1 0 O
Slz$ 1 0 1], Sz_ﬁ i 0 -if, S3: 00 O (2.2.12)
010 0 i O 0 0 -1

!Several results concerning spin matrices were communicated to me by Daniel Ueltschi.
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For general S € N we prove the existence of these matrices by construction. For a €
{=S,...,S} let {]Ja)} be an orthonormal basis of C25*!. Denote the spin raising/lowering
operators by S*. We define §3,S* by

S°\a) =ala),
S*tlay =+/S(S + 1) —a(a+ 1)]a + 1), (2.2.13)
S7lay =+/S(S + 1) —a(a—1)]a - 1),

with S*|S) = §7| = §) = 0. Then taking S' = 2(S* +§7) and S? = 1.(S* — §7) gives
matrices S !, 52, S3 satisfying (2.2.9) and (2.2.10). Note that §* = §! + iS2.

Lemma 2.2.1. For Hermitian matrices S', 82,83 satisfying (2.2.9) and (2.2.10) each S'
has eigenvalues {—-S,-S +1,....,S}.

Proof. We prove the claim for S3. We have

S*TST =SS + 1) =S+ 53,

(2.2.14)
STST=S(S +1)— (53> -S7.
Then if |a) is an eigenvector of 3 with eigenvalue a we have
IS* 1) =(alS S *lay = S(S + 1) - a* —a,
(2.2.15)

IS~ Ia)|? =(alS*S Tla) = S(S + 1) —a® +a.

Hence we must have |a| < S and S*ja) =0 < a=S. Now as [S3,S*] = ST we have
that S3S*|a) = (a + 1)S *|a). From this we see that if @ < S is an eigenvalue so is a + 1.
Similarly for S~ if @ > —S is an eigenvalue so is a — 1. Hence the set of eigenvalues is
{-S,...S}L O

Spin matrices are well behaved under rotations. For u € R3 define S" = u - S, we have
[SY,SY] = iS™. (2.2.16)
Lemma 2.2.2. If RyV is the result of rotating vector v by angle ||u|| around u then

oS VISt _ QR (2.2.17)

To prove this identity let u — su and differentiate both sides with respect to s, one finds
they satisfy the same ODE.
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If we look at two spins with operators S ll =S'®1landS ’2 =1®S"onC>¥*! @C>5+! the
following lemma is well known.

Lemma 2.2.3. The matrix (Si + S»)? has eigenvalues J(J + 1) where J € {0, 1, ...,2S}. The
subspace corresponding to J has degeneracy 2J + 1. Further [S ‘1 +S g, (S1 +S2)%1=0 for
i=1,2,3 and the eigenvalues ofS’i + Sé in sector J are —J, ..., J.

More generally for particles on a lattice A with spins we take the operator S’ fori = 1,2,3
to be shorthand for the operator S ; ® Idp\(x}. We use the notation |a, b) = |a) ® |b) etc.

2.2.3 Examples

1. The quantum Ising model. Consider a graph (A, &) with sites x € A having a spin—%

degree of freedom and & a set of edges. The Hamiltonian is

Hy=-4 ) S§isi-6) sk (2.2.18)

{x,y}e& XEA

Hy acts on the Hilbert space ®,c AC2. ST are the spin—% matrices. The parameters
4,6 > 0 are the spin-coupling and transverse field intensities, respectively. This
model was introduced in [75] where its ground state and free energy were found
exactly. It has since been widely studied, for example in [52] where ground state
entanglement in dimension d = 1 was studied and in [18] where it was shown that

the system undergoes a unique sharp phase transition.

2. The anisotropic Heisenberg model. The Hamiltonian is given by

Hy=— ) (1818} +1S3ST + 13S3S3) (2.2.19)
{xyle€

where —1 < Ji,J2,J, < 1 and S are the spin-S operators. Taking all J; = J gives
the Heisenberg ferromagnet for J > 0 and the Heisenberg antiferromagnet for J < 0.
Taking J; = J3 # 0 and J> = 0 gives the XY model. Note that for the XY model on a
bipartite lattice the sign of J; does not matter as the spins can be reversed on half the
sites by the operators ™™ %, It is known that on a bipartite lattice the antiferromagnet
has a unique ground state [74], however the exact structure is unknown. It is also
known that the antiferromagnet undergoes a phase transition [35]. By contrast for
the ferromagnet there is an entire O(3) symmetry of the ground states that can be
identified (see for example [113]) but it remains a huge open problem to prove the

occurrence of a phase transition.
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3. The bilinear-biquadratic exchange Hamiltonian. The Hamiltonian is given by

Hy=- ) (J1 (S+-8))+ 12 (Ss- sy)z). (2.2.20)
RRYE

The case J1 = 0 < J, is the content of chapter 5, it is proved that there is nematic
order. The first result on phase transitions for this model is the famous result of
Dyson, Lieb and Simon [35] for /1 <0 =J,and S > 1,d >3 o0orS > 1/2,d > 4.
Kennedy, Lieb and Shastry extended this result to the case (S,d) = (1/2,3) [58]. For
S = 1and d > 3 it was shown [70] that Néel order is actually present in a large
portion of the quadrant J; < 0 < J,. For example in d = 3 Néel order is proved for
0 < J» < =2.161Jy, this is the content of Section 6.2.6. Section 6.2.8 improves this
to 0 < J, < —4.431J; ind = 3. These regions increase in size as d increases. In the
limit d — oo we have Néel order for the entire quadrant. In the region J, < 0 very
little is known. One result is for the AKLT model [1] for S = 1 where the presence
of a “massive” phase was presented, in agreement with Haldane’s conjecture. It was
shown in [111] that for 0 < J, < J;/2 there is nematic order on a cubic lattice in Z¢
for d > 5 at low temperature. For J; = 0 < J; it was shown that there is the stronger
Néel order. Similar results were found independently in [106] for the ground state in
dimensions three for 0 < J; < J»/2 < 1.332J;, it was also shown that there is Néel
order in dimensions two and three for 0 < J, < —0.188J; and 0 < J, < —1.954J;
respectively. For the Heisenberg ferromagnet with (S, d) = (1/2, 3) there are several

results bounding the pressure, [26, 107]. Sharp bounds were recently found [27].

4. The orbital compass model. The Hamiltonian on Z is

slig! ify=x+e,
Hy= Y { xy Y ! (2.2.21)

{xy)eE —SiS; ify=x=es.

This model has been studied in several works [21, 34, 38, 53, 87] using numerical

techniques, evidence points towards a phase transition in dimension 2 for spin—%.

5. The plaquette orbital model. The Hamiltonian on Z? is

Hy = (2.2.22)

JgSiSi if xodd/evenandy = x £ ej ory = x + e5.

1SS, if xeven/odd andy = x £ ej ory = x + e,
{x.y}e&

It was shown in [15] this model exhibits orientational long-range order at low tem-
peratures in one of the two lattice directions for S large enough. The case of lower

spins, in particular spin-4, remains open.
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2.2.4 Infinite volume states and the KMS condition

We can construct infinite volume Gibbs states from cluster points of (-)5 g for A — 7. We
observe that by taking the spiral order on Z¢ it is an ordered set. With this order (-) Ap1s then
anet (a sequence indexed by Z¢ rather than N) and by compactness of the set of observables
there exist converging subnets. We will take A to be a box centred at the origin, this will be
sufficient for our needs. The equivalent of the DLR condition for quantum systems is the
KMS condition (named after Kubo, Martin and Schwinger [66, 76]). In order to state this
condition we must introduce the time evolution operator.

Definition 2.2.4. For a Hamiltonian Hp of the form in (2.2.7), a € Ap, and t € C we define

the time evolution, QEA)(a), ofabytas

G’EA)(LI) = A g—itH (2.2.23)

In finite volume we have the following identity by cyclicity of the trace for a,b € Ap:

1 . _
(aad™B)ap = Z_Tr ™A pg—itHA y=BHA
A

(2.2.24)

_ 1 Tr eitH/\"'ﬁH/\ be—itHA—,BHAae—ﬁH,\ —

@) p
ZA,ﬁ <at—i,3( )a>A,ﬂ-

This identity in infinite volume is the KMS condition. Before we state the KMS condition
precisely we need a time evolution operator for infinite volume. For infinite volume systems
we cannot use the Hilbert space ®,.7«H, as it is non-separable. Instead we define the

algebra of quasi-local observables by

A=Ay,  where A= | ] An. (2.2.25)
A finite

where the overbar means the norm closure. A sfate is a positive normalised linear functional

p on A i.e. it has the properties

1. p(l)=1 (2.2.26)
2. p(A*A) > 0. (2.2.27)

The following lemma is well known, see [93] for a proof.

Lemma 2.2.5. Fort € R and interaction {¢p4} with ||@||, < oo for some r > O there exists a
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unique bounded operator a; : A — A such that

lim [0V @) - (@] =0  Va € Ay, (2.2.28)
A /74

agii(a) = as(a(a)) Vs, t € C, (2.2.29)

for A — Z¢ along a sequence A, of sets such that any finite set is contained in all A!,s once
n is large enough. a,(A) has an analytic continuation to t € C for every A € Ay.
Definition 2.2.6. A state p on A satisfies the KMS condition for a Hamiltonian H if for
everya,be A

plaa,(b)) = p(a;-p(b)a). (2.2.30)

It is known ([56] Theorem II1.3.8) that every equilibrium state for an interaction, ¢, is a
KMS state for ¢. The existence of more than one KMS state ensures a phase transition. A

major tool for proving the occurrence of a phase transition is reflection positivity.

2.2.5 Phase transitions for quantum systems

In this section we will briefly outline some known results involving phase transitions includ-
ing the existence of the infinite volume limit of some physical quantities and the relation
relevance of correlations. We will also define quantities such as the Néel and nematic cor-
relation functions that are relevant for Néel and nematic order discussed in Chapter 1. For

notions of thermodynamic limits we follow the treatment in [95].

To begin we introduce a slightly different norm on interactions. For an interaction, ¢, satis-
fying (2.2.3), (2.2.4) and (2.2.5), we define the norm
llgxll
Igllo = ) =< (2.2.31)
XZBO 1X]
Recall the norm ||@||,, ¥ > 0 (2.2.6), we have trivially that ||@|lo < ||@|l (with the interpreta-
tion that the right side could be infinite). Denote B = {¢ : ||@|lo < oo} and let By C B be
those interaction in $ with finite range (i.e. there is an N > 0 such that ¢x = O for |X| > N).
For Hamiltonian, Hx(¢) = 3 ,czd finie P4, With associated partition function Zx(¢) =

ANA#Q
Tr e~ 2@ (we have absorbed the B into the interaction for notational convenience) we define

the free energy of the system as

1
Ia(@) = Al log Zx(¢). (2.2.32)
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The following proposition can be found in [95].
Proposition 2.2.7. If ¢, € B then

Ifa(@) = Fa@)I < ¢ = ¥llo, (2.2.33)

further, fa is convex on B.

We now want to introduce the thermodynamic limit. In future chapters we will take the
limit A — Z< along a sequence of boxes but here we introduce a slightly more general
notion. For a = (ay, ...,ay) € Z¢ with a; > 0 for each i, define A(a) = {x € Z? : 0 < x; <
a;j fori=1,....d}. For n € Z¢ we define A, = A(a) + na as the translate of A(a) by na. For
A c 74 denote by N}¥(A) the number of sets, A,, such that A, N A # 0 and by N, (A) the
number of sets, A, such that A,, C A.

Definition 2.2.8. We say that sets A tend to infinity in the sense of Van Hove if

N:(A) > o0,  N;(A)/NFA) = 1. (2.2.34)

We will denote this by limja|eo or imp sza.

The following theorem can be found in [93].
Theorem 2.2.9. If ¢ € B then the following limit exists and is finite

f@) = /}iggo a (@), (2.2.35)

where the limit is in the sense of Van Hove. Further, f is convex on 8 and for ¢, € B

1f (o) — I < llp = llo. (2.2.36)

As was mentioned in Chapter 1, in finite volume the important quantities of the system such
as its free energy will be real analytic in each of their variables. This may not be the case in
infinite volume. The first problem, taking an infinite volume limit, can be overcome as we
saw in Theorem 2.2.9. We take the view that phase transitions correspond to points of non-
analyticity of a thermodynamic function. It is known ([95, Section 5.7]) that the functional
derivative of the free energy with respect to a k-body potential (¢x € ¢ with [X]| = k)
is, formally, the k-body correlation function. This means that passing between different
analytic portions of f through a singularity corresponds to a point of discontinuity of the
correlation functions. From this we see that the existence of multiple KMS states (which
characterise the equilibrium states) ensures a phase transition. Note that this argument is

far from rigorous, however, we adopt the view that this is the correct approach to phase
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transitions.

Although this thesis is interested in phase transitions at low temperatures there are several
results concerning the absence of phase transitions, for example the following theorem can
be found in [40].

Theorem 2.2.10. Assume that

Bllglly < @N)™, (2.2.37)

then there exists a unique KMS state at inverse temperature 5.

The set of KMS states forms a simplex (in fact a Choquet simplex) [56, Theorem 1V.3.12].
It is known [56, Section IV] that in the extremal states truncated correlations (those of the
form (AB) — (A)(B)) decay. This property will be extremely useful as we will often prove
the that a phase transition occurs by proving that a given (truncated) correlation does not
decay. We will generally consider periodic boundary conditions for convenience. If one
wished to identify different KMS states it is often helpful to consider infinite volume limits
with different boundary conditions. There are two correlations of particular interest to us.

Definition 2.2.11. Let Hy be a Hamiltonian which is a function of the spin-S operators
given in Section 2.2.2 with Gibbs states at inverse temperature 3 given by (-)p g. We de-
fine the Néel correlation function as (=Dl )3€S 3)1\,,3 with x,y € A and ||x — || the lat-
tice distance between x and y. We similarly define the nematic correlation function as

(SDHSIap = (SDHApSap.

Analogously to the classical case we say a system exhibits Néel order (resp. nematic order)

if the Néel (resp. nematic) correlation function does not decay in the infinite volume limit.

It is worth noting that Néel order is also referred to as antiferromagnetic order or antiferro-
dipolar order and that nematic order is also referred to as ferro-quadrupolar order. The
method of reflection positivity will allow us to show such order by showing that the Cesaro

mean does not decay.

2.2.6 Reflection positivity for quantum models

We now present some general theory of reflection positivity (RP) for quantum models, again
we refer to previous literature [13, 16, 35, 39, 41, 42, 43]. We work with the d-dimensional
torus, Ty, of side length, L € 2N. It is possible to work on other lattices that have a lot
of reflection symmetry, for example the hexagonal/honeycomb lattice. Unlike the classical
case, in the quantum case we cannot use reflections through planes of sites due to operators
on each side of the reflection plane no longer commuting. Let R be a reflection in a plane

bisecting edges splitting T into two halves, T, T>. We have RT| = T,. Denote by A, the
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algebra of operators on ®,ct, Hy. We identify A € A; with the operator A ® 1, € A. R
acts on such operators by reflecting sites, for example the spin operators: R(S,) = Sgy. The
reflection acts as an involution R : Ay — Az as R(A; ® 1t,) = 11, ® RA| for A € A;. The
following definition is analogous to definition 2.1.2.

Definition 2.2.12. A state, {-), on Ar, is reflection positive with respect to reflection R if
forevery A, B € A

(AR(B)) = (BR(A)), (2.2.38)
(AR(A)) > 0. (2.2.39)

As in the classical case it follows that if {-) is RP with respect to R then for every A, B € A,
((AR(B)))* < (AR(A)XBR(B)). (2.2.40)

A sufficient condition for RP, analogous to (2.1.13) for the classical case, is proved in [35]:
For a reflection, R, through edges the Gibbs states associated to Hamiltonian Hj, acting on

Ar, are reflection positive if
Hp =A+R(A) - fp(da/)B(,R(Ba), (2.2.41)

where A, B, € A and p is a finite measure. We refer to [35] for a proof. Note that each
of the examples in Section 2.2.3 can be written in this form. This is more clear for some
systems than for others. For example for the bilinear-biquadratic exchange Hamiltonian
with J; = 0 < J; it is not immediately clear how to write Hp in this form however it will

be shown in Chapter 5 how this can be achieved.

Two consequences of RP are Gaussian domination, which we will see in sections 5.2, 6.2.6,
6.2.7,6.2.8,6.2.9 and 7.3.1 and chessboard estimates, which we will see in Section 7.4. The
reader is encouraged to consult some of the many references on Gaussian domination [13,
35, 41, 42, 43] and chessboard estimates [13, 16, 39, 41, 42, 60]. Chessboard estimates are
used to control the energy of contours in contour expansions, see [20, 29, 30, 64] for work
on contour expansions. As Gaussian domination and its important consequence, infrared
bounds, will be seen in several places in this thesis we leave this property for now and

instead explain chessboard estimates.
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2.2.7 Chessboard estimates

This section will introduce the general setting of chessboard estimates. Let (-) be a state
satisfying the properties of reflection positivity in definition 2.2.12 on T; = Z¢/LZ? (the
torus with L¢ sites that can be identified with (-L, L] N Z%) and define

Tg={0,1,...,B—1}¢ (2.2.42)
for B € Z dividing L. Further denote by T + Bt the translation of T by Bt € Z¢. We see

T, = U (Tp + Bt). (2.2.43)

teTr/B

We know an operator A € Ar, can be identified with A® 1 € Ar,. For ¢ € Ty/p with [¢] = 1
let R; be the reflection between edges on the side of Tp corresponding to . Define

Ri(A) = R,(A). (2.2.44)

For other ¢’s we define R; by a sequence of reflections (this doesn’t depend on the choice
of sequence). Now we state the chessboard estimate, the proof can be found in [16].
Theorem 2.2.13. Suppose (-) is reflection positive for any reflection between sites. Then if
Ay, .., Ay € Ay and ty, ... t, € Tr p are distinct,

m m (B/L)!
<]_[ Ry (A ,-)> < ]_[< [] ®a ,-)> . (2.2.45)
j=1

j:1 I‘ETL/B

The proof involves repeatedly applying (2.2.40) to tile the A;’s throughout the lattice.

2.2.8 Double commutators of spin operators

In this section we present a result concerning double commutators of symmetric matrices.
Our motivation is the Falk-Bruch inequality which was proposed independently in two pa-

pers [35, 36]. For a system with Hamiltonian H, partition function Zg, and Gibbs states
(s
FATA+ AL < 5 NA A)pun V(A [H AlDg + B(A,A)Duh (2.2.46)

where (-, -)pyup 1S the Duhamel inner product
1 ,
(A, B)pun = - f dsTrA*e SH Be=B-9H (2.2.47)
B JO
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This inequality will be essential in future chapters and has been essential in past major
works. The importance of this inequality means that the double commutator on the right
side is also important for computation. When we use this inequality in the sequel we will
be dealing with symmetric matrices.

Proposition 2.2.14. Suppose A, B are real symmetric n X n matrices, then
[B,A]# 0= [A,[B,A]] # 0. (2.2.48)

Proof. Let {fi}_, be an eigenbasis of B with corresponding eigenvalues {4;}", (Bfi = 4;f;).

If [B, A] # O there is an f;, that is not an eigenvector of A, hence there is an f,,, such that

[B,A]fm = (B - /lm)Afmv
[B,Alfn # O.

(2.2.49)

Indeed if not then [B, A]f; = O for any shared eigenvector of A and B and also for other
eigenvectors of B but we know [B, A] # 0. Denote by f; an eigenvector satisfying (2.2.49)

with the least eigenvalue. We thus have (as [B, A] is skew symmetric) for some i # k

0 #f1B.AVi = £ BAfi = fT A= 3 (7 BS) (] AR) = (7 AS) (1] i)

J

=Aif Afe = Mfl Afe = (i — ) [T Afe.
—— —
>0 :fkTAﬁ

(2.2.50)
Where the inequality A; — A; > O follows as [B, A] is skew-symmetric. Now suppose that
[A,[B,A]] = 0, we consider two cases:
Case 1 A[B,A] = 0: Then 0 = 3;(fTAfN(f] [B,Alfo) = Z;(4; — W Afj)* > 0 where
the equality is due to A being symmetric. This is a contradiction.
Case2 A[B,A] # 0: As A, B are symmetric A[B, A] is skew symmetric, hence f] T(A[B, A]) fi=

0 Vj. We calculate as follows:

0=/ ALB.ADS = 2 GTARUTIB.AL) = 2S04 = WUTAR?. 251
; J

This means that for every j either ijA fi =0or A; = 4. However as (4; — A;) fl.TA fr #0
and ; — A > 0 from above we have (4; — 4)(fTAfi)* > 0 and (2; — A4)( ij Afi)? = 0Vj.
Hence [A, [B, A]] # 0. This completes the proof. O
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Chapter 3

Classical staggered nematic ground
states

Spin models with nearest neighbour ferromagnetic interactions have simple and easily de-
scribed ground states using the symmetries of the Hamiltonian. For antiferromagnetic in-
teractions on bipartite lattices the equivalence with the ferromagnetic interactions provides
an equally simple description of the ground states. On non-bipartite lattices the situation is
quite different, antiferromagnetic models experience frustration and have highly degenerate
ground states. For example the antiferromagnetic Ising model on a triangular lattice is max-
imally frustrated. We consider a model of nematic liquid crystals involving spins placed on
a cubic lattice with nearest neighbour interactions of the form J(oy - a'y)2 with each o € S
For J < 0 the system exhibits a phase transition at low temperatures [3]. The ground states
of this system correspond to all spins being aligned. The case of the lattice-gas with longer
range interactions was also studied in lower dimensions with success [4]. It was also shown
that with the addition of a small ferromagnetic interaction the system has an intermediate
phase with non-zero nematic order parameter but zero magnetisation [22]. For J > 0 the
system behaves very differently, this case will be the focus of the current article. Monte
Carlo studies suggest the occurrence of a phase transition in this model for low tempera-
tures [8, 9, 62]. The ground states for J > 0 are more complicated, they are characterised
by chessboard configurations with the spins on the even (odd) sublattice taking the same
fixed value and spins on the odd (even) sublattice having free choice on a copy of S' per-
pendicular to spins on the even (odd) sublattice. These ground states are highly degenerate.
Kohring and Shrock [62] noted that these configurations had a nonzero disordering entropy
but believed that the true ground states were more complicated, we prove that this is not the

case.
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3.1 The model and main result
We will work on a finite bipartite lattice, Ay C 74,

(3.1.1)

L L}d
2 9

Ar = {_5 +1,..,=
with nearest neighbour edges with periodic boundary conditions, &;. Let A4 (Ap) denote
the even (odd) sublattice. At each x € A; we assign a classical spin o, € S2, hence we have

A
state space Qp, = (Sz) *. The Hamiltonian of the system is

Hy(@)=2 ) (0x 0y = ) h ((a;i)2 - 1). (3.12)

(xyleEL o 3

Here o denotes the i’ component of the spin at x € Az. Notice the model does not see any

difference between o, and —o . The partition function is

Z(B,Ar,h) = f dore (@), (3.1.3)
On,

with inverse temperature § > 0 and do- the Haar measure on Q4, with fQA do = 1. We will
L
take h = 0 and write Hy(o) = H(o) and Z(8, AL, 0) = Z(5, Ar). Expectations are given by

1

(g = 7600 o do - e PH@, (3.1.4)
We want to understand the ground states of this system. Intuitively the possible configura-
tions will have nearest neighbours with perpendicular spins. We will call uniform measures
on such configurations ground-states and we will see this is justified. The states adopted by
the system at low temperature are the chessboard states, where spins on one sublattice are
equal (up to sign) and spins of the second sublattice lie on a circle perpendicular to the spins
on the first, see Fig. 3.1. Before we state our main result we must introduce the chessboard

measure, this will be the limiting measure of our system as we shall see.
Definition 3.1.1. We define the chessboard measure, p as follows: Let D C Qp, then

p(D) = %( fD daxg(é(ax—a)+6(a_x+a)) ﬂ dve (o) + fD da l_[(d(ax—a)+6(0'x+a)) ]_[ dva(O'X)) (3.1.5)

xeAp xeAp xeAy

where da is the Haar measure on S* with fQA da = 1 and v, is the Haar measure on the
A

set of u € S? such that u - & = 0, again with total weight 1.
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Figure 3.1: Illustration of a possible chessboard configuration. Here the crosses denote that
spins on one sublattice are pointing into (or out of) the page, the spins on the other sublattice
can take any value on the circle parallel to the plane of the page.

Theorem 3.1.2. For L even and any continuous bounded function f on Qp,

; -BH(0) _
ﬁlggo Z6.AD) o dof(o)e = LAL f(o)dp(o). (3.1.6)

3.2 Proof of theorem 3.1.2

The proof of Theorem 3.1.2 will be split into several parts. First we will prove that our

expectations concentrate onto the ground-states described above. For £ > 0 let

Dy ={oc€Qyp, : Hx,y} €Ep st oy -0y 2 &}, 3.2.1)
G =Dg ={oc€Qy, o0yl <eVix,y} € E). (3.2.2)

Then D, consists of those states that are ‘far away’ from ground-states. We first show that
(-)g converges to the uniform measure on G = NG, denoted by 1.
Lemma 3.2.1. For any € > 0 we have that (1p,)g — 0 as § — oo.

Proof.
fD dore BH@) fD doe2% o~ 25
o.)p = —H@) e ——TT i O
ng doe + f e doe f e doe ng doe
To estimate the denominator we let 3 be large enough that 1/ VB’ < &, then
doePH@) > doePH@) > doe 20l > o=2dINlA (DC ). (3.2.4)
D¢ ~Jp -~ Jp Bl TETUNE

C C
1/NB /B
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. . .
Where A, (D T \/F) is the area of D 1N under the Haar measure. We have

Ac(D5, ) < Ao {loo - ol < \/LF})U”AL' = a{{iet 1 < é})dm' = ({1~ é )””AL',

Chpl2 . _
Hence <]1D5> <e 2Be 62d|AL|AO'(Di/‘/F) 1

Lemma 3.2.2. We have that {-)g — p as  — oo.

— 0 as B — oo for any & > 0. O

Proof. We prove the equivalent statement that limsupg_,(1c)s < u(C) for any closed
C C Qy, . Firstly if C ¢ D, for some & then by Lemma 3.2.1 lim supg_, . .(Lc)p = 0 = p(C).
If A;(C) is the area under the Haar measure on Q,, of C then if A,(C) = 0 we have
lim supﬁ_,oo(]lc)ﬁ =0 < u(C). Suppose A;(C) #0and C NG, # O Ve > 0 then

lim sup(L¢)s = lim sup f doleng,e P < lim sup A(CNG,)  Ve>0.

B0 pooo SBAL B SBAL

(3.2.6)

Hence we need a lower bound on the partition function, this is easy to obtain,
Z(B,AL) = f dollg,e PO > Ap(Ge MM e >0, (3.2.7)

If we take € = 1/8 we finally have
) ) Ar(CNGyp)
limsup(l¢)s < limsu = u(C). 3.2.8

o

What we want now is that of all possible ground-states we will g-a.s. be in the set of
chessboard states. Hence the limiting measure will be a uniform measure on chessboard
configurations, i.e. the chessboard measure. This gives us Theorem 3.1.2 for indicator

functions, for general functions we use the standard machinery of measure theory.

Now we must define the set of ‘approximate chessboard states’, C.s. We initially define

Cos={0€Gs:|lox -0yl €[6,2-6]"Vx,y € Ay orl|oy, — 0| €[6,2 - 6] VYw,z € Ap).
(3.2.9)

So now we have relaxed the configurations so that spins may occupy small regions around
the spin of the groundstate configuration that o € G approximates. However we could have
an approximate ground state where spins on the ‘fixed’ (to within distance 6) sublattice are

slowly rotated as we move in some direction across A, if A is large enough and the rotation
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gradual enough we could end up with a state with a small energy (comparable to a state in
5&5) where we could appear to be in different states in 58,5 depending on where we were
looking. To avoid this scenario we could take £ to be small enough but then £ must depend

on Ay. Instead we make our proper definition as follows

Ces =10 € Gg 1|y — oyl €[6,2 - 6]° V next nearest neighbours x,y € Ay or

¥ next nearest neighbours x,y € Ap}.

