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Abstract

This thesis consists of two parts, both centred around the theme of deformations of the
canonical (anti-)commutation relations.

In the first part, we provide an accessible and self-contained, yet complete, account of the re-
cent partial resolution of the isomorphism problem concerning the ¢-Gaussian von Neumann
algebras of Bozejko and Speicher by the free monotone transport method of Guionnet and
Shlyakhtenko. We cover the necessary background in free probability, describe the construc-
tion of ¢-Gaussians and prove some of their elementary properties due to Ricard and Voiculescu,
and provide a detailed proof of the existence of free monotone transport and its application to
g-Gaussians. Some special attention is given to the commutative case and its links to random
matrices, large deviations, and optimal transportation.

The second part starts with a brief review of the physics of quons, which are the particles
in the Fock space realisation of the ¢-Gaussians. Afterwards, we turn to parafermions and
their importance to edge modes and topological phases. The Fock parafermion operators due
to Cobanera and Ortiz are introduced, which allow for a Fock representation of parafermions.
Then, we study Fock parafermions as fundamental degrees of freedom, considering both Potts-
like Hamiltonians in the spirit of Calzona et alia, and simple tight-binding Hamiltonians in the
spirit of Rossini et alia. This includes mappings of Fock parafermions to electrons and mixed
Fermion-Boson systems, the exact ground states for the Potts-like models, analytical evidence
that the tight-binding models generally have conformal charge ¢ = 1, and first steps towards
constructing their phase diagram.
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Introduction

On some level, the world appears to be noncommutative. A key feature of quantum mechanics, one
of our fundamental descriptions of nature, is the failure of position X and momentum P of a particle
to commute. Despite seeming rather innocent, the canonical commutation relation (CCR)

XP— PX =ih,

which captures this failure, has all sorts of counter-intuitive consequences, like the Heisenberg uncer-
tainty principle and the quantisation of certain observables.

When one wants to describe systems consisting of many quantum mechanical particles, it becomes
convenient to reformulate the CCR in the language of second quantisation. Here, one works with
operators a; and a} acting on a (separable) Hilbert space F(H), called a Fock space, whose actions
are to respectively annihilate and create a particle, with j labelling some quantum number(s). In this
thesis, the quantum number will usually be interpreted as the site number on a chain, and sometimes
a spin degree of freedom will also be present. The operators a; and a; are each other’s adjoints', and
they satisfy certain relations derived from the CCR.

When carrying out the second quantisation procedure, the resulting reformulation depends strongly
on the statistics of the particles one considers, i.e. how their combined wave function behaves under
the interchange of a pair. In our own (3 + 1)-dimensional spacetime (and in higher dimensions), the
problem separates neatly into two cases, depending on the spin of the particles under consideration.
This is known as the spin-statistics theorem, and it states that particles with half-integer spin pick
up a minus sign under exchange, while integer spin particles do not. These are called Fermionic and
Bosonic statistics respectively. The former are described by the canonical anti-commutation relations

(CAR)
ajaL + aLaj = (Sjk,

while the latter obey

aja;i - a}iaj = djk,
which are also called the CCR2. Models with a spacetime dimension less than 3+ 1 are also of physical
and mathematical interest, but there the spin-statistics theorem does not hold. This gives rise to many
variations on the CCR and CAR, which one usually refers to as anyonic statistics.

In this thesis, we will study two families of commutation relations that can be viewed as defor-
mations of the the CAR and CCR. The first of these two, called the g-mutation relations, we will
study primarily as mathematicians, while the second, called the Fock parafermion algebras will be
studied exclusively as physicists. Correspondingly, this thesis is split into two parts, one containing
mathematics, the other physics.

Let us discuss the context of part I. During his quest to find a rigorous mathematical description
of quantum mechanics, John von Neumann introduced the following objects that now bear his name.
Let H be a separable Hilbert space and denote by B(#) the bounded operators on H. If A C B(H),
define its commutant A’ to be the set of elements in B(H) that commute with A. Then a von Neumann
algebra M is a x-subalgebra of B(H), containing the identity operator ids;, such that M = M”. From
the point of view of physics, one may think of von Neumann algebras as a way to capture the behaviour
of the observables of a quantum system. They are a special class of C*-algebras that arise naturally
in mathematical physics, ergodic theory, geometric group theory, and other areas of mathematics.

!There is the cultural difference between physicists and mathematicians that one group uses the symbol { for the
adjoint, and the other group uses instead the symbol *. For the introduction, we will stick to the physicists conventions.
2From now on, we will always take CCR to refer to these relations, so there is no risk of confusion.



The g-mutation relations are now
azjaZ: — qazaj = Ok,

with ¢ € (—1,1). Formally, if one were to set ¢ = £1, one would recover the CCR/CAR, but this
is a singular limit. Nevertheless, these relations were also considered by physicists to model particles
with small violations of Bosonic/Fermionic statistics (we will discuss this in Chapter 8 of Part II).
Mathematically, these relations are interesting for several reasons, one being that they describe a
‘noncommutative Brownian motion’ with a symmetry related to the famous quantum group S,U(n)
of Woronowicz [13]. One considers, mimicking the free Gauliian functor of Voiculescu (Section 2.6 in
[86]), the von Neumann algebra generated by the self-adjoint operators a; + al, ... a, + al, which
is called the g¢-Gauflian von Neumann algebra (with n generators). Our primary motivation for
considering these relations is the case ¢ = 0, as this corresponds to the so-called free group factors
L(F,). These are von Neumann algebras that arise from the representation theory of the free groups
on n letters.

Despite there being such a concrete description of these von Neumann algebras, it is unknown
whether or not L£(F,,) and L(F,,) are isomorphic for n # m. This is the motivating open problem
behind the field of free probability, which was initiated by Voicelescu (and others). Since one can view
the ¢-Gauflian von Neumann algebras as a deformation of these free groups factors, it is a natural
question to ask how their isomorphism class changes with ¢. Starting in 1991, when Bozejko and
Speicher gave the first construction of the g-Gaufiian von Neumann algebras [13], the question went
unanswered for almost 25 years. Many properties of these operators and algebras were investigated (as
a very small sample, see [12, 14, 26, 30, 71, 78, 89]), but the isomorphism problem remained elusive.
In 2014, Guionnet and Shlyakhtenko published a ground-breaking paper in Inventiones Mathematicae
where they provided a partial resolution to the problem by using ideas from the theory of optimal
transportation [43]. They found, for fixed numbers of generators, that the algebras are isomorphic
for q close enough to zero. The techniques Guionnet and Shlyakhtenko introduced, have led to
several partial resolutions to similar problems and are still being actively expanded, see for instance
[45, 61, 62, 63, 64] and the preprint [27] by the original authors (together with Dabrowski).

In this thesis, our goal is to give an accessible, self-contained, and complete exposition of the
important original result by Guionnet and Shlyakhtenko and its application to the ¢-Gauflian von
Neumann algebras, assuming only general knowledge of the theory of operator algebras. This will
require significant preparation, as we will need to venture deep into the field of free probability
and understand several of its key ideas and techniques. Our start is a very brief overview of the
necessary ingredients from ‘classical’ probability theory and optimal transportation theory in Chapter
1. Chapters 2, 4, and 5 are dedicated to developing the necessary background in free probability,
culminating in the technical proof of Guionnet and Shlyakhtenko in Chapter 6. Finally, Chapter 7
covers the application of these tools to the g-Gaufiian von Neumann algebras, whose construction and
basic properties are treated in Chapter 3.

In part II of the thesis, we begin by reviewing some of the work from the physics community on
the ¢g-mutation relations, in Chapter 8. In particular, we discuss both the practical problems and
more fundamental non-locality issues of the resulting QFTs, and the experimental evidence against
their relevance. The rest of the physics section will then focus instead on a different deformation
of the CCR/CAR, which has more physically relevant uses. This is the so-called Fock parafermion
algebra

ajal — WUl =0, (k # 7)

which was introduced by Cobanera and Ortiz in 2014 [22]. Here, w = exp(27i/n) is an n-th root of
unity, and the sgn is computed with respect to some fixed ordering of the labels (e.g. left to right
on a chain). We will focus especially on the cases n = 2,3,4. The operators satisfying the Fock

2



parafermion algebra are closely related to parafermions [34], and were designed to allow for a Fock
space representation of them [22]. One way to think of parafermions is to view them as a natural
generalisation of the Majorana Fermion operators appearing in the solution of the Kitaev chain [47, 34].
This also explains their physical relevance, they are frequently associated with topological phases and
edge zero modes [2, 21, 34]. The presence of edge zero modes implies a degenerate groundstate
manifold, which if gapped, provides a dream platform to implement topological quantum computing
by exploiting the anyonic properties of parafermions [48, 60]. Chapter 9 explains the above statements
about parafermions in detail (aside from their precise relation to quantum computing), and Chapter
10 establishes the Fock parafermions.

Having amply motivated their relevance and utility, we will proceed to investigate the physics of
the Fock parafermion algebra from a fundamental point of view. In Chapter 11, we consider Fock
parafermion Hamiltonians that are ‘close’ to the Potts model, and introduce a powerful mapping from
n = 4 Fock parafermions to electrons [18]. We find the groundstates of these models, using techniques
from [46], determine their electronic representations, and compute spectral functions at two special
points following [18]. The last chapter of the thesis, Chapter 12, deals with elementary tight-binding
models for Fock parafermions as initiated by [74]. We attempt to apply the techniques developed in
the previous chapter to give analytical support to the known numerical results from [54, 74|, and take
the first steps to explore the phase diagram of these models; this is joint work with Iman Mahyaeh
(Stockholm), Jurriaan Wouters, and Dirk Schuricht.






Part I: Mathematics






1 Background and Prerequisites

1.1 Measure Theoretic Probability

As we will be working in the setting of ‘non-commutative’ probability theory (whatever that may be),
a brief recapitulation of the basics of ‘ordinary’ probability theory may be useful (for a more complete
treatment one could consult for instance [73]). The treatment here will be far from complete, it will
only cover the concepts that we will generalise or refer to again later. Moreover we assume that the
reader is already familiar with measure theory.

Definition 1.1. Let Q be a set, F a o-algebra on 2, and P a (positive) finite measure on the
measurable space (2, F) such that P(£2) = 1. Then we refer to the triple (2, F,P) as a probability
space. In particular, we say that {2 is the set of outcomes, F is the o-algebra of events, P is a probability
measure, and we say almost surely instead of P-almost everywhere.

Up to normalisation, any finite measure space is a probability space, hence the above definition is
quite general. However, this also means that the notion of a probability space is quite abstract. To
probe the structure of a given probability space, we can look at functions defined on it, which have
the real or complex numbers (the symbol K may refer to either) as target. Whenever we talk about
the real or complex numbers as a measurable space in this section, we will always assume that they
come equipped with their respective Borel g-algebras, and we denote the Lebesgue measure by .
This motivates the following definition.

Definition 1.2. Let (€2, F,P) be a probability space, then a measurable function X : Q — K is called
a random variable. A measurable function (Xi,...,X,) (n € N) from Q to K" is called a random
n-vector. We write o(X) C F for the smallest o-algebra on 2 that makes X measurable. In the event
that X € £1(Q, F,P), we define the expectation of X as its integral over €2, with the notation

E[X] ::/QX dP.

An important observation is the following.

Remark 1.3. Given a probability space (2, F,P) and a random variable X on it, we have a probability
measure px on K defined by the formula

where B is a Borel set of K. Notice that this is simply the pushforward of P by X, which we write in
the sequel as ux = X, P.