(3.2.10)
Then
Es,Zé/dL C Ceps/d1 < 55,5 C Cgyp. (3.2.11)
We will see that we require 6 < &. We therefore take 6 = £/2. If we can show that
|Gs \ Cs,s/dL|/|C8,£/dL| —0ase—0 (3212)

then we will be done. Intuitively approximate chessboard states will be preferred because
they give the most possible choice. |Ar|/2 of the sites have a choice from an entire strip

around a copy of S! ¢ S? and other states will not have such choice.

Now we can estimate the sizes of G, and C,¢/>. The area of 5&8/2 gives a lower bound on
the area of C, 2. Suppose that o, — 0y € [6/2,2 — &/2]° Vx,y € A4. All spins on sites in
A4 lie on one of two spherical caps defined by a cone with vertex (0, 0, 0) and circular base

of diameter &/2 lying on S2. These caps have combined surface area (Haar measure)

[ & g & 6
(1— 1—1—6]—3—2+E8+0(8)- (3213)

Because we also require |0, - 0| < € ¥{x, y} € & the spins on A g must lie on a strip around
S? consisting of vectors approximately perpendicular to all vectors in the spherical cap.
This explains our requirement that § < & as the strip only exists in this case. With a little
thought and a suitably drawn diagram we can see that, for 6 = &/2, this strip is defined by

an arc of a circle with angle

2 41782 2 41782
2005_1(%+ f—6—1—g+1]£032005_1(%—\/f—6—1—g+1. (3.2.14)

This strip has surface area given by sin(6) and (recall we have fﬂ,\ do = 1) we have

5¢ 5&* 658
Ny <sin(@) € = - — — —— 7. 2.
+ O0(g") < sin(0) < 1 D 2048+0(8) (3.2.15)

3¢ 3&* 638

7T 732 T 20as
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Hence, because in an approximate chessboard configuration the sites on one sublattice can
take spins on spherical caps and sites on the other sublattice can take spins on a strip around

S? we have (noting the symmetry under swapping of the sublattices) the bound

AN
32 128 4 32 2048
3

IALI/2
=2 (ﬁ) SN2 0(82|AL|)

IALI/2
ICeearl = 2 [( )] + O3/

(3.2.16)

The following lemma completes the proof of Theorem 3.1.2.

Lemma 3.2.3. For some k > 1
|Gs \ Ca,s/dL| < 0(83|AL|/2+k)- (3217)

Proof. For concreteness we will work in d = 2, the proof can easily be generalised to
higher dimensions. Let o € G.. Consider a site x = (x1, x) € Az, when looking at the set

of possible spins for site x there are two cases:

& el¢ .. .
L. 10 -1,0) = Ox0-1)l € [E 2 - 5] , then o can lie in a strip of area O(e).

& e
2. |o(x-1.x) = Oxxa-1)l € [5,2 - 5]’ then because we need |o(x,—1,x,) - 0xl < & and
l0(x; o1 - Ox| < &, 0 must lie in intersection of two strips (defined by o7, -1,x,) and
O (x;.x,-1)) tilted at an angle of ¢ > 2 arcsin 7 to each other. This means the spin lies

in a section of the sphere defined by a rhombus of side & and hence area O(¢?).

If o ¢ C,¢/qr at least one pair of sites must be in case 2, hence locally approximate chess-
board configurations are preferable. Let 8 be the set of states in G, with sites x,y € Ag
such that there is a region U, > x that has an approximate chessboard configuration and
no neighbourhood of y is compatible with the same approximate chessboard configuration.
Note B = G, \ C¢ /41 Hence there must be a contour y C Az surrounding the approximate
chessboard state at x. From above we know this contour can only have spins on an area
of order at least £”! higher than an approximate chessboard state would. Let ¢ > 1 be a

constant such that the number of contours of length n on A, is bounded by ¢” then

AO’(B) < |AL| Z SWI < |AL| Z Cng" _ |AL| ce S0ase — 0.
Ao-(cs,s/dL) 2 Py 2 2 1-ce

n>1
(3.2.18)
This shows that A,(B) < O(e)A,(G;), completing the proof. O
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Chapter 4

Correlation inequalities for the
quantum XY model

4.1 Introduction & results

In his extension of Griffiths’ inequalities, Ginibre proposed a setting that also applies to
quantum spin systems [48]. The goal of this chapter is to show that the quantum XY model
fits the setting, at least with § = % and S = 1. It follows that many truncated correlation

functions take a fixed sign.

Let A denote the (finite) set of sites that host the spins. The Hilbert space of the model is
Hy = ,eACH+! with S € %N. Let S’ i = 1,2, 3 denote usual spin operators on C5*1; that
is, they satisfy the commutation relations [S!, S2] = iS3, and other relations obtained by
cyclic permutation of the indices 1,2, 3. They also satisfy the identity (S ')>+(S2)>+(S3)? =
S(S + 1). Finally, let S’ = S’ ® llp\( denote the spin operator at site x. We consider the

Hy== > (] [si+ ] [52): @.1.1)

ACA x€A x€A

Hamiltonian

Here, J 1{1 is a nonnegative coupling constant for each subset of A C A and each spin direction
i € {1,2}. The expected value of an observable a (that is, an operator on Hj ) in the Gibbs

state with Hamiltonian Hx and at inverse temperature 8 > 0 is

(a) Tr a e PHA , (4.1.2)

~Z(N)
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where the normalisation Z(A) is the partition function
Z(A) = Tr e PHn 4.13)

Traces are taken in H,. We also consider Schwinger functions that are defined for s € [0, 1]
by

(a; by, = Trae PHr pe=(1=9BHA (4.1.4)

Z(A)

Our first result holds for S = % and all temperatures.
Theorem 4.1.1. Assume that JQ >0forall A c Aandalli € {1,2). Assume also that
S = % Then for all A, B C A, and all s € [0, 1], we have

(15T Ts, - ([Ts0( ]st) =0

xeA xeB x€A xeB
([ ]se] s, =(] s [s2) =0
X€A X€B X€EA X€B

Clearly, other inequalities can be generated using spin symmetries. The corresponding

inequalities for the classical XY model have been proposed in [67].

The proof of Theorem 4.1.1 can be found in Section 4.3. It is based on Ginibre’s structure
[48]. It is simpler than Gallavotti’s, who used an ingenious approach based on the Trotter
product formula, on a careful analysis of transition operators, and on Griffiths’ inequalities

for the classical Ising model [45]. Our proof allows us to go beyond pair interactions.

A consequence of Theorem 4.1.1 is the monotonicity of certain spin correlations with re-
spect to the coupling constants:

Corollary 4.1.2. Under the same assumptions as in the above theorem, we have for all
A, B C A that

The first inequality states that correlations increase when the coupling constants increase
(in the same spin direction). The second inequality is perhaps best understood classically;

if the first component of the spins increases, the other components must decrease because
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the total spin is conserved. Corollary 4.1.2 follows immediately from Theorem 4.1.1 since

Lo [T [UTsETTs0,~ ([T s

A xeB xeB x€eA xeB x€A

We use this corollary in Section 4.2 to give a partial construction of infinite-volume Gibbs

states.

%, is much more challenging, but we have obtained an

The case of higher spins, § >
inequality that is valid in the ground state of the S = 1 model. Recall that the states () and
(:;-)s, defined in Eqgs (4.1.2) and (4.1.4), depend on the inverse temperature 3.

Theorem 4.1.3. Assume that Ji& >0forall A Cc Aandalli € {1,2). Assume also that

S =1. Thenforall A,BC A, and all s € [0, 1], we have

i[5, (]9 ]s2)] =0
sl s 3, ([ ]sH([ ] s3] <o

The proof of this theorem can be found in Section 4.4. It uses Theorem 4.1.1.

4.2 Infinite volume limit of correlation functions

Infinite volume limits of Gibbs states are notoriously delicate issues; we show in this sec-
tion that Theorem 4.1.1 (and Corollary 4.1.2) give partial but useful information: For Gibbs
states “with + boundary conditions”, the infinite volume limits of many correlation func-

tions exist.
Let us recall the notion of infinite volume limit. Let (fpA)s-cz« be a sequence of real or

complex numbers, indexed by finite subsets of Z¢. We say that 1, — tas A 7 Z¢ if

lim 75, = ¢ 42.1)

n—oo

along every sequence (A,,) of increasing finite subsets that tends to Z¢. That is, the sequence
satisfies A,+1 D A, and, for any finite A CC Z¢, there exists n4 such that A,, > A for all

n=ny.

We assume the interaction is finite-range: There exists R such that J,l;x = 0 whenever
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diam A > R. Let Ay denote the enlarged domain
Ag = {x € 2% : dist(x, A) < R}. 4.2.2)

Let drA = Agr \ A be the exterior boundary of A. We consider the Hamiltonian HZR with

field on the exterior boundary:

HL == > (A [si+A]]s)-n D) sk 4.2.3)
ACAR Xx€A x€A x€drA

Temperature does not play a role in this section so we set 8 = 1. The relevant (finite volume)

Gibbs state is the linear functional that, to any operator a on Hjy, assigns the value

Tra e_HXR
(@ = lim ————

lim — (4.2.4)
Tre A&

Traces are taken in Hy, (and a on H, is identified with a ® llg,A on Hy,). We comment
below on the relevance of this definition for Gibbs states. But first, we observe that the limit
11 — 00 exists.

Proposition 4.2.1. For all operators a on Hy, the limit in (4.2.4) exists and is equal to

_g®
(+) Trae Hy

(ay,
+)
Tr e Fx

where traces are taken in Hy and

HY ==Y ([ [si+a[[s2)- D) 2Ny [ s

ACA XEA X€EA ACAR XeEANA
ANIRA+0

Proof. We can add a convenient constant to the Hamiltonian without changing the corre-

sponding Gibbs state, so we consider

Traexp{ MAIRERAIERE DR %)}. 4.2.5)

ACAR X€A X€A XEORA
‘We have
. 11
lim "2 = p}, (4.2.6)
T]—)OO

where P is the projector onto the eigenstates of S| with eigenvalue % Writing P =
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[Tea P, we have

P:’;RA(H S)lc)P:;RA = 2_lAmaRAl( l_l S)lc)ngA’

XxeA X€ANA
4.2.7)
Poa([]82)Psa =0  ifANdRA 0.
X€A
Then, since the Trotter expansion converges uniformly in 77, we have
i 1 1, 2 2 11
]}LngoTraexp{ Z (‘]A l_[Sx +Jy l_lsx) +7 Z Sy— j)}
ACAg  xeA xeA xedRA
n
= hnlhanYaK14—% z:(JiI_ISi-Fjil_lsﬁ»e%UZm@AG}—ﬁ]
e ACAg X€A X€A (4.2.8)
— 1 1 77(H)n
= }I}I_)I’EIOTI'LZ[I - ;lHA ]
=Tra efHﬁ\ﬂ .
o

The challenge is to prove that (a)xr) converges as A/ Z4, for any operator a on H,, with
A’ cc Z% (again, a on Hy is identified with @ ® lla\- on H,x with A D A’). We can use
the correlation inequalities to establish the existence of the infinite volume limit for certain
operators a.

Theorem 4.2.2. For every finite A cC Z¢ and every i € {1,2}, {([Tyea S& Xr) converges as
A /74

Proof. If A c A’, let us define the Hamiltonian

HZ,Ak=—Z(J}\I—[Si+J§HS§)—U > s 4.2.9)

ACA Xx€A X€EA XEAR\A

Adapting the proof of Proposition 4.2.1, we can check that we have, for all operators on

Ha,

—_H"
. Trae ™%
(@ = lim — (4.2.10)
— 00 - ,
T Tre M
where traces are taken in H, Ay, Corollary 4.1.2 implies that
_HU ’ _H”r
Tr(nxeA S)lc)e M > Tr(nxeAS)lc)e "k . 42.11)
-H! , - -H", ’ -
Tre ™% Tre *r

the opposite inequality holds when [ S ! is replaced by [T S2. Thus ([Te4 S i)i:r) is mono-
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tone decreasing for i = 1, and monotone increasing for i = 2. It is also bounded, so it

converges. O

Finally, let us comment on the relevance of this Gibbs state with + boundary conditions.
Consider the case of the isotropic XY model, where J} = J3 for all A cc Z¢. At low
temperatures, the infinite volume state (-)*) = lim, /Zd<‘>5:—) is expected to be extremal and
to describe a system with spontaneous magnetisation in the direction 1 of the spins. One
can apply rotations in the 1-2 plane to get all other (translation-invariant) extremal Gibbs
states. Much work remains to be done to make this rigorous, but Theorem 4.2.2 seems to

be a useful step.

4.3 ThecaseS = 3

We can define the spin operators as S’ = 1o, where the o”'s are the Pauli matrices

-2
L (o1 , (1o
o = , o= . (4.3.1)
10 0 -1

It is convenient to work with the Hamiltonian with interactions in the 1-3 spin directions,

Hy== Y (] [si+ ] [53) 4.3.2)

ACA x€A X€EA

namely

Following Ginibre [48], we introduce the product space H ® H,. Given an operator a on

Ha, we consider the operators a,. and a_ on the product space, defined by
ar=a®l+1®a. (4.3.3)

The Gibbs state in the product space is

—Ha+

)= e 4.34)

1
- Tr-
Z(A)?
where Hp + = Hy @ 1+ 1® Hp. Without loss of generality, we set 5 = 1 in this section. We

also need the Schwinger functions in the product space, namely

Tr - e=SHar . o~(-9Hn: (43.5)

i Ps = m
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Lemma 4.3.1. For all observables a,b on Hy, we have

(aby — (a)(b) = 54a-b_),
(a;b)s = (a)(by = 3¢a—;b-Ys.

Proof. 1t is enough to prove the second line. The right side is equal to

1 - —_— —
Ca_;b_)s = m[T{' (a®1)e SHp + be e (1-$)Ha +
+Tr(1@a)e ™ (l@b)e =M (436)
~Tr(1®a)e*Hrs (b 1)e 1"9HA
—Tr (a ® Il) e—SHA,+ (]1 ® b) e—(l—s)HA’+ ]
The first two lines of the right side give 2(a; b); and the last two lines give 2{(a){b). O

Next, a simple lemma with a useful formula.

Lemma 4.3.2. For all operators a,b on Hx, we have

(ab)i = %a+bi + %a_b¢.

The proof is straightforward algebra. Notice that both terms of the right side have positive
factors. Now comes the key observation that leads to positive (and negative) correlations.
Lemma 4.3.3. There exists an orthonormal basis on C* ® C? such that S Jlr st's 3, -s3

have nonnegative matrix elements.

As a consequence, there exists an orthonormal basis of H ® H, such that S )16 S }C,_, S )3; .

and —S3 _ have nonnegative matrix elements.

Proof of Lemma 4.3.3. For €1,&, = +, let |e1, &) denote the eigenvectors of S3® 1 and
1®S3 with respective eigenvalues %81 and %82. It is well-known that S' @ 1 |1, &) =
%I — £1,&2) and similarly for 1 ® S 1. The convenient basis in C? ® C? consists of the

following four elements:

1 1
p+r=—=(++)+]--)), g+ = ==+ +1+-)),

\? \? 4.3.7)
P—ZW(|++>—|——>), Q—ZW(|—+>—|+—>)-
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Direct calculations show that

(p+.Stqs) = (g+,Sipo) =1,
(p-,Slq)=(q-,Sp) =1,

3 3 4.3.8)
P+, Sip-)=(-,Sipy) =1,
(q+.5%q-) = (q-.87q.) = -1,
All other matrix elements are zero. O

Proof of Theorem 4.1.1 for S = % We use Lemma 4.3.1 in order to get

75T, - T Ts0 = {000, e

X€EA X€B X€EA XEB X€EA XEB

In order to make visible the sign of the right side, we expand the exponentials in Taylor

series, so as to get a positive linear combination of terms of the form

Tr m@m(n S i)_(—HA,+)k(l_[ 1) (—Has) (4.3.10)

x€eA XeB
with k, £ € N. Expanding (—H_1)* and (—H )¢, we get a positive linear combination of

k

(R O | X I AT

xeA i=1 xeA; x€B j=1 xeA;.

with g;, sf/ € {1, 3}. Further, all products (]S i)x can be expanded using Lemma 4.3.2 in
polynomials of S ., still with positive coefficients. Finally, observe that the total number
of operators S ;35,—’ x € A, is always even; then each S3’_ can be replaced by —S 3’_. We
now have the trace of a polynomial, with positive coeflicients, of matrices with nonnegative

elements (by Lemma 4.3.3). This is positive.

The second inequality (with § 3 instead of S?) is similar. The only difference is that (][] S )3)—

gives a polynomial where the number of S 3,_ is odd. Hence the negative sign. O

4.4 ThecaseS =1

This section is much more involved, and our result is sadly restricted to the ground state.
Our strategy is inspired by the work of Nachtergaele on graphical representations of the

Heisenberg model with large spins [81]. We consider a system where each site hosts a
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pair of spin % particles. The inequalities of Theorem 4.1.1 apply. By projecting onto the
triplet subspaces, one gets a correspondence with the original spin 1 system. We prove
that all ground states of the new model lie in the triplet subspace, so the inequality can be

transferred. These steps are detailed in the rest of the section.

It is perhaps worth noticing that the tensor products in this section play a different role than

those in Section 4.3.

4.4.1 The new model
We introduce the new lattice A = A x {1,2}. The new Hilbert space is
Hp = @ en(C? 0 CH =@, ;C 4.4.1)
Let R’ be the following operator on C? ® C2:
R=1ic"®l+1®d). (4.4.2)

Here, o are the Pauli matrices in C? as before. We denote R, = R'®1l5\(y the corresponding
operator at site x € A. As before, we choose the interactions to be in the 1-3 spin directions;

the Hamiltonian on H, is

A== (] [Ri+ 4] | &) (4.43)

ACA x€eA X€EA

The coupling constants Ji‘ are the same as those of the original model on H,. The expected

value of an observable « in the Gibbs state with Hamiltonian Hy is

1 N
{a)” = Z(A)Trae_ﬁHA, (4.4.4)

where the normalisation Z(A) is the partition function
Z(A) = Tr e PHn | (4.45)

We similarly define Schwinger functions (-; -); for s € [0, 1].

It is useful to rewrite A, as the Hamiltonian of spin % particles on the extended lattice A.

Given a subset X ¢ A, we denote suppX its natural projection onto A, i.e.

suppX ={xe A:(x,1) € Xor(x,2) € X}. (4.4.6)
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We also denote D(A) the family of subsets of A where each site of A appears at most once.

Notice that |D(A)| = 3, Finally, let us introduce the coupling constants

By 21Xl i if X € D(A),
Tt = suppX ) (44.7)
0 otherwise.

From these definitions, we can write A, using Pauli operators as

Ay =- Z(]}HG}C+J}3{HO§). (4.4.8)

XcA xeX xeX

4.4.2 Correspondence with the spin 1 model

The Hilbert space at a given site, C> ® C?, is the orthogonal sum of the triplet subspace

(that is, the symmetric subspace, which is of dimension 3) and of the singlet subspace (of

dimension 1). Let P"Pt denote the projector onto the triplet subspace, and let Piiplet =
®rea PP We define a new Gibbs state, namely
1 wiplet g/
(@) = Z'(N) Tr aP/ilp S, (4.4.9)

with partition function Z’(A) = Tr Piiplet ePAA _ In order to state the correspondence be-
tween the models with different spins, let V : C3 — C? ® C? denote an isometry such
that

V*V = ]lc3,

S (4.4.10)

One can check that S = V*R'V, i = 1,2, 3, give spin operators in C3. Let VA = ®,ea V. For
all observables on a € Hy, we have the identity

(ay =(VaaVy)'. (4.4.11)

4.4.3 All ground states lie in the triplet subspace

Let Oa 4 be the projector onto triplets on A, and singlet on A \ A:

Onn = (®:caP™) ® (@1epra(l — PUPY)). (4.4.12)
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One can check that [Ri, Oaal=0foralli=1,2,3,all x € A, and all A C A. Further, since
the operators R’ give zero when applied on singlets, we have

Oaa Ha = —0nn Z(Jll; l_[ R, +J; 1_[ Ri) (4.4.13)

BcA XeB xeB

Lemma 4.4.1. The ground state energy of Ha is a strictly decreasing function of J',, for all
i=1,3andall A C A.

It follows from this lemma and Eq. (4.4.13) that all ground states lie in the subspace of
OAn = Pxiplet. To see this, note that Oa 4 has the effect of setting J}g =0 for B¢ A. Then
if A" DA, QA,A/FIA has larger coupling constants for those B such that B ¢ A but B ¢ A’
(other coupling constants are unaffected). Hence having more sites in the triplet subspace

leads to strictly lower energy.

Proof of Lemma 4.4.1. We actually prove the result for the hamiltonian (4.4.8) and the cou-
plings Ji,, which implies the lemma. With Eg(a) denoting the ground state energy of the
operator a, we show that

EO(FIA S 1_[ 0')16) < Eo(Hy), (4.4.14)

xeY

for any £ > 0, and any ¥ C A. Let ¢ denote the ground state of Hy. It is also eigenstate of
e~r with the largest eigenvalue. Using the Trotter product formula, we have

i ) 1 - 1 73 31"
e r = lim [(1 + = Z Jx l_[ o) en Zxea Sy Thex o | (4.4.15)
e n XCcA xeX

which, in the basis where the Pauli matrices are given by (4.3.1), is a product of matrices
with nonnegative elements. By a Perron-Frobenius argument, ¢y can be chosen as a linear

combination of the basis vectors with nonnegative coefficients. Then

E()(I:IA —-& l_l O')lc) < (1,00, ([:IA —-& l_l G')IC)I/I()) = E()(I:IA) - 8(1//0, (l_l O')IC)I/I()) (4.4.16)

xeY xeY xeY

If (o, ([Txey Do) # 0, then it is positive and the conclusion follows. Otherwise, let Hp =
Ha—cll with ¢ large enough so that all eigenvalues of H)y are negative. If (o, (1 ey 0')1()(,//0) =

0, using ([T,ey o1)* = 411, we have

(o, (An -] | a-)‘c)zwo) = Eo(Hp)* + (4 Mgy, (44.17)

xeY

This implies that Eo(Hp - €] 0')15) < Eo(Hy), hence the strict inequality (4.4.14).
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One can replace o} with o3 and prove Inequality (4.4.14) in the same fashion; indeed, one

can choose a basis where o is like 0! in (4.3.1), and o' is like —o=. O

4.4.4 Proof of Theorem 4.1.3

We can assume that for any x € A, there exist i € {1,3} and A > x such that J,l;x >0—
the extension to the general case is straightforward. Since all ground states lie in the triplet
subspace, we have for all subsets A, B C A and for all s € [0, 1],

: 1. 1\ _ »-lA-IB : 1. 1\~
Jim([Tsu[ s, =2 > 3 jim([ ok [ o),
X€A xeB XeD(A) YeD(A) xeX xeY

suppX=A suppY=B

> 2Bl Z Z B{I&(H o) <l_[ o) (4.4.18)

XeD(A) YeD(A) xeX xeY
suppX=A suppY=B

= fim (] [s3) (] ]2

X€A xeB

We used Theorem 4.1.1. We have obtained the first inequality of Theorem 4.1.3. The
second inequality follows in the same way.
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Chapter 5

Long-range order for the spin-1
Heisenberg model with a small

antiferromagnetic interaction

This chapter is based on the paper [69]. We look at the general SU(2) invariant spin-1
Heisenberg model and prove nematic order occurs for some values of the model parame-
ters. As we have seen, this family includes the well known Heisenberg ferromagnet and
antiferromagnet as well as the interesting nematic (biquadratic) and the largely mysterious
staggered-nematic interaction. We use of a type of matrix representation of the interaction
making clear several identities that would not otherwise be noticed. This representation can
be seen as an adaptation of (2.1.14) to the quantum case. Inspiration is taken from the proof
for the classical case [3]. We use the method of reflection positivity in order to obtain an
infrared bound, that is, a bound on the Fourier transform of the correlation in question. One
can then easily show that the correlation function does not decay if the infrared bound is
sufficiently strong. The infrared bound proven in [35] allows to show a phase transition for
the antiferromagnet. It is straightforward to extend this result to a model with an antiferro-
magnetic interaction accompanied by a small nematic (biquadratic) interaction. However
when the nematic interaction is too large the result will no longer apply. This chapter fol-
lows the approach of [35], starting with the nematic model, obtaining a lower bound that
involves some other correlation functions. This bound can be shown to be positive for
low temperatures by relating these correlations to probabilities in the random loop model
introduced in [2] and presented in Chapter 6. It is then easy to show (due to reflection posi-
tivity of the antiferromagnetic interaction) that adding an antiferromagnetic interaction will

maintain the positivity of the lower bound, providing the interaction is small enough.
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5.1 The spin-1 SU(2)-invariant model

Denote by S!,52 and S3 the spin-1 matrices. Denote S = (S',52,53). Consider a pair
(AL, &) of alattice Ay c Z¢ and a set of edges & between points in Az. Here we will take
L L4
AL = {—— + 1,..., —} ,
2

5.1.1
2 G.1.1)

for integer L. For the set of edges & we take nearest-neighbour with periodic boundary
conditions. Recall the operators S’ for i = 1,2,3 with S ® Id,\(»j- The Hamiltonian of
interest is the general Spin-1 SU(2)-invariant Hamiltonian with a two-body interaction, it is

known that this can be written as

U= 2 3 (5(8008,) + 2(808)). (5.12)
{x.yle&

The phase diagram for this model is only partially understood. If J, = 0 and J; < 0 we
have the Heisenberg antiferromagnet that is known to undergo a phase transition at low
temperatures [35]. As the interaction when J> > 0 is reflection positive it is also possible
to extend this result to J, > 0 when the ratio J;/J is sufficiently small. The line J; = 0
has been shown to exhibit Néel order for low temperatures when J, > 0 [111], for J, < 0
there are few rigorous results, it would be a challenging task to obtain results. The line
Jr = J1/3 < 0is the AKLT model [1].

The main result of this chapter is to show that there is a phase transition in this model for
Jo > 0and J; < 0 with |J;] sufficiently small compared to |J;|, the statement will be made

precise below.

First we define the partition function and Gibbs states of our model as

J1,J
Ji.J2 _ —BH,! 2
Zya, =Tre e, (5.1.3)
1 _pl12
A2 _ . PH,
CVpaL = 712 Tr-e™ (5.1.4)

BAL

where 8 > 0 is the inverse temperature. The quantity of interest is then the correlation

2 2\
p<x>=<(<sg>2—§)((8i)2—§)> . (5.15)

BAL

This correlation is specifically of interest for spin-1, in general spin-S % will be replaced

with %S (S + 1). The result is then given by the following theorem.
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Antiferromagnetic

Heisenberg antiferromagnet

Ji

Staggered
Ne%l%aﬁc

Figure 5.1: The phase diagram for the general SU(2) invariant spin-1 model. Some regions have rigorous
proofs that the expected order is indeed correct. The line J; < 0, J, = 0 is the Heisenberg antiferromagnet
where antiferromagnetic order has been proven [35], this region extends slightly into the dark yellow region.
Increasing the size of this dark yellow region will be the focus of Section 6.2.6 The dark green region has
nematic order at low temperatures [111], with Néel order on the line J, > 0, J; = 0, the adjacent dark yellow
region also has long range order, however only the nematic correlation function has been shown not to decay,
antiferromagnetic order is expected here but is not yet proved.

Theorem 5.1.1. Let S =1, J, > 0, L be even and d > 5. Then there exists J? <0, Bo and
C = C(B,J1) > 0 such that if J9 < J; <0 and B > By then

for all L large enough.

The proof of the result will be in two steps, first the result will be proved for J; = 0, this
will be the content of the next section. Second it will be shown how the result for J; = 0
extends to sufficiently small J; < 0, this should come as no surprise as the interaction is

reflection positive for J; < 0 hence adding a small interaction in this direction should not
alter the result too much.

49



5.2 The model J, >0,J;, =0

We will now consider the so-called quantum nematic model J, > 0, J; = 0, the aim is to
prove long-range order for this model using a similar approach to the proofs in [35, 41, 42,
43]. To do this we will use a representation that is an analogue of the matrix representation
used in [3]. Care must be taken as now we are working with matrices rather than vectors and

so commutativity becomes an issue. We introduce an external field, h, to the Hamiltonian

1
Hyly==2 > (880" ) ((S,i)2 - 356+ 1)]1). (52.1)

{x,y}e& XEAL
Here 1 is the identity matrix. Equilibrium states are given by

1 70!
<A>2:/1\L,h = 01 Tr Ae P, (5.2.2)

B.ALh

Note that the J, has been absorbed into the parameter 8. Using the direct analogue of [3]
will not work here, the reason is that reflection positivity will fail as §2 = —S2. We will
instead use a matrix representation of a Hamiltonian that is unitarily equivalent to (5.2.1).

From now on we will work with the following Hamiltonian
1
HY W==2 ) ($1S) - 8287 +83837 = > ((Si)2 - 355+ 1)11), (5.23)
{x,y}e& XeAL

and partition function
_ U
Z/K\JL,,B,h = Tre Pan, (5.2.4)

Similarly to before, equilibrium states are given by

1
MY = ——TrAe s, (52.5)
AL S.h

As Ay has a bipartite structure, A; = A,UA, where A,, A, are the even and odd sublattices,

. 2 Q2
respectively. We define U = []ea, e we have

-1 U _ 0,1
UT'HY WU =H, . (5.2.6)
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Note that this leaves p(x) unchanged. Before the theorem we introduce integrals,

ek +m)
(2”)" f[ rld \/I[ OSk] dk, (5:2.7)

(5.2.8)

(27T) [—m,m]d 8(k)
where
d
&(k) =2 (1 = cosky). (5.2.9)
i=1
We have I; < oo for d > 3 and it can be shown that /; — 0 as d — oo [58]. We have the
following result:

Theorem 5.2.1. Let S = 1. Assume h = 0 and L is even with d > 3. Then we have the
bound

hmmfm Z p(x) > hmlnf(p(el) I \/<s S*Selsgl)A 50 " EJd] (5.2.10)
XEAL

If this lower bound is strictly positive it implies a phase transition, note that the lower bound
is valid in any dimension d > 3, in d < 2 J; is not finite, hence no phase transition. This
is consistent with the well known Mermin-Wagner theorem [78]. Using the loop model
introduced in [2] and extended in [111] we can relate the expectations in the lower bound

to the probability of the event Ey ,, that two nearest neighbours are in the same loop as

1
=P[Eo]. (5.2.11)

2
pler) = §P [EO,el]’ <S(1)S(3)S S€1>A ﬁh 3

So we can write the lower bound as /P [Eo,el]‘(% VP[Eo. ] - %) - ﬁ,]d. This means a
sufficiently large lower bound on P [Ey ., | will allow to show the lower bound is positive in
high enough dimension for 8 large. Note that the dependence on 3 is hidden in P, we shall
see the dependence in Chapter 6.

Proposition 5.2.2. Ford > 1, S = 1 and L even. In the limit § — oo we have the lower
bound

P[Eoe, ] = (5.2.12)

Ulll\-)

Putting this bound into the theorem and computing /; for various d shows that there is a
positive lower bound (and hence phase transition) for d > 5 if g is large enough ((5.2.12)

will be weaker for 8 < oo but we will have a lower bound % —o0(B)).
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Proof. For any state i/ € ®,cx, C> we have that in the ground state
. 0,1,0,1 0,1
/311_>r£1<,<HAL >AL»ﬂ <y, HAL,ow' (5.2.13)
We pick the Néel state, ¥y¢.i, as a trial state

Yneel = xen,l(=1)"). (5.2.14)

We have used Dirac notation here where S3|a) = ala). For the left of (5.2.13) we recall
that for x and y nearest neighbours (S, - Sy)2 has three terms of the form (S ﬁc)2(S ;)2, hav-
ing expectation %]P [Eoe | + g independent of i, three terms of the form S'.S iS ;S ; having
expectation %IP [Eo., | independent of i and j (this is due to the equivalent roles of i and j
coupled with (S.S ,J;)T =+ {;S i where the sign depends on the value of i or j) and finally
three terms of the form S f;S §S ; having zero expectation. This gives

2 [EO,el] +4

4 5P
1 §P [Eoe, | + 3 P[Eo. ]| = —2d|AL|f. (5.2.15)

- 0,1\01 _ _
}L‘EO<HAL>AL,ﬁ‘ 2

{xyleAL [

For the right side of (5.2.13) it can be checked that, for § = 1, (S, - Sy)2 = Py, + 1 where

%ny is the projector onto the spin singlet. Hence
(1L =118y - S, =1) = (1, =1|Pyy + 1]1,=1) = 2, (5:2.16)

from this we see that the right side of (5.2.13) is —4d|Ay|. Inserting each of these values

into (5.2.13) and rearranging gives the claim of the proposition. O

Note that if one could find a state with lower energy than the Néel state this lower bound
could be improved and hence potentially the theorem strengthened to show phase transitions
in lower dimensions. However the problem of finding lower energy states does not appear

an €asy one.

The rest of the section will be dedicated to the proof of Theorem 5.2.1. We will proceed
with calculations for general spin until it becomes necessary to restrict to the case S = 1.

Fortunately for this Hamiltonian we can find a matrix representation. Define Q as

SH2-1sE +1) slis? sls3
Oy = slis?2 (SH?-1S(S + 1) is283 . (5.2.17)
sls3 is283 ($3H2-1s(s+1)

We introduce the operation 7R, which is the sum of diagonal entries of matrices of the
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form of Q,, however this ‘trace’ will return an operator, not a number, so we distinguish it
from the normal trace. As an example we see that 7 R(Q,) = 0, the zero matrix. We have
the relation (note that below we do not mean ‘normal’ matrix multiplication, we only write

0.0, for convenience as explained in the remark).
1
TRQxQy) = (S1S) — 385 + 838 - §SZ(S + 1)°1. (5.2.18)

Remark 5.2.3. We must be careful here, as we are working with a matrix of matrices, as
to what we mean by multiplication. The representation (5.2.17) is not at all essential to the
proof, the advantage of using it is that once (5.2.18) has been verified other relations can
be stated much more concisely and clearly and easily checked, these relations are not at all

obvious or easy to come up with without using (5.2.18).

By the product Q,Qy we follow the ‘normal’ matrix multiplication with the added stipula-
tion that for the i diagonal entry of 0.0, the operator St will appear first. For example in
entry {1, 1} of Q.Qy there is the term S;iSiS;iSi, in the entry {2,2} this term will become
iS2851is §S ; this ensures that we have each of the cross terms in the right-hand side of
(5.2.18). For off-diagonal entries we are not concerned as we are always taking a ‘trace’.

In the case x # y less care is needed as components of Sx and Sy commute (in fact
TRQOQy = TROyQx, hence we must only take care that the product order of components

of spin at the same site is maintained).

We also have that 7RQ? = C3 — %SZ(S +1)> actingon H,. In S = 1

2 0 2
cl=10 0 o (5.2.19)
2 0 2
X
Using this we can represent our interaction as
1
(SLS) —S282 +8383)2 = 3 (5 +C5 -TR[(Q: - 0)]). (5.2.20)

We introduce the field v on Ay with value v, € R at the site x € A;. We denote by v the
field of 3 x 3 matrices on Ay, such that each v, has one non-zero entry, the entry {3, 3} being
v, € R. We define

HV = Y (TR[(Q- 0] -C-Cf) = D aw, ((Sif - %S(S + 1)), (5:2.21)

{X,y}ea XEAL
Z(v) = Tre PHM, (5.2.22)
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Note that from (5.2.20) H(v) = HXL A Here we have used the lattice Laplacian and below

we use the inner product (f,g) = Xiea, fx8x With the identity (f,—Ag) = Xyes(fx —
f)(gx — &y)- Then we can calculate as follows:

Hoy= Y {TR |00+ % - 0, - 27| - TR[(Q. - 2. - v

{x.y}e&

1
—C3 = O =) (57 = (590) = g = vy)z} (52.23)

= {fm [(Qx + VE — Q- %)2] —cS - c§} - %(v, —AV).

{x.yle&

We must check carefully when dealing with the cross terms (Qy — Qy)(Vx — vy) and (v, —

vy)(Qy — QOy), they are not equal but 7R(Q,x — O))(Vx — Vy) = TR(Vy — V,)(Qx — Oy), sO
the calculation is correct. From this it makes sense to define the following Hamiltonian and

partition function:

1
H®W)=H®W)+ Z(v, —Av), (5.2.24)

Z'(v) = Tre P, (5.2.25)
Now the property of Guassian Domination is
Z(v) < Z(0)e5" ™ = 7'(v) < Z/(0), (52.26)

as in the classical case it follows from reflection positivity. The proof of the following re-
flection positivity lemma follows from Trotter’s formula. As in the classical case, reflection
positivity is a very powerful tool, for more information see [13, 14, 16, 35, 39, 41, 42, 43,
109, 111, 112].

Lemma 5.2.4. Let H = h® h, dimh < oo, fix a basis. Let A,B,C;,D; fori = 1,...,k be

matrices in h, then

k 2
Tr(Hexp{A®]l+]l®B— C; o1 - ]1®Dl~)2}
i=1
k
< Trg exp {A QL+1®A- Z(C" 1-1® C'i)z} (5.2.27)
i=1

k
xTrq{exp{B®]l+]l®B— (Di®11—]1®Di)2}

i=1

where A is the complex conjugate of A.
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Before we prove reflection positivity for our partition function we should calculate the trace

in Z’(v), recall how we have defined our multiplication.
TR|(Oc+ 2 - 0, - 22| =(5H2 - (12) + (827 - s1?)
X 2 y 2 - X y X y
\4 vy 2 . . 2
+ ((s,i)2 + 2o - ?) +(skis2 - slis?)
2 2
+(Si83-5187) + (is3s3 - is3S3)
. . 2 2 . o2
+(iS251 - iS7S)) + (SISt -578)) + (s}isT - s3is?)".
(5.2.28)

Now we have enough information to use the Lemma, let R : Ay — Ay be a reflection that
swaps A and Ay where A = A; U Ay, each such reflection defines two sub-lattices of Ay

in this way, we split the field v = (v, v2) on the sub-lattices A and A.
Lemma 5.2.5. For S € %N and any reflection, R, across edges and v = (v, V7)

Z((v1,v2))* < Z((v1, Rv)Z((Rv2, v2)).
Proof. We cast Z'(v) in RP form. Let

A=-p Y TR|Qu+ T -0,- 2p|-pa ). C5,

{x.y}e& XeA| (5.2.29)

B =same in A,

where & is the set of edges in A; and we note that the term C f occurs d times in the sum

over & for each x € A;. Further define

Cl = VB D} = \B(S})*.

C} = NB(S3)%, D} = \B(S5)*.

C} = VB((S3)* + 5, D} = VB((S3)* + 3.

Cl=\BSLisz, D} = \BS,iS7.

C? = \BSLS3, D} = \BS)S3. (5.2.30)
Co = \BiS2S3, Db = \BiS;S3.

C] = \BiSisL, D] = \BiS3S].

C¥ = \BSis!, D¥ = \BS3S).

C) = VBSiis?, D} = \BS}iS3.

Here {x;,y;} are edges crossing the reflection plane with x; € A; and y; € A;. Because
sl = S}C, §3 = Si, iS2 = iS)zc we see from the previous lemma that Z'(vi,n))?* <
Z'((v1,Rv1))Z'((Rv,, v2)), from which the result follows. O
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The Gaussian domination inequality (5.2.26) follows from this just as in the classical case,
a proof can be found in [35]. The next step in the classical case was to obtain an infrared
bound for the correlation function p(x), we cannot do this directly but we can obtain an
infrared bound for the Duhamel correlation function.

Definition 5.2.6. For matrices A, B we define the Duhamel correlation function (A, B)pu;

as
11 (*
A, Bpun = == | dsTrA*e 7O e~ B-9HO)
B Z(O)ﬁfo e ¢

Note that this is an inner product.

Now to use this correlation function we must first fix our definition of the Fourier transform

FOK = fk) =D e f(x) keA;,

XEAL
1 o (5.2.31)
f = D k) xeAL
Al keA;
where J
. 2n( L L
Al =—13—=+1,...,= 5.2.32
L L { 2 + s s 2} s ( )
Lemma 5.2.7. For S € %N and L even we have the following infrared bound
F (S - lS(s +1),(83)? - lS(s + | (< L (5.233)
o3 T3 o 2Be(k)’ -

Proof. We begin as usual by choosing v, = ncos(kx) for k € A7, then from Taylor’s

theorem and using h = Av = —g(k)v we see

1(, 8Z(v) 4
Z =Z0)+ =|h, h|+ O . 5.2.34
(v) = Z(0) 2( By ., (") (5.2.34)
Using the Duhamel formula
B
PATB) = A f dse*d BeF~)A+E) (5.2.35)
0

with A = H(0) and B = — 3cx, (Av) (3> - 18(S + 1) gives

1 8*Z(v)

Z(0) Oh,oh,

=B’ ((Si)2 “Lss e, (S3)* - Lses+ 1)) : (5.2.36)
3 3 Duh
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Putting this together we have
Z(v) - 0Gr) =

Z(0) + %Z(O)(ns(k)ﬂ)z D" cos(kx) cos(ky) ((Si)2 - %S(S +1),(83)" - %S(S + 1))

x’yeAL Duh

1 1 1
=7(0) + EZ(O),anzs(k)zT((SS)z =386+, (S3)* - 35+ 1)) Z cos?(kx).

Duh xep,
(5.2.37)
Also
¢ IBVAY) _ 1Be(kn T cos’ (k) (5.238)
comparing the order 7> terms gives the result. O

To transfer the infrared bound to the normal correlation function we would like to use the
Falk-Bruch inequality [36]:

1 ., . 1 ,
§<A A+ AA") < (A, A)pun + 3 \/(A,A)Duh<[A*, [HXL,h,A]D . (5.2.39)

If we attempt to use this inequality with A = 77((5;%)2 - %S(S + 1)) (k) and H = ,BH[L\/L’O,
we must calculate the double commutator to find {[A*, [H XL’h,A]]). In general spins this is
a huge calculation, instead we specialise to the case S = 1. In this case we can calculate
as below, it uses several special properties of the Spin-1 matrices. To make use of this

inequality we note that

U

7—'<((S§)2 - lS(S + 1)) ((Si)z - lS(S + 1))> (k)
3 3 A0
—ikx 3\2 1 352 1 v
= > e ({5 ~35E + DJ|SDP - 356 + 1)
xE/\L /\L,O
| | | U (5.2.40)
- —ik(x—y) (Si)z _ —S(S + 1)) ((S3)2 _ _S(S + 1))>
AL X;Ae <( 3 73 ALO
1 U

- 32_1 _ 32_1
=] <?((Sx) 3568 +1))( k)?'((Sy) 3568 +1))(k)>

A0

This relation holds for other correlation functions, including the Duhamel correlation func-
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tion, but for Duhamel

?((33)2 - %S(S +1),(83)?% - %S(S + 1)) (k)

Duh (5.2.41)

1

_ 32 1 32 1
=TAL] (7-' ((Sx) S + 1)) (k),?’"((Sy) 3S(S + 1)) (k)) ,

3 Duh
there is no —k because of the definition of the Duhamel correlation function and the equality
(F[$22]) (0 = F[(5D?] (b

First we prove a preliminary lemma regarding the double commutator
Lemma 5.2.8. ForS =1, A = ?((5;)2 - %) (k) and H = BH, o we have

% U
(A", [H, A, o = 8BIALls(k + 1) (S§S3S 1,83 ) Ao

where ey is the first basis vector in 7.
Proof. The proof is just a calculation, although it is somewhat complicated, we begin by

noting that in the case S = 1 the matrices (S7)? and (S/)> commute and (S)* = S? for
ii=1,2,3.

[H,A] = - 28 Z (518} - 287 + S35 (S2)]
xy{x,yle&
=-28 > ™sis3s)sI- 51528 )52 - 5281828
xy:{x,yle&

— S3SIS1S) + 8351838, — S1S3S3S ), (S?C)Z].
(5.2.42)
The square terms have dropped out as they commute with (S 3)?, as does the constant term

S(S +1)/3. Now we calculate the commutator for each term in the sum, here we make use
of the fact that S'S/S’ =0 fori # j,i,j=1,2,3forS = 1.

| =0 =0
[HAl=-28 )] e—l"X(SJCSiS;S§+[(Si)Q,Sjcsi]S;S}%[(Si)z,sisjc]sgs;

x,y{x.yle&

X2 xPyRy X xPyPy X2 xPy

=+28 )] e—ka([Sﬁsg,S§S§]+[Sisf,,sjcs;]).
x,y:{x,yle&

_ 52538283 _g3glg3gl 4 53525355)

(5.2.43)

Now calculating the commutator of these products and using the spin commutation relations
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we obtain

[H,Al=2pi > ™ (S2835) + 838187+ 518357 +525)57). (5.2.44)

yix,yle&
xy{xy) 5.8,
Now we can use this to calculate the double commutator, firstly we split the commutator

into the sum of two similar terms

(A% (H, A =280 Y e [R5+ M(5)%, £(S1. Sy

xy:{xyleé

=261 ). [(SIF(86 )| + cosk(x = y)[(S) £(S1. 8]

x,y{x,yle&

(5.2.45)

We can calculate each of these commutators separately, the first double commutator can be

calculated as follows

|52 £(S.8))| =[(53)%. 82835 | + 835157 + 515782 + 8255}
= - S183S, +iSS3S)S5 +iS3S3S5S; (5.2.46)
+ 838,87 — iS8558} —iS 183885,

We recognise the commutator relations above to finally give

(532 £(8:.8))| = iS 253283 +iS 3528387 —isIS1S3S | —iS1sis )83, (5247)

For the other commutator we follow the previous calculation almost exactly and in fact we

find the two commutators are equal

[(S D% f(Sx, Sy)] = [(S 32, f(S, Sy)] . (5.2.48)

To finish the calculation we take expectations

(A% [HAIDY o =
d
2¢3¢2¢3 3¢2¢3¢2 3¢lg3 ¢l l1o3cl o3\U
—4BIALL D (1+ cos(ki) (SGS3S2S 3 + 3838382 — S38483 L, ~ SoSoSeiSe,)ALo
i=1
l (5.2.49)
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now use the identities (S3S2)” = —$253 and (S35 "7 = §'S3 and get

(A% [H.AIDY 4 = 8ﬁ|AL|ZI:(1+cos(k))< 080828 —8380Sis ) ALO

—3,3IALIZ(1+cos(k))<252535 K > (5.2.50)

BALO "
i=1

:8,8|AL|8(k+7T)< oS Se1S61>ﬁA 0’

On the second line we have used that US2 S3 = —52 S 3 .U to move from states ( >Il{ 0

. 0,]2 0-12
to states ( >ﬁ,AL0 I

has the same expectation value. Now simply note that the above correlation is the same in

AU in (02
{ >AL,0 and in ( >ﬂ,AL,0' O

and on the third line we have used that each cross term (S’ S WSt S

Using this in Falk-Bruch we have the bound

. laicl o3 \02  [etk+m) 1
pk) < \/<SOSOSQS€1>B’AL’0 =0 + Bl (5.2.51)

The possibility of obtaining a result is not ruled out for other values of S, I expect it to be the

case for other values of §, but computing the double commutator in Falk-Bruch becomes

extremely complicated.

Now using the Fourier transform in the following way:

2 2\\*” oy ~
<((SS)2— g)((SS)Z— §)> = Al AL| 2P+ AI Z Py (5252)

A0 xeAp keA;\{0

with y = e; we get the lower bound

(sis3sls3 )" J
BALO ek+m |1 1
D, P = plen)- > (- > cos k,-] e
|A | xeAL ALl keAT\{0} gk) \d 4 . 2B(k)
(5.2.53)
This proves Theorem 5.2.1. O
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5.3 Extendingto J; <0

The aim of this section is to extend the proof of Theorem 5.2.1 to a proof of Theorem 5.1.1.
The proof of long-range order for J; < 0 is a straightforward extension of the previous

results. Like before we will work with a Hamiltonian that is Unitarily equivalent to H?'~/2

AL0°
we also introduce an external field h as before. Recall the unitary operator U = [] A, e 3,
let |
77 Ji,Jo g 7—
HY = UH QU™ - Z hy ((Si)2 - 356+ 1)). (5.3.1)

XEAL

The effect of the unitary operator here is to replace S . and S3 in HI{IL{.Z with =S ! and -5 3

respectively. By using the representation (5.2.17) we can write ﬁf\]L 0 a8

A== > [n(st-sP-s2-52P +(52-5?)

PRI (53.2)
= R(TRIQ = Q7)) + Ca, (1. )|

Then as to before we introduce the field v and associated 3 X 3 field of matrices v. Define

Hyy=- % [Jl((S; —S)P - (SI1-85)P+(S3-53)) (533)
{xyle€

: 1
—~ JZ(TR[(QX + VE -0y - %)2]) + CAL(Jl,Jz)] - Z(V’ —Av),

Z(v) =TrePHO) (5.3.4)
and
_ _ 1
H ) =H{y) + Z(v, —Av), (5.3.5)
Z'(v) =Tre PH ), (5.3.6)

From this reflection positivity follows just as in Lemma 5.2.5, with the obvious changes to

A and B and the extra terms

C/0=~-Ji'SL, D! = \-J'S},
cl = VIS, D' = V=JyiS2, (53.7)
Cl* = N-Ji'S3, D!* = \-J;'S;,

61



(recall that J; < 0). From this we obtain the Gaussian domination inequality
Zv) < Z(0)e1 M — Z'(v) < Z/(0), (53.8)

just as before. We also obtain the same infrared bound as in Lemma 5.2.7, with an identical

proof

Fl(SH? - %S(S +1),(83? - %S(S +1) (5.3.9)

k _—
o= 3eti

Again the results up to here work for general S € %N, at this point we must specialise to S =
1 to be able to calculate the quantities in the double commutator of the Falk-Bruch inequal-
ity. From this we can see that by using Falk-Bruch inequality with A = 7 ((S 32— %) (k)
and H = BH /[\]L,O the linearity of the double commutator means that there will be an extra
term in the analogous result to Lemma 5.2.8 equal to (J1[A*, [=2 X, yjes(Sx - Sy), A]). This
will result in the IRB analogous to (5.2.51) potentially being larger, weakening the result.
If | /1] is small enough this weakening will not be too severe so as to make the lower bound
analogous to the bound in Theorem 5.2.1 negative in cases where we know the original
lower bound was positive. This ensures that we have a positive lower bound C = C(B, Ji)
in Theorem 5.1.1 when § and |/;| are small enough. It is worth noting that for the same
reason as just described, extending the result of Dyson, Lieb and Simon [35] to J, > 0 also
requires that |J;| is small. This means the two results will not overlap, leaving part of the

quadrant J; < 0 < J, still open to investigation in Chapter 6.
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Chapter 6

Probabilistic representations of

quantum spin systems

In this chapter we consider random loop representations of various quantum spin sys-
tems. We begin by introducing the Aizenman-Nachtergaele-T6th-Ueltschi model and men-
tion some results obtained using the model. We then introduce the ‘multi-line’ model of
Nachtergaele and prove its relation to quantum spin systems. Using this relation it is shown
that for dimensions 3 and above Néel order occurs for a large range of values of the relative
strength of the bilinear (—J) and biquadratic (—J>) interaction terms of a general two-body
SU(2) invariant spin-1 interaction. We also prove results related to nematic order. The
proofs use the method of reflection positivity and infrared bounds. Links between spin
correlations and loop correlations are also proved. We look at the general SU(2) invariant

spin-1 Heisenberg model with a two-body interaction

H ==Y (]1 (Sx-Sy)+ 72 (S - Sy)z). 6.0.1)
{xyje&

Here we will have x € A ¢ Z¢ and & the set of nearest neighbour edges. The operators
S = (S, 52,53) are the spin-1 matrices, see Section 6.2.4 for details of the model. The
work in [111] shows that in the region 0 < J; < %Jz the system exhibits nematic order in
the thermodynamic limit if the temperature is low enough and the dimension is high enough.
Nematic order was also shown independently using different methods in [106]. It is also
shown that if A is bipartite there will be Néel order for J; = 0 < J, at low temperature. This
corresponds to the occurrence of infinite loops in the related loop model. Alternatively in
d < 2 infinite loops should not occur, it is proved in [40] that this is the case for J, = 0, the

extension to J, > 0 should be straightforward.
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6.1 The Aizenman-Nachtergaele, Toth, Ueltschi representation

In this section we discuss Ueltschi’s extension [113] of the probabilistic representation in-
troduced in the work of Aizenman and Nachtergaele [2] and T6th [107]. Both these works
considered the spin-% Heisenberg model. It was shown in [113] that the representations
can be combined and extended to cover the spin—% XY model and higher spin models. The
equivalence of the loop and spin models will be proved and several results concerning long-

range order will be stated. We begin by introducing the loop model.

6.1.1 The Loop Model

We work on a finite graph (A, &) with A the set of vertices and & the set of edges. For
B > 0 we attach to each edge {x,y} € & an interval [0,5]. We further define a Poisson
point process on each edge {x, y} X [0, 8] consisting of two types of events. The events are
crosses, with intensity u and double bars, with intensity 1 — u, for u € [0, 1]. Let p denote
the process of an independent Poisson process on each edge {x, y} X [0, 5] with the above
intensities. To a realisation w of this process we can associate a set of loops, L(w) (£
maps from realisations of the process to positive integers). These loops are best understood
pictorially, see Fig. 6.1. We define them mathematically as follows. A loop of length / is a

closed trajectory 7y : [0, Bl]per — A X [0, 8] per following certain rules:
e vy is piecewise differentiable with derivative 1 at points of differentiability.
e vy isinjective at its points of differentiability.
e If s is a point of non-differentiability then {y(s—), y(s+)} € €& X {x, y}.

Loops that are the same up to reparameterisation are identified. The events are incorporated
into the loops as the points of non-differentiability. Starting at a point (x, 1) € A X [0, 8] per
we move upwards until an event is reached. If the event is a cross we cross it to the other
associated edge and continue moving upwards, if the event is a double bar we cross it
to the associated edge and reverse direction. See, for example, [50, 65, 111] for further
information on the state space, Q4 g, for loop ensembles. The partition function, Y, ;“)(A, B)
is given by

YO(AB) = f p(dw)f £, 610
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Figure 6.1: Example of realisations of p from [113] with loops coloured.

LA
=

where the integral is over Q4 g (we will omit the region of integration from integrals unless
it is not Qx g). The measure is given by

P(dw p(dw)gE @l (6.1.2)

= onp)
hence a realisation, w, has weight 6@, this leads to very complicated dependencies on
the events of p. There are three main events of interest. The first is that points (x, 0) and
(y, 1) are in the same loop, denoted E, ;. Other events are that (x,0) and (y, ) are in the
same loop and have either the same or opposite vertical direction at these points, denoted
by Ef_,and E

et Ty, Tespectively.