Definition 1.4. The measure obtained in the preceding remark is called the distribution or law of
X. IfY = (\,...,Y,) is a random n-vector, its law on K" is called the joint law of Yi,...,Y,.
Conversely, for a probability measure p on K", the probability measures y; (1 < i < n) on K obtained
by setting

pilB] = p[K'™" x B x K",
are called the marginal laws of p.

The next result shows that if we can determine the law of a random variable, we also obtain
information on related random variables.



Proposition 1.5. Let (2, F,P) be a probability space, and X a random variable. If g is a measurable
function from K to K, then go X is again a random variable, which has finite expectation if and only
if g 1s X, IP integrable. In this case, we have the formula

]E[goX]:/Kg d(X,P).

In the case that K = R, there is an important inequality that compares applying g to X and then
E with the reversed order.

Lemma 1.6 (Jensen’s Inequality). Let (2, F,P) be a probability space, and X a real-valued random
variable. Suppose that g,h : R — R are both measurable functions, then

(i) if g is convez, g (E[X]) < E[go X],
(i1) if h is concave, E[h o X] < h (E[X]).

See Definition 1.23 for the definition of a convex function (the definition of a concave function has
the inequality reversed). Proposition 1.5 also allows us (at least formally) to associate an important
family of numbers to a random variable.

Definition 1.7. Let (2, F,P) be a probability space, and X a random variable. The moments of X
are the numbers E[X"] (n € N), provided they exist. The exponent n is referred to as the order of
a moment. The first moment is also called the mean (as well as expectation), and the combination
E[X?] — E[X]? is called the variance (notice that it is positive by Jensen’s inequality).

A convenient way to combine all the moments together is the moment generating function, which
if it exists is defined by

M(t) = E[e'¥].

Formally, this means that

M(t).

t=0

M) =Y t—T;E[X"], E[X™] = (%)m

It turns out to be sometimes useful to consider instead the logarithm of M, called K, the cumulant
generating function,

K(t) = log(M (1) = 3" “ma(X),

n=1

where the x,, are called cumulants.
We now consider the crucial concept of ‘independence’, which imposes (additional) algebraic struc-
ture on the theory.

Definition 1.8. Let (2, F,IP) be a probability space, then a sequence of random variables, { X }.en,
is called independent, iff for all natural numbers n, and for any choice of E; € 0(X;)) (j = 1,...,n),
we have the identity P[E, N --- N E,] = [[._, P[E].

Remark 1.9. As an example of the algebraic structure imposed by independence, consider the well-
known result that if X and Y are independent random variables with finite expectations, then their
product has finite expectation and we have the relation E[XY]| = E[X]E[Y] between them.

We now briefly discuss densities for random variables.

8



Definition 1.10. Let (€2, F,P) be a probability space and X a random variable. If X allows for the
existence of a non-negative measurable function fx : K — K with the property that

(X.P)[B] = / v fx () dA(z).

for all Borel sets B, we call this function fx a density for X.
The following result identifies when a random variable admits a density.

Theorem 1.11 (Radon-Nikodym). Let v be a probability measure on K, then there exists a unique
decomposition v = U, + vs with the following properties. There is a positive Lebesgue-integrable
function n on K such that

Vucl B] = /K xs(@)n(z) dA(x),

for all Borel sets B. In particular v,. is Lebesque-absolutely continuous. The function n is unique in
the sense that for any other function n’ satisfying the above relation, it holds that n = n' Lebesque-
almost everywhere. The remaining term in the decomposition, vs, is mutually singular with respect to
A. It follows that the law of a random variable admits a density precisely when it is Lebesque-absolutely
continuous.

Definition 1.12. Assuming the setting of the above theorem, the function n is called the Radon-

Nikodym derivative of v, and is denoted by n = g—:.

FExample 1.13. Notice that in the right hand side of the formula given in Proposition 1.5, the random
variable (and hence the underlying abstract probability space) only enter implicitly in the integration
measure. This suggests that one could also proceed ‘axiomatically’ by studying probability measures
on K (or K") without worrying about the underlying structure. In this example we will pursue this
route and calculate the ‘moments’ of the probability measure defined by the density

9
f(x) = X{|x\§p}(1?)7r—p2\/p2 — a2,

where p > 0. This function is called the Wigner semicircle density. The corresponding measure will
be denoted by o. Will we still use the formal notation E[X™] for the integrals

9 [P
E[X"] := e "/ p? — 22 dz,
-p

and note that by definition E[X°] = 1. By symmetry, all the odd order moments are identically 0,
so we may assume that n = 2k. Using the substitution z = psind, a trigonometric identity, and a
cleverly chosen partial integration, one can derive a recurrence relation for the moments, namely

2k —1
EXQk: — 2 ]EXQk_Q.
X8 = 2 Loy

One easily shows (or checks) that this is solved by

= ()

where the Catalan numbers C), are defined as

1 (2
Ck_k:+1<k>'



FExample 1.14. In this example, we consider the Gauflian density given by the formula

() 1 x?

x) = exp| —— |,

K V2mo? P\ 202

where ¢ > 0 is a number, not to be confused with the Wigner semicircle measure. The case 0 =1 is

usually referred to as the standard Gauflian density. Its moments are simple to calculate using partial
integration and symmetry arguments, they are

. 0 if =2k + 1,
EX = { o2k (2k — 1) if n = 2k,

where we have used the double factorial. There is also a multivariate version of this density for the
case of a random N-vector. Let ¥ be a symmetric positive definite matrix, called the covariance

matriz, and write x = (x1,...,zy). Then the multivariate Gauflian density is
( ) 1 (-3e"s ) (111)
Ti,...,TN) = exp| —=x x ). 1.
TN N N det(s) T\ 2

Note that 7! exists by positive definiteness of ¥. Again, it is not hard to show (by using the fact
that ¥ can be diagonalised) that

This is why ¥ is called the covariance matrix, as the numbers E[(z; — E[z;])(x; — E[z;])] are called
covariances. We can also compute the cumulants x,, of 7, by completing the square in the integral

1 o) 2 t2 2
E[e™] = \/W/ exp (tx — %) dx = exp (TU),

so that K (t) = o2 (t?/2), and hence ko = 0% and all other cumulants vanish. While it may not appear
so now, the semi-circle and Gauflian densities are analogous in many ways.

1.2 Entropy and Fisher Information

In this section, we continue our summary of some important ideas from (measure theoretic) probability.
We introduce the concepts of entropy, Fisher information, and score functions (mostly following [25]).
Any probability measure considered in this section will be assumed to have a real density (usually
denoted p or ¢), hence the brackets around ‘measure theoretic’.

Entropy S has a long history and has found manifold application in physics and mathematics (and
elsewhere), but for our purposes it is simply some quantity given by the formula

ﬂm:—/m%@dx

Left implicit in our definition, the integral is over the support of p. Note that the entropy need not
exist for every density p. In general we will pursue a less formal style of exposition in this section. If
we now take two densities p and ¢, we can define their relative entropy

S(pllg) == /plog(g) da,

10



provided that we interpret 0log(0) = 0 = 0log(0/0) and the support of p is contained in that of ¢. If
this is the case, we can use Jensen’s inequality to derive the bound

Stlle) = £, | ~1og (1) ] = —10g (£, [ 2] ) = 0g(E 1) = 05(1) .

We used the notation that a subscript on the expectation indicates with respect to which density
the integration is to be done, and we used that —log(x) is convex. This bound has the following
important application.

Proposition 1.15. Let N > 1 be a natural number, and consider probability densities on RY. Among
all densities p whose mean vanishes and whose covariance matriz is 2 (and which have a well-defined
entropy), the Gaufian density vy is the one with maximal entropy. This implies, for all such p, the
bound

S(p) < %log [(27e)" det(S)] .

Proof. As the support of vy is all of RY, the relative entropy of any p with respect to vy exists. Thus
we have

0 < S(pllyw) = Eyflog(p)] — Eplog(vn)]-

The crucial observation is now that log(vy) is a quadratic form according to (1.1.1), and since this is
a linear combination of products of coordinates z;x;, its expectation is completely determined by the
covariance matrix of the density, which is  for both p and vy. Hence, we may replace the p average
of log(yn) with the vy average. This yields

0 < =5(p) = Eyy[log(n)] = S(vw) — S(p),

and we have proven that the Gauffian density maximises the entropy.
For the explicit bound given above, we must calculate the value of S(vx). This can be done by
writing out

Stm) == [ wla) (~ga"2 e ~ o wm]) a
1 N
5 2 u(® e ]

2,7=1

1
=3 log [(2m)" det(X)] + E,

but this last term is simply

1

33, Bl = 58] = e
Thus
Stow) = 1o [(2r)" ()] + (") = g og (2w der )]
as claimed. .

11



We now turn to the Fisher information. Given a probability density p on R, one might wonder how
‘stable’ it is with respect to ‘relaxation’. One way to quantify this, would be to consider a solution p,
of the diffusion equation

pt = pgu

with initial condition pg = p, where a dot indicates a time derivative and a prime a spatial derivative.
Then along this solution we have the entropies S(p;), and we may look at

d . . . d
&S(pt) = —/ {pt log(p¢) + %ptl d\ = — /pt log(py) dA — T /pt d\.

Now, the last term on the right vanishes because the diffusion equation preserves normalisation. In
the other term on the right we can use the diffusion equation and then integrate by parts (assuming

the boundary terms vanish) to find
d /\2
S5 :/—Q’t) dA.

de Pt
AN
(-5)
where we have also defined the score function & = —p’/p. While we will not do very much with the

Fisher information, the score functions we will encounter again later. The reason for this is that they
satisfy a certain relation, namely let f be a sufficiently regular and integrable function, then

Taking this at t = 0 we find the Fisher information

7\2
:/—(p) d\=E,
t=0

p

d

o(p) == S

= E, [52} ]

Bief) = - [0 ar= [ ar=5,if1

This can be phrased another way if the support of p is all of R, in this case we have an inner product
given by

€. =Blen -5l - = (1) 17),

so that in some sense & = (d,)*1. In the multivariate case, the above generalises to give score functions
&, as many as the dimension N, which satisfy

0 *
i = —7197 Ey[&ig] = Ey0ig], & = 071

FExample 1.16. To conclude this section, we will derive the score functions for the Wigner semi-circle
and Gauflian densities discussed in examples 1.13 and 1.14 respectively. For the former,

d | 2 2 x
Moy — S | 2 o 2| -2+
PO & [WPQ ’ x] TP —a?
so that
—4mp3x R
47r,02( pz_zz)z p?—a?

sts = -

12



While for the latter,

so that

In particular, for the standard Gaufiian density we have the interesting result (with some slight abuse
of notation) that d%1 = x for the inner product

1 —x2/2
(f,9) ZE/Rf(x)g(x)e 2 dx

on L?(R) (with respect to the Gaufiian density). It is also worth remarking here, that in this setting
applying the Gram-Schmidt algorithm to the set of monomials (which is contained in L?(R) with this
inner product) results in a collection of polynomials that are closely related to the Hermite polynomials
(up to normalisation and scaling).

1.3 Optimal Transportation Theory

Optimal transportation theory came to be when mathematicians formalised the notion of moving
mass from one configuration in space to another in the cheapest way possible (for example moving
ore from mines to refineries). Our primary interest in the theory, is that it produces transport maps
with good properties between measures, see Brenier’s theorem below. Our presentation will follow
the one in [85]. Throughout this section, u and v denote probability measures on R™.

Definition 1.17. A transport map between p and v is a measurable function 7' : R™ — R"” such that
T.p = v. A non-negative continuous function ¢ : R" x R" — R, U {occ} will be called a cost function.