6.1.2 Connection with spin systems

We begin by defining space-time spin configurations, piecewise constant functions
o AX[0,Blper = {=S,-S +1,...,S}. (6.1.3)

For a realisation, w, of p we say o is compatible with w if it is constant on the vertical
segments of each loop in £(w) and flips sign when crossing a double bar. Denote the set
of all compatible configurations by X(w). More precisely, a compatible configuration, o is
a function that is piecewise constant on each x € A which must satisfy certain restrictions.
The value o, must be constant in 7 for each x € A unless an event is encountered on an
edge containing x. If a cross is encountered at ({x,y},7) € & X [0,8] we must have that
Oxi— = Oy and oy, = 0. If a bar is encountered at ({x,y},7) € & x [0, 8] we must
have that oy;- = -0~ and 0y;+ = —0 ;. Note that each loop has (25 + 1) possible

assignments of spin for a compatible configuration, hence for 6 = 25 + 1

Y (AB) = f pldw) 1. 6.1.4)

oeX(w)
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We now define two operators, Ty, Py, on local Hilbert spaces H, ® H,. We define these

operators by

Tyla, by = |b,a), (6.1.5)
N
Py = (=1)*"la, —a)(b,~bl, (6.16)
a,b=—S§
and define a Hamiltonian
HY = - Z (uTxy +(1 — u)Pyy — 1). 6.1.7)
{x.y}e&

This Hamiltonian is relevant for the spin-1 system. Another Hamiltonian is introduced in
[113] that is relevant to the spin—% model. We denote by ZW(A, B) and (~)X‘?B the usual
partition function and Gibbs states. The following equality is proved in [113], we present it

here
f 28 + DE@lp(dw) = ZW(A, B). (6.1.8)

Proof. We use Trotter’s formula

N

TR B B

Tre PP = lim Tr[ 1_[ [1 — =+ =Wl + (1 - ”)ny]] : 6.1.9
N=eo {x,y}e& N N

Now expanding the trace and inserting a resolution of the identity between each factor we

have

N
Tre R = lim > ﬂ<a("> [1 [1 —§+ g(uwa(l -u)ny] 0““)>- (6.1.10)
{

N—>oo
o, oW i=1 x,yle&

The sum is over all configurations oD e (=8, ...,5} with oD = . Note that if we
view o) as the space-time spin configuration between events i — 1 and i in realisation w of

p then T, corresponds to crosses and P,, corresponds to bars. Note the identity

*

expi— > (Wl +(1=wPy—1) :fp(da)) [] &) ©6.1.11)

{x,y}e& (Xi,yi,)EW

where []" is the time ordered product of events in the realisation, w, of p and each R%i is
an event (T, Py,,) on the edge {x;,y;} at time ¢. Using this and taking the limit N — oo
gives (6.1.8). O
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For this model it is also shown that

. 1 _
(SLs ;>(A“fﬁ =356+ D(PLES,,] - PEL,,]), (6.1.12)

. . . . 1
(VPSR ~ (SN = 7556 + DS = 1DQ2S + 3P[Ery,l. 6113

The proof involves a similar expansion as the proof of (6.1.8). Similar results will be pre-
sented for Nachtergaele’s loop model in Proposition 6.2.3 hence the reader is directed there
for the methods of the proof. It is also proved that for d > 3 and u € [0, %] if S is small

enough then there is a ¢ > 0 such that

1
lim liminf — » P[E >c, 6.1.14
Jim lim int A Z [Eox0l = ¢ ( )
XeEA
where the limit |A| — oo is taken along cubic lattices of even side length. This result can be

translated into results for corresponding spin models. For S = 1 we take Hamiltonian

H=- Z JiSx - Sy + Ja(S, - S))° (6.1.15)
{xy)ee

then for 0 < J; < %Jz it is shown that there is nematic order at low temperatures for d > 5.
In fact for 0 = J; < J, there is Néel order in d > 5 at low temperatures. This result fits

nicely with the results concerning Néel order via the loop representation of Nachtergaele.

6.2 Existence of Néel order in the S=1 bilinear-biquadratic

Heisenberg model via random loops

This section is mainly based on the paper [70]. We present the main result and then intro-

duce the model. Several secondary theorems are also proved using similar methods.

6.2.1 Main result

We use the method of reflection positivity and infrared bounds on a the loop model intro-
duced in [81]. Links between correlations in the spin model and probabilities of events in
the loop model are also derived in Section 6.2.5. We focus on the quadrant J; < 0 < J»
for (6.1.15), see Fig. 6.2. We prove results for Néel and nematic correlations using both
‘normal’ and space-time reflection positivity. The following result concerning Néel order

follows from proposition 6.2.3 a), theorem 6.2.6 and the discussion that follows. For the
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Antiferromagnetic

Heisenberg antiferromagnet Heisenberg ferromagnet
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AKLT

Ferromagnetic

Staggered nematic

Figure 6.2: The phase diagram for the general SU(2) invariant spin-1 model. Regions that are shaded darker
have rigorous proofs of the relevant phases. The line J; < 0, J, = 0 is the Heisenberg antiferromagnet where
antiferromagnetic order has been proven [35], Néel order extends into the dark yellow region. The dark blue
region 0 < J; < %Jz has nematic order at low temperatures [111], with Néel order on the line J, > 0, J; = 0.
The adjacent dark yellow region has been proved to exhibit nematic order in high enough dimension [69].
Antiferromagnet order is expected here but is not yet proved.

precise statements see Section 6.2.6.

Theorem. For A c Z¢ a box of even side length, L, and d > 3 there exists & = a(d) > 0
and 0 < By < oo such that for J1 < 0 < Jy if =J1/J2 > a and B > o there exists
c =c(a,d,B) > 0 such that

1
liminf D =DKS3SHAp > c. 62.1)
xeA

Furthermore a(d) — 0 as d — oo.

Analogous theorems are also proved for nematic correlations. It is shown in the discussion

after Theorem 6.2.6 that this sum is positive for 5 large enough if
1Ky < (=401)/(=J1 +4J3). (6.2.2)

1; and K are integrals to be introduced in (6.2.64). Their values for various d are given in
the table below.
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I Ky
0.349882  1.15672
0.253950  1.09441
0.206878  1.06754
0.177716  1.05274

<) N9, T O VS I

It can be shown [35, 58] that I; — 0 and K; — 1 as d — oo and that both are decreasing
in d. This means we can prove that the region where Néel order occurs will increase to the
entire quadrant J; < 0 < Jp asd — oo i.e. the ratio a(d) is decreasing. In d = 3 there
is Néel order in the spin system for —J;/J, < 0.46, this is a triangular region of angle 65°

measured from the J; axis.

Reflection positivity for this quadrant is already known, for J; < 0 = J, it was shown in
[35] and for J; = 0 < J, one can see Lemma 6.2.13 ([69] Lemma 3.4) for an explicit proof.
It was proved in [35] that Néel order occurs for J; < 0 = J», it is clear the result extends
to a neighbourhood of the axis for J; < 0 < J, with J,/J; sufficiently small. However it is
impossible to extend the result concerning Néel order any significant amount without some
new results. This is where the loop model has been essential. Indeed in [35] an infrared
bound is obtained of the form

(53,83 (6.2.3)

k< ———
pun®) < 2(=J1)e(k)
where (A, B)p,y, 1s the Duhamel correlation function and &(k) = 2 Zf’: (1 = cosk;) for k €
A*. Notice that this bound becomes weaker as |J;| decreases (equivalently on the unit

circle as |J1]/|J>| decreases). Transferring this bound to (S/SS\fc) ﬁ(k) requires the Falk-Bruch

inequality which would involve dealing with the term (S ik, [J> (Sx . Sy)2 .S i]])lg. After
some calculation one obtains correlations in Proposition 6.2.3 such as (S 1§ }I,S 39 ;)ﬁ. Hence
to work directly in the quantum system using the methods of [35] one must obtain good
bounds on these correlations. Simple bounds such as taking the operator norm are not
sufficient due to the weakening of (6.2.3) as |J;|/|J2| decreases. Without using the loop

model it is not clear how to obtain such bounds currently.

The random loop model is presented in sections 6.2.2 and 6.2.3. The spin-1 Heisenberg
model is introduced in Section 6.2.4. In Section 6.2.5 the connection between the loop
model and the quantum system is proved. In particular it is shown how to write various
correlation functions in terms of probabilities of events in the loop model, some of these
correlations are also presented in [113]. In Section 6.2.6 the main result concerning Néel
order is presented and proved. Section 6.2.7 presents and proves an analogous result for

nematic correlations, both sections 6.2.6 and 6.2.7 rely on reflection positivity of the loop
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Figure 6.3: Events of the process pj, s,, a) represents single bars, b) represents double bars
and c) represents the uniform measure on vertical segments being either parallel or crossing.

model. Sections 6.2.8 and 6.2.9 present results analogous to sections 6.2.6 and 6.2.7 re-

spectively using space-time reflection positivity.

6.2.2 The random loop model

We now introduce the loop model presented in [81]. To begin we take a finite set of vertices,
A, with a set of edges, & C {{x, y}|x,y € A, x # y}. We associate to this lattice a new lattice,
A, and edge set, &:

A =A x{0, 1}, (6.2.4)
E ={{(x, 1), v, DHi, j € {0, 1}, {x,y} € E}. (6.2.5)

There are two lattice sites in A for every site in A and four edges in & for each edge in &.

We will write xg, x; in place of (x, 0), (x, 1).

For 5 > 0 consider a process, py, j,, consisting of a Poisson point process on &X [0, 8] and a
uniform measure on segments of A X[0, 8] between events of the Poisson point process. The
Poisson point process has two events that we will refer to as ‘single bars’ and ‘double bars’.
Note that this process is on the edge set &, the events define corresponding events on the
edge set E. The single bars will occur at rate —2J; and double bars at rate J, for J; < 0 < J;.
The rate for the single bars is written in this way to be consistent with the connection to the
quantum spin system that will be introduced in Section 6.2.4. The interval [0, 8] will be
referred to as a time interval. The uniform measure is on two possibilities, “crossing” and
“parallel”. How to build loops from these events is described in detail below, see Fig. 6.3 for
pictorial representations of the events. The construction is much in analogue with Section
6.1.

We first define the single and double bars. Single bars occur at a point (x, y, f) for {x, y} € &.
We define the corresponding geometric event on & as a bar joining x; and y, at time 7.
Double bars occur at a point (x,y,7) and the corresponding event on & is a bar joining
x1 and yp and a bar joining xo and y;, both at time ¢. A loop of length [ is then a map
v : 10,8l per — A %[0, Blper such that y(s) # y(¢) if s # ¢, y is piecewise differentiable with
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L

Figure 6.4: An example realisation with loops coloured in red, green and blue. Here there
are four sites in the underlying A and for this realisation | L(w)| = 3.

derivate +1 where it exists. If s is a point of non-differentiability then {y(s—), y(s+)} € .
Loops with the same support and different parameterisations are identified. For a realisation
w of py, 7, we associate a set of loops as follows: Starting at a point (x;, §) € A %[0, Bl we
move upwards (i.e. in direction of increasing s). If a bar is met at time ¢ it is crossed and
we then continue in the opposite direction from (y;, ), where y; is the other site associated
to the bar. Each maximal vertical segment between bars (xg, x1) X [s, ¢] (i.e. bars involving
the site x occur at times s and ¢ and no bar involving x occurs for u such that s < u < 1)
is either parallel (nothing happens) or crossing (the sites xg and x; are exchanged). If time
B is reached the periodic time conditions mean we continue in the same direction starting
from time 0. We denote by L(w) the set of all loops associated to a realisation w. Loops are
most easily understood pictorially, see Fig. 6.4. Note that the loops could be defined via a
Poisson point process on & x [0, 8] where bars can occur between x; and y ; with each (i, j)
being equally likely. However one would still need to introduce the crossing or parallel
events so that it is still possible to have xy and x; in the same loop even when there is no

bar occurring on any edge containing x.

For this loop model we have partition function

Yelez(ﬂ’ A) = fpjl 2 (dw)6|£(w)l- (6.2.6)

Here 6 > 0 is a parameter and py, s, is the probability measure corresponding to a Pois-
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son point process of intensity —2J; for single bars and J, for double bars. The relevant
probability measure is then

P(dw) = 01,0, (dew)d =@ (6.2.7)

1
Y28, A)

We are interested in sets of realisations, w, where certain points of A x [0, ] are in the
same loop. Probabilities of these events are connected to correlations in the spin-1 quantum
system presented in Section 6.2.4, they will be required in the proof of Néel order in Section
6.2.6. Particular events of interest will be denoted pictorially , see Fig. 6.5. These events

are defined and denoted as follows.

a) The event that sites x; and y; are connected (in the same loop). Note that the probability

of x; and y; being connected is independent of i and j. Denoted E[x;—y/].

b) The event that xy and x| are connected, yy and y; are connected but there is no connec-
tion from any x; to any y;. Denoted E [X\Oﬁ%jo].
1N

¢) The event that xo and yg are connected, x; and y; are connected but xo and x; are not
connected. Denoted E [X°¥i0]. We can also have x¢ and y; connected and x; and yq
X1

connected but xg and x; not connected and denote the event in the analogous way.

These events both have the same probability.

d) The event that all four sites xy, x1, yo, y1 are connected. Denoted £ [x\ )\'0 ]
=N

The definition of bars means that if a loop is followed starting from a point x; € A (by
moving in either the up or down direction) then the direction it is travelling upon arriving
ata point y; € A in the same loop is determined only by the number of bars the loop has
encountered between the sites. For example on a bipartite lattice defined by sublattices Ay4
and Ap such that {x,y} € & & x € As,y € Ap the direction that x; is left and y; is
entered will be the same if x and y are in the same sublattice and different if they are in

different sublattices.

Sometimes the order in which sites are encountered along the loop will be important. In
this case arrows will indicate the order that sites will be encountered in on following the
loop (up to parameterisation). The events E [}0»'10] , E [1%0] and E XZ':O

XY X V1 X V1

that all four sites are connected and are encountered along the loop in the order indicated

are the events

by the arrows. For example the first event,E

?0»’10], means that upon leaving site xg if we
N

encounter yo before encountering x; then we will encounter y; and then x; before closing
the loop. As this notation is potentially confusing (but also seemingly unavoidable) the

reader will be told explicitly when the order is important. When wanting the probability of
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Figure 6.5: Pictures representing the set of realisations where the pictured connections are
present.

these events we will drop the E from the notation, as below.

It is intuitively clear that P(xop—yo) decays exponentially fast with respect to ||x — y|| for
B small. Hence P(IX\?) and P(:)E?) must also have exponential decay. P(j(:%%:\?) should
depend weakly on ||x — y|| for small enough 8. For ||x — y|| large enough the probability may
approach P(xg—x1)?, it is not clear how to prove or disprove such a relation at this time.

6.2.3 Space-time spin configurations

In order to make the connection with spin systems we need the notion of a space-time spin
configuration. The spin system we shall connect to is the spin-1 Heisenberg model, we shall
make this connection via an intertwining that merges two spin—% models. For this reason
we will take @ = 2 from Section 6.2.2 (25 + 1 for § = %). This is also the reason the lattice
A has two sites for every site in A. It is also possible to represent the spin-S model for
general S by merging 25 spin-% models, this will mean A will have 25 sites for every site
in A. See [81] for more details. This generalisation together with some results analogous
to the ones presented here should be straightforward once the spin-1 model is understood.

It is not immediately clear which results will still hold however, investigation is required.

From now on we take the cubic lattice in Z¢ with side length L, denoted Ay, with periodic
boundary conditions. The edge set, &, will consist of pairs of nearest neighbour lattice

points. Precisely

A —{ L+1 L}d 6.2.8
L — 2 LIRS 2 ’ ( L )
Er ={{x,y} c ALl llx—yl|=1 or|x;—y;| =L —-1forsomei=1,...,d}. (6.2.9)

Where ||x — y|| is the graph distance between x and y. A space-time spin configuration is a
function
o AX[0,B]per — {—l, l} (6.2.10)
2°2
oy, 18 piecewise constant in f for any x;. We further define X to be the set of all such
functions with a finite number of discontinuities. For a realisation of the process w we
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consider o that are constant on the vertical segments of each loop in £(w) and that change
value on crossing a bar. This restriction on configurations will allow to make the link with
spin systems. We call such configurations compatible with w and denote by X(V)(w) the set
of all compatible configurations, this is analogous to Section 6.1. The following relation
holds as we work on a bipartite lattice, meaning fixing a configuration’s value at some (x;, f)

determines the configuration on the entire loop containing (x;, ?):
=D (w)| = 2@, 6.2.11)
from which we can obtain

Yzjl,fz(ﬂ, A) = fplez(dw) Z 1. (6.2.12)

oex(M(w)

We further define the set Zg’)yj(w) > M(w) to be compatible configurations along with
configurations that flip spin at points (x;, 0) or (y;, 0) (or both) but are otherwise compatible.

When the occurrence of macroscopic loops is proved we will not require the condition that
compatible configurations flip value on crossing a bar, in fact this condition would add an
unnecessary extra complication. Hence we further define X (w) to be configurations that
are constant on loops (and hence do not flip value at bars). 252,)”(40) > 2@ (w) denotes the
set of configurations in ®(w) along with configurations that flip spin at points (x;,0) or
(v, 0) (or both) but are otherwise consistent with the definition of £ (w).

As in [111] we will later need a more general setting for the measure on space-time spin
configurations. We consider a Poisson point process on & x [0, 8] with events being specifi-
cations of the local spin configuration. We will consider discontinuities involving two pairs
of sites (xg, X1, Y0,¥1)- The objects of the process will be a set of allowed configurations at

these sites immediately before and after 7. We can denote these events as

T xq.1+0 xq 1+ Tyg.t4T y 1+
(6.2.13)

T xut=T xq 1= Tygot=Tyy.1—

Implicit here is an ordering on A with x < y. An event A is a subset of {—1/2,1/ 28 and
occurs with intensity t(A). More precisely we let ¢ : P({-1/2,1/ 2}8) — R denote the
intensities of the Poisson point process, denoted p,. Given a realisation, &, of p, let £(¢) be

the set of configurations compatible with £ meaning that o € X(¢) if

T x40 xp 1+ Tyg.t4T yy .1+ . .
— € A whenever ¢ contains the event A at point (xo, X1, Y0, V1, 1),

O xq =0 xp - Tyt=Oyy =
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and o, is otherwise constant in . The measure is then given by p, with the counting
measure on compatible configurations. We note that different intensities can give the same

measure as in [111], for ¢ and ¢ intensities it is shown in [111] that

f pu(dé) f po(e) ), Flo)= f pure(dg) ) F(0). (62.14)

oEX(EUE) o€X(§)

We want to write the Poisson point process involving bars in terms of intensities of specifi-
cations of spins. We require that specifications corresponding to single and double sets of

bars have intensity —2J; and J; respectively. If we naively define 7 by

({b}) s ({ }) _ .. 62.15)
ac c¢cb cc ¢

For any a,d’, b,c, ¢’ € {1/2,—1/2}, where the first event corresponds to single bars and the

second event to double bars. We see there is an overlap on the specification

ba ab

bc c¢cb
so this assignment of intensities of specifications cannot be correct. Simply removing the
overlapping case from one of the specifications will result in events not having the required

intensities. This suggests we should instead define ¢ by

da ad ada ab
L ,:, = —2]1, L I: = Jz, (6216)
e ), ac c¢b )y,
L({ bia a b})=]2—2.]1.
bc c¢b

For any a,d’,b,c,c’ € {1/2,—1/2}. Now each specification is disjoint from the other two
and single and double sets of bars have intensities —2J; and J, respectively, as required.

We also have («(A) = 0 for any other specification. Then

Yzj"Jz(ﬂ,A)=fpt(df) Z 1. (6.2.17)

oex(é)

This representation will be needed when we show reflection positivity of the loop model.
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6.2.4 The general spin-1 SU(2) invariant Heisenberg model

LetS!,S2and S3 denote the spin-1 matrices as introduced in 2.2.2. Denote S = (S 15283,

We will use the following matrices:

010 0 —i 0 1 0 0

Sl—il 0 1 SZ—L' 0o —il, S$3=[o 0 o0 (6.2.18)

_\/T s _\/Tl 11, = 2.
010 0 i 0 00 -1

Consider a pair (A, &) of a lattice, A ¢ Z¢, and a set of edges, &, between points in A. We
will take A to be a box in Z%, hence A is bipartite. We denote by A4 and Ap the two disjoint
lattices such that Ay UAp = A and every e € & contains precisely one site from A4 and one

site from Ap.

Recall we take the operator S’ for i = 1,2,3 to be shorthand for the operator S’ ® Id\y).

Recall the definition of A and & above, we shall use these below.

The most general SU(2) invariant Hamiltonian with two-body interactions for spin-1 is

H == ) (Jl (Sx-8y)+ /2 (S:- Sy)z). (6.2.19)
(x1ee

We will soon drop the parameters Ji, Jo from HIJ\1 2 for readability. In this chapter we will
be concerned with the region where J; < 0 < J,. Associated to this Hamiltonian we have

the following partition function and Gibbs states for 8 > 0:

Zd =Tr P (6.2.20)
1 J1.J
<'>11Jz — Tr - e PHA (6.2.21)

AB T Z/J\ 12312

Again we shall drop the parameters Ji, Jo from the notation.

The following new definitions come from Nachtergaele [81]. We introduce an isometry
V : C3 - C?®C? with the property VD! (g) = (D?(g))®2V for g € SU(2) and DS the spin-
S representation of SU(2). Here the representation D' is given by the matrices (2.2.12)
and D? is given by the Pauli matrices. It is clear such an isometry exists as we can define
it for spin matrices and then extend by linearity (recall that the spin matrices generate the

representation). From this we obtain the key relation

VSi=(®@l+1®d)V, (6.2.22)
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where o are the spin—% matrices (hence 20” are the Pauli matrices). Further we have
V'V=1and VV* =P, (6.2.23)

where P is the projection onto the spin triplet. Hence VS acts on C? ® C? and so using the

notation as before V.S ; acts on ®y€AC2 ® C2. We make the following definition
R :=VS'V*, (6.2.24)

One can check that R = (6 ® 1 + 1 ® o). To make expressions more concise we will also
denote Ax := Q,exA, for X C A. For these new operators we have a new Hamiltonian (note

we have now dropped the J; and J, parameters)

AV=- % (J1 (Re-R) + 12 (R, - Ry)z), (6.2.25)
{x.y}e&

and associated Gibbs states

_p
Z(Al}g =Tr Ppre x| (6.2.26)
m __1 -
<>/~\ﬁ =ZTTI' . PAe A, (6.2.27)
AB

The connection with the previous Gibbs state can easily be made explicit,
- (1)
(Adapg = (VAAV) Ag (6.2.28)

We use Dirac notation in the following way: |a, b) denotes an element of the one site Hilbert
space C?2 ® C? and |a, b) ® |c, d) for two sites etc.

There are two operators of particular interest, both act on two sites. Firstly we define SV’

by its matrix elements
@, b, d|SV|a,b)®lc,d) = (~1)"" 640640 0p-cO - (6.2.29)

Geometrically this requires spin b and ¢ and the spins &’ and ¢’ to be the negative of each
other and also requires @ = a’ and d = d’. This corresponds to the the single bars in the

loop picture. The second operator, D), is also defined via its matrix elements
@& d1DVa,by®@lc.d) = (=1 (=1)"" 84 -abp O -arOpy . (6.2.30)

The geometrical interpretation this time is that of the double bars. The actual operators
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needed are SV = PSP and DV = POW' P in order to account for bars occurring
between any x; and y; with each i and j from {0, 1} being equally likely. Note here that
from this definition we see that we require the spin value to change sign on crossing a bar
as was mentioned in Section 6.2.3. There are also extra factors in S! and D of ¢ for
the bottom half of a bar (denoted 1) and e~ for the top half of a bar (denoted L) where
a= i% is the spin value on the site in A4 associated to the bar. By direct computation of

the matrix elements we can prove the relations

1 1
353 = —in Ry + EPx,y’ (6.2.31)

1 2
) = (RX . Ry) - Py, (6.2.32)
Using these relations we can rewrite the Hamiltonian in the region J; < 0 < J, as

AY == Y (2080 + DY + U+ IPy). 623
{x,y}e&

We further introduce S and D’ by

(@, b® (. d1S¥a,b)®Ic,d) = 640044 0pOp o' (6.2.34)
(@, b0, d\D?a,b) ® |c,d) = Sa.a0p.cOu a0 - (6.2.35)

We again need the symmetrised version of these operators S? = PS@ P and D? =
PD? P. The corresponding Hamiltonian is

AY == 3 (<2182 + hDY) + (1 + L)Pyy). (6.236)
{x,y}e&

This Hamiltonian will be used when showing the occurrence of long loops. This Hamilto-
nian’s Gibbs states will be denoted <'>E”\2)ﬁ'

6.2.5 The random loop representation

We can neglect the term (J; + J3)Py, in the Hamiltonian (6.2.33) and (6.2.36) and instead
add (2J; — J»)1, this does not change the Gibbs states. Doing this allows to use a useful

lemma from [2]

exps — Z (qu,y +VByy—u— v) = fp(da)) 1_[* Cyy- (6.2.37)

{x.y}e& (xy)ew
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Here p is the measure associated to a Poisson point process on & X [0, 1] with two events
occurring with intensities u and v respectively. The product is ordered according to the
times at which the events occur. C is either A or B depending on which event occurs. This

is actually a slight extension of the lemma presented in [2]. From this we can obtain

ol 3 (Consttonsizeon )= [oan [[ a2, oo

{x,y}e& (xi,yj)EW

here each A™ is one of S™ or D™, this holds for both systems I:I}\]) and Hfiz). Again the

product is ordered by the time events occur.

We now prove the connection between the loop model and the quantum system. This
will enable us to understand certain important correlation functions. After this we should
have the tools we need to calculate any two point correlation (at least ones involving only
spin operators). The first thing to understand is the extra factor, which we shall denote by
Zx,y,; (0, w), the product of all factors ¢*™ from operators S and D corresponding to
the bars in loop(s) containing x; and y; in a realisation w of py, j,. Againa € {1/2,-1/2}
is the value that o assigns to the portions of these loop(s) in the A4 sublattice (or if all of
a loop is on the sublattice Ap a is given by the negative of the value assigned to the loop).
The value of zy, (0, w) is specified by the following lemma:

Lemma 6.2.1. For A bipartite we have for all i, j

le.,yj(o; w) = (6.2.39)

1 ifo e 2M(w)
(=DM o e Z&i?yj(w) \ 2MN(w) and w € E[xi—y;l.

Before the proof we should note that the lemma says that the only dependence on o is at x;
and y; at time zero. If the spin does not flip at both sites that we get total factor 1, else it
depends on which sublattices the sites are in. If the spin only flips at one site then there are

no compatible configurations hence the value of the total extra factor is unimportant.

Proof. To begin note that we can take (7, j) = (0,0). The result for (i, j) # (0, 0) follows as
the choice of i or j does not affect which sublattice the two sites are in. Suppose o € 2V (w).
Moving upwards from xg the first bar encountered is 1, the bars encountered then alternate
between LI and M. Moving downwards from xo we first encounter a bar LI then alternate
between M and L. This means we can make a matching between bars of the form M and
bars of the form L. Because there are no spin flips at time zero all the bars M have factors
in

€™ and all the bars LI have factor e~ where a is the spin value o gives to x( at time zero.

Hence we have full cancellation and are left with factor 1. If there were a spin flip then bars
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between xg at time O— and yy at time O+ would have factors ¢”® and e~”% for M and LI

respectively.

IfoexV

X0,Y0
sublattice. We can thus deduce that the section of loop that moves upwards/downwards from

(W\ZV(w)and (- = Tandw € E[xo—yol, then x¢ and yg are in the same

Xp crosses an even number of bars before reaching yg. This means that the loop containing
Xxo and yo contains an even number of bars of each type (M or LI). Hence we can make a
matching of a bar LI in one ‘half” of the loop with a bar LI in the other ‘half’ and the same
with bars M, with some bars left over. The factors from bars in the matching will thus be 1

+74 and one bar has

as the spin flip at xp at time 0 means one bar in each pair has factor e
factor e*™(=%)_ Here by ‘half’ of a loop we mean the section that connects xq at time 0+
with yg at time 0— or xg at time 0— with yg at time O+. There are still possibly some bars left
over as each half of the loop may have a different number of bars in it. A moments thought
reveals that there must be an even number of bars left, half of type M and half of type LI. As
the bars M have factor e”*% and the bars LI have factor ¢”™*% we have full cancellation

again and have total factor 1.

For the remaining case o € ESCIO),},O(w) \ ZM(w) and (-1 = —1 and w € E[xp—yo], we
have xp and yq in different sublattices. We can see as last time that the factors from the
‘extra bars’ (that arise from each half of the loop having a different number of bars) will
cancel as again there are equal numbers of M and LI. For the remaining bars there are an
odd number in each half of the loop, this means we can make a matching for all but two of
the bars. The factors from bars in the matching will cancel each other. For the remaining
two bars one is a 1 with factor ¢™*% and one is a L with factor e % (the sign of a is
opposite due to the spin flip at xg at time 0). This means the overall factor is (+i)> = —1.

This completes the proof. m]

In light of Proposition 6.2.1 the following proposition can be proved in the same way as
Theorem 3.2 in [111].
Proposition 6.2.2. The partition functions ZX) 4 i =1,2 are given by

zgzjﬂmoz r]%ﬂmw:fmwﬂmEdm@M. (6.2.40)

EO(w) {xi,y;1€E

We also have the following identity, note that for H}\z) the factor zy, (0, w) does not appear
L

as there are no spin flips at bars.

Tr (0'3 ® l)x(0'3 ® Il)ye_ﬁgg) = fp(da)) Z

20 (w)

[ l_l in,yj(o-’ w)] T x00yp> (6.2.41)

{xi.y;le&
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where o, is the value of a space time configuration, o, at time 0 and site z.

With the important details understood we can calculate some correlations in terms of prob-
abilities in the loop model. The most important correlations here are the Néel and nematic
correlations (Proposition 6.2.3 a) and b) respectively).