The idea is now to search for a transport map 7' that minimises the total cost, which we achieve
by demanding that T is a minimiser of the functional

I[T) = /n c(x, T(z)) du(x).

However, this is a very harsh condition. One sees that we are not allowed to divide any of the mass
at a point x. Rather, it all has to be sent to the unique destination 7'(x). Moreover, the existence of
any transport map at all is not a priori clear. Suppose that the measures p and v are regular enough
to admit densities m and n respectively, and assume that there exists a transport map 7T that is a C!
diffeomorphism. By the change of variables formula, the condition that T, = v can be reformulated
as

m(x) = n(T(x))|det DT(x)),

which is a non-linear partial differential equation.
This suggests that we should search for a ‘relaxation’ of the problem, which is hopefully easier to
solve. As a first step, one can observe that we can rewrite

1T) = /  cley) dula)dly = T(a)

Now, we are integrating with respect to a probability measure on R™ x R, and it is easy to check
that its marginals are y and v. It is now natural to set up the problem in the following way.
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Definition 1.18. Let 7 be a probability measure on R" x R™ with marginals x4 and v (see Definition
1.4), then we call m a transference plan and denote the set of all transference plans by II(u, ). We
say that 7 is an optimal transference plan, if it is a minimiser of the functional

I[n] = /]R” . c(x,y) dr(z,y).

One way to see that this is a considerably easier problem, is that this functional is linear in
7. However, one should note that the set II(y,v) is not a linear space, although it is convex and
non-empty (it always contains the product measure p ® v).

A great advantage of this relaxed formulation is the following result.

Theorem 1.19 (Kantorovich Duality). We have the equality

inf Izl = sup J(p,9),
mell(pv) (p)EF

where the functional J is defined on L*(p) x LY(v) by the formula

Heow) = [ pta) dute)+ [ i) vty
and
F={(p,¥) € L'(u) x L'(v)| () + ¥(y) < c(z,y) for p—almost all z, v—almost all y} .

We will now specify to the case c(z,y) = ||z — y||*/2 and assume that y and v have finite second
moments. Then we can immediately prove that existence of a minimiser. Note that II(u,v) is non-
empty, because it contains the measure p ® v. Consider the weak topology induced on II(u,v) by
Cp(R™ x R™), then one can show that II(u, v) is weakly compact. Thus a minimising sequence (7, )pen
admits a limit point m. Notice that there exists a non-decreasing sequence (¢,)men of bounded
continuous functions that approximates our cost function point-wise. Then by an application of the
monotone convergence theorem one deduces that the limit point 7 is in fact a minimiser.

However, one can prove much more. To state the technical conditions, we need a bit of terminology.

Definition 1.20. Let U be a subset of R", then one can define its Hausdorff dimension

inf { Z rd

i€l

dimy(U) := inf {d >0

(B(wi;7i));e; s a cover of U} = O} .
A subset V' of R" is small iff dimp(V) < n — 1. We call a measure p on R" lipophilic iff every small

set is (contained in) a p-null set. Notice that Lebesgue absolutely continuous measures are lipophilic.

Theorem 1.21 (Brenier). If u is lipophilic (in addition to our other standing assumptions), then
there is a unique optimal transference plan T, given by the formula d7(x,y) = du(z)dly = Ve(x)].
Here, V is the p-almost every unique gradient of a convex function @, satisfying Vo, u = v and
supp v = V@(supp u) Moreover, V@ is the unique solution to our original problem, that is

Tip=v

inf / Sl = T@)P da(z) = / o= VR da(z).

Remark 1.22. V is often called the Brenier map.
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In the remainder of this section, we will sketch the proof of this theorem and discuss its main
ingredients. The first step is to exploit the algebraic properties of our cost function to reformulate
the problem. To this end, one notices that

2

pla) +9(0) < gl —9l* & zy < [@ - W] g Wy)] |

This will turn out to be a more convenient condition to work with, so with abuse of notation we
again write ¢ and 9 for the above expressions in square brackets. Additionally, recall our notation
for moments of a probability measure, in particular we will write E[X"] for the moments of yx and
E[Y™] for those of v. Then we can write

it 1) = B[] 4B sw [ (@ey)deta),

well(p,v) 2 el (p,v)

while

1 1
sup J(p, ) = =E[X?]| + =E[Y?] — inf J(p,),
s, (p,9) = SE [X°] + 5E [Y7] ot (0. )

where
G = {(p,¥) € L'(n) x Ll(y)‘ z -y < p(x) + ¢(y) for p-almost all z, v-almost all y} .

By Kantorovich duality, these expressions are equal, and since p and v have finite second moments,
we can subtract those terms from both sides to obtain

sup Aann(x-y)dW(x,y)z inf (/Rnso(l‘) dp(z) + Rnww) dV(y))~

mell(p,v) (p)eG

Let us take a closer look at the condition for a pair to belong to G. It can also be written

U(y) >z -y — o(x).

Intuitively, a pair for which the inequality is as sharp as possible should give a small value of J, so it
makes sense to take the supremum? over z,

Y(y) > SUp (z-y—p(x) =¢"(y),

where ¢* is the convex conjugate (or Legendre transform) of . By linearity of J, this means that for
every pair (p,1) we can minimise further by replacing 1) by ¢* (assuming integrability). This is a
crucial observation, as we can now restrict attention to convex conjugate pairs of functions, and bring
into play the technology of convex analysis.

Let us therefore take a moment to introduce some of the machinery that will aid us later on.

Definition 1.23. Let ¢ : R® — RU{oo} be a function, not identically oo, satisfying for all z,y € R™
and all t € [0, 1] the inequality

o(te + (1 —t)y) < tp(x) + (1 —t)p(y).

Then we call ¢ a proper convex function, and iff equality in this condition implies that x = y or
t = 0,1, we say that ¢ is strictly conver. Write Dom(yp) for the set of those points where ¢ is not
equal to oo.

3There are some measure theoretical subtleties we are omitting here.
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Some immediate consequences of this definition are that Dom(y) is convex, and hence that its
boundary is a small set. Moreover, we have that ¢ is both continuous and even locally Lipschitz in
the interior of Dom(y). By Rademacher’s theorem, this is enough to conclude that ¢ is differentiable
almost everywhere in the interior of its domain. Suppose that ¢ is differentiable at x, with gradient
Ve, then an investigation of the difference quotient yields the estimate

p(z) > o(z) + Vo(z) - (2 — ),
for all z € R™.

Definition 1.24. A function f : R® — R" is called monotone, iff (f(z) — f(y)) - (z —y) > 0 for all
xz,y € R". If p is a convex function, introduce its subdifferential at = as the set

dp(x) :={y e R p(2) > p(x) +y- (2 —x), V2 € R"}.

Notice that the gradient of a convex function is monotone by the estimate given above. It can be
shown that the subdifferential is always non-empty, and that if ¢ is differentiable at x with gradient
V(z), then 0p(z) = {Vp(z)}. A simple calculation gives the following equivalent characterisation
of a vector y belonging to the subdifferential at x,

y €0p(x) & x-y=p@)+e"(y).

Compare this with the condition for the pair (¢, ¢*) to belong to G, which suggests part of the
statement of Brenier’s theorem: an optimal transport map should send the mass at a point x to a
‘point’ in the subdifferential of ¢ at z. One now proceeds to use what we have discussed so far to
prove that there indeed exists a minimising pair (¢, ¢*) (which includes proving integrability of the
limit functions, etc.). We will not discuss the details here, as there is a technical issue that has to be
overcome, related to the symmetry of J that

J(S07¢) = J(QD + C7w - C)a

for any ¢ € R.

To recapitulate, so far we have argued that there exists an optimal transference plan 7, and
a minimising pair (@, »*) of convex conjugate functions. It is now time to explore the connection
between the two solutions. Recall that Kantorovich duality gave us the equality

o [ st = int ([ e o+ [ o) ),

mell(p,v) (p¥)eG

which can be recast, using the properties of T and the above, into

[ wwden= [ @7 w)re).

R xR"™

It follows that
0= [ lpla)+7 ) — oyl dntey)
R™ xR"
and as the integrand is non-negative by construction, it must hold that

P(x) +9(y) —z-y=0,

m-almost everywhere. As we saw above, this is equivalent to saying that y € 0p(x), T-almost every-
where.
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We now strengthen this result. Since P is p-integrable, it must hold that u[{p = oco}] = 0, so
that p[Dom(®)] = 1. As the boundary of Dom(®) is a small set and g is lipophilic, it even holds
that p[Int(Dom(®))] = 1. By the properties of convex functions discussed earlier, ¥ is p-almost
everywhere differentiable and at these points 0 = {V@}. It follows that y = V@(z) 7-almost
everywhere, and therefore that d7(x,y) = du(z)dly = V@(z)] and (V@) = v. Showing p-almost
everywhere uniqueness of Vi is easy, and the proof also implies that V@ solves the original problem.
We make no comment on the result that supp v = V@(supp pu).

1.4 The Monge-Ampere Equation

Let 1 and v be two probability measures on R”, both Lebesgue absolutely continuous and with finite
second moments. Then by the Radon-Nikodym theorem we have densities m and n for p and v
respectively, which we will assume are both strictly positive. By Brenier’s theorem, there exists a
p-almost everywhere unique gradient of a convex function, Vi, such that Vyp,u = v. In particular,
if we let 1 € Cy(R™) be any test function, it holds that

- Y(y)n(y) dy = . Y(Ve(x))m(x) dz.

Making the regularity assumption that Vo is C!, and the non-degeneracy assumption that Ve is
injective, we can change coordinates to V() in the left integral (recall that supp v = V(supp u))
to find

Rniﬁ(y)n(y) dy= [ ©(Ve())n(Ve(r)) det(D*¢(x)) da.

R"

Combining the above two equalities, and recalling that the test function ¢ was arbitrary, yields

det(D*p(z)) = %

Definition 1.25. A Monge-Ampere equation, is a partial differential equation of the form
det(D2f () = F(x, f(x), Df (),
where the function f is the unknown.
While this is in general a non-linear PDE, there is some hope. Assume that Vi is close to the

identity, then n must also be close to m. More precisely, suppose that

o(x) = @ + en(z) + O(*), n(z) = (1+ eh(z) + O(e?)) m(z).
Plugging this into our Monge-Ampeére equation and expanding in €, one finds
m(z) = [m(Ve(x)) + eh(V(2))m(Ve(r))] det (L + eD*n(x)) + O(€),
=m(z) [1 4 eTr(D’n(z))] + € [h(z)m(z) + Vm(z) - Vn(z)] + O(e?).
Rearranging terms, one finally arrives at
[A+ V (=log(m(x))) - V]n(x) = h(z).

This is a linear and elliptic PDE, a class whose existence and uniqueness theory is very well understood
(see for instance Chapter 6 in [32]). Much later in the thesis, we will tackle a noncommutative analogue
of the Monge-Ampére equation, and there we will also assume that the solution is close to the identity,
which will allow for the equation to be solved.
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2 Free Probability Theory

2.1 Noncommutative Probability Theory

This chapter is based on Part 1 of [65], we assume familiarity with operator algebra theory at the level
of [57]. There are many reasons to seek a generalisation of the theory of probability that includes non-
commutative objects, see for instance the survey article [80]. Motivation to study ‘non-commutative
probability” also comes from outside of mathematics, in particular from quantum physics. In that
formalism, one associates to a quantum system an algebra of ‘observables’ acting on a Hilbert space of
‘states’ (not to be confused with a state on a C*-algebra, although the two are related) of the system.
This algebra is not commutative, as is already evident from the ‘canonical commutation relations’

(X, P] = ihl,

where X and P are operators representing position and momentum respectively, and A is Planck’s
reduced constant. Nevertheless, one interprets, if for instance the quantum system is a single particle
in a potential, expressions of the form

(X9, )

as the expected value of the position of the particle when it is in the state 1.

As a hint towards the definition of a ‘non-commutative probability space’, we recall from our
exposition of measure theoretic probability that the primary tool to investigate ‘classical’ probability
spaces (€2, F,P) were its random variables, i.e. the measurable functions from € to C. The collection
of such random variables naturally has a x-algebra structure inherited from the one on C. Moreover,
two of the most famous results of operator algebra theory assert that commutative unital C*-algebras
and Abelian von Neumann algebras are always of the form C(Q) and L>(Q, u) respectively, for Q a
compact Hausdorff space and p a positive measure. This motivates the following definition

Definition 2.1.

(i) Let A be a unital %-algebra over C, and ¢ : A — C a linear, unital, and positive functional,
then we call the pair (A, p) a x-probability space.

(ii) If A has the additional structure of a unital C*-algebra and ¢ is a faithful state, we say that
(A, ) is a C*-probability space.

(iii) If A is a von Neumann algebra and ¢ is a faithful normal (o-weakly continuous) state, (A, ¢) is
designated as a W*-probability space.

(iv) If ¢ is a trace in any of the cases above, we add the adjective tracial in front of the name, and
for the W* case we then adopt the notation (M, 7) instead of (A, ¢).

Remark 2.2.

(i) Ifit does not matter which of the three types a pair (\A, ¢) is, we shall speak of a non-commutative
probability space (shortened to NCPS in the sequel).

(ii) In the case that A is merely a x-algebra, a functional is positive if p(a*a) > 0 for all a € A, we
will also be sloppy in the future and refer to ¢ as a state.

(iii) Morally, one should think of the state ¢ as a non-commutative version of the functional given
by integration against the probability measure [P (hence the requirement that ¢ is unital).
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(iv) To continue the analogy, we shall call elements of a non-commutative probability space simply
random variables.

(v) Definition (i) above is necessary as (ii) and (iii) only allow bounded random variables, and many
important examples do not satisfy this (think of the standard GauBian on R).

(vi) In all three cases, ¢ satisfies p(a*) = ¢(a) and |(b*a)|* < ¢(a*a)p(b*b) (Cauchy-Schwartz) for
all a,b € A.

(vii) Recall that a positive functional on a C*-algebra is automatically continuous, so there is no
continuity assumption required in the definition.

Definition 2.3. For the three types of non-commutative probability space we have defined, a mor-
phism is a morphism of the algebra which additionally intertwines the states. If the target algebra is
the algebra of bounded operators on a Hilbert space, and the target state is a vector state, we call
the morphism a representation.

Remark 2.4. In the W* case, by an isomorphism of von Neumann algebras we mean a o-weakly
continuous *-isomorphism. It turns out that this is a pleonasm, as any bijective *-homomorphism
between van Neumann algebras is automatically o-weakly continuous. We sketch the proof of this
statement. Let m be a *-isomorphism between two von Neumann algebras M and N. Denote by M,
and N, their unique preduals (uniqueness is a theorem of Sakai, see corollary 1.13.3 in [75]). Notice
that 7 gives us a map * : M — (N,)* by setting #(w) = (w o m)(x). This is an isomorphism, as it is
inverted by the map *: N — (M,)* defined by 5(n) = (nor1)(y). Hence M = (N,)* and N = (M,)*,
but by uniqueness it must then be true that M, = N,. As convergence of sequences in the o-weak
topology is controlled by the elements of the predual, it follows that the map 7 is o-weakly continuous.
Finally, note that the above argument fails if the map 7 is merely a *-homomorphism.

Let now (A, ¢) be a NCPS and a an element of A. We would like to talk about the ‘moments’ of
our generalised random variables, but we should pause for a moment to think about the implications
of non-commutativity. It is clear that the natural notion of ‘moments’ in this context should be the
numbers obtained by feeding certain expressions containing a to the state ¢. However, it will not
suffice to consider only powers of a. Instead, we should keep track of all the words that can be made
with the alphabet {a,a*}, as also the order of the letters is important. Indeed, the numbers ¢(a*a)
and ¢(aa*) need not be the same. In short, we should study the state ¢ restricted to the unital
x-algebra generated by a,

(a) := span {ag(l) e as(k)| k € Zso, €(j) € {1,%}}.

Definition 2.5. Let (A, ) be a NCPS and @ an element of A. An expression of the form ¢(a*(V) - - - a=(*))
with k € Z>o and €(j) € {1, *} is called a *-moment of a. The x-distribution of a is the functional

i on the unital x-algebra of non-commutative polynomials in the two formal indeterminates X and
X*, denoted C(X, X*), defined by setting p(XW) ... X=®)) = o(a=M) ... q=*)) for all x-moments.

There are two special cases that warrant some additional discussion. First, if a is self-adjoint,
then our entire discussion before the previous definition is rendered moot. It is easy to see that (a)
is commutative and simply the span of the powers of a, and the x-moments are reduced to the set of
numbers of the form ¢(a™) for n € Zs¢. In this case, we will simply call these numbers the moments
of a (notice that they are all real). We can also talk unambiguously about the ‘mean’ of a as ¢(a)
and its ‘variance’ as p(a?) — p(a)? (note that we do not require that ¢ is a character).

The second, slightly more general case occurs if a is a normal element of A. The generated -
algebra (a) is then still commutative, but not quite as small. It is easy to see that it is spanned
by the elements a*(a*)’, for k,¢ € Zso. If we are in the situation where our NCPS (A, ) admits
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a faithful representation, we can construct a C*-probability space and a morphism from (A, ¢) to
it (since closed x-subalgebras of the bounded operators on a Hilbert space are C*-algebras). This
then gives us access to spectral theory, which provides us with a notion of *-distribution that is more
reminiscent of the classical case. If there exists a compactly supported probability measure p on C
such that the *-moments p(a*(a*)?) can be obtained by integrating the polynomials 2%z with respect
to it, we call u the analytic x-distribution of a. Notice that by the Stone-Weierstrafl theorem and
the fact that p is a functional on C(supp ), p is uniquely determined by fixing the values of the
integrals of the polynomials z¥z¢. It is an easy exercise in spectral theory to show that such a measure
exists and that its support is precisely the spectrum of a. In particular, if a is self-adjoint its analytic
x-distribution is supported in the real number line, and we only need to consider the polynomials ¢"
for n € Z>(. Finally, notice that giving the analytic *-distribution of a normal element also fixes its
x-distribution.

In classical probability, one often refers to a random variable only by its law, we will introduce
some examples of this in the non-commutative context. Notice that if a € A is unitary, the generated
x-algebra is spanned by the integer powers a”, k € Z, of a.

Definition 2.6. Let (A, ¢) be a NCPS. An element u of A is called a Haar unitary iff it is a unitary
and all of its non-trivial moments vanish. For p € Z>1, v € A is a p-Haar unitary iff it is a unitary,
vP = I, and p(v¥) = 0 for all integers k not divisible by p.

FExample 2.7. Let u be a Haar unitary in a C*-probability space. Then its spectrum is contained in
the unit circle T in the complex plane. Consider the normalised Lebesgue measure on T, it is well
known that this is its Haar measure. One straightforwardly computes

d
/zkzé—z = (Sk,g 0-
T 2m ’

Therefore, the analytic x-distribution of u is the Haar measure of T, which explains the terminology.
Suppose now that v is a p-Haar unitary, then by the spectral mapping theorem its spectrum is
contained in the set of p-th roots of unity p,. The natural measure on this discrete space is the
following normalised superposition of Dirac measures (3(1) + - - - + §(e>™®=1/)) /p. Indeed, one sees
that
_/ Skt d(é(l) o4 (5(@2”@’*1)/}”)) ={ 1 1 _ e2milk—0)
p Pp ;m = 0, else

So far, we have only considered distributions associated to a single random variable. It is now
time to generalise the notion of a joint law from classical probability.

Definition 2.8. Let (A, ) be a NCPS. Denote by C(Xy, X7, ..., Xk, X;) the unital x-algebra of
non-commutative polynomials in the 2k indeterminates Xy, X7, ..., Xi, X{. For ay,...,a; € A, their

joint x-moments are the numbers @(ajl(l) : --ajy)), where ¢ € Zso and £(j) € {1,*}. The joint -

distribution of the random variables aq,...,a; is the functional p : C(Xy, X{,..., X, X}y — C,
defined by ,u(X;(D . -XZ(E)) = gp(a?fl) e ajie)) for all joint *-moments.

Joint x-distributions are of incredible importance not just to non-commutative probability, but also
to the theory of operator algebras in general. The reason for this is that under certain assumptions,
they provide a complete isomorphism invariant for the algebra underlying a NCPS. These results
are particularly valuable to the theory of von Neumann algebras, where this is one of the simplest
isomorphism theorems available and K theory is less useful than in the C*-algebraic setting. We
expand slightly upon this last statement. At least for factors, it follows from Examples 3.3.2, 3.3.3,
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and Exercise 3.12 in [72] that the K| group is trivial for types I, I, and III, while it is Z for type
I; and R for type II;. The K; group for any von Neumann algebra is trivial by Example 8.1.2 (a) in
[10]. The isomorphism result considered here comes in three flavours, one for each type of NCPS we
have introduced. We conclude this section with the statements and proofs of these theorems.

Theorem 2.9 (x-algebras). Let A and B be *-algebras, and let ¢ and 1) be faithful functionals such
that (A, ) and (B,) are x-probability spaces. Assume that A = (ay,...,ax) and B = (by,... bg).
If ay,...,a, and by, ..., by have identical joint x-distributions (relative to @ and 1 respectively), then
the map ® defined by a; — b; is a uniquely determined x-isomorphism. Moreover, ® is also an
isomorphism of the x-probability spaces (A, @) and (B,1).

Proof. Write a and b for the generators of A and B respectively. Since these are generators, we know
that we can write any element as some non-commutative polynomial in them. In other words,

A: {P(a)|P€(C(X1,Xf,,Xk,X,;“)},

and similarly for B. This will allow us to compare elements of A and B, as the joint *-distributions
of their generators are the same functional p on C(Xy, X7,..., Xk, X;). Clearly, the map ® defined
in the statement of the theorem extends to a x-homomorphism. Therefore, we have that ®(P(a)) =
P(®(a)) = P(b). Now, we will prove that all polynomial relations between a and between b must be
the same. Let P and @) be non-commutative polynomials such that P(a) = Q(a). Then as y is faithful,
©((P(a)—Q(a))*(P(a)—Q(a))) = 0. By definition of y, this can be written as u((P—Q)*(P—Q)) = 0.
Since this is the same joint *-distribution as that of b, and 1 is also faithful, this is equivalent to
P(b) = Q(b). In particular, ® is bijective, so it is a *-isomorphism. The fact that it intertwines ¢ and
Y follows immediately from the reasoning above. Uniqueness is also clear. O]

Theorem 2.10 (C*-algebras). Let A and B be C*-algebras, and let ¢ and 1 be faithful states such that
(A, p) and (B,1) are C*-probability spaces. Assume that A = C*{ay,...,a;) and B = C*(by, ... bg).
If ay,...,a, and by, ..., by have identical joint x-distributions (relative to @ and 1 respectively), then
the map ® defined by a; — b; extends to a uniquely determined isometric *-isomorphism. Moreover,
® is also an isomorphism of the C*-probability spaces (A, @) and (B,1).