Proposition 6.2.3. Fori,j=1,2,3, x #y, i # jand A bipartite

a) (S;SQA,ﬁ = (= DIFIP(x—yp),
b) (ST a0 — (SN DPng =~ + bE(1 )+ 12(TE7 ) + 12(1X) )

0 isi5ising= 40 trn 0 + (/)]

V1

d) (S §S£S§S§,>A p= ‘1—‘[(_1)||x—Y||P(xO7yO) +P(E? )]

& (SPSImg = 55+ H[B(1]) + 2(Y) - B()|

Proof. We will calculate the correlations in order. First note that each S’ plays an equivalent

role, hence cyclic permutations of the indices (1, 2, 3) does not alter the expectation. Using
this together with (SS/)7 = +(S/S") (the sign depending on the value of i and j) means we
can take i = 3 and j = 1. For each we will expand using (6.2.24) and (6.2.28).

Proof of a). First

(S38Hap = (0P0180° 01 +0° 010100 + 105’ R ®1+ 180" ® 180, ,)

)
) 5 6242

a
A

We see that due to sites zg and z; being interchangeable for z € A each of the four terms in

the sum have the same expectation. We also know from Proposition 6.2.2

Tr (07 ® 1),(0° ® 1),e Pk = f pldw) Y Ty, (6.2.43)
>W(w)

We note that the integral differs from zero only on the set where x and yg are connected. If
x and y are in different sublattices the product of spin configuration values is —}T, if in the

same sublattice the product is }‘. We can deduce that

(S35 p = (=D (—yp). (6.2.44)
Proof of b). For the second correlation

1
R =(@?®1+180°)% = slel+ 200 ® 03) . (6.2.45)

X
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We see that expanding as before gives

1 1
3y2 — (pH2\D _
(S mp = (R, = =5 (1) pldw) ( +2o—xoaxl) 5 +5Po-x1). (62.46)

oex(M(w)

From this and the fact that {(S )36)2) AB = %(SX “Soag = % we can deduce that
1
P(xp—x1) = 3 (6.2.47)

For the first term in the correlation we again note that ((S i)z(S ;)Z)Aﬁ = ((Ri)z(R;)2>11\ 5

We then calculate as before:
R*R) =0 ®1+100)ic" @1+ 1®0°);

1 1
:(E]l®]1+20'3®0'3) (5]1®]l+20'3®0'3)

(6.2.48)

x y

1
:(Z]1®4+o-3®0'3®11®]1+]1®]1®0'3®0'3+4(0'3)®4)
X,y

Now following through the same expansion as before we have

(SDASI g = @ f pdw) S

( + OOy + Oy0y, + 40',600')(10'%0')1)
oex(M(w)

(6.2.49)

Using (6.2.47) and noting that the last term in the sum requires either two loops containing

two of the sites xg, x1, o, y1 each or one loop containing all four sites to give a non-zero

contribution to the sum overall (if one site is not connected to any other its spin value can
be J_r% independently of other sites, averaging the integral on this set to zero) we have

(DD~ Dot Dns =~ + 1B([ 1)+ 5B(E0 )+ 3B(IX)). 6250

X y A X AB y AB = 36 4 2 Xll)‘l 47\ . e
The probability P(f()?'o ) comes with twice the weight because there are two ways to connect
X1—1

both sites at x to different sites at y (but only one way both sites at x can be connected and

both sites at y can be connected).

Proof of c). For the third correlation we use the same expansion

4 _paM
(53835183 p = Z(—l)Tr @' el+oledd) (' ®©1+0' ®@c?),Pae i . 6251)

AB

The factor 4 has come from grouping together terms such as o' ® 0> and o> ® 0! that have
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the same expectation. A useful observation at this stage is that o'o” = %iO'z. Calculating

further and noting that the two cross terms in the above product have the same expectation

W¢€ s€c

(€]
1
(S8 SHas = 4<—Zo'2 ®lec’®l-ic*®lec' ®c +o'®@dc ®c! ®cr3>
Ap
(6.2.52)
From the symmetric roles of o for i = 1,2,3 and part a) we know the first term is

_qylel ..
—%P(x(kyo). For the second term we need (02 ® 1 ® o' ® 0'3>§~\])ﬁ. This is the expec-

tation of a matrix with purely imaginary entries, due to the one appearance of o->. Now we

note three pieces of information that allow us to calculate this expectation. All the matrices

(1) )
—BH. .. . . . . .
e PR ,Px, 0,02 and o are Hermitian. The matrices o are acting on different sites in

_gAY
B

~ )
A and hence they commute. e and P, commute and have real entries. This means

taking the adjoint of the operator leaves the expectation unchanged. Because the operator
is purely imaginary we should obtain the negative of what we started with on taking the

adjoint. Hence the correlation must be zero.

For the last term we expand as in Proposition 6.2.2 and obtain

L B 1o 31 _ L lg B3 1o 3
('eriorier’)i, = —5 fp(dw) > e o) ple @t e @clo o)
A, eri‘O{yO (w)

(6.2.53)
Here o o+ denotes the full spin configuration for some o € X,y (w) at time O+ respectively.
Also note that as o' flips spins and o> does not the set of space-time spin configurations

s

X0,Y0

configurations that flip spin at sites x; and y; at time zero but these would not be compatible

(w) is the correct set. We could expand the set of configurations we sum over to include

with o acting at time zero at those sites hence they would not contribute. Recall that a loop
that contains a site that spin flips at time zero cannot contain only one such site, hence the set
of configurations that contribute to the integral is E[xo—yg]. Again the set of configurations
where one of the sites x; or y; is not connected to any of the other three does not contribute
to the integral. Combining these two facts we see that the only sets of configurations that
contribute to the integral are those where there are two loops each containing two sites (one
with xp and yg and the other with x; and y{), or one loop containing all four sites. For the
case of two loops there is one factor of z,, y, (0, w) = (=)= from the loop containing xo
and yo (where o' acts). Another factor of (— D comes from the loop containing x; and
y1 and the condition that the spin flips on crossing a bar. Note that for the first loop there is
no such factor coming from spin flips at bars because o'| + %) = +%| F 5) hence there is a
factor of +% regardless of the spin value at the site. For the case of one loop containing all

sites the order that sites occur in the loop is important, this is because both ¢! and o> are
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acting at sites in the loop. If, when following the loop, the site y; appears directly before
or after the site x; then the section of loop between these sites follows the normal rule of
flipping spins at bars (or if we follow the loop the other way we pass through two spin flips
at time zero as well, these cancel each other out as far as the product of spins at sites x; and
y1 is concerned). This means we have a factor of (-1 a5 before. If one of the sites x
or yg appears between sites x; and y; on the loop the effect of the extra spin flip changes the
sign of the factor coming from the product of spins, giving a factor of —(—1)*Il. As before
we also have the factor zy, y, (0, w) = (=) in both cases. This means the correlation is

e er @ f)% = % []P(E?) + P(f(:l‘;) - IPG ){’ )] . (6.2.54)
Recall that the arrows in the events show the direction that the loop is traversed. From this
we can finally deduce that

1 _ X0—V X)) X Y
(S1838183ap = 7 ~(=1)FP(xo—yg) + P(XT g“) + P(L}‘l’) - P(i%? )] (6.2.55)

1
Now we note that the last two probabilities are equal (swap yg and y;).

The correlations d) and e) follow easily using the same techniques and considerations as

above. m]

For the I:I}\z) model the factor z, y;(07, w) does not play a role (it is equal to one in all cases).
There are no spin flips at bars, making several aspects simpler. We will require the following
identity, it is easy to prove

<R§R§>§~\2’)ﬁ = P(xo—Yy0). (6.2.56)

From this we can easily obtain some bounds on these correlations that are potentially very
difficult to obtain without the loop model.
Corollary 6.2.4. Fori, j=1,2,3, x #y, i # j and A bipartite

a) (SDASDag = (SHHASIap < 15 + 2DIISISTY g
b) (SLSISISIHap < H(=DF — 1)(SiSiNAg
©) (SLSISISTHap < (=D + 1)(SiSTHAp

>0 if llx — y|| is odd

i oJ il =
d (SinSySyM,ﬂ{ <0 ifllx - yll is even

L <0 if llx — ¥l is odd
e) (SLSISISiy
WATyTyIAS > if lx — yll is even
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Proof. All inequalities are immediate from Proposition 6.2.3 when we note that £ [X\O% Fjo] is
BRI

a sub-event of E[xg—x{] and E

m?io] is a sub-event of E[xo—yo. o
=1
Other inequalities of interest involve correlations between nearest neighbour points. Equa-

tion (29) in [106] allows us to obtain the following bound in the ground state (8 — o)

12J,-3J;

> - 6.2.57
)2 a0 T3 (62.57)

P(0p—e;,

Now looking at Proposition 6.2.3 b) for [[x—y|| = 1 (say x = 0, y = e;) we see thatif J; =0
then the event P(Op—ey,, ) puts us into the case of one of the last two probabilities. Ignoring
the first probability (as it is difficult to control) we obtain (for J, > 0 = J;)

1
(SP*S a8 = (SPHIApS2 ) g > —

— —. 2.
36 84 (62.58)

This bound is positive for d < 4, however it was not sufficient to deduce nematic order
Theorem 6.2.12. A lower bound on p(e;) in terms of P(Op—ej, ) can be deduced.
Proposition 6.2.5. For J, >0

-Ji 2 -J; 1
> + -
plen) = 3, 9 (

+ =P . 6.2.59
7 2) (Op—er, ) ( )

Proof. We use that lim,/;,v_m(H/J\'L’J2 B < (Y, H/J\IL’JM) for any state . The expectation of

H/]\IL’J2 can be calculated as

(Y = —dIALKGS, - Sy + 1a(Sx - S,

4 3 gt/ (6.2.60)
= —dlAg| - 301 POp—er,) + 3J2(p(e1) + 5) + EJQP(U I 0) .
1—°1y
Now we define a state Yngel = ®xen, [(—1)*) and find

(Uneet, Hy et = —dIALI(=T) +22). (62.61)

The result follows from using the bound P(z(?%) < P(0p—er, ). o
1—1,
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6.2.6 Occurrence of macroscopic loops
Setting and results

We take the cubic lattice in Z¢ with side length L, denoted A, with periodic boundary con-

ditions. The edge set, &;, will consist of pairs of nearest neighbour lattice points. Precisely

L L4
Ap={—=+1,...,=} , 6.2.62
L { 2 2} (6262
Er ={{x,y} c ALl llx—=¥|=1 or|x;—y;| =L—1forsomei=1,..,d}. (6.2.63)

For the main theorem we need to introduce two integrals, they come about due to similar

considerations as in [58]
d

1 f 1 ek + )
1, cos k; dk, (6.2.64)
‘" 2ny [md[ Z ] &(k)

ek + 7r)
(277) [-m,m]d (k)

(6.2.65)

Here (-); denotes the positive part and (k) = 2 Z?zl(l — cos(ky)).
Theorem 6.2.6. Let d > 3 and J, < 0 < J,, there is a By such that for 8 > o and L even
there is a ¢ = c(J1, J2,d,B) > 0 such that

lim 1nf — Z P(0g—xp ) > c. (6.2.66)

L—oo
xGA

More precisely we obtain two possibilities for this constant, c:

VB —er,) (x/P(owel T-laE-2)+o(3).
lim mf— Z P(0g—xg ) = hmmf ’ ’ o ('8)
Lo |Ap xeA L—eo 1 - K;VP(0p— 6‘10 2 +0 /1—3

(6.2.67)

Note we have already taken a lim inf; ., for the integrals /;, K; but we do not write their
discrete version here for brevity, the origin of their discrete versions is at the end of this
section. Showing that there is a positive lower bound for (6.2.67) is sufficient to prove the
theorem. It can be seen from the proof that a positive lower bound will exist for L large
enough, however it is the infinite volume limit that we are really interested in. Positivity
of this lower bound implies the occurrence of macroscopic loops and hence implies Néel

order for those values of J; and J, in the spin-1 system.
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Of course we see that for —J; + J, > 0 the positivity of the lower bound doesn’t depend
on the value of J% + J%, only on the ratio —J1/J,. This means there corresponds an angle,
measured from the J; axis, such that for angles less than this we have proved the existence

of macroscopic loops. The bound is positive for large enough g if

1 7.
VP(Oo—er, ) <z or VPOp—e1,) > Iy i (6.2.68)

One of these is certainly satisfied if I;K; < (—=4J1)/(=J1 +4J>). A table of values of I; and
K, for various d is presented Section 6.2.1 and in [111]. If J12 + J% = 1 this is the case in
d=3forJ; <-042,d =4 forJ; < -0.28 and d = 5 for J; < —0.22.

-Ji +4J

A similar theorem (Theorem 6.2.12) concerning nematic order (corresponding to correla-
tion b) in 6.2.3) can be proved using the same methods. Unfortunately showing that one of
the lower bounds obtained was positive proved difficult due to the seemingly unavoidable

issue of bounding more complicated connection probabilities from below.

In [70] the theorem is proved by appealing to previous literature and using the loop model
when required. The theorem can also be achieved by just using the loop model. The proof
will be laid out as follow. Firstly reflection positivity will be proved for the loop model.
From this we obtain an infrared bound for a correlation function related to P(Op—ej, ). We
will then use the Falk-Bruch inequality to transfer this bound to a bound on the Fourier
transform of P(Op—ey, ). We work with this model as the lack of spin flips at bars makes it

possible to prove reflection positivity and obtain the required infrared bound.

Reflection positivity for the random loop model

We first introduce some new notation for readability. The aim is to follow the approach
in [111] hence notation will be largely consistent where possible. First, for t € [0,5] and
x € Ap we denote the probability that the point (0g,0) € AL x [0, ] is connected to the
point (xo, f) by «(x, t), when ¢t = 0 we will abbreviate this to «(x). We define the Fourier and

inverse Fourier transform as follows

Rk, 1) = Z e k(x, 1), (6.2.69)
XEAL
k(x,1) = T Z ikxp(k, 1). (6.2.70)
keA

Here A} = {k € %”Zd’ —n<k,<mn=1, ...,d} is the dual lattice to Ay.
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Recall the definition of a space-time spin configuration o : AL %[0 Bl — {(—1/2,1/2}. W

will work with H 2 for the remainder of this section as we are currently interested in loops
(so no spin flips at bars). These results automatically transfer to results about long-range
order in the spin models. We also introduce real vector fields v = (vy,)ea, that act on sites
of A, (but with values that only depend on x € Az, not on i € {0, 1}). More precisely v is
a function A, — R such that Vy, = Vx, for every x € Az. Now we define a new partition
function

Z(v) = f pe) Y ep{-20) Y fﬂ (@ =y, D=+ 502} 6271

oexd(¢) {xiyjleéL

Notice that Z(0) = Z/(\ZL We write v,, even though there is no dependence on i as it will be

convenient to define an inner product on AL (6.2.81) to avoid chasing extra factors of 2 in
calculations. We can also write this as

s 1 1
2= [pe Y exp{-c20 Y [t gr-oim gn - -,
Tezd(§) {xiy}eér 0
(6.2.72)

In order to prove reflection positivity for this partition function we must introduce reflec-
tions in a concrete way, it turns out that they can be simply indexed. For i € {1,...,d} and
l e {%, %, v L — 5} let R;; be the reflection A, — Aj across edges associated to {x,y} e&
forx; = [ — % yi=1+ % Recall that sites xp, x; € Ay play identical roles in the random
loop model and we consider them as having the same spatial coordinates. We also define
the parts of Az to the ‘left’ and ‘right’ of the plane of reflection as the set of points in Az

associated to the following subsets of Ay

L 1 1 L
1 _ _ 2 _ _
AL = {x € AL|Xl‘ =[/- 5, ...,l— 5} , AL = {X € AL|Xl‘ =+ 5, ...,l+ E} . (6.2.73)
We can then write the field as v = (v, v?) where v = V|~<1) Also write Rv() for the

field (Rv\D), = v ,XE A(l) and define Rv® similarly. Note that if x € AD then Rx € A@.
Now we can state and prove the property of reflection positivity.
Lemma 6.2.7.

Z(vWY, v < Z(vWD, RV Z(RVP, vP) (6.2.74)

Proof. We want to split the assignment of intensities ¢ into :" and ¢’ such that¢ = ¢’ + ¢ in
a helpful way. ¢’/ will consist of single bar events where the spin value at time #— and 7+ are

the same at each of the four sites associated to it.
ada ab
L” — = —2.]1 (6.2.75)
ada ab
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¢’ makes up the remaining events in ¢

ada ab ada ad ba ab
(r==1 ) A== ) = )
ac c¢b),. cc ¢ )y bc c¢b

(6.2.76)

Here it may be helpful to interpret these intensities slightly differently. One way is to
interpret the point process as above with the understanding that events obtained from above
specifications by switching ‘0’ and ‘1’ sites occur with the same intensity. This switching of
sites plays the role of the crosses. Another interpretation is that a bar event at (x, y, ) always
connects x; and yg, how the bar effects the loop structure then depends on the number of
crosses that have occurred in the preceding vertical segment. Now using Lemma 2.2 of
[111] we have

1
Z(v) = f po(d€) f podg’y Y exn{ -2 Y f (@ = )0, = 1)+ 70 =, P
reEd@rugr) iyl V0
(6.2.77)
We can now make use of the way we split the intensities in ¢’ and /. If F : £ —» Risa

function on space-time spin configurations then

f po(dg”) > Fl)= ) F(o) f pre”) || Goper, 6278

Texd(Eugr) TeEA (&) Xy jo1)Eg”

This is because all that the function F' ‘sees’ at «”” events is that oy, , = Tyt for a pair of
sites joined by a bar. Here (x, y, f) is a point where an event of type (6.2.75) occurs. We also
have for & and o € £?(&’) that

B
fp‘”(df”) l_[ 60—xl‘,/v(7_yj,1 =expq—(-2J1) Z j(; dr(1 —(5@!}’1,0},/_’1) . (6.2.79)
(xi,y 1€ {xiyjeéL
= (0 x — 0y,)* with (6.2.78) and (6.2.79) gives

s 1 1\
Z L dt(a'xl.,, + va,. — Oy — Evyj) }

xi.yjiebr

USll’lg 1 - 60—,¥i¢t’o-)’

it

Z(v) = f ACIEDY

exp{ —(=2J1)
oex@(¢) {

(6.2.80)
This can now be treated as in [111] as the measure p, is reflection symmetric. This can be
seen by noting that for a reflection through edges any event of " associated to an edge {x, y}
crossed by the reflection plane is symmetric with respect to swapping of the sites xg, x; with

the sites yo, y; (recall that the sites xg and x; play equivalent roles). O

Lemma 6.2.8. Z(v) is maximised by v = 0.
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Proof. See [13, 35, 43, 111] for details. Showing maximisers exist is simple. We can fix
the field value at Oy to be 0 and take v such that vgz)) = 0 and sup,, |v§::)| — o0asn — oo,
note that Z(v(") — 0 for any such v(”. Hence we can take the maximum on a compact set,

as Z(v) is continuous and positive maximisers exist.

The proof that the maximiser is given by v = 0 is easy. Take an arbitrary maximising field,
v, by Lemma 6.2.7 the field (v(V, Rv(D) is also a maximising field with v,, = vy, for
each x; € 1~\(Ll). Notice that if we repeat this procedure then after log,(JA.|) we will have a
maximising field that is constant. Now we note that the value of Z(v) for a constant field

does not depend on the value of that constant, hence we can take the constant v = 0. O

Infrared bound for the correlation function

From the preceding section we can obtain an infrared bound (IRB) on the correlation func-
tion. First we define the inner product and discrete Laplacian on A;. For v and v’ fields on

Ay we define their inner product, and the discrete Laplacian as

(v,v) = Z UV, (6.2.81)
)C,EAL
(Av)x,- = Z (Vy_/- - Vx,») (6282)
yidxiy €€

Lemma 6.2.9. For k € A} \ {0}

~ s 1
k(k,0) =: ‘ﬁ dek(k, 1) < m (6.2.83)

where (k) =2 ¥ (1 - cosk).

Proof. To begin we see

B
Z(v) = fp(da)) Z exp {(—2]1)(f (U.,,,Av)dt+/—3(v, Av))}. (6.2.84)
0 4

e (w)

As usual we choose our field to be given by v,, = cos(k - x) where x; = (x,17) and expand
around v = 0 to second order. We will make use of the identity —Av = &(k)v for this
particular choice of v. Let 7 > 0 be a (small) parameter. Now

20~ T N2 (2 B 2
ZGv) = Z(0) + f pdoy Y, TEEDEO f i f A, 9) = T 20DBe0, ) + 0071,
oez@(w) 0 0

(6.2.85)
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Collecting terms gives

B 2
Z(O)(l + 277 T e(k)*B j; dE [(0.0,V)(0 .1, V)] — %(—Jl)ﬁs(k)(v, v)) +0mY).  (6.2.86)

We can calculate the expectation quite easily.

%K(Z,l)
E[(o.0, V)04, V)] = Z cos(k - x) cos(k - (x — 2)) E [070,,007, 1]
x,',z,lef\L
1 2.
= 3 5 cosi (k- kKD (6287)
x,E[\L

1 .
= 3 (v, V)R(k, 1).

On the second line we have used that cos 6 = Re (eig). Finally we have

el 2
Z(nv) = Z(0)(v, V) (1 + 2 JiBe(k)? f dek(k, t) — %(—Jl)ﬂs(k)) +0@). (6.2.88)
0

From the Gaussian domination inequality Z(v) < Z(0) we know the bracket is bounded by

1 for small enough 71, hence rearranging gives

B 1
drk k,t < —-. (6.2.89)
fo ) (—2J1)e(k)

O

The next step is to transfer this infrared bound to k(k,0). We will need the Falk-Bruch

inequality.

1
JanZ, Jaa m2an® A, 20

@
_<A A+ AA” ) ALg S Duh A A Vg Duh

2

Where (-, )(2) is the Duhamel inner product

1 B ©) _0H?
AB2 = — [ dstrare e EI, 6.2.91)
Duh Z(Z) 0
AL’B

We will use this inequality with A = I@i = DixeA, e‘”"xRi (and hence A* = Rik). The main
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task is calculating the double commutator. It is simple to show

(R, 1A} R = Z [R3 + cos(k(x — YIRS, [2J18C) — LD Rl (62.92)
xy{xytedy

We need to calculate some the expectations of these double commutators. To begin we

define new operators S33, and D33 by their matrix elements,

5y 5y
(@b, d|S))a.b) @ e, d) = (b= ') 00004 6.0 (6.2.93)
@ V&, d|DP)a, by ®|c,dy = (a—a +b—b')0aa6p0u.arOp - (6.2.94)

We have the following result

Lemma 6.2.10.
83 = —[RL[ST, R = —[R. [SO). R, (6.2.95)
DY = -[RL[DD), Rl = - (R}, [DY), R3]. (6.2.96)

Proof. The proof is tedious (and somewhat messy). The propensity for making mistakes is

high, hence one of the calculations will be done explicitly.

[R3,[ST), R31] = 2R3SOIRE — SCUR3Y? — (R32ST). (6.2.97)

L. 2d, V@, dIR3SORa, b) ® |c, d)

= 2a+bXd V@ (. d'| ), Rla.p)®ly,6)(.Bl® (y, 018 la, b) @ |e, d)
a,B,y,0

= 2a+b)a | © (. d| Y Bla.p) ® 5. )b
B

= 2(a + b)(a, + b,)éa,b’6a,a’6d,d’6b,céb’,c’-
2. ~d, V1@, d ISR a, by ® lc,d) = —(a + b)*SuwSaah S o

3. b ®(, d IR SDa, by ® |c,dy = (@ + bV 50w baprSp, S o-
(6.2.98)

For 3 we have used the same method as for 1. Combining these gives the result. O

Now to calculate the expectation of the double commutator we require <S(3)3€1>£~\2) s and
’ L)

(Z)g’fel );\2) 5 Again we need a small lemma for this calculation.
’ L)
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Lemma 6.2.11.

3.2
(80124, 5 FOo—e10); (6.2.99)
(D)), <8P(Oo—e1y), (6.2.100)

ALp

Remark. We could calculate (Dgil >5€2J5 exactly. However it involves probabilities of the
kind seen in Section 6.2.5 (and even more that have not been seen). Many of these terms
are hard to bound other than by P(Op—e,, ) and hence we would end up with a much bigger
multiple of P(0p—ej, ) than we do here. Of course if we could bound these complicated

probabilities in theory the result could be improved, as could many results here.

Proof. For the first equality we let w be a realisation of p and w U by be the realisation

where a single bar on edge {01, e1,} has been added at r = 0. Then

2 1
<Sg?el >i~\zﬂ = Q) fp(dw) Z (0-01,0+ - 0—01,0—)2
Z[\Lﬁ 0€X@(wUbp)
(6.2.101)

1
=5 fp(dw)()((OHeIO )+ x(Op—e1,)) Z (00,04 — 00,0
Zf\L,,B 0€Z? (wUbg)

Here y(E) is the indicator function of the event E. Note that a bar added between disjoint
loops merges them and adding a bar within a loop splits it. The integral over E [0p—ej, ]
with a bar added between (01, 0) and (ey,, 0), this forces o, 0+ = 00, 0- so this contributes

nothing. The second term is over E [0+ej, ] with the same bar added. The sum becomes

1/2
> (@o0r - 0007 =2 N (- p)? = 2, (62.102)
0€X@(wUbyg) a,b=-1/2

Hence we have the first result. For the second result let w U dy be the realisation with an
extra double bar on edge {0, e} at ¢ = 0 joining point Op to e;, and point O; to ej,. Then

1
(D(S);)}\zzﬁ =0 fp(dw) Z (T000+ = T000- + T0,04 — T0,0-)

ALB 0€X@(wUdy)

1
=0 fp(dw)(/\/(01+€1o) + x(0o—e1,)) Z (00,0+ = T0,.0- + 0,0+ = T0,0-)°

ALB e (wUdy)
(6.2.103)

It can be seen (either by looking at the appropriate loop pictures or otherwise) that for

w € E[0p—ey, ], the sum can be bounded by looking at the four sites Og, 01, e1,, e1,. We
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consider whether they are in one, two or three different loops as follows

12 - 2H@I=1 one loop
(000,04 = T00.0- + 0,0+ — 00,0-)° <116 -2L@I2 woloops  (6.2.104)

e 2 - 2L@I=3 three loops.

Noting that the four sites being in one, two or three separate loops are disjoint events we can

bound the integral over E [0p—ej, ] by the most likely event giving a bound of 6P(0p—ej, ).

As for the integral over E [Oej, ], the same considerations result in a bound of 2P(0p—ej,, ).
In this case the sites can be in four loops but then adding a double bar makes the sum equal
to zero. In the case of three or two loops with the sum none zero we are in w € E[0;—ey; |
for some (i, j) # (1,0). The result follows. O

Finally we can use these results to see

R HDRIDY (= ) (1+costk- (x = y))(-2/183, + DY)
xy{xyledr (6.2.105)
<|IALI(=2J1 + 8J2)P(0p—ey, )e(k + ).