Proof. Write a and b for the generators of A and B respectively. We can again consider the x-algebra
A= {P(G) ’P S (C<X17XT77X/€7XI:>} - A7

and similarly for B C B. As a and b generate A and B as C*-algebras, A is norm-dense in A and B
is norm-dense in B. By the preceding flavour, the map ® as defined in the statement of the theorem
is a *-isomorphism of A and B. The idea of the rest of the proof is to show that this map is in fact
isometric, and then a standard extension argument suffices to finish the job. To achieve this, we need
to connect the norm of an element in A to something involving ¢, which can then be connected to 1
via p (the shared joint x-distribution of the generators), and so to the norm on B. As ¢ is a state,
we know a priori that p(z) < ||z|| for any 2 € A. We know even more, by positivity of ¢ and the C*
identity, it holds that p(2*x)'/? < ||lz||. By the spectral mapping theorem, the elements (z*x)" are all
positive. Iterating, we obtain ¢((x*x)™)Y/?" < ||z||, so that ¢((x*x)™))/?" is a bounded sequence of
non-negative numbers. For convenience, we look at the square of the sequence, and we want to show
that its limit is then ||z*z||. Since z*x is positive, we know that its spectrum is contained in the closed
interval [0, ||z*z||]. Moreover, as ¢ is faithful, the analytic *-distribution v of z*z has as support the
entire spectrum of z*z. In particular, the v-measure of any interval of the form [||z*z| — 2, ||z*z||]
is positive, where € > 0 is arbitrary. Now, using the definition of the analytic *-distribution, we can
compute

(7)) = / " du(t) > / 7 dw(t) > ("] — 26)"C..
(z*x) (xz)N[||lz*x||—2¢,||z* (]
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where C. > 0 is the v-measure of [||z*z| — 2¢, ||z*x||]. It is easy to see that CI tends to 1 as n grows.
From these estimates we conclude that o((2*2)™)/ for n large enough is greater than |z*z|| — ¢, and
as € was arbitrary, we conclude that

: *,\n\1/n _ *
Tim p((z%2)") " = [|la"z]).

Using this, we have that
1P(a)l3 = lim o((P(a)"P(a))")!/",

n—oo

(
= lim p((P*P)")"'",
(

n—oo

= lim ¢ ((P(b)*P(b))")"/",

n—oo

2
= [ P() I3,
2
= [[2(P(a))|5-
The rest of the proof is now an easy extension argument, which we leave to the diligent reader. [

Theorem 2.11 (von Neumann algebras). Let M and N be von Neumann algebras, and let ¢ and
Y be faithful normal states such that (M, ) and (N,v) are W*-probability spaces. Assume that
M = vN{ay,...,ax) and N = vN(by,...,bg). If a1,...,a; and by,..., by have identical joint *-
distributions (relative to ¢ and v respectively), then the map ® defined by a; — b; extends to a
x-isomorphism. Moreover, ® is also an isomorphism of the W*-probability spaces (M, ) and (N, ).

Proof. Write a and b for the generators of M and N. Denote by L*(M, ) and L?*(N,) the GNS
representations of M and N with respect to ¢ and 1. As the states are faithful and normal, we may
identify M and N with their GNS representations. Let Q,; and Qy be cyclic vectors in L?(M, ) and
L3(N, %) (for instance the images of the units). Again the *-algebra
is dense, and similarly for N' C B(L*(N,v)). Now consider U : L*(M,p) — L*(N,v), where
P(a)Qy — U(P(a)Q2y) = P(b)Q2y. We show that U is unitary.

(U(P(a)), U(Q(a)u))n = (P(0)y, Q(0)2n) N,
¥ (Q(b)"P(b)),
n(QP),
p(Q"(a)P(a)),

= (P(a)Qu, Q(a)nr) ur-

We can then construct ® : M — N as a spatial isomorphism that sends x — UxU*. This is clearly
injective and a x-homomorphism. Moreover,

UP(a)U"(Q(0)2n) = UP(a)Q(a) = P(0)(Q(b)2),

so that @ is surjective as its image is dense. Showing that ® intertwines ¢ and v proceeds as before. []

2.2 Freeness

The problem of computing the joint x-distribution of some random variables appears as a rather
formidable task. In classical probability, one often focuses on random variables that are independent.
This comes with a collection of rules to calculate joint moments, the simplest of which we have already
seen in our exposition of classical probability, remark 1.9. However, it is not immediately obvious
how to lift this notion to the non-commutative setting. In fact, there are several different ways to
implement this idea, and we will present only one.
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Definition 2.12. Throughout, (A, ¢) is a NCPS and [ is a fixed index set.

(i) Let {A;}icr be unital *-subalgebras of A, then a product a; ---a; (k € Z>;) with a; € A;; is
called alternating iff iy # iy, o # i3, .., 11 7 ig-

(ii) An element a € A is called centred iff ¢(a) = 0. A product a; ...ay is called centred iff all the
a; are centred.

(iii)) We say that the unital x-subalgebras {A;};c; are freely independent (or often just free) iff for
all centred alternating products a; - - - a; we have that ¢(a; ---ax) = 0.

(iv) If {a;}ies are elements of A, we say that they are freely independent (or just free) iff the unital
x-subalgebras they generate are free.

Remark 2.13. Notice first that in any NCPS, the scalar multiples of the identity are free with respect
to any other subalgebra. Suppose now that a and b are some self-adjoint free elements of a NCPS,
and that they commute. From the free independence condition one can derive that the product of
the variance of a and b vanishes. This implies that at least one of them is a constant, showing that
free independence is a truly non-commutative notion.

One might wonder why this is a good notion of independence. We will spent the remainder of this
section arguing that this is the case, by showing that this definition enjoys several good properties.
The first one is that, as we insinuated earlier, free independence comes with some rules for calculating
joint *-moments. We explain that the notion of freeness is analogous (in some sense to be made
precise) to the free product of groups. Then we will show that the sentence ‘we assume that the
random variables aq, ..., a; are freely independent’ is both meaningful and without loss of generality.
Finally, we show that freeness at the level of x-algebras propagates to freeness at the level of C*-and
van Neumann algebras.

Proposition 2.14. Suppose that {A;}icr are free in some NCPS (A, ). Let ay---ay and by, ..., by
be centred alternating products for A;,,---A;, and A, --- , A;, respectively. Then

o(arby) -+ p(agby) if k=20 and (i1,...,i) = (J1, -+, Jk),
gp(al...akbg...al): .

0 else

Proof. 1f i), # js, then the result is 0 by free independence. So we assume that iy = j,, and for an
element ¢ € A we introduce its centering ¢ = ¢ — ¢(c). Then

p(ar -+ agbe---by) = p(ar - k-1 (arby + p(arbe))be—y - - by),
=0+ p(arbe)p(ar - - ag_1bg_1---by).
Iterating this procedure yields the desired result. O
A straightforward application of the results and techniques of this proposition is the following.

Proposition 2.15. Let (A, ) be a NCPS and {A;}icr be free subalgebras for some fized indez set I.
Denote by B the subalgebra of A generated by the A;’s. Then ¢|p is completely determined by { |, }ier
and the free independence condition. Moreover, if all the restrictions of ¢ to A;’s are tracial, so is

©ls.

We now turn to freeness in the context of groups.

Definition 2.16.
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(i) Let G be a group, and {G,};c; be subgroups for some fixed index set I. We say that the G;’s
are free iff when an alternating product gy - -- g (for all k € Zs;) is such that g; # e, we have

g1 Gk 7 €

(ii) Let H be a group, we define its group algebra CH as the complex vector space given by all
formal finite linear combinations of group elements, with the obvious multiplication.

(iii) Let {G,}ier be groups with identity elements e; for some fixed index set I, then their free product
G := %;¢1G, is the unique group generated by all elements in the GG;’s subject only to the relations
within them and the demand that e; = e.

By checking the definitions, one can prove the following.

Proposition 2.17. {G;}icr € G are free iff {CG,;}icr are free in the NCPS (CG, 1¢), where
TG(Z agg) = Q.

geG
It turns out that one can also define a (reduced) free product of NCPS.

Theorem 2.18 (x-probability spaces). Let {(A;, v;) }ier be x-probability spaces, then there erxists a
unique x-probability space (A, p) such that the A; are free subalgebras of A, and the restriction of ¢
to a A; agrees with ;. This free product (A, ) also has the property that any family of morphisms
{®;}ier, from (A, ;) into a fized NCPS (B,v), such that the images are free, admits a unique
extension to all of A. Moreover, if all the @; are traces or faithful, then ¢ is a trace or faithful
respectively.

Theorem 2.19 (C*-probability spaces). Let {(A;, pi)}icr be C*-probability spaces, then there exists
a unique C*-probability space (A, p) such that the A; are free subalgebras of A, and the restriction of
@ to a A; agrees with @;. This free product (A, ) is such that A is generated as a C*-algebra by the
union of the A;.

Remark 2.20.

(i) One can show that with these definitions, (C %,c; G;, T, ,¢;) and *;c;(CG;, 7¢,) are isomorphic
NCPS.

(ii) There is also a notion of free product for W*-probability spaces, but this is more involved (see

[19]).
Proposition 2.21.

(i) Let (A, p) be a C*-probability space, and By, ..., By free unital x-subalgebras. Put A; = EH'”,
then the A; are free.

(ii) Let (M,1)) be a W*-probability space, and Ny, ..., Ny free unital *-subalgebras. Put M; = N/,
then the M; are free.

Proof. For (i), suppose that a; - - - ay is a centred alternating product. As B; is dense in A;, there is a
sequence (b;,,) in B; approximating a; in norm. By continuity of ¢, we may assume that the b;,, are
centred. Then, using that ¢ and multiplication are norm continuous,

QD(GI e ag) = nh_)Il;.lo (p(bl,n PN bg,n) = O

For (ii), one repeats the argument above, except that now that b, , approximate a; in the strong
operator topology. By Kaplanski’s theorem, we may assume that the sequences are each bounded
in norm by the norm of the element they approximate. As multiplication is SOT-continuous when
restricted to bounded sets, the result follows. O
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2.3 Semicircular Elements

In this section we will work out an example that will be of importance later. Let (A, ) be a NCPS
such that the algebra A is generated by some element a*. The reason why we write the generator as
a* will become clear when we discuss ¢g-Gauflians later. We assume that a* is a non-unitary isometry,
i.e. aa®* = I # a*a. Since any occurrence of aa* can be removed from a word in a and a*, we have
that

A = span {(a")"a" |m,n € Z>o} .
In particular, we assume that the (a*)™(a") are linearly independent elements of A, and that

p((a”)™a") = dm.o0n.o-

The element a* is not normal, so we consider instead its self-adjoint part a + a*, and try to compute
its *-distribution. For this we will need to introduce some notions from combinatorics.

Definition 2.22.

(i) An n-Dyck path is a path on the lattice Z?, starting in the origin an ending at (2n,0), never
going below the z-axis (touching it is allowed) and consisting of steps of the form (1,1) and

(1,-1).

(ii) An n-Dyck path of exceedance k, with n > k > 0, has the same properties as a Dyck path,
except that there are precisely k steps that start below the z-axis.

(iii) The n-th Catalan number C.,, for n € Zsy, is the number defined by the formula C,, = () /(n+
1).

Remark 2.23. Note that an n-Dyck path can also be described as a list of 2n numbers {Aq,... Ao, } €
{—1,1}*" with the properties that

A4+ 20, V1I<j<2n
M4+, =0 '

The relation between the different parts of this definition is given by the following celebrated result
in combinatorics.

Theorem 2.24 (Chung-Feller). For every n € Zso and k = 0,1,...,n — 1, the number of n-Dyck
paths with exceedance k is equal to the n-th Catalan number C,,. In particular, the number of n-Dyck
paths is equal to C,,.

Proof. We follow the rather elegant proof presented in [20]. The case n = 1 is trivial, so assume
that n > 2. It is clear that there are (') paths with steps (1,1) and (1, —1) starting at the origin
and ending at (2n,0). We will shows that there exists a bijection between the n-Dyck paths with
exceedance k and those with exceedance k + 1, for every £ = 0,...,n — 1. This divides the total
number of paths into n + 1 families of equal size, and the result follows.

Let D be an n-Dyck path of exceedance k, then we decompose it in the following way. The path
starts in the origin, and it may first contain a part that is all below the x-axis, say with exceedance
k > k' > 0, call this part of the path A (note that it may be empty). Denote now by u the first
step that ends above the z-axis (this exists because k < n). This is followed by a part of the path
that is completely above the z-axis so it has exceedance 0. Call this part B (note again that it may
be empty). Denote by d the first step down that ends on the z-axis after u (this exists because the
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path must end on the z-axis). The remainder of the path, which has exceedance k — £/, will be
denoted by C' (note again that this may be empty, but note also that A, B, and C' can not be empty
simultaneously because n > 2). We have that D = AuBdC, and we now define the new path by the
rearrangement D' = BdAuC'. Notice that B has exceedance 0, dAu has exceedance k' + 1, and C' has
exceedance k — k’, so that D’ is an n-Dyck path with exceedance k + 1.

Going the other way, let now E be an n-Dyck path with exceedance k£ + 1 and decompose it
as follows. First F has a (possibly empty) part A with exceedance 0 (i.e. all above the z-axis).
Then a first step ending below the z-axis called d, a part B all below the z-axis, and finally the first
step ending again on the x-axis u. The remainder of the path is denoted by C. Say that dBu has
exceedance k' + 1, for some k > k' > 0, and notice that C' has exceedance k — k’. Now rearrange
E = AdBuC into a new path given by ' = BuAdC, which has exceedance k. Clearly applying both
parts of the above procedure to the same path returns the original, and we are done. O

Proposition 2.25. Consider a*V) - .- a* € A, where { € Z>y and (j) € {1,*}. Define \; to be 1 if
e(j) = *, and =1 ife(j) = 1. Then

o(atW ... qf®) = {

Proof. Consider the Hilbert space of square summable sequences ¢*(Zsq), which has orthonormal
basis {0y, }nez.,- We can define the right shift operator R by the equations Rd,, = J,+1. Its adjoint
is the left shift operator L, which acts as L&, = 6,_1, with the convention that §_; = 0. Clearly,
R is a non-unitary isometry, and it generates a *-algebra R. On B({?(Z>()) one has the vector
state Q2(z) = (xdo, do), and a simple computation shows that Q(R™L") = 0., 0,,0. Define a unital *-
homomorphism @ : A — R by ®((a*)"a™) = R"L™. As the elements R"L™ are linearly independent,
this is in fact a *-isomorphism. Moreover, as the x-moments of a and R agree, ® is a morphism of
x-probability spaces. We can now compute

QO(CLE(I) o ag(g)) _ Q(Ra(l) o Ra(e)) _ <Ra(1) ... R£(£)50,50>~

1 if {As ..., A1} is an £-Dyck path,

0 else

This vanishes unless R*M ... R*0§, = §,. Keeping in mind the action of L and R on basis elements,
one arrives at the advertised relation. O
We are now finally in a position to compute the *-distribution of a 4 a*.
Proposition 2.26.
Cyse if £ is even
V4 /2 )
a—+a = .
pllata’)) { 0if £ is odd

Proof. A quick computation shows that

Cypp if £
o((a+ a*)ﬁ) _ Z sD(Ga(l) . aa(€)> _ Z 1 { /2 1t £ 1s even,

e(1),e(O)e{l,x} {A¢,--. A1} is an £-Dyck path 0if £is odd

where we used the previous proposition in the second equality. O]

From the proof of Proposition 2.25, we can deduce through spectral theory that a + a* has an

analytic x-distribution. Even better, we already know what this measure is. From example 1.13 we
know that the moments of the Wigner semi-circle density with p = 2 are precisely the moments of
a+a*.
Definition 2.27. Let (A, ¢) be a NCPS. If x a self-adjoint element such that it has an analytic *-
distribution, and this distribution is the Wigner semi-circle density, we call z a semicircular element.
If its distribution is the Wigner semi-circle law with p = 2, we say that x is standard semicircular, as
it has mean 0 and variance 1.
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2.4 Free Cumulants

In this section we introduce an alternative bookkeeping device to moments, and discuss how it interacts
with freeness, in particular with free families of semicircular elements. We being with some notation

Definition 2.28. Let n > 1 be a natural number, then we write [n] := {1,...,n}. Define the set of
partitions of [n] as

P={r=MW,....,Vi)|V;CnJand V; # @V j, ViNV, =2 Vi#j},

where the V; are called blocks. We say that two blocks V' and W of a partition 7 cross if there exist
i,7 € V and k, ¢ € W such that i < k < j < £. If no such blocks exist, we say that 7 is non-crossing,
and denote the set of all non-crossing partitions of [n] by NC(n). In particular, if all blocks of 7
contain exactly two elements, we call w a pairing of [n], and the set of non-crossing pairings of [n] is
denoted by NCy(n)

Remark 2.29. Clearly, NCy(n) = @ iff n is odd. We have also already computed the cardinality of
NCsy(2n), namely it is equal to the Catalan number C,,. To see this, one can convince oneself that
there exists a bijection between non-crossing pairings of [2n] and n-Dyck paths, with one possible rule
being the following. Take a non-crossing pairing, and connect the members of each pair by a line, for
example

= 1 [ T= 1]
123456 < ({1,4},{2,3},{5,6}), 123456 « ({1,6},{2,5}.{3,4}).

Since our pairings are non-crossing, these lines can be drawn without crossings. Now imagine travers-
ing [2n] from left to right, and build an n-Dyck path by taking a step (1,1) whenever a line starts,
and a step (—1,1) whenever a line ends. Since one cannot see the end of a line before its start, and
upon reaching 2n all lines have ended, this is indeed an n-Dyck path.

Recall from the text below the definition of ‘classical’ moments, Definition 1.7, that one could
instead also talk about (‘classical’) cumulants. In probability, it turns out that cumulants interact
well with independence in the sense that the cumulants of a sum of independent random variables are
simply the sums of their cumulants. We now introduce cumulants into free probability (albeit with
a definition that looks very different from the classical one) and discuss how they interact with free
independence.

Definition 2.30. Let (A, ) be a NCPS. We define, for natural numbers n > 1, the multi-linear
maps K, : A" — C, called cumulants, recursively by the moment-cumulant formula

olay---a,) = Z Rr(ay, ..., ap),

TENC(n)

where ay,...,a, € Aand if 1= (V3,..., Vi),

/{W(al,...,an) = H ﬁﬁ(aip'-'vaie)‘
Ver
V={i1,...,ie}

Remark 2.31. The first two cumulants are in fact not new objects, when restricted to a; = a. It is
obvious that k;(a) = ¢(a), so that the first cumulant is simply the mean. For the second cumulant,
we have

p(a®) = ki{1,2}}(a, a) + Ky q2py(a, @) = ra(a, a) + ki(a)® = Ka(a, a) + p(a)?,

from which we conclude that the second cumulant is the variance.
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Cumulants have the following significant advantage over moments when it comes to recognising
freeness.

Theorem 2.32. Let aq,...,a, be elements of a NCPS, then they are free if and only if all mized
cumulants vanish. To be more precise, the a; are free if and only if for all tuples iy, ..., 1, such that
not all members are equal, we have that ke(a,,,...,a;,) = 0. Note that the a; do not have to be centred.

The proof of this theorem can be found in Part 2 of [65], but the main ingredients are two
properties of the free cumulants (proofs of which can be found in the same reference). The first is
that there exists an explicit formula to compute cumulants where some of the entries are products,
in terms of the cumulants of the factors of said product. The second is that any cumulant where an
entry is proportional to the identity operator vanishes (this explains why centering is irrelevant for

cumulants).
To apply this new technology to semicircular families, we should first compute the cumulants of
single semicircular element s. We will write k¢(s) = ke(s,...,s) for brevity. Since s is centred and

the first cumulant is the mean, ,(s) = 0, and we know that r(s) = (p/2)2Cy = (p/2)? as ky is the
variance. For the third cumulant we can calculate

0 = @(s*) = k3(8) + 2k1(8)Ka(s) + K1(5)® = K3(s),

so that it vanishes. We now want to prove using induction that in fact every cumulant of order ¢ > 3
is identically zero. First consider the case that £ = 2k 4 1 for k£ > 1, then

0= p(s**) = Z Kr(s) = Kors1(s) + Z 0 = Kor41(s),

TENC(2k+1) reNC(2k+1)\{[n]}

because any m must contain a block of odd length, and by the induction hypothesis all odd cumulants
of degree less than 2k+1 vanish. Next is the case that ¢ = 2k for k > 2, then

(O =gl = muls) + 3 (mals)* + st

TENCy(2Kk)

By the induction hypothesis, all the other terms vanish because they contain some moment that is
not of degree 2. However, it now follows that

(0 = () 5 1=mater+ (2)

TENCo(2Kk)

whence it must also hold that rox(s) = 0. Notice that this is the same structure as that which we
found for the ‘classical’ cumulants of the Gauflian density in 1.14. If we now want to describe a
free semicircular family in terms of cumulants, it follows by Theorem 2.32 that all mixed cumulants
vanish, and that only the second cumulant from the non-mixed ones does not vanish. We capture all
this information in the following definition.

Definition 2.33. Let (A, ¢) be a NCPS, a4, ...,a, € A, and denote the cumulants on this space by
k¢. Then the a; are a free semicircular family iff each a; is a semicircular element, and we have the
cumulant identities

p?
K“Tn(ain s 7aim) = 6771,262'1#’2%7
forallm>1and 1 <1y,...,7, <n. In particular, a standard semicircular family satisfies
Km(a,il, C.e ,CLim) = 6m,26i1,i2-
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2.5 Free Group Factors

Let G be a countable group. In principle the ideas of this section are more general, but the countable
case is sufficient for our purposes. We already introduced the group algebra CG, and now we will
consider some extensions of this idea. There is a natural inner product on the vector space CG, which
is given on G by (g,g) = 1 and (g, h) = 0 for g # h, and then extended sesquilinearly. This allows us
to define

[X(G) :=TG"™,

the Hilbert space of square summable functions on G. Notice that CG can be interpreted as the
subspace of finitely supported functions on G. There is a natural orthonormal basis of L?(G) given
by {0,}sec. We can now define two unitary representations of G on L*(G), i.e. homomorphisms
M\ p: G — B(L*(G)). They are given by the formulas \,0, = &, and pydy, = dg-1. One readily
checks that these assignments respect the group structure (AjA, = Ay, etc.) and that the operators
Ag and py are unitary (A\; = Ag-1). These are called the left (\) and right (p) reqular representations
of GG. Consider now the von Neumann algebras generated by these representations,

L(G) ={Nlg € G}, R(G) = {pslg € G}",

which we say are the left and right group von Neumann algebras. They turn out not to be independent,
as summarised in the following proposition.

Proposition 2.34. We have that L(G) = R(G) and R(G) = L(G).