The first inequality used Lemma 6.2.10 and the inequality used Lemma 6.2.11. We also
have
353, B
Ry, R (k) = k(k, 0). (6.2.106)

From this we have the bound

\/P(O el —2J1 +8Jy |e(k + 7r) 1
3 3 0 —
(RR3) (k) < ,/ =y =0 ,3( 2J1)s( D (6.2.107)

Now we use the identity

T A - ZP(O(HCO) k() — |A| Z MRk (6.2.108)

xeAL keAT\{O}

with y = 0 and y = e¢;. For the second choice we use the sum rule in [58], more precisely
we use (6.2.108) and the identity

Z cos(kp)k(k) = Z k(k)(

keAT\{0} keA;\{0}

d
Zcos(k,-)) . (6.2.109)
+

i=1

Ul =

=
INgl

Il
—_

cos(k,-)} < Z k(k)[

i keA;\(0}

This gives the result.
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6.2.7 Nematic order for J; < 0 < J, - an initial result

The loop model was effective in giving an explicit region where macroscopic loops (and
Néel order for the corresponding spin system) occur. There remains part of the quadrant
J1 £ 0 < J, where long-range order has not been shown. The aim of this section is to
prove an analogous result to that of the previous section with the aim to eventually be able
to prove long-range order in the remainder of the quadrant. The result in [69] suggests the
possibility of showing nematic order for |J;| sufficiently small. Nematic order is expected
to be weaker than Néel order. Much of the argument is the same as in Section 6.2.6 however

the proof of reflection positivity is slightly more involved. We use the following notation,

P) =SSR, 5~ (S, ﬁ<<s3>2>AL P

1 1 1 - (6.2.110)
=5+ () + 320 )+ 2(0T)

This is a function of probabilities of sites being connected at time ¢ = 0. The corresponding
event for the connections being between (0, 0) and (x, 7) is denoted p(x, #). We can see from

>(1)

the proof of Proposition 6.2.3 that p(x) is the same if we take expectations in (- or

( )5\22 5 The main theorem of this section is the following:
Theorem 6.2.12. Letd > 3 and J| < 0 < J, for L even we have two bounds

—2J1+3J;
3 — VPOo—e1,) \| —37-—= Ka+0(})
11{11 1nf — Z p(x) > 11m 1nf (6.2.111)
= pler) - VEOy—en,) | 2o 1+ 0(3)

It is difficult to give a satisfactory bound on p(e;). But as for Néel order we reason as

|»—

follows. The sum is certainly positive for 8 large enough if

2 4], pler) 4J,
VP(0p—eq,) < ‘/ or VP(0p—ey,) < . (6.2.112)
0o 9Kd —2]] + %Jz 0o Id —2]1 + %]2

Combining Proposition 6.2.5 with the second bound of (6.2.112) we have the sufficient

condition of

2J1+]2 —2J1+J2

I 9 \ 2 (=3, +2J
P(Op—ey, )+(_—d) \/Jz (—211 + ZJQ) VP(Oo—er, ) -5 (#) <0. (62.113)

This is a quadratic inequality in VP(Op—e;, ) . For d = 3 the largest root is bounded below
by 0.5 for all values of J; < 0 < J, on the unit circle. We then see that a modest upper
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bound on VP(0p—ej,) should yield nematic order, however finding such a bound seems
quite difficult. The rest of this section is dedicated to the proof of Theorem 6.2.12.

To begin we define a partition function dependent on external fields, v, as in Section 6.2.6

B
Z(v) = pr(df) Z exp {_JZ{ Z L (o-xo,to-xl,t - O-}’o,to'y|,t)(vx; - Vy/) + %(Vx; - V,\'j)zdt}

oex®(¢) xiyjeéy

(6.2.114)
we can also write this as

Zw = fpt(df) Z exp{ -5 Z fﬂ dt[(o—xo,ta—xl,t + % — Oy,t0yt — %)2

SSEIr) (ieén V0

— (O xtOxpt — 0'),0,,0'},1,,)2] .
(6.2.115)
Hopefully the reader can forgive this clash of notation with the partition function on fields
introduced in Section 6.2.6. The partition function in Section 6.2.6 will not appear or be
used in this section. The partition function (6.2.114) will play the same role in this section
and the prospect of yet more new notation was not appealing.

Lemma 6.2.13. For any reflection, R, across edges
Z(v1,V2)* < Z(v1, RV1)Z(Rv2, V2) (6.2.116)
Proof. We note here that

2
(O—)C(),to—xl,t - O'yo,tO'yl’,) = 1 - (S (62117)

o-xo,ro-xl ,I’O')‘O,to'yl g

Recalling the proof of reflection positivity previously this suggests that we should split the
intensities of the Poisson point process as follows.

oflba_ab J 6.2.118)
L ————— = 2.
ba ab 2 (

¢’ makes up the remaining events in ¢

(b a ab ((ada ab J(da ada
2 p—— = Jz, [2 p— = —2]1, L p——— = J2.
bc ¢ b ac c¢cb [ N N o

(6.2.119)

Again there are two possible interpretations of how the bars are incorporated. Now if F is
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a function on space-time spin configurations then given a realisation & of p,

f pr(d) > Fe)= ) F() f po @) [ Sopr Oy, iEMjEM

oeETDEugT) TeIA @) oy neg”

(6.2.120)
The product of delta functions incorporates the requirement that two sets of bars occur
between sites x and y at time ¢. It can be checked that

=90 -0 0, 0 (6.2.121)

O—Xi,lvo_yj,l60—X}1,1»0-}‘;,1J Tx0.t 0 x1,65Tyg,t Tyt T xguts =0y, VO xy 15Oy 02 O xqy 150 x

If we use this to rewrite (6.2.120) we can see that the second term on the right hand side is
not a double bar event, hence when multiplying out the product only the first term survives.

This means

f po@E) Y F@= ), F (‘”f po@e) || iy,

Texd(&'ug”) TeEd () (xy.nee”
(6.2.122)

Given ¢’ and o € Z(¢')

B
fpu'(dérﬂ) l_[ (5(rx0,,0'xl,,,(ry()‘,(r‘-l,, =expq—J2 Z f dt(l _5(er,,(rxl,,,(ryo,,m-l,,)

(x.y.H)eé” {xi.y;)€bL
(6.2.123)

Now it can be seen that the identity that informed the splitting of the intensities was a useful

one. Combining what we have as before we obtain

el V.. vy_ 2
Z(v) = f pe@d) > expi-h ) dt(a‘xOJO'le+%—O'yo,,(fyl,,—j)
. Jo
oez® (&) {xi.y;}€6L
(6.2.124)

We are now in the same situation as we were for the previous proof of reflection positivity. It
is again standard to complete the proof by introducing extra fields, the reader is encouraged
to consult [111] for further details. O

From this it follows that Z(v) < Z(0) for any field v as previously. Now we want an IRB,
for this we have the following lemma.
Lemma 6.2.14. Fork € A; \ {0} and J, > 0

B 1
depok, t) < ——— 6.2.125
fo ok, 1) 0 ( )

Proof. One extra observation is required. We see that we can write
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B

2= [pe Y ew{-2 Y, [ d@uon-

rex(e) i eéy 0 (6.2.126)

1
= (3000 = @D, = Vy)) + 2V = wz]}

We then follow precisely the proof of Lemma 6.2.9 and see that if we take o = —ﬁ we

obtain the result. O

This time when we use Falk-Bruch we take A = F ((Ri)2 - %)(k), where 7 (g) denotes the
Fourier transform of g. The double commutator calculation is similar to before,

- )
(A AR An) " == YR+ cosk(x - RDP (224182 + HDE, R
AL B.A Y 5y

xy{ryleéy
(6.2.127)

Now we define operators that will give our double commutators. Recall the operator S?fy
and define Q(l) and Q(z)

(@, b'|@(,d|0Vx,yla, by ® |c,dy =4ad(b — b')* 64,0 84.40p.cO (6.2.128)
(@, b @, d'|00)a, by ® |c, d) =Hab — @' bV 54a6p.0u a0 ¢ (6.2.129)

The relation between these operators and the double commutator is given by the following

lemma.
Lemma 6.2.15.
_ (2)
S =—[RY*.[S. R (6.2.130)
0 = - (R, (ST, (R (6.2.131)
(2’ — [(R)% (DX (R = —[(R) [DF). (R (6.2.132)

Proof. The proof is is essentially the same as that of Lemma 6.2.10, we calculate the ma-
trix elements of the double commutator and see that they are the same. The only slightly
surprising result is that [(R)3C)2 [Sg;, (Ri)z]] * [(R?)2 [Sff;, (Ri)z]] so the proof will be pre-
sented.

(R, [S2). (RH™M]

_ (Ri)zS(z)(R ) +(R3)23§%;(R§)2—(Rf.)z(Ri)ZS%)v (2)(R3) (R3 (6.2.133)
1 2 3 4
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L. (d, V& d|(R)*STIRDa, b) ® |c, d)

= Supta B1@(,d| Y (R Na.B) Iy, 6)a, Bl & (v, 81STla, b) & le,d)
a,B,y,0

= Sap(d b1 (', d'| ) (R})Ia, B) © B, d)O,
B

(6.2.134)
= 6a,b66’,d’ 5a,a’ 6d,d’ 617,0612’,6’ 5

2. (d b @ d|(RPSTURDa, b) ® e, d) = 6c.adur by Sa.ar Ot Ob.cObr o'
3. ~(d, V@ d(RD*RI*Sa, b) ® e, d) = ~Sur by Ser i S O ar 0,6
4. ~d b @ (", d|SCURD R |a, by ® lc, d) = ~64p0 c.a6 0.0 0. OO -

This gives matrix elements of
_(611,11 - 6a’,b/)(6c,d - 66’,d’)6a,a/6d,d’6b,c(5b’,c’ = _4ad(b - b/)zéa,a’éd,d’éb,céb/,c’- (6.2.135)
The other equality follow in the same way. O

We need the expectations of these operators. they are easily calculated using the same

considerations as in Section 6.2.6.

Lemma 6.2.16.
QD) < BOo—e1,). (6.2.136)
9
D\(2
<Q§,;>(AZ,B < 7 BOo—ey, ). (6.2.137)

Proof. The first inequality is obvious as 4ad(b — b’)*> < (b — b’)*> which puts us in the case

of 813} For the second integral we use the same method as when calculating (Z)g?el )5\22 5

D)\2 1 _ 2
O 5= 7 f p@) Y 400,0:00,0+ — To,0-T0, 0 (62138)
ALB oeX@(@wUdy)

We look at the cases w € E[0p—ej, ] and w ¢ E [0p—ej, ]. For the cases of Og, 01, e1,, €1,
being in 1,2,3 or 4 different loops we look at the possible ways of forming the loops (which
sites are connected and what order they are connected in). Then we can add the double bars
and see which spins are necessarily equal and which can be different. We then bound the
sum in each of these cases. If w € E [0p—ej, ] the biggest contribution is the case of two
loops with two of the sites Op, 01, e1,,, €1, each, adding the double bar puts each term in the
sum in a different loop giving a bound of 2 - 2@, In the case w ¢ E [0p—e, ] the largest
contribution is the case of three loops with Oy and e;, connected, the sum is }‘ZW‘”}'. Adding

these cases and recalling that P(x;—y;) does not depend on i or j gives the result. O
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Combining these gives us a bound on the double commutator

@ 9

(| R0, 1A ®RD20]) < IALI-201 4 IR O0—e1, etk 4. 62139

B

We have the identity 7 ((R3)* — 3, (R})* — $)3 (k) = foﬂ dtp(k, t). Then Falk-Bruch gives

32 2 32 2 @ VP(Op—er, ) 2L+ 20 etk +7) 11
7:<((R°) 3) ((RX) 3)>[\L,ﬁ < 2 I ek Bl

(6.2.140)

Using this with (6.2.108) as before we obtain two bounds in the theorem.

6.2.8 Néel order via space-time reflection positivity

We now use the method of space-time reflection positivity first used in [17] for the quantum
Ising model and also used on loop models in [111]. The main difference is that the fields
we introduced to obtain infrared bounds in previous results will now also depend on time

(i.e. t € [0,8]). We begin by introducing two integrals that will be needed for the statement

1 d
K, = — dk, 6.2.141
4" 2y f[] \ =& (0214
1 1 (&
I = k| dk. 6.2.142
1T e \ el (Z; © ] o2

The main theorem of this section is then:

of the main theorem,

Theorem 6.2.17. Let L(0g, 0) denote the length of the loop containing (0, 0). For L even
there is a By such that for B > By there is a c = c¢(J1, J2,d, ) > 0 such that

liin inf E [ (6.2.143)

—00

L(OO,O)] ..
7V

More precisely, for B large enough we obtain two possibilities for this constant, c:

2_2\/(12—211)19[0%%]K:i(1+0(1))
L(OO,O)] , (=J1) B

im
L—oo -
ZJP[O(Felo][‘/P[O(Felo]_ %I‘,’(HO(%))}

(6.2.144)
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For the explicit dependence on 8 see (6.2.178) and (6.2.181). As for Theorem 6.2.6 it is
sufficient to prove there is a positive lower bound for (6.2.144). There is a positive bound if

VP [00—610] < i i or VP [00—810] > Iz/i M . (6.2.145)
K, \ (J2—=2J1) (=J1)

One of these inequalities is satisfied if

J
1K) < =J1)

< —- (6.2.146)
4= (=201

This is the case for d = 3 if J; < —0.22 with Jf + J% = 1 which is an improvement on

Section 6.2.6. The proof of this theorem comprises the rest of this section.

We now consider fields depending on space and time v : AL x [0, Blper — R such that
Vxot = Vx, forevery x € Ay and ¢ € [0, B]. Define a partition function

Z(V) = fPL(df) Z exp{ _( 211) Z f dt (O-A t O-y t)(Vx R4 V)j t) + (Vx t Vy, t)
aex($) {xi,y; 1eé;
0,y Oy, s
+Zf|:ao‘x, _b( a[):|}’

X EAL
(6.2.147)

where a and b are constants to be chosen later. We consider only v’s that are twice differ-

9
gt” < ¢g for every x;,t. Denote the set of all such

fields by V.
Lemma 6.2.18. Vv € V., 3Av* € V., depending on t but not on x; such that Z(v) < Z(v*).

Proof. The proof is the same as in Lemma 6.2.7, note that the sum over x; € A, plays no

role and is easily reflected. O

We want that the field 0 (i.e. vy, = 0 Vx;, 1) is a maximiser. From the previous lemma
we need only consider fields constant in space. To prove the result we need to consider
reflections in time, the proof is more involved than previously.

Lemma 6.2.19. Ifb > 2a%d(J, — 2J1)k(ey) then Aco > 0 such that Z(v) < Z(0) Yv € Veo-

Proof. For N even we define

Zy(v) = f pde) Y expi-= Z Z a(am%—ax,.,»(vn%—v,>+b<v,+%—vt>2]

oex(é) Xi EAL re

(6.2.148)
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where we have written vy, ; = v; as v is constant in space and have discretised the derivatives.
We have the relation
lim Zy(v) = Z(v). (6.2.149)
N—>

We can reflect horizontally in the lines ¢ = %n forn = 1,...,N. Using Cauchy-Schwarz
gives
Zy(v D v < 7o (vD RV Z(RvP, v?)) (6.2.150)

where v() and v(® are the parts of the field above and below the reflection plane, respec-

tively. This gives a maximiser of the form
N, C
= (=)=, 6.2.151
vi=(D7 S ( )

where |c]| < co%. We want to show that ¢ = 0, we first use this v*

4b A 2
ZN<v*>=pr(d§> > exp C' L 2ac 2 Z ( ARV IS

o€L(§) xi€hp el {1

.....

(6.2.152)
When integrating over the realisation &, of p, we can replace an event (x, y,t) € £ by % an
event at f and 1 5 anevent at + , this gives

; _ i) 1 2ac
Zywh=e 7 f pdg) T ]_[E(exp{F(awg Ok T = 00}

T€X(§) (xy,DEE i#]

2ac 1
+ exp{ B 7(0-):,',1+% Oyl T Ot ~ O-y/»')} +0 N/
(6.2.153)

The O (%) term corresponds to realistation where two transitions occur at the same edge in

a time interval [t, t+ %] At a single bar the factor is

1 2ac 2ac
3 exp _,3 (O-)q 8 s t+oy w8 = Oyt = Oyot) f + EXP __ﬁ (o-x] 8 s+ O"OH_% —Ox = Oyot)

8a%c?
= exp {ﬁ—z(am+§ — )+ 0(c4)} .
(6.2.154)
The factor at double bars is

8422 8a*c?
P {ﬁ—z“f = Twn) + 0 ("4)} P {7(% g~ Tua)” + 0 ’}
(6.2.155)

2.2
= exp | (@ 8~ T+ (0 8 )+ O
,82 X0+ X0,f X+ x1,t .

Note that for a single bar joining x and y in interval [t, t+ %] we have T it = Tt
TN
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(assuming only one bar occurs) meaning we can use the factor for double bars at every
event in &, hence we have

N _4bc2\f\L\ 8a2c2 ) )
In(V)=e 7 f p.(dE) Z exp 7 Z (((er,H% — ) + (0 8 _le,z))
oeX(E) (oynee
1
ocH+0|—=
+ O(c )}+ (N)
(6.2.156)

We now want to expand the exponential into terms that can be dealt with. Let A be the event
that an event occurs on edge {0, e;} in time interval [O, %] we have

4b 2 N 8 2.2
Zy(v*) = Zy(0) [1 - —C|AL|] + Z ey f pu(de) Y ((a0 5 = 000 + (0 5~ 0’01,0)2)
B B A Fex(€) N by

+0(cM + 0(%),
(6.2.157)

here we have used space-time translation invariance. Now let £ U by be the realisation, &, of
o, with an extra bar (single or double) at {0, e;} X {0}, then

. 1 N
lim —
N—oo Zy(0) B J,

pd®) Y (@5 — 70,0 + (@, 4 ~ 70,07

TeX(¢)

N
2(12—2.]1) lim —
N=o Zn(0) B JE10;—ey,)

0.(dE) L10,,0)+(00,0-)1U[01,0)401,04)1 (€ U bo)

2 2
Z ((0'00,% = 00,,0)" + (07, 8 = T0,0) )
€S(EUby)

=2(Jy = 2J))P[0g—ey, ].
(6.2.158)

Here we calculate the sum under the condition [(0g, 0) -+ (09, 0+)]U[(01, 0) - (01,0+)] as

follows
Z ((O'OO,% — 070,0)> + (0,8 ~ 0-0170)2)

T€EX(EUby)
1
2
< QLI Z ((a_ b)Y + (c - d)z) (6.2.159)
a,b,c,d:—%
=2 2@l

Inserting this into (6.2.157) gives

4bc? 16a>c? 1
Zn(v") < Zy(0) [1 - ﬁc Azl + ‘;C EI(J> — 20 )k(en) | + O(ch) + o(ﬁ). (62.160)
We see from this that ¢ = 0 is a local maximiser if b > 2a?d(J, — 2J))k(e1). O

We now use this lemma to obtain an infrared bound. We first introduce the space-time
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Fourier transform of x(x, 1),

B .
kk, 1) = Z f dre =T (x, 1). (6.2.161)
0

XEAL

We have the following inequality.
Lemma 6.2.20. If b > 2a*d(J, — 2J)k(e1) assume cq is such that Z(v) < Z(0) Vv € Ve,

then for (k,7) # (0,0)
(=2J))e(k) + 4b1?

k(k,7) < . 6.2.162
AT < S2eto + ar? (2109
Proof. Unsurprisingly we choose vy, ; = cos(k - x + 7¢) then for 7 > 0
B 1,
2o = [ pude) Y, expd 200 [ dilor i av.) + 37200 A0
Tex(®) 0
B 62Vx~ t 2 azvx- t
+ Z f(; dt[ano-x,,t 32 + b vyt Y ]},
)C,'EAL
(6.2.163)
where we have used the identity (f, —Ag) = X (x yyes(fx—f1)(gx—8y)- Using that —Av = &(k)v
and —‘?;TZV = 7%v we have

g 2
Zav) = f pudg) exp{— fo dn(-210)60) + @) 1,v.0)

Tex(®)

+ ;lan«—le )e(k) + 4bT)(v.,;, v.,»]}

1 B B
= f pudé) Y (1+5n2<<—211>s<k>+m2>2 fo dr fo A (0 v- ) s V)

TeX(é)

1 B
- an((—zjl Ye(k) + 4bT? fo dt(v.,;, v.,t)) + 0.

(6.2.164)
We can calculate in the same way as in previous sections to obtain
(o v. Oy, v.p) = Z cos(k - x + tt)cos(k -y + Tt)O'x,.,,ij’,f, (6.2.165)
xi,ijAL

and | .
— f pdE) D ooy = kG -t = 1), (6.2.166)

Z(0) : 4

3
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Finally

8 B
f dr f dr Z cos(k - x + 1t) cos(k - y + TOk(y — x, 7 — )
0 0

Xi,yjEAL

g B
- f dr f dr”’ Z cos(k - x + Tty cos(k - (x + 2) + 7(t + " )k(z, ")
0 0

xi,szAL

5 5 (6.2.167)
— f dr Z cos(k - x + Tt)Reeik-xH‘rt Z f dt//eik-z+i‘rt'/K(Z’ l‘”)

0 xRy zjeAr 0

p 2
= f dr > cos(k - x -+ 0)? X 2RK(=k, 1)

0 — —_—————

X€AL R(k,7)

Putting this together we get

]
Z(nv) :Z(O)[l + inz((—yl)a(k) + at?)’k(k, 7) fo dt(v.;,v.)

5
- %nZ((—2J1)8(k) + 4b7?) f de(v.y, v‘,,)] +0a).
0

(6.2.168)

From this we know from the previous lemma that for 7 > 0 small enough
(=2JD)e(k) + at®)*k(k, 7) < (=2J1)e(k) + 4bT?). (6.2.169)
The result follows. o

Now we want to optimise over a and b to obtain the best bound possible. We first take

b > 2a*d(J, — 2J1)k(ey) for a > 0 and optimise over a, first we differentiate

9 (=2J)s(k) + 8da®(J, — 2J))k(e)) >

da ((=2J1)e(k) + at?)?
(6.2.170)
16da(Js = 2J)k(er)  2T°((=2J1)e(k) + 8da*(Jo = 2J1)k(en)7?)
((=2J1)&(k) + at?)? ((=2J1)e(k) + at?)3 '
There is a minimum at |
(6.2.171)

7 8d(, - 200)k(e))’

note that taking a = 0 gives the bound ((—2J; Ye(k))!, taking a as in (6.2.171) gives a strict

improvement:
1

2
(=27Dek) + sgnmsryae

kk,7) < (6.2.172)
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We now use a Fourier identity to obtain the bounds of the theorem. To begin

&(k,0) = é > &k

TG%TZ

1 1
SIE Z ) 2
rezrz (F20080) + sqmrmen
| (6.2.173)

(27)2n?
Bz (22008 + g

86%d(J,—2J1 )k(e1)

== =
) 882d(J>—2J)(—2J1)ek :
B ~ B-d(Ja ;;(ﬂ)z Dekler) | 0

Now use the identity

1
> = T coth(re), (6.2.174)
cc+n? ¢
nez
after some cancellation we have
1
N 2d(J> — 2J1)k(er) ‘
k,0) < th 2d(J> = 2J1)(=2J k)). 6.2.175
R(k, 0) \/ el (BN2d(J2 = 2J1)(=2J D(en)e(k) ) (62.175)

For the first bound in Theorem 6.2.17 we calculate

1 = x(0,0) =[ﬁ > k)

keN; re2z
LTEﬁZ

1 (6.2.176)

_ I ) 1 )
= GAFO0+ >, &O,7) vl > D kD

TeZZ\(0} €A MOt ez

Let L(0p, 0) denote the length of the loop containing the point (Og, 0). The first term is given
by

1 1_[L(0,0
%(0,0) = —E[ ©o, )}, (6.2.177)

BIAL 2 | BlAL
(recalling that sites xp and x| are equivalent). The second term vanishes in the limit |[Az| —
oo and we can bound the third term using (6.2.175). Putting this together and taking the

limit |Az| — oo gives

[L(Oo, 0)]
im _—
|AL|—00 BIAL|

s \/ 2d(J, - 2J)K(er) 1 4 CMhB VAT = 2T (2T k(e o))

(=2J1) Q)¢ Jicn (k)
(6.2.178)
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The cotangent — 1 as 8 — oo, hence

1
L(0g,0 2(J, =2J
lim lim E[ ©o, )] SO IV QY K. (6.2.179)
B—oo |Arl>eo | BIAL (=2J1)
For the second bound we note
1 =
= — k(k,T)— k. 6.2.180
Kk(er) BN k; Z k( T)d Z;cos i ( )
LTEFZ =
The same considerations give
im L(Oo,O)}
[ALl>o0 BIAL
2d(J5 - 20k(er) 1 coth(8 V2d(J5 — 20)k(ene®)) &
2k(er) — 2 1
> 2k(ey) \/ 2 TS dk o0 [,-_1 cosk; )

(6.2.181)

Taking the limit 8 — oo gives the second bound

. ) L(0o, 0) ‘ ‘ (J2=2J1) ,
lim lim E > 24/P[0p—e P[0p—e — A —=1I,|. (6.2.182
gim | lim [ BIAL] ] VP [0p—ey, ] (\/ [Oo—e1,] = 4/ 7, d) ( )

This completes the proof.

6.2.9 Nematic order via space-time reflection positivity - an initial result

We now use the method of space-time reflection positivity to study the nematic correlation
function (6.2.110). Recall the integrals in (6.2.141) and the correlation p(x, f) (6.2.110) then

for the space-time Fourier transform,

B o
plk, 1) = Z j; dte™ = p(x, 1), (6.2.183)

XE/\L

we have the following theorem.

Theorem 6.2.21. For (8 large enough

2 (J2 = 2J1)k(er) ,, 1

R k1o )
(J2 = 2Jy)k(er) , 1

p(el)—z,lzj—;“lld(uo(é))

(6.2.184)

1
lim lim inf ——p(0, 0) > liminf
=00 L—oo ﬁIALlp( ) L—oo
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For the explicit dependence on S see (6.2.208). The proof of the theorem incorporates the
methods used in sections 6.2.7 and 6.2.8.

Forafieldv : Ay X [0,Blper — Rsuch that vy, ; = vy, , forevery x € Az and 7 € [0, 5] define
the partition function

1
Z(V) = fpl(d‘i:) Z exp { - ( 211) Z f dt[(o—xo,to-)q,t - O—yg,to—yl,t)(vx,-,t - vy,-,t) + Z(vx,-,t - vy,-,r)z

TEL(E) {xi.yj €€t
szx,,, vy, 2
3 [ el 5) o (%) |}

xXi€AL
(6.2.185)

where a and b are constants (chosen later). We consider only v’s that are twice differentiable

with respect to ¢ with | < ¢y for every x;, t. Denote the set of all such fields by V,,

Lemma 6.2.22. Vv € (VLO av* € V., depending on t but not on x; such that Z(v) < Z(V ).

Proof. The proof is the same as Proposition 6.2.13, the sum over x; € A; plays norole. O

Lemma 6.2.23. Ifb > 4a*d(J> — 2J1)k(ey) then Aco > 0 such that Z(v) < Z(0) Yv € Veo-

Proof. The proof is similar to Lemma 6.2.19. First we discretise in time, noting we need
only consider fields constant in space, let N be even and define

zv) = [ piae) Y exp{—— > Z [a(aw o, Hg—crxo,,crxl,,)<v,+g—vz>—b<v,+§—v,>2]}.

oex(é) xieAr te

,,,,,

(6.2.186)
Then again limy_,. Zy(V) = Z(v). Reflecting horizontally in lines ¢t = %n forn=1,.,N
and using Cauchy-Schwarz gives Zyv D vy < Zy(vD, RV Zy(Rv®, v@). Hence we

have a maximiser of the form
N N
vi = (=15’ | < co- (6.2.187)

The aim is to show that ¢ = 0. Inserting this v* into Zy gives

2
zvv) = [ pAdf)Zexp{ e 'AL' =) Z (1) @b T axo,,a,n,l)}. (6.2.188)

oex®) AL b

Note we have replaced the sum over x; € A, with twice the sum over x € A;. When
integrating over a realisation &, of p, we can replace an event (x, y, f) € £ by % an event at ¢

and 1 5 anevent at + , this gives

. _4bPiAg) 1 4ac
D S I L R R R )

TEX(E) (x.y.€f

dac 1
+ exp{ - _ﬁ (a'XO’H%O'XIVH% +o, il T, b Ot Txpi — a'yu,,O'yl,,)} +0 vl

(6.2.189)
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The O (N) term is for realisations where two events occur on the same edge in a time interval

[t,t + Iﬁv]. At double bars we calculate the factor as

32a3c?