Proof. Tt suffices to show that R(G) = L(G). For u,v € L*(G) such that at least one is finitely
supported, we introduce their convolution uxv as

(uxv)(g) =Y _u(hjo(h™'g),

heG

which lies again in L?*(G) by an easy estimate. If u is finitely supported, the operator ux is an element
of L(G), because it can be written as

Uk = Z u(g)Ag-

geG

Similarly, if v is finitely supported, one can write

v =" "v(g)p;,

geG

so that xv is in R.
As A\jpn = ppA, for any g, h € G, we have the inclusion £(G) C R(G)'. For the reverse inclusion,
suppose that z € R(G)" and v € L?(G) is finitely supported. Then

xv = Zv(g)xég = Zv(g)p;(xée) = (20e) * v.

geG geG

We conclude that for any € R’ there is a function ¢ in L?(G) such that zv = & x v for all v finitely
supported. One can show that for any y € £’ there is also a function 1 in L?(G) such that yu = u*n
for all u finitely supported.

To finish the proof, we argue that any x € R(G)’ is also in L(G)” = L(G). To this end, let
y € L(G)". Then there exist functions £ and n as above. Recall now that the finitely supported
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functions are dense in L?(G), because they can be identified with CG. Hence there are sequences (&,,)
and (n,) of finitely supported functions approximating £ and 7 in norm. Moreover, it suffices to prove
that = and y commute when acting on finitely supported functions. Let u be such a function, then

xyu = x(u 1) :r}ir{}of*(u*n) :T}Lngovggréogm*(u*nn)

We leave it to the reader to show that the convolution operation is associative on finitely supported
functions, and that the limits can be interchanged (take the inner product with a finitely supported
function v). Using this, we finally arrive at

zyu = lim lim (&, xu) xn, = lim y(&, *xu) = yxu.
m—00 n—00 m—00

O

From now on we will focus on £(G). We collect some basic results concerning the properties of
this von Neumann algebra coming from properties of G, following Chapter 6 of [56].

Theorem 2.35. L(G) is a factor iff G is an ICC group (all non-identity conjugacy classes are
infinite).

Proof. Let x be in the center of L(G), then by the previous proposition  commutes with all elements
of both £(G) and R(G). Consider the function zd, € L*(G), it has the property that \,p,(zd.) =
z(Agpgde) = 0, i.e. it is constant on conjugacy classes. If G is ICC, then square summability forces
xd, to vanish on all non-identity conjugacy classes, and it follows that x € CI. Conversely, if G is not
ICC, then the indicator function of a finite non-identity conjugacy class comes from a central element
that is not a multiple of the identity, so that £(G) cannot be a factor. n

Proposition 2.36. The functional 7(x) = (xe, e) defines a faithful trace on L(G).

Proof. We check the trace property on the generating elements A\g, Ay, for g,h € G. It holds that
T(AgAn) vanishes unless AjApe = e = Ace, but if A\, # Ao then A\, # A, and if Ay\, = A, then
AnAg = Ae, S0 T is a trace.

Suppose that € L(G) is such that 0 = 7(2*z) = (xe, ze), then ze = 0. Let again g, h € G, then
we can write

(xg,h) = <h_1xge, e) = T(Ap12Ay) = T(A\gAp-12) = (gh™'ze, e) =0,
as re = 0. O

Theorem 2.37. If G is ICC, then L(G) is a factor of type II;.

Proof. By Theorem 2.6 in Chapter V of [82], it suffices to construct a faithful normal tracial state, as
L(G) is infinite dimensional. The faithful trace from the previous proposition is a vector state, so it
is normal (see Theorem 2.6 in chapter II of [82]). O

As mentioned earlier, freeness is analogous to freeness in groups, so we specialise to the case of free
groups on a finite number of generators, [F,, for some n € Z>,. Here are some elementary properties
of these groups that are relevant to us.

Proposition 2.38. Let m and n be positive integers.
(i) F, = F,, if and only if n = m.
(ii) ¥, =« Z, hence Fypy 2T, % Fppy.
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(iii) F,, is an ICC group.

Proof. For the first statement see Section 6.2 in [56]. The second statement holds essentially by
definition. For the final statement see Exercise 2 in Chapter 6 of [56]. [

Point (iii) of this theorem justifies the following definition.

Definition 2.39. The von Neumann algebras L(F,,), for n a positive integer, are called the free group
factors

The free group factors are at the heart of a long standing open problem in von Neumann algebra
theory. It is known that their little reduced C* brothers are pairwise non-isomorphic [68]. By contrast,
B(L*(F,)) and B(L?*(F,,)) are always isomorphic because the Hilbert spaces are all separable. The
free group factors live in between these two cases, and it is unknown on which side of the fence they
fall. However, the following is known.

Theorem 2.40 (Free group factor dichotomy). Fither the free group factors are all pairwise isomor-
phic, or they are all pairwise non-isomorphic.

Proof. Due to Dykema [29] and Radulescu [69]. O
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3 ¢-Gauflians

3.1 Construction of g-Gauflian von Neumann Algebras

In this section we discuss a family of von Neumann algebras that will turn out to be related to the
free group factors. Recall that L(F,,) is generated by the elements \,,, where the a; are the n letters
generating IF,,. These can be thought of as ‘shift” operators in some sense, as they prefix the letter a;
to a word in the group algebra. This is reminiscent of the semi-circular element we considered earlier.
We started that construction with a non-unitary isometry a*, which satisfied aa* = I # a*a (amongst
other things), and we saw that this admitted a representation as shift operators. We now consider a
deformation of this relation, inspired by the canonical commutation relations of quantum mechanics,
as these also describe a kind of ‘shift’ operators that create and annihilate particles.

Let ¢ be a number in the interval [—1,1] and define the g-mutator of two elements x and y as
[z,y], == 2y — qyx. Then we can search for operators a; and a! acting on a Hilbert space satisfying
the g-mutation (or q-deformed commutation) relations

[a;, a;] = a;a; — qaja; = oyl (3.1.1)
Notice that for ¢ = —1,1 we recover the well known canonical commutation and anti-commutation
relations. For ¢ = 0 we recognize the non-unitary isometries. In the extremal cases where ¢ = —1,1,

one often constructs these operators acting on a so-called Fock space of quantum states. We will be
inspired by this approach, but will face the technical difficulty that the ‘obvious’ definitions of a; and
a; do not define adjoint operators with respect to the inner product. This will be overcome by also
deforming the inner product in such a way that it forces a; and a} to be true adjoints of each other.

Let now Hg be a real, separable Hilbert space, and denote by H its complexification with inner
product (-,-). We will use X to denote the ordinary Hilbertian tensor product, i.e. the vector space
tensor product endowed with the canonical extension of the inner product (-,-). We will however be
somewhat sloppy and still denote elements in it as e; ® e5. Consider the Fock space F(H) associated
to H, which is defined as

F(H) =CQoPH™

n>1

where € is a unital vector, called the vacuum. By definition F(H) is spanned by words of the form
e1® - ®ey,, with ; € H and the vacuum 2. The vacuum expectation value functional on B(F(H)),
(-Q,Q), will be denoted by w.

Definition 3.1. Let e € Hg. The left and right creation operators a*(e) and a(e) associated to e
are defined by the formulae
a(e)l=e

a*(e)l=e .
a(e)(e1® - Qe =e@ey @ Re, aile)eg® Qe =R Qe, e

On the other hand, the left and right annihilation operators a(e) and a,(e) associated to e are defined
by the formulae

a(e)Q=0, ale)(e1 @ - Re,) = Zq (een)(e1® - Qe Q-+ ®ey),
and

a.(e)2 =0, a.(e)le; ® - Re,) = Zq (e;ep)(e1®@ - ReEp® -+ @ ey),
where the hat means omission of the vector from the tensor.
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Remark 3.2. The definition of the annihilation operator can be motivated by imagining that one
g-mutes the annihilation operator to each vector in the tensor, supposing that each vector was put
there by a creation operator acting on the vacuum.

It is now an easy computation to check that these operators witness the g-mutation relations. Let
f1 and f5 be vectors in Hg, then

a(fr)a*(f2)Q = a(f1)f2 = (f1, f2),

and

a(fr)a*(f2)le1® - ®e,) =a(fi)(fa ®e1 ® -~ @ ey),

=(f.f)e1® - ®e)+ > ¢ (froe)L@a® Q60 De),
k=1

= [(f1, fo) + qa™(fo)a(fi)] (e1 @ -+ @ €y,).

One recovers the precise form of (3.1.1) if one chooses the f; to be orthonormal. The computation
for the right operators is similar.

Unfortunately, as the reader may check, the operators defined in this way are not adjoints with
respect to our current inner product on F (). Fortunately, it is not very hard to write down something
that looks like an inner product for which this is clearly the case.

Definition 3.3. Define the sesquilinear map (-,-), : F(H) x F(H) — C recursively by the rules that
it vanishes on pure tensors of different rank, and when the ranks agree write

(1@ @en, fi® @ fu)g=(2® - ®en,aler)(fi ® @ fu))g

= e i@ @en i@ ® i@ - ® fa)g
k=1

The thorough reader is invited to check that (at least formally) a,(e) and a’(e) are true adjoints
with respect to (-, -), as well.

It turns out to be surprisingly difficult to show that (-, -), is in fact an inner product. Bozejko and
Speicher were the first to achieve this in their seminal paper [13]. We outline their approach.

Definition 3.4. Define an operator P, : F(H) — F(#) by first decomposing it as
P, =P, PM 1 = 1
n>0

Consider the natural unitary action U of S,, on H*" given by permuting letters, i.e. U,(e;®---®e,) =
€o(1) @+ Q €g(n)- Set

o] == {(i,j) 1 <i<j<n, o(i)>o(j)}
which is the number of involutions of ¢, and finally put Pq(n) = Zae S, ¢"'U,, and P, q(O) =1

Proposition 3.5. The operator P, is positive, and even strictly positive if |q| < 1. Moreover, it holds
that

(€ mq = (& Pyn).

In particular, (-,-), is an inner product when |q| < 1, and in the cases ¢ = £1 it as an inner product
after dividing out the kernel.
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Proof. See Proposition 1 and Lemma 3 in [13]. O

Remark 3.6. Observe in the definition of F, that Pq(o) and Pq(l) are both equal to the identity operator,
so that the deformation of the inner product takes place away from the vacuum sector and the
canonical embedding of H into F(H).

Definition 3.7. We write F,(#) for the completion of F(#) with respect to the inner product (-, -),,.
The tensor product with respect to this inner product will be denoted by the ordinary tensor symbol
®.

Before moving on, it is interesting to compute the norms of the operators we have introduced. It is
well known that the ¢ = 1 case, aa* — a*a = I, cannot be represented by operators that are bounded.
This result should be recovered, and it is thus also not a priori clear that the operators we defined
are bounded. This does however turn out to be the case.

Lemma 3.8. For any e € H, the associated annhiliation operator a(e) is bounded as long as q is not
equal to 1. Moreover, one has that

el —1<q<0
la@ll, =4 el
Ni=r

Proof. The case —1 < ¢ < 0 is very straightforward. Let £ € F,(H), then by the ¢g-mutation relations,

la* ()€l = llell €N + allate)élly < Nlell3 €]y,

and |[a(e)2| = |le[l;, . As taking adjoints is isometric, it follows that [a(e)|, = |la*(e)ll, = l[elly-
Assume now that 0 < ¢ < 1, and without loss of generality that £ is in H®". Then a*(e){ = e® &
is a rank n + 1 tensor, and we have by definition

la*(e)é)? = (e® & PMe® &) .

0<g<1

We could factor the norm of e out of this expression if we had a way to replace Pq(nH) by I ® Pén).

To do this, we must find a way to factorise the permutations we sum over in the operator F,. Hence
consider the transpositions o; in S,,;1 that interchange 7 and 7 + 1 and leave all other numbers fixed.
We can decompose each permutation of {1,...,n + 1} into a part that swaps 1 and its preimage via
transpositions, and a part that does the rest. As we sum over all such permutations, the following
identity is not difficult to see

Pq(nJrl) _ ([ ® Pq(n)) o (qOI + quo_l 4+ ..+ anal--'Un) .