2 4
CXP{B—Z(O-xo,Hf,O-xI,H,@ = O xi0x1) + O(c )} (6.2.190)

At single bars we calculate the factor as

2.2
ac 2 2 4
XD { =+ 0300 g~ O

8a2c? ) 4
< exp{ﬁ—z(O'xl’Hg -0 +0(C )}
5 5 (6.2.191)
ac 2 2 2 4
< eXp ﬁ—z(o—xo,t) (O—)C(),t + O-yl,t) (a-xl,t+% - UX],I) + O(C )
32a%c? 2 4
= exp {ﬁ—z(o_xoﬁf,o—xl,ﬁf, — Oxpt0x.0)" + O(c )}

where the last line used that Toasl = Oxprata single bar (assuming only one bar occurs
. . . »UN
in the time interval). Hence

2.2

; _ 4Ry 32a-c 1
Zn(V)<e T F fp‘(df) Z exp{ﬂ—z((rm”%a'x]ﬁ% - ‘TxU,tO'x,,t)z + 0(c4)} + O(N)

TgeX(é)

(6.2.192)
Let A denote the event that an event occurs on edge {0, e} on time interval [0, %], expanding

the exponentials gives

. 4bc? 32a*c?
Z3(v) < ZyO)1 - T|AL|] + BN fA PAAE) (T 8T et = Tagar )
oex(§)
1
ochH+0|=|.
+ O(c") + (N)
(6.2.193)
Now let £ U by be the realisation, &, of p, with an extra event at {0, e} X {0}, then

1 N )
ZN(V) h N pL(df) U;E)(Gx0’1+ﬁlaxl't+f/ - O-X(),l‘a-xl,t)

lim
N—>oo

= (o - 2Jy) i
()2 J1)Nlm

— P(dE) L00,0)+(00,04)]UL(01,0)4(0,,0+)] (€ U bo)
—® ZN(V) B E[O]—e‘]o] ‘ 0 0010102 o

2
Z (O-xo,t+%O-X| ,l‘+% O-XOJO-““J)
TeX(é)

< (J2 = 2J1)P[0p—ey, ].
(6.2.194)
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Where we used the bound

1

2
2 Coih Oy = a0 ) S2EOT 5 (@b —cd)® =259 (62.195)
o€X(§) a,b,c,d=—%

Inserting this we have

4bc? - 1
Zy(v) < ZN(O)[l - —ﬁc ALl nee |EI(Js — 2]1)K(€1)] +0(H+0 (N) (6.2.196)
B

and note that ¢ = 0 is a local maximum if b > 4a*d(J; — 2J; )k(ey). O

Now we want to derive an infrared bound, we have the following lemma.
Lemma 6.2.24. If b > 2a*d(J, — 2J))k(e1) assume cg is such that Z(v) < Z(0) Vv € Ve
then for (k,t) # (0,0)

Jre(k) + 4bt?

PkT) < )+ ard)?

(6.2.197)
Proof. As usual for these proofs we choose field v with v, ; = cos(k - x + 7¢). Now —Av =

e(k) and —% = 72v. Now for n>0

B 1,
Z(nv) = f p(dé) Z exp {Jz fo i1 .1 AVe) + 2107 (Ve, V)]

TgeX(¢)

1 02Vx;,t 62VXf’t
+ Z fd[[an(g’x()’t()'xl,z— E) o +b7]2Vx,-,l or ]}

x;€AL
g 2 1, 2.2
= fpl(d‘f) Z exp{ —f dt[(nJ2e(k) + ant™) (001045 Vo) + Z)] Jre(k) + b=t | (vy, Vy)
TeX(é) 0
1, 2 [P iy
= fpt(df) Z (1 + 577 (Jo&(k) + at”) f dtf dr (0'~0,t0'<1,1, Vt)(0'~0,t’0'-|,t',Vt')
Fex(E) 0 0
1, o (7 4
- g Wasll) +4b7%) | (v, V) + 0Gr).
(6.2.198)
Some calculation is required to deal with the double integral.
1 1
(0—.0,[0—.1’[ - E, Vf)(a-'(),[’o--],t’ - E, V;’)
) 1 1 (6.2.199)
= Z cos(k - x + tt)cos(k - y + ¢ )(03.0,;03(1,, - E)(O'yo,,rayl,ﬂ - E)’
xiyi€Ar
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we further have

! 1
Z(O) pr(df) (O’xo,to')q,t - E) (O'yo’tfo'yl’t, _ E)
1 1

144 615[0’00 100,41 + E[O—XO 10 x1,tT yo,t Ty, v (6.2.200)

1
T 144 4(p(y x _IH%)

TEX($)

1
= Zp(y —x,t —1).

Putting this together we have

1 1
dr | dr T — — .y
Z(O) fpt(df)f f Crez(f)(o_oto-lt 12 )( OOt 12 Vt)

fdtf dr Z cos(k - x +tt)cos(k -y + ' )p(y — x,t’ — 1)

X yjeAL

= f dr f i’ > cos(k-x+Trycos(k - (x+2) +7(t + 1 Np(z,1)

Xi, z/eAL

ﬁ « . . ’” “
= f dr Z cos(k - x + Tt)Ree**+i Z f dt e p(z, 1)

X,GAL Z,EAL

= fdthos(k X+ 1) X 2p(—k,—T)
S e—’

Xi€AL pk,7)

= lp(k9 T)f dt(V[,V[).
2 0

(6.2.201)

From this we have

B
Z(nv) = Z(O)[l + %nz(st(k) +at?)’p(k, 7) fo de(v,, v,) - %nz(st(k) +4b7?) fj de(v,, v,)] +0@").

(6.2.202)
We know from Lemma 6.2.23 that for 77 small enough
1 242 ~ 1 2
Z(Jgs(k) +at”)p(k,T) < Z(st(k) +4b77), (6.2.203)
the result follows. O
Now we optimise a and b. We take b = 4a*d(J, — 2J,)k(e;) and
1
(6.2.204)

= 16d(J5 — 20)k(er)”
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With a small calculation we now have the bound

1
plk,7) < = ) (6.2.205)
J26(k) + Tegmaen
We relate this to p(k, 0) with some more calculation
R 1 .
phk,0) = = > plk.D)
ﬁ 2n
TEFZ
1 1
2
,3 Tz D2&(k) + Tea=awe (6.2.206)
1682d(J,—2J1)k(e1)
_ 1 Z (2m)2n?
168%d(Jr-2J1)(er)
T oz
Now we use the identity
1
> 5 = = coth(mo), (6.2.207)
c2+n? ¢
nez
after calculation we have
1
d(J, —2J ,
Pk, 0) <2 AWy =27 )en) o (,8 V4d(J2 = 201)Jak(en)s(k) ). (6.2.208)
Jre(k)
Now we are ready to derive the first bound in Theorem 6.2.21,
2 =p(0.0) _,BIA 3 Z p(k.7)
keA] ez 2z
(6.2.209)

1 1 1
- 5(0,0) + —— 50,7) + —— 5(k, 7).
FTVACLAS W EDIN T)+ﬁ|AL|kEZ 2, Ak

TE%"Z\{O} A7\O} Te%{z

The second term vanishes as |[Az] — oo, the third term can be bounded using (6.2.208).

. . I 2 (J2 = 2J1)k(er)
lim lim 0,0)> = -2,k (6.2.210)
B—oo |AL|oo0 ﬁ|AL|p( ) 9 Jz d

The second bound follows in the same way from the identity

Hence

pler,0) = ﬂll\ | Z Z plk, T)— Zcosk (6.2.211)

keA] 1 Zﬂz
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Chapter 7

Dilute spin systems

7.1 Setting for a quenched spin system

We begin by introducing the setting for quenched spin systems, both quantum and classical.
In keeping with the general theme of this thesis we will consider a quenched Heisenberg
model, we can easily generalise to other models. Experimentally speaking the quenched
system is more physically relevant than its annealed counterpart. Theoretically there should
not be a substantial difference between quenched and annealed, although techniques in this
thesis will find the annealed system much more amenable. Results for quenched systems
are out of reach using the techniques presented here due to reflection positivity not holding.
Nevertheless we present the quenched setting to demonstrate that dilution can be realised

mathematically in several ways.

Let (A, &) be a finite graph with vertices A and edges &. We call a subset, Q C A, a partition
and note that Q U Q° = A. Q will correspond to occupied sites and its complement Q° to
vacant sites. If Q is a strict subset of A we call it a random partition or a random system.

We now look at the classical and quantum case separately.

7.1.1 A classical quenched system

For a fixed partition Q2 we define Hamiltonian

HYQuh) = =2 (518} +us282+ 8353 - h " 83 (7.1.1)
[CAY x€Q
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where (S, 52, S;’,) € S? is a classical spin at x € A and the first sum is over edges {x,y} € &
such that x,y € Q. Recall that # = 1 corresponds to the Heisenberg ferromagnet. Then the

partition function and Gibbs states are given by

(9 1 cl,
Z(Q.u,h.p) = f dSpe PO gl = e f dSy - e AN,
A( ,8) A < >A’Q’u,h’ﬁ Z/C\I(Q, 0 h,ﬂ) A
(7.1.2)
where dS, is the Haar measure on (S?)* with f dSa = 1. The aim is to assign a probability

cl

P(Q) to each partition, Q. In addition to the averaging (-) we take an average over

AQ.uhp
partitions. For a function g on partitions define
(@0 = ) PQ)g(Q). (7.1.3)
QcA
For example we could take g(Q) = (f )X’Q’u, hp for some function, f, of spins. One natural

candidate for P is P(QQ) = p|Q|(1 - p)W_IQI with p € [0, 1], equivalent to a Bernoulli(p)

variable at each x € A.

7.1.2 A quantum quenched system

The setting for quantum systems is much the same as for classical systems. For fixed Q Cc A
define
HYQu )= =2 ) (S8} +usiST+ 838 —h Y 83 (7.1.4)
(x.y) xeQ
where now (S, S)%, S ;) is a spin-S operator at x € A for § € %N and the first sum is over
edges {x,y} € & such that x,y € Q. u = 1 corresponds to the Heisenberg ferromagnet and,
if (A, &) is bipartite, u = —1 is unitarily equivalent to the Heisenberg antiferromagnet. The

partition function and Gibbs states are

qu 1 qu
Z9(Q, u, h, B) = Tr ¢ PHr 2uh) ()¢ = —————Tr - ¢ PHA @1 (7 5)
A 9 Py Il ’ A’Q’ ’h’ ’
B 78, u, b, )
where the trace is over ®,cAC>5*!. Again we can average over Q C A according to some

probability distribution P,
(@0 = ) PR (7.1.6)

QcA
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For g a function on partitions. Another candidate for P can be defined for a fixed n by

-1

|A] )
if |Q=n
P(Q) = n (7.1.7)

0 else.

7.2 Setting for an annealed spin system

In this section we introduce a specific annealed system that we will work with in the next
section. We only introduce the quantum system. The classical case is very similar, as for

the quenched case.

We work on a graph consisting of a bipartite lattice, Ay,

L ¢
AL = {—E + 1, ceey 5} , (7.2.1)

with L € N and periodic boundary conditions together with the set of nearest neighbour

edges, &;. Each site has an occupation number, n, € {0, 1}.

Let S',52 and S* denote the usual spin-S matrices on C>5*! for S € %N and let S =
(S1,52,5%). Denote S; =S'® I, \(x)- We take the algebra Ap, of observables of all
functions A : {0, 1} — Ma, where My, is s the C*-algebra of linear operators acting on

the space ®yep, C*¥*!. The Hamiltonian of the system H, = H¥(n, y) is then

Hy==2 )" nony(SiS) +usiS?+8383)—p > ns, (7122)

<X,y> XEAL

for u,u € R and |u| < 1. The case u = 1 is the Heisenberg ferromagnet, u = 0 is the
XY model and # = —1 is unitarily equivalent to the Heisenberg antiferromagnet. We have

partition function and Gibbs states given by

Zup) = ) Tre M, (7.2.3)
n

1
(Vg ==—= » Tr-ePhL, (72.4)
g ZLw)an
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7.3 Long-range order for an annealed quantum spin system

The aim of this section is to prove a phase transition occurs for some values of § and y in
the model (7.2.2). We have reflection positivity for this model (Lemma (7.3.2)). It should
come as no surprise that Néel order can be recovered for this model for u and 8 large enough.
What is perhaps more surprising is the occurrence of the more interesting staggered states

in Section 7.4.
Theorem 7.3.1. For S € %N, L even, d > 3, and u € [—1, 0] we have the bounds

S+ Do)y S a4 +0 l
1 s 3 Q)Y J g &(k)
lim inf — Z (=D)PlnpS 3,83y, > lim inf

0 4
xeA 1
L (noSone,S3 s — (2 @ ‘f” ‘fs(k y E cosk +0( )

" (73.1)

For u large enough the first bound will be positive for large enough S or d. For example if
d = 3 the first bound is positive for §' > %

7.3.1 Proof of Néel order

To begin let v = (vy)rxep, With v, € R be a real valued field on A;. We define a new
Hamiltonian and partition function using this field,

H() =Hy = ) (AV)n,S7. (7.3.2)
xeAp
Z(v) = Z Tr e PHM, (733)
n

A calculation shows that

HW = 3 (St -mS D+ (Vs = Vim D2 + (87 + 25 - 53 - 2207

{x.yle&r 2 2
1
—7 D wvemmw ) =2d ) ()7 +uSHE + ()~ Y s
{x,yle&EL xeAL xeAL

Ca,
(7.3.4)

116



We then define

, 1
H'(v) =H) + D (ave =y, + Ca,s (735)
{x.y}eéL
Z/(v) = Z TrePH'®, (1.3.6)
n

Let R be a reflection through edges in &;, then R uniquely determines Aj, A, € Ay such
that AfUA, = A, Aj N Ay = 0 with RA; = Ay. We can write a field on Ay as v = (v, V)
where v; = v|,,. Given a reflection R we define ) = Ay, = Ap,, then H'(v) is an operator
on h ® h. Reflection positivity for Z’(v) is as follows.

Lemma 7.3.2. Let u < 0. For any reflection, R, across edges we have
Z,(Vl,Vz)2 < Z'(v1,Rv1)Z' (v2, Rvy). (7.3.7)

Proof. Let R be a reflection across edges. To begin write

NyVx

2

f(ne,ny, Sy, 8Sy) = ((nxS F =S+ (Vun ST — VunyS? + (n.S5 +

Denote by &; the set of edges with both end points in A;, denote by {x;,y;}, i = 1, ...,k the
edges crossing the reflection plane. Then using Trotter’s formula we have

&
Z Tr exp {—ﬁ[ Z f(nx, ny, SX, S)) + Z f(nxia ny,, S)r,-v Sx,))}
n {x.y! i=1

2

181 UEy

. (7.3.9)

B B <

= ,1111320 Z Tr (EXP {_; Z f(nxv ny, S)ra SV)} exXp {_E Z f(nxi’ Ny, SXi’ S}z)})
n {x,y}e&1UE, i=1
Now we use the identity
2 0 ds ,\'4 :
eM = f e TeM (7.3.10)
—00 2 \/7?
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to obtain

m
lim

m—oo

Z de(S") -Av(s5;,,) Trogy { - E Z f(ny,ny, Sy, S)’)}
J= m {x.y}e&1UEY

k
H(exp{zswﬂ/ nXISII_n_v,S}l,[)}exp{is‘;(lmﬂ/ (\/—nxl M \/—nv, y/)}

=1

Ny Vs ny, Ve 2
exp {is;‘(m)ﬂ/% (nX,Si + 12 . —n).,S3, - #)})'
[Z f dv(s?).. dy(s%,,)Trb]_[exp{—— > fn.S.8))

{x.y}e&;

k
. . B nyv
ne {zsg,m/ ny,Sw}exp {zsg(,+1)_,,¢n—1 \/an,qu}exp {15'3'(,+2)_M[;l ("x;Si, + %)}

=1

[Zfdv(s) dv(sgkm)Trbnexp{—E Z f(ny, ny, Sy, S)}

n {x.yle&y

k 2
B . . B Ny vy,
nexp{ is3;4/ = n”SyI}exp{ iS541); E Vu ny,S}z,,}exp{— iS3142)] P (ny/Sil + %)} .

o (7.3.11)
Where we have used that &, and &, are disjoint and that TrA ® B = TrATrB. Using

the Cauchy-Schwarz inequality and tracing the previous steps backwards for each product

= lim

m—oo

coming from Cauchy-Schwarz we obtain the result. O
The property of Gaussian domination is then

Z/(V)<Z'(0) & Z(v) < Z Tr e PH O =3 @mvnav) (7.3.12)
n

We used nv as shorthand for the field given by (nv), = n,v,. This inequality can easily be
proved, starting from a field maximising field v, apply reflections continually until the field
is constant. From reflection positivity this field is also a maximiser, as Z’(v) has the same
value for any constant field we may take the constant zero. Note that we used that we sum

over all possible configurations of n in the definition of Z’(v).

We use Gaussian domination to prove an infrared bound. We first make a preliminary

definition. We define a Duhamel correlation function, (-, ')lzl)uh for this system as

(A, B)™ :;Zl f BdsTrAe“"HLB*e‘(ﬂ"")HL. (7.3.13)
Dub = 71.(B) &4 B Jo

We have the following lemma.
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Lemma 7.3.3. Fork e Az

F ((noS 0s xS i)Zuh) (7.3.14)

k) < ———.
W) < 2Be(k)
Proof. We choose v, = cos(k - x) for k € Aj. For this choice of field we have that Av =
—e(k)v for g(k) = 22;1:1(1 —cosk;). Let n > 0 be a (small) parameter. From a Taylor

expansion we have

0*Z(v)

1
Z(T]V) = Z(O) + = (AV, m

2

(Av)) +0>7). (7.3.15)
Av=0

‘We can calculate the derivative

0

*Z(v) _5
Av=0 - 6(Av)x

B(AV)(AV),

Z Trn,S ie‘ﬁH(v)
n

o BZ(n,S3,nyS i)guhZ(O). (7.3.16)
V=

The second inequality relies on the Duhamel formula. Using this we have

Z(1m) =Z(0) + %ns(k)zﬁz D" cosk - x)cos(k - Y)neS 3, myS 3, Z(0) + OGrY)

x,yeAr
(7.3.17)
ZO)| 1+ 2re(r? 2F (108 3 S D) 1) D cos?(k - )|+ 0Gr)
yTe B 10S 5> 1S ) Pun cos”(k - x 7).
XEAL
Here we have used the translation invariance of (n,S )3(, nyS ;)'I‘)Mh. Also we have
e_%ﬁ(nV,nAV) — e%ﬂa(k) Dy cosz(k~x). (7.3.18)

From Gaussian domination we can consider the 77> terms and see that for 77 small enough

1 1
5nzs(k)z,/#? (1083, meS D) () D cos?(k - 1) < anﬁs(k) D cos?(k-x).  (7319)

XEAL XEAL

The result follows. a

We now use the Falk-Bruch inequality to transfer this infrared bound to the correlation
(noSSnbeﬁ.

1, w1 ‘ ‘
FAA+AA Y < 5 \/(A,A)‘L‘)uh \/<[A*, [H, All)p + (A, A, (73.20)

119



We take A = F (n oS )36) (k) and H = SH. A simple calculation shows

[A*,[H,A]] = 48 Z ((1 —ucosk-(x— y)))nxSinyS; + (u—costk- (x— y)))nxSinyS}z,) .

{x,y}e&
(7.3.21)
From this we have
([A*,[H, AlDp = 4BIALle, (k) (7.3.22)
where
d
£u(k) = > ((1 = ucos k)(noS gne,S L) + (1 = cos ki)noS gne,S2)p) - (7.3.23)
i=1
It is easy to show that g,(k) < 4§ 2d. We now have from Falk-Bruch
k) 1
S3n,8%,) o < 4|20, 1 7324
F ((noS neS1p) (k) < 750 T 3550 (7.3.24)

From this we obtain two bounds by expanding the Fourier transform around the points 0
and e; respectively. These bounds are

| s VAT .
=SS +1 -
3 (S + D}{no)p ALl keg;(o;[ 2&(k) * 2ﬂ8(k)J

1
— N (eSS > (7.3.25)
AL ZA, s . SV 1 11
(noSone, S, s — Z — 7 Z cosk;
keA; \(0}

™ 26k) | 2pe(k)

i=1 .

where (-); denotes the positive part. Taking limits L — oo and then 5 — oo gives

1 S vd 1
—S(S + 1)(110)[3 - \/—

1 3 QM Jieame | €K)
lim lim — Z(noSSnxSi)ﬁ > i J
noSan - — | = '
09 pteyD ¢y /8 (271-)61 " 8(k) d - i

this completes the proof.
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7.4 Staggered long-range order for diluted quantum spin

models

7.4.1 Introduction

In this section we study annealed site diluted quantum lattice spin systems, including the
XY model with spin % and the Heisenberg antiferromagnet with spin § > % We find

regions of the parameter space where, in spite of being a priori favourable for a densely

occupied state, phases with staggered occupancy occur at low temperatures.

Two quantum spin models (the XY model with spin % and the Heisenberg antiferromagnet)
on the hypercubic lattice Z¢ (d > 2) with the annealed site dilution are considered. The

models are formulated in terms of the Hamiltonian

1
H=-o neny (S1Sy +uS3ST + 8383 =SS + 1)) = ) ne—k D nmeny. (741)
X

(x.y) (x.y)

Here S’ ’s are the standard spin-S operators acting on the site x and n, is the occupancy
number indicating presence or absence (n, = 1 or n, = 0) of a particle at the site x. The
parameters u and « are the chemical potential and the interaction parameter for the particle
occupancy. The XY model with spin—% is obtained by the choosing (S, u) = (%, 0) while

S > % and u = —1 yields the Heisenberg antiferromagnet.

The main claim concerns the existence of a staggered long range order characterised by the
presence of two distinct states (in the thermodynamic limit) with preferential occupation of
either the even or the odd sublattice. Indeed, it will be proven that such states occur in a

region of parameters u and «, at intermediate inverse temperatures, 5.

The existence of such states can be viewed as a demonstration of an “effective entropic
repulsion” caused by the interaction of quantum spins leading to an impactful restriction
of the “available phase space volume”. As a result, occupation of adjacent sites might
turn out to be unfavourable—it results in an effective repulsion between particles in nearest
neighbour sites and as a result eventually leads to a staggered order. It is easy to understand
that this is the case for the annealed site diluted Potts model with large number of spin
states g [23] where this effect is indeed caused by a pure entropic repulsion: two nearest
neighbour occupied sites contribute the Boltzmann factor g + g(g — 1)e™ which is at low
temperatures much smaller than the factor ¢> obtained from two next nearest neighbour
spins that are free to take all possible spin values entirely independently. Actually, the same

is true—even though less obvious—in the case of diluted models with classical continuous
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spins [24]. Our results constitute an extension of similar claims to a quantum situation.

To get a control on effective repulsion, we rely on a standard tool—the chessboard estimates
which follow from reflection positivity. The classical references on this topic are [35, 39,
41, 42, 43] with a recent review [13]. For our case the treatment in [16] is especially useful.
In particular, we use the setting from [16, Section 3.3] for an efficient formulation of the

long range order in terms of coexistence of the corresponding infinite-volume KMS states.

While we are restricting ourselves only to the case u = 0, —1, the models with -1 < u <0
are also covered by reflection positivity, hence results might be extended to this region.
However, one would require bounds on the expectation of certain occupancy configurations

(see Lemmas 7.4.5-7.4.8), that seem harder to achieve than in the cases u = 0, —1.

We introduce the models and state the main result in Section 7.4.2. The proof is deferred to
Section 7.4.3.

7.4.2 Setting and Main Results

For a fixed even L € N, we consider the rorus T = Z%/LZ¢ consisting of L4 sites that
can be identified with the set {-L/2 + 1,—-L/2 + 2,...,L/2 — 1,L/2}. On the torus T
we take the algebra Ny of observables of all functions A : {0, )T — M; where My is s
the C*-algebra of linear operators acting on the space ®yer, C*5*! with § € %N (complex
(25 + 1)Tzl-dimensional matrices).

A particular example of an observable is the Hamiltonian Hy, € U of the form (7.4.1) with

the periodic boundary conditions (on the torus Ty),
1
Him)=—-—5 > neny(S1S) +uS3S3+5383-S(S + 1)

2
- u Z Ny — K Z nyny. (7.4.2)

(x,y)€E
xeTy, (x,y)e]EL

Here, E; is the set of all edges connecting nearest neighbour sites in the torus T, and

(S',52,53) are the spin-S matrices. The Gibbs state on the torus is given by
1
Op==—= ) Tr-ePh (7.43)
VA7) Z

with Z; (8) = 3, tr e ML Infinite volume states of a quantum spin system are formulated
in terms of KMS states, an analog of DLR states for classical systems. Let us briefly recall

this notion in the form to be used in our situation. Here we follow closely the treatment
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from [16] which can be consulted for a more detailed discussion of KMS states in a setting

similar to ours. Let A denote the C* algebra of quasilocal observables,

A = Ay, where Ay = U An, (7.4.4)
A finite

(L)

where the overline denotes the norm-closure. We define the time evolution operators

acting on A € Ay and for any r € R as
aP(A) = e pe~ ML, (7.4.5)

It is well known that for a local operator A € Ay we can expand ozﬁL)(A) as a series of
commutators, (i
it
V() = > = [Hy, [HL, ..o [HL, LD (7.4.6)
m!

m>0

The map t — aEL) extends to all r € C [56, Theorem II1.3.6] and for A € Ay, as L — oo,
osz) (A) converges in norm to a one-parameter family of operators a;(A) on A uniformly on
compact subsets of C (one can consult the proof, for example, in [93] and see that the same
proof structure works in this case). A state (-)g on 2 (a positive linear functional ((A)g > 0
if A > 0) such that (1)3 = 1) is called a KMS state (or is said to satisfy the KMS condition)

with a Hamiltonian H at an inverse temperature S, if we have
(AB)g = {a_ig(B)A)s (7.4.7)

for the above defined family of operators @, at imaginary values ¢t = —i. One can see
that the Gibbs state (7.4.3) satisfies the KMS condition for the finite volume time evolution

operator.

A special class of observables are classical events 1#/ obtained as a product of the identity
I € My with the indicator 1# of an occupation event ¥ C {0, 1}7c. Often we will consider
(classical) block events depending only on the occupation configuration on the block-cube
of 24 sites, C = {0,1}¢ c T;. Namely, the events of the form & X {0, 1}7e\C where & ¢
{0,1}¢. We will refer to these events directly as block events & and use a streamlined

notation (&), g (resp. (E)p) instead of <]].8X{0’1}TL\CI>L’ﬂ (resp. <]].8><{0’1}']I‘L\Cl>ﬁ).

In particular, to characterise the long-range order states mentioned above, we introduce the
block events G = {r°} and G° = {n°} where n® and n° are the even and the odd staggered
configurations on C: nS = 1 iff x is an even site in C and n$ = 1 iff x is an odd site in C.
Notice that the sets G® and G° are disjoint. The main result for the quantum system with

Hamiltonian (7.4.2) can now be stated as follows.
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Theorem 7.4.1. Letu = -1 and S > % oru=0andS = % For each case there exists
o > 0 and a function kg (both depending on u, S, and d) that is positive on (0, ug) and such
that for any u > 0, k < max(«o(w),0), and any 0 < € < % there exists By = Bo(u, k, €) such
that for any B > By there exist two distinct KMS states, (-)Z, and (-)z, that are staggered,

G52 1-eand (G > 1 - &. (7.48)

The proof of this theorem is the content of Section 7.4.3. For the technical estimates, we
will restrict ourselves to the two-dimensional case d = 2. The proof in higher dimensions
employing the same methods is straightforward but rather cumbersome. For d = 2 we

construct the function kp explicitly.

Notice that the claim is true for any negative «. This is not so surprising, negative « triggers
antiferromagnetic staggered order at low temperatures. More interesting is the case, estab-
lished by the theorem, when this happens for positive k¥ where it is a demonstration of an

effective entropic repulsion stemming from the quantum spin.

7.4.3 Proof of Theorem 7.4.1
Reflection Positivity for the Annealed Quantum Model

Consider now a splitting of the torus Ty into 2 disjoint halves, Ty = T; UT,, separated by a
pair of planes; say, P; = {(—=1/2,x2,...,xg) and P, = {(L/2 - 1/2,x3,...,X4), X2,...,Xq €
R. We introduce a reflection 8 : Ty — T defined by 6(x) = (—(x; + 1), x2, ... ,xg).! Any
such reflection (parallel P; and P, of distance L/2 in arbitrary half-integer position and
orthogonal to any coordinate axis) will be called reflections through planes between the
sites or simply reflections (we will not use the other reflections through planes on the sites

that are useful for classical models).

Further, consider two subalgebras QI+,‘JIZ c Uy living on the sets T+,Ti,

Namely, we define 27 as a set of all operator-valued functions A : {0, 1 - M, where

respectively.

M is the set of all operators of the form A™ ® I acting on the subspace ®x€TZC23 *land 1
is the identity on the complementary space ®xeT; C25+1, Similarly for A .

The reflection 6 can be naturally elevated to an involution 6 : %] — A; acting on M; in a

"Notice that on the torus, the reflection with respect to Py is identical with that with respect to P, (just
notice that |x; — (=1/2)] = |y, — (-=1/2)| with x; # y, implies y; = —(x; + 1), while |x; — (L/2-1/2)| =
[yi = (L/2 = 1/2)| with x; # y; implies y; = —(x; + L+ 1) and —(x; + 1) = —=(x; + L+ 1) mod (L).
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properly parametrized basis as (A ® I) = I ® A, and reflecting the configuration n,

(6A)(On) = 6(A(n)). (714.9)

Finally, we say that a state () on 2, is reflection positive with respect to 6 if for any A, B €

QIZ we have

(AGB) = (BOA) (7.4.10)

and
<Aﬁ> > 0. (74.11)

Here, A denotes the complex conjugation of the matrix A. The standard consequence of the

reflection positivity is the Cauchy-Schwartz inequality
(AOB)Y? < (AGA)Y(BOB) (7.4.12)

forany A, B € U7.

In our situation of an annealed diluted quantum model, we are dealing with the state

Zne{O,l}TL TI‘ A(n)e_ﬁHL(n)
Zne{O,l}TL Tr e-BHL(M)

<A>Laﬂ = (7.4.13)
for any A € U and with the Hamiltonian H; € U, of the form (7.4.2). The standard proof
of reflection positivity may be extended to this case.

Lemma 7.4.2. The state {-); g is reflection positive for any 6 through planes between the
sites and any u,k € R, B> 0, and any u < 0.

Proof. The equality (7.4.10) is immediate. For (7.4.11) we first write the Hamiltonian Hy,
in the form Hy(n,0m) = J(n) + 6J(m) — Y., Do(n)0D,(m) for any n,m < {0, 1} where
J € QIZ consists of all terms of the Hamiltonian with (both) sites in TZ and D,0D,, with
D, € ¥} indexed by «, are representing the terms containing the sites adjacent to both sides

to the reflection plane.

Notice that to have a correct negative sign with the terms D,6D,, we need the condition
u < 0. Indeed, if {x,y} is an edge crossing the reflection plane the corresponding D,,’s are
S—lznxS}c, #i anS,%, #nxSi. Recalling that in the standard basis iS2 = iS?2, we need
u < 0. Note that the term ., y nyny (k=S (S +1)/S %) is simply a constant times the identity
for each n and can be bounded by +d|T;||x — S (S + 1)/S 2|, hence we can pull it out of the

trace and the sum as a constant and ignore it, as we do for the remainder of the proof. For
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the claim (7.4.11) we need to show that

Z Tr A(n)0A(m)e PHLOm) > () (1.4.14)

nmel0,1)7L

forany A € ;. Adapting the standard proof, see e.g. [39, Theorem 2.1], by Trotter formula

we get

7 S k
e PHLOM) _ iy (e‘él(")e_gw(m)[l +§ E Da(n)GDa(m)]) =: klim Fir(n,m). (7.4.15)
a —00

k— o0
The needed claim will be verified once show that
Z Tr (A(m)0A(m) Fi(n,m)) > 0 (7.4.16)
nmel0,1)7L

for all k. Indeed, proceeding exactly in the same way as in the proof of Theorem 2.1 in [39],
we can conclude that for each n, m € {0, I}Tz the operator Fy(n, m) can be written as a sum
of terms of the form F' l(f)(n)HF ,(f)(m), where F l(f) € ‘HZ Each such term yields

> T (AmAm)FO(moF O (m)) =

nme(0,1)L
- 2
= Z Tr(A(n)F]E[)(n)O(AFI(f))(m)):’ Z Tr (AmF ()| 20 7.4.17)
nmel0,1)'L nel0,1)"%
completing thus the proof. O

Chessboard estimates

Consider T, partitioned into (L/ 2)4 disjoint 2x2x---x2 blocks C; c Ty, labeled by vectors
t € Tr,» with 2¢ denoting the position of their lower left corner. Clearly, C; = C + 2¢ with
Co=C.

If t € Ty, with |¢] = 1, we let 6; be the reflection with respect to the plane between C and
C; corresponding to ¢. Further, if & is a block event, & c {0, 1}€, we let 34(E) c {0, 1} be
the correspondingly reflected event, n € & iff On € ¥+(E). For other ¢’s in Ty, we define
94(E) by a sequence of reflections (note that the result does not depend on the choice of
sequence leading from C to C;.). If all coordinates of ¢ are even this simply results in the

translation by 2¢.

Chessboard estimates are formulated in terms of a mean value of a homogenised pattern
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based on a block event & disseminated throughout the lattice,
@/
ap@:=((| ]| 2®), )" (7.4.18)

teTr

Ifu<0,é&,..., 6y are block events, and ¢1, ..., ,, € Ty, are distinct, we get, by a standard

repeated use of reflection positivity, the chessboard estimates
(1 ﬂt(Sj)>L’ﬁ <[[(]] ﬂ,(&))kﬁ) = [aes@&p- (7.4.19)
j=1 j=1 teTip j=1

Note that we have chosen to split Ty into 2 X 2 X - - - X 2 blocks with the bottom left corner
of the basic block C at the origin (0,0, ..., 0). If we had instead replaced the basic block C
by its shift C + e by the unit vector e = (1,0, ..., 0), the same estimate would hold with the
new partition with all blocks shifted by e. We will use this fact in the sequel.

The proof of the useful property of subadditivity of the function q;, g for classical systems
[13, Lemma 5.9] can be also directly extended to our case.
Lemma 7.4.3. If&,E,, &, ... are events on B such that & C UpEy, then

q.,8(E) < Z ar, g(Ep). (7.4.20)
%

Proof. Using subadditivity of {-);, g, we get

QL,ﬁ(S)(L/Z)d _ < n 0t(8)>L , < Z< 1—[ ﬂt(Sk,)>L , (7.4.21)

tETL/z ’ (k) tETL/z

Using now the chessboard estimate

< 1—[ ﬂt(Sk,)> < 1—[ ar.s(Ex,), (74.22)
teTy LB teTy
we get
(L/Q,)d (L/z)d
ap@® ™ < Y [ ] s = [ ] (Z QL,,B(Sk)) = (Z CIL,,B(Sk)) (7.4.23)
(ke) t€Trp teTrpn k k
O

Let us introduce the set B of bad configurations, 8 = {0, 1}€ \ (G° U G°), and use 7, to
denote the shift by € T;. The proof of the existence of two distinct KMS states is based
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on the following lemma.

Lemma 7.4.4. There exists a function kg as stated in Theorem 7.4.1 such that for any € > 0,
u > 0 and k < ko(u) there exists By such that for any B > Bo, any L sufficiently large, and
any distinct t, t, € Ty,

(BrLp<e, (7.4.24)

(126,(G°) N T21,(GN1p < &. (7.4.25)

Deferring its proof to the next section, we show here how it implies Theorem 7.4.1.
Proof of Theorem 7.4.1 given Lemma 7.4.4. We closely follow the proof of Lemma 4.5 and
Proposition 3.9 in [16]. Define

We denote by ‘21’2“”“ the algebra of observables localised in TfL“’“t.

Let Ay € Trjp be a M x M block of sites on the “back™ of Ty, (dist(0, Ay) > L/4 — M).

Then for a block event & depending only on the occupancy in C define

1
pLm(E) = A Z 72:(E). (7.4.27)

teAy
If (€)1, p > c for all L > 1 for a constant ¢ > 0 then we can define a new state on ?Ifme, by

Lm(&) g

, (7.4.28)
PoLmE)Lp

mp =
We claim that if { )z is a weak limit of { )7 .3 as L — oo and then M — oo then ( )gis a

KMS state at inverse temperature 5 invariant under translations by 2¢ for ¢ € T;.

Indeed translation invariance comes from the spatial averaging in p; »(&E). As in [16] we
need to show that ( )g satisfies the KMS condition (7.4.7). For an observable A on the

“front’ of the torus, TfLrom, we have
[@\P(A), pr.iu(E)] = 0as L — oo (7.4.29)

in norm topology uniformly for ¢ in compact subsets of C. Using this and (7.4.7) for the
finite volume Gibbs states we have that for A, B bounded operators on the “front” of the
torus

(oLm(E)ABYL g = (orL.m(E)aU(A)B) L g + o(1) as L — co. (7.430)

it/
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(L)
—lﬁ
and then M — oo to a KMS state at inverse temperature 3.

Because o ,(B) — a_jg(B) as L — oo in norm we have that { ); . converges as L — oo

The proof of Theorem 7.4.1 follows by taking & = G° or & = G° as we know both staggered
occupations have the same expectation we can define a state ( )7 ;. 5 using Lemma 7.4.4

we conclude that {p7,(G°))z,g is uniformly positive and hence

2@ Nimp > 1-¢, (7.431)

for any ¢ € Timm (if M < L/2) and similarly for { ) Mg If € is small enough then the
right-hand side of this inequality will be greater than 1/2, hence in the thermodynamic limit

G° will dominate. O

To prove Lemma 7.4.4 we use a version of Peierls’ argument hinging on chessboard esti-

mates.

Peierls argument

For a given occupation configuration, consider the event 724, (G°) N 724,(G°) that the blocks
Cy, and Cy, have different staggered configurations described by G° and G° respectively.
The idea is to show the existence of a contour separating the points #; and £, and to use

chessboard estimates to show that occurrence of such a contour is unprobable.

Consider the set of all blocks (labeled by) ¢ € Ty, such that a translation of the even
staggered configuration 72,(G°) is occurring on it. Let A C Ty, be its connected component
containing ¢;. Consider the component AC Ty/> of A® containing ¢,. The set of edges y
of the graph T/, between vertices of A and its complement A" is a minimal cutset of A.
Informally, vy is a contour between A with all its holes except the one containing ¢, filled
up and the remaining component containing ¢,— a contour separating t| and t,. The
standard fact is that the number of contours with a fixed number of edges |y| = n separating

two vertices £ and ¢, is bounded by ¢ with a suitable constant c.

Given a contour y of length |y| = n, there exists a coordinate direction such that there
are at least n/d edges in vy aligned along this direction. Precisely half of them have their
outer endpoint (the vertex in A) “on the left” of its inner endpoint, choosing (arbitrarily) the
direction of the chosen coordinate axis (without loss of generality we can take for this the
first coordinate axis) as e, there are at least n/(2d) edges {¢,t + e} such that ¢ € A and
t+e €A

Now, the crucial claim is that with each contour we can associate at least 1/2 of the n/(2d)
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bad blocks (with a configuration from J,,($)), all belonging to a given fixed partition: ei-
ther to our original partition of T, labelled by Ty or to a new partition of Ty, with the basic
block C shifted by a unit vector from T, in direction e;. Indeed, any block corresponding
to an outer vertex ¢ above is either bad or, if not, it has to be a translation 7,,(G°) of the odd
staggered configuration (being the even staggered configuration would be in contradiction
with the assumption that A is a component of the set of blocks with even staggered config-
uration). However, then the block shifted by a unit vector in T in direction e; features an
odd staggered configuration on its left-hand half and an even staggered configurations on
its right-hand half, i.e., a configuration that belongs to the properly shifted set 8 (here it is
helpful that the set B is invariant with respect to the reflection through the middle plane of
the block).

We use S () to denote this collection of at least |y|/(4d) bad blocks associated with contour
v. Given that, according to the construction above, all blocks from S (y) belong to the same
partition (either the original one or a shifted one), we can use the chessboard estimate based
on the the corresponding partition to bound the probability that all blocks of a given set
S (y) are bad by

< 1—[ 19t(8)> < qrp(B)S . (1.4.32)
1€ () Lp

As aresult, assuming that gz, g(8) < 1 (we will later show it can be made arbitrarily small),

the expectation of the event 72, (G%) N T24,(G°) is bounded by

(a@)nmn@) < Y a@Peodieo, (7439
Lpg

7y separating ¢ and ¢,

Here, 2"/29+1 i5 the bound on the number of sets S () associated with the contour y once

the direction e; is chosen.

This leads to the final bound

(r @) (@), < 3 2k (B4 (1434
> n=4

We now see that Lemma 7.4.4 will hold if gz, g(8) can be made arbitrarily small by tuning
the parameters of the model correctly. Hence we turn our attention to this.

For the remaining technical part of this section we restrict ourselves to the two-dimensional

case.

For d = 2, the set B consists of 14 configurations that can be classified into five events
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according to the number of sites in C that are occupied, 8 = 8 U 81 U 8@ U 83 y
BW. Here, B and B consist of a single configuration (empty and full, respectively)
and 8, B2 B8O consist each of 4 configurations related by symmetries. Notice that
the event 8 has precisely two occupied sites at neighbouring positions (excluding the

configurations n° and n°).

By subadditivity we can bound qz,g(8) by the sum of expectations of homogenised pat-
terns based on the fourteen configurations from $ disseminated throughout the lattice by
reflections. Of course, in view of the symmetries, we can consider only 5 configurations
n® k=0,1,...,4, one from each event BX k=0, 1,...,4.

We use Zik)(ﬂ) to denote the corresponding quantities

2
Z(B) = ar p(n N> Z,(B), (74.35)
fork € {0, 1,...,4}. For notational consistency we also denote the contribution of staggered

configurations on Ty as Z;(8) and Z;(B).

Lemma 7.4.5. For any u,u, x € R with |u| < 1 we have

Z0@) = 25 + DY, (7.4.36)
Z,B)=Z(B) = e%ﬁ‘l‘Lz(zs + 1)L2_ (7.4.37)

Proof. It follows immediately from the observation that in these cases there are no interac-

tions between spins at neighbouring sites. O

Obtaining bounds for the remaining disseminated configurations is more difficult and will
be done separately for the two considered types of quantum spin models. First we prove
estimates for the antiferromagnetic case.

Lemma 7.4.6. For u = —1 (the antiferromagnet) and any u, k € R we have

7B < 28 + DF exp{ LA + 5 - &), (7:438)
722 < (25 + Y exp{B (44 3 _ %)}’ (7.4.39)
ZG)(ﬁ) <8 + 1)L2 exp{ﬂL2(3“ + 54 %)} (7.4.40)

(4)(,8) < @S + 1) exp{ﬁLz(,u 4Ok — %)} (7.4.41)

Proof. We present the proof for Zg‘) (B) and Zf)(ﬂ), the other two inequalities follow by a

simpler application of the same method. First, using the unitary operator U = HXETZ el™s 3,

131



we get
Z9(B) = exp{ BL7(u + 2¢ = ZE)| Tr exp{-£ > S, - S, (7.4.42)
(x.y)
For a site x( consider its four nearest neighbours xy, x2, x3, x4. The operator — >, 1 Sy S,
can be written as as a sum of L? /2 operators of the form of B(4) = =Sy, -(2221 Sx,) summing
over x( on the even sublattice. According to [35, Theorem C.2], the largest eigenvalue of

each operator B&‘? is S (4§ + 1). As a result, we get the bound

Tr expf- Z Se- Sy} < (28 + e exp{ BL? 4531}, (7.4.43)
(x.y)

Combining with the prefactor, the inequality follows.

For Zf)(ﬁ) we follow the same procedure combining, however, operators Bgf;) = =Sy, -
(Zizl Sx.), with € = 1,2,3,4 neighbours of xo. Note that a dissemination of a block of
three occupied and one unoccupied site throughout the lattice via reflections yields a pattern
where 1/4 of the 2 X 2 blocks are empty and the remaining blocks are full, with the empty
blocks evenly spaced throughout the lattice. Thus there are SL?/4 edges with both end
sites occupied and we can tile these edges by L?/8 copies of each of the operators B;?,
¢ = 1,2,3,4. Observe that (4 + 3 +2 + 1)L?/8 = 5L2%/4 yields the correct number of
edges. Nevertheless a tiling yielding the claimed bound uses L?/8 operators B( ) and L2/4
operators B;g arranged in each 16 X 16 cell as shown below.

e

The inequality follows by using the claim [35, Theorem C.2] that the largest eigenvalue of
the operator B;? is S(£S + 1). Collecting the terms we get the claimed bound.

The pattern of Z(LZ) (B) consists of alternating double lines of occupied and unoccupied sites

resulting in tiling with L2 /4 operators of the form Bfo) whose largest eigenvalue is S (35 +1).

The bound for Z(Ll)(ﬁ) is also straightforward with L?/4 edges and L?/8 of operators BECZO)
whose largest eigenvalue is S (2S + 1). Notice that tiling with L?/4 of operators B;lo) would
be also possible, but would lead to a bigger bound. O
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The corresponding inequalities for the spin—% XY model are as follows.

Lemma 7.4.7. For the quantum XY model (u = 0) with S = % and any 1,k € R,

ZV(p) < 2¥ exp{/i’ 24k VT 3)}, (7.4.44)
Z(LZ)(ﬁ) <ol exp{ﬁLz(g + 3 %)} (7.4.45)
Z9p) < o exp{ﬁLz(% T @)} (7.4.46)
224)(@ <ol exp{ 2(u+ 2k + V6 — 6)}. (7.4.47)

Proof. The calculation is straightforward using the same method as in Lemma 7.4.6 with
operators A;? =S }CO(Zizl S }ck) +S ;‘;O(Ziz S ik) Their largest eigenvalue according to [353,
Theorem C.1]is § Vim(m + 1) if £ = 2m and $m if € = 2m — 1, i.e., 1/2, ¥27/2,1, and
V6'/2 for the operators A§}0>, A;zo), Afo), and Ag;?, respectively. O

As a result, we are getting the following bounds on the expectations of the disseminated
bad configurations qL,ﬁ({n(k)}) fork=0,1,...,4.
Lemma 7.4.8. Let u,u,x € R. We have

ar p({nV)) < e . (7.4.48)

Further we have for u = —1 (the antiferromagnet),
aLpn'V}) < {,3( M+ K= } (7.4.49)
ap(tn) <e p{ B3k - 3}, (7.4.50)
aLp({n®) <e p{,B(/u + 5k = 55 )} (7.4.51)
arp({n}) < { BQu + 8k — 9)} (7.4.52)

andforu=0and S = % (the XY model),

ar (i) <e {ﬁ(—u Fr+ V2 - 12)}, (14.53)
a,(tn®}) < exp{ B3k - 5)}, (7.4.54)
arp({n®}) < exp{Bu + Sk + V6 - 11)}, (7.4.55)
azp({n®}) < exp{ B(2u + 8k — 4(6 — V6). (7.4.56)
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Proof. All the estimates follow from the previous lemmas using

(2/L)* (2/L)*
q ({n(k)}) = @ < Zék)(ﬁ) (7.4.57)
d Z1(B) “2zzm) -
|
Further, using subadditivity (Lemma 7.4.3) we have
3
aLp(B) < aLp(n @) +4 3" ar p(nO)) + ar p(n®)). (7.4.58)

k=1

From Lemma 7.4.8 we can see that if we choose 1 > 0 and « sufficiently small, the up-
per bounds on the disseminated events can simultaneously be made arbitrarily small by

choosing g sufficiently large.

More precisely, we see that there exists po > 0 and a function kp that is positive on (0, o)
such that if 4 > 0, x < max(ko(u), 0), and € > 0, there exists By(u, «, €) such that the claims
of the Lemma 7.4.4 and thus also Theorem 7.4.1 are valid for any 5 > So.

EXpliCit CXpI‘CSSiOHS for the function Ko are
— T 2 1 7 ﬂ 3 ,Ll
KO(/J) mln(3—, 35 +/~la 05 ~ 5045 — _) (7.4.59)

for the case of an antiferromagnet (« = —1) with spin S and

ko(u) = min(3, &8 _ i (7.4.60)

for the case of XY model with spin 1/2.

7.5 The spin-1 Bose-Hubbard model

In this section we look at a model of itinerant particles on a lattice that possess a spin.
More specifically we look at Bosons with a spin-1 degree of freedom. We will introduce
a probabilistic representation of the spin-1 Bose-Hubbard model that should be familiar
from Chapter 6. This allows us to present off-diagonal and spin correlations in terms of
probabilities in this representation. Note that because particles are free to move on the
lattice the site spin correlation will have a dependency on the presence of a particle at each

site.
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7.5.1 Setting

We work on lattice, A ¢ Z¢, with a set of edges, &. We consider a collection of N itinerant
spin-1 particles on the lattice. We denote by x; the position of the i particle and by A its
Laplacian. The spin-S operators on C>5*! are denoted by S!, 52,53 with S f‘ denoting the

spin operator S* acting on the i particle and S = (S', 52, 53).

The state space is given by H = Py, ®f\i | (IA(A) ® C3) where Pgym 1s the projection onto

the symmetric subspace. The Hamiltonian is given by

N
1
HU V)= = ) A= 5 D S (18084 Ja(S;-8,)° =200+ V 3 66, (75D
i=1 i#j i#jk
k#i
Note that the structure of the spin operators in H(J1, J2, V) means that we need only sym-
metrise in space variables and not in spin variables. Later we will take the limit V — oo to
impose the constraint of having at most two particles per site. The partition function and

Gibbs states for inverse temperature 8 > 0 are given by

Z5(J1, J2, V) = Tr g Pyye PHUV) (75.2)

—BH(J1,2,V)

A1V
( >ﬁ (7.5.3)

S S—" Y T
Zs(J1, I, V) HTm e

We will derive a probabilistic representation of this system that will allow us to recast oft-

diagonal and spin correlations in terms of probabilities.

7.5.2 A probabilistic representation

To begin we note that

1 _
Zs(11. 1. V) =+ DTttty | Tr e POy ). (754

T X]yeeny XN
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Where 7 is a permutation on N letter and x; is a possible position for the i particle. Now
denote a configuration of positions (x{, - xj\,) = w/ then using Trotter’s formula we have

Zp(J1, 12, V)
N M
/3 B .S LS )2—
A}I_I)Iio —TI‘CWZ Z <x,,(1) Xr(N) (neM e2m Zizj(11SiSj+12(Si:S)) 212)] xlme>
N! T Xl i=1

N
n (1 + EA )ew e (SIS (818, P20 | )
i=1 M

hm —Tr o Z Z n <71(w’ )

Towl..wM j=1

a2 3 [

T Xy XN

).

Tr o3V EXpy = Z f dr Z (JIS,- . S_i + J2(Si . Sj)z - 2.]2) -V Z 50,1,(;),%(,)5“],([)!%([) .

xeA twi(t)=x j#i i#j#k
wj()=x ki
(7.5.5)
with the understanding that w”*! = w!. Here f " denotes the integral over random walks

w;, i =1,...,N such that {a)i(O)}fi1 {wi(ﬁ)}?i] = {x1, ..., xn}. Taking the limit V — oo will

introduce the constraint that at most two walks can occupy a site at the same time. Denote

by x e the indicator that there are at most two walks at any (x, ) € A X [0, 5]. We then have

‘}im Zﬁ(Jl,Jz, V)

Z Z fdwl dwyxE

A (1.5.6)
Tr cav exp Z f dr Z (1S;-S; + Lo(S; - Sj)z —-2J»)
xGA wi(t)=x j#i
wj(t)=x

Denote limy_,o Zg(J1, J2, V) = Zg(J1, J2).

7.5.3 Off diagonal correlations
Off diagonal correlations involve walks that start at x and end at y, with the understanding

that we use periodic boundary conditions on [0,8]. We denote by o(x) the off diagonal
correlation between sites 0 and x and by Zg(J1, J2; wo,x) the partition function Zg(Jy, J>)
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conditioned to include a walk joining sites 0 and x. We can write this as

Zﬁ(Jl 25w )

1 * 1 8
"N foﬁxdw“"d‘“N"ETrC” exPp EZfo dt S S Ui S;+ (S-S, - 2)

T X]seXN xeA twi=x j#i
wj(t)=x

(7.5.7)

then
_ Zg(J1, J2;wo,x)

T = )

(7.5.8)

We can also think of o-(x) as the probability of a walk joining 0 and x in the system weighted
by the spin interactions in H(J1, J5), i.e. write o(x) = P(0 «— x).

7.5.4 Spin correlations

We now expand the trace over C*M as in [111] to obtain a different probabilistic represen-
tation suitable for representing spin correlations as probabilities of events. We first define
two operators. Let |a) denote the eigenvector of S 3 with eigenvalue a, S 3|a) = ala). Further

we denote |a, b) = |a) ® |b), then we define T}, P;;, operators on C3eC3as

N
Tyla,b) =lb,a)  Py= ) (~=1)*"la,~a)(b,~bl. (159)
a,b=-S

P;; has matrix elements {a, b|P;jlc,d) = (=1)"“64 _p0c,—a, also %Pi ; 1s the projector onto

the spin singlet. We can show the following relations

J1S; - Sj + Jo(S; - Sj)2 =L+ LT+ (=J1 + J2)P;j. (7.5.10)
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Then we have
Zg(J1, J2)

N,Z Z fdwl dwnyeTr cw exp —Zfdr Z (NWTij+ (=1 + J2)Pij = )

T X[ XN XeA itwi=x j#i

wj(h=x
N'Z Z fdwl dwyxe hm

T, 1 .,

Tr@N(l_[eXP{ZMfd’ Z Z (JITij+(_Jl+JZ)Pij_J2)})

xeA iwi(h=x i

wj(t=x
AH‘}"V;X[ZNI dw;...dwyyEe
Trcw(ﬂ 1+

XEA

s LN
fdt > (—(J]T,/+< Jl+Jz)P,,)—M)])
0

Lwi(t)=x j#i
wj(t):x

(7.5.11)
where we have used Trotter’s formula. We now expand the trace

Zs(J1,J2)
_[&lllgomz Z fdw. dwN)(E
T X]seesXN
j 5 1 J J+l1

Z l_[ a 1_[ 1+ dr Z Z m(]]Tij+(—J1+J2)Pij)_M (e .

ol oM j=I1 xeA 0 reoin=x j#
wj(t)=x

(7.5.12)
M+1 =

As before we have the understanding that o o'. Asin [111] the sum over o’s gives
an integral over a Poisson point process on intervals {x} X [t1,#] C A X [0, 8] that have two

walks present. Events are crosses and double bars of intensity J; and J, — J; respectively.

Zonay = Y [ dondondp@ine PR

T X]sees XN

.....

(7.5.13)
where p is the measure associated to the Poisson point process described above and the
Rij = R;j(w) are either T;; “crosses” or P;; “double bars” ordered by time of occurrence

over all intervals where two walks overlap, each realisation has m = m(w) events.

From this we can define a set of loops, L(w), from a realisation, w, of N random walks
on A together with the Poisson point process of crosses and double bars on overlapping
walks. The loops can be rigorously defined in analogy to [2, 70, 81, 107, 111], they are best

understood pictorially.

We now want to introduce space-time spin configurations. For realisation w of N random

walks and the Poisson point process a space-time spin configuration compatible with w is a
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piecewise constant function o : supp(w) — {—1,0, 1} that is constant on vertical segments
of each loop and flips sign on crossing a bar, where supp(w) is the support of the random

L .., o™ must

walks w', ..., V. We see that for the product in (7.5.13) to differ from zero o
follow the same rules. This means that if we denote by X(w) the set of all compatible spin

configurations for w we have

Z 1 = 3@l (7.5.14)
>(w)
This gives us
1 23
Zg(ho ) =+ Z Z f dw;...dwydp(w)y 3@, (7.5.15)
UM XienXN

using this we can use the same expansion to obtain spin correlations between particles. We

begin by defining the total spin operator at site x € A by
N
§3 = Z S35, (75.16)
i=1
Let x,y € A with x # y, using the same expansion as previously we can obtain

N s
L dwi...dwydo(w)xE 00 j0x; xOx,y-
Z N! i—j
N

(53835

i#j=1 T X1yeenX, oeX(w)
) 7.5.17
= D, 3LEL] - PIEY)) 7317
i#j=1
N(N -1) _
= =5 —(PIE,] - PIE,])

where E;y is the event that sites x and y both contain a particle at time ¢ = 0 and are joined
by a loop with the same vertical direction at both sites. E is the same event except that the

vertical directions are opposite. Similarly we have

NIN-1)

3\2\J1,/2 3\2\J1,/2 JiJy _
(SDXSDIE " =SSN = =5

P[E ], (75.18)

where Eyy = EY, = Ey; is the event that sites x and y both contain a particle at time 7 = 0

and are joined by a loop.
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