)

Recall from Proposition 3.5 that the operators Pq(m are all strictly positive and self-adjoint, moreover

all coefficients ¢* are positive, so that
0< (PMN < [(14+g+--+¢") (I o P™)]".
Therefore

1
0<PMY < (1+q+-+q") (I®PM) <1—(I®Pq(”)).

It follows that

2
el < Nellag e
la*(e)élly < 7= q\|€||q~
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To finish the proof, notice that if we set £ = ¢®" we have that

which implies that we can produce a sequence of vectors that forces the operator norm to be at least

lellye/v/T =4 O

With the above construction in hand we are ready to introduce the central objects of this chapter
and prove some of their most elementary properties.

a*(e)e@qu =(1+q+--+ qn)1/2||6||HH€®n’

q7

Definition 3.9. For e € Hg, write
W(e) = ale) +a*(€), Wile) = ar(e) + a(e),

which define self-adjoint operators. If {e;}ic; is an orthonormal basis of H, we often write W;, for
W (ei;). These elements generate a von Neumann algebra that we shall call the ¢-GaufSian,

L,(Hg) = {W(e)|e € Hr}".
Similarly there is a right q-Gaufian Ty, (Hg). For this chapter, if we write I'y(,), we mean Iy, (Hr).

Lemma 3.10. Recall that w(-) = (-Q,Q), is the vacuum expectation. The following statements are
true for both I'y and I'y,

(i) w is a trace
(11) The vacuum vector ) is separating and cyclic.
(i4) The commutant of one is the other, that is T, = T'y,.

Proof. Throughout this proof, we will only present the arguments for the left ¢-Gauflian, as those for
the right one are completely analogous. Also, {e;}ics is an orthonormal basis of Hg, whence the span
of the words on these basis elements forms a dense subset of F,(H).

For the trace property (part (i)), first notice that by definition

1 2r
w(Wi, -+ Wi, ) = Z Z WWZ()”'“?Q(T ))’
e(1)=1 (2r)=1

where we took the product to be of even length because otherwise the result is zero by a rank argument.
The value of the summands can be determined as follows. It is necessary that the product contains
an equal number of creation and annihilation operators, otherwise the result is again zero by a rank
argument. Moreover, this argument applies to each vector e;; that occurs in the product, as these are
orthonormal, so there must be an equal number of creation and annihilation operators for each e;;.
Starting from the right, if the first time a vector e;; appears is in an annihilation operator, the result
is zero as this operator can be ¢g-muted to the vacuum and annihilate it. It follows that any non-zero
term must allow pairing of creation and annihilation operators belonging to the same vector, where
the annihilation operator occurs to the left of the creation operator in the pair, and all these pairs
exhaust the product. An example would be

]
N e | . { o { \
(ai) flf")---ajf)maff)---ajjd)maii)mafj”m ;@)7

where the operators in a pair are connected with a line. To evaluate this, one can g-mute the elements
until the operators in each pair are adjacent, resulting in some power of ¢ as the result, as a;, a;-‘jQ =Q.
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We claim that this power is precisely the number of crossings in the expression above. This is not
hard to see, but for a formal proof one could proceed to prove the following formula (see Proposition
3.12 for the notation),

(aiD ... astmy — { 0, m odd, a.12)
w a . 7 1
i D kim0 2o(rayepkt oy Opains(1, J)g" ), m = 2r

where the d,,.is enforces the conditions explained above. One could show this for products of the form

aj ---a; a;, ., ---a;, and then observe that both formulas transform correctly under the g-mutation

11
relations.
To see that this formula defines a trace on I'y, observe what happens when we cyclically permute

our expression to

m

]
£(b) B . C’;(e).,ﬂe(d) GE@ ety e

e(a)
W(aib Ty, e ig Qg iy is ia ).

This has not changed the number of crossings, but it has swapped the creation and annihilation
operators in one pair. As we sum over all possible values of the £(j), this does not matter, as the
term with the correct order is also in the sum.

To show that € is cyclic (part (ii)), we prove that I',2 contains all pure tensors of finite rank.
The proof will proceed via induction on the rank of the tensor. The case of rank 1 is clear, as then
Wie;,)Q = a*(e;, )2 = e;,. Suppose now that all tensors of rank k are in I' £, and moreover that
the operators in I'; that create rank k tensors £ are denoted by W (&). These exist by the induction
hypothesis, and we will later see that they are in fact unique, but we do not use this here. Moreover
the notation is consistent with the original meaning of W. Consider then

W W(elz " eik+1>Q - W(a<ei1)<ei2 DRy eik+1))Q = € @ Cipyr-

Correspondingly, there exist operators W,.(£) in the right ¢-GauBian.

To show that 2 is separating, we show that it is cyclic for the commutant (I';)’. To this end,
define the involution S on I' Q2 by Sz} = x*Q2. By the trace property of w this is isometric, and hence
well-defined. Moreover, ST',S C (I';)" as for any y € T,

SxSyQ = Sxy™Q = yr*Q = ySz) = ySx S,

but then 2 is cyclic for the commutant as it is already cyclic for ST',S.
For later use, define the isometric involution J on F,(Hgr) by

J(en@@eln) :ein®"'®€i1,
and demanding that it is anti-linear. One can check that Ja*(e;)J = al(e;) and Ja(e;)J = a,(e;), so
in particular JW (e;)J = W,.(e;).

To determine the commutant (part (iii)), it is worth digging a little bit deeper into ST,S con-
structed above. In particular what happens when we apply S to an operator of the form W (¢), with
¢ a pure tensor, is that SW(§) = W(JE). We prove this claim by induction on the rank of a basis
tensor e;, ®---®e;,. The case n = 2 is a straightforward verification. For the induction step we need

the observation that I',, C (I';)" because the generators of the left and right ¢-GauBiians commute.
Then

Wie, @ ®e, )" Q=W(e, @ - ®e;, ) W(e;,)Q2—W(ale;,) (e, @+ Re; ) Q,
=W.(ei,)(ei, ® - ®e;,) — J(ale;,)(e, @ Re;)),
= a*(eil)(ein R - Re,)+ [aq(e;) — Jale)] (e, @ -+ ®e;),
=W(J(e;, ® - ®e;, )2
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From this it actually follows that ST';S = I'y,, as it turns out that S and J are the same operator,
and conjugation by .J interchanges the generators of the left and right ¢-Gauflians. The equality of S
and J follows from the computation

S(eil & .- ®€in) = SW(@Z‘I & - ®€ln)Q = W(J(e“ & - ®€ln))Q = J<€i1 (o ®€Zn)

It remains to prove the inclusion (I',)" C ST',S to arrive at the advertised relations. For this we
prove that w is also a trace on (I';)’, so that by repeating the calculation from the proof that € is
separating we get S(I'y)’S C I'y = I';. Notice that our proof of part (ii) of the lemma also implies
that the vacuum is cyclic and separating for (I'y)’. If 2’ € (I'y)’, it holds that

(SxQ, 2'Q), = (xQ, (2/)*Q),,.
For any &, n € F,(H) we have by the polarisation identity and anti-linearity of S that

(SE Sm)q = (€, M

in particular

<S£7 77>(1 = <§7 S77>q

However, this means that
(xQ, (2/)*Q), = (SzQ, 2'Q), = (2Q, S2'Q),,

and we must conclude that Sz’ = (2/)*. As S is isometric, the norms of 2’Q) and (z’)*Q2 must agree,
which in turn implies that

(@(2")7Q, Q) = ()22, Q)q.

By polarisation, this shows that w is a trace on (I';)’. As discussed at the start of this paragraph, this
implies that S(I';)’S C I';. Combining this with the other inclusion (which we derived in the proof
of (ii)) we conclude that I'} = ST'(S =T’ to finish the proof. O

Remark 3.11. The key tool of the proof above was the introduction of the Wick operators W(¢). We
can now a posteriori use part (ii) of the lemma to declare that for any £ € I',€, there exists a unique
operator W (¢) defined by the fact that W (£)2 = £. On the other hand, it follows also that any
x € I'y is entirely determined by x{2. We thus find a one to one correspondence between the orbit of
the vacuum under the ¢-Gauflians, and their elements themselves. These operators will be very useful
later to prove that the ¢-Gauflians are factors. There is even an explicit formula for the case that &
is a word €; @ - -+ ® e, in Fy(H).

Proposition 3.12. Denote by Py (n) all two-set partitions (I, J) of {1,...,n} such that |I| = k and
|J| = ¢. Naturally this is empty unless k + { = n, and we write I = {i(1),...,i(k)} and similarly for
J. Lete; @ --- ® e, be in Fy,(H), then we have the Wick formula

W(el K& en) - Z Z a*(eiu)) ce a*(ei(k))a(ej(l)) tet a(ej(g)) . qi(I’J), (313)
k=0 (1,0)ePy*(n)
where
i, J):=Hp,a) 1 <p <k, 1<q</ i(p)> i)}
Proof. See Proposition 2.7 in [12]. O
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3.2 0-Gauflians are Free Group Factors

Aside from the physically interesting points ¢ = £1, there is also the case ¢ = 0, which turns out to
correspond to a von Neumann algebra that we have already seen.

Theorem 3.13 (Theorem 2.6.2. in [86]). Let n € Z-o, and suppose that dim(Hg) = n. Then
Lo(Hr) = L(F,).

One of the goals of this thesis is to show much more than this. It is also true that the ¢-Gauflians
are type II; factors (this will be shown in the next section), and point (iii) of Lemma 3.10 looks rather
similar to Proposition 2.34. In fact, we will prove in a later chapter that there exist numbers g.(n)
such that all ¢-GauBians with |g| < ¢.(n) (for dim(Hg) = n) are isomorphic.

The proof of Theorem 3.13 will be split into a few steps, but most of the hard work has already
been done. Naturally the result that we would like to use is Theorem 2.11. This has the corollary
that if a von Neumann algebra is generated by say n free elements that have the same x-distribution,
then this is the unique such von Neumann algebra (due to Proposition 2.15). This suggests the
following strategy, we first show the easy result that the free group factors are generated by free Haar
unitaries (recall definition 2.6). Then we prove that the 0-GauBians are generated by free semi-circular
elements, which we already encountered earlier. The final piece of the puzzle is then to show that
these two types of generators are interchangeable, i.e. they can be deformed into one another.

Proposition 3.14. L(F,) is generated as a von Neumann algebra by n free Haar unitaries.

Proof. As T, is the n-fold free product of groups of Z, it follows by Proposition 2.17 that the *-
algebras generated by the generators ay,...,a, of F, are free. Via the left regular representation,
we have A : CF,, — L(F,), and this is even an inclusion of NCPS. By Proposition 2.21, the von
Neumann algebras generated by the A(a;) are also free. It is a trivial computation to verify that they
are Haar unitaries. Hence we have that £(IF,) is generated as a von Neumann algebra by the n free
Haar unitaries \(a;). O

Proposition 3.15. I'g(Hg) is generated as a von Neumann algebra by dim(Hg) free semi-circular
elements.

Proof. Let eq,...,e, be an ONB of Hg, then I'q(Hg) is generated by the elements W (e;). We thus
have to show that these are free semi-circular elements. To show that they are semi-circular, we would
like to prove that the W (e;) (or rather, the a(e;)) satisfy the assumptions at the beginning of section
2.3 in the free probability part. This is however immediate, as by the O-mutation relations it holds
that a(e;)a*(e;) = I, and one can check from their definitions that a*(e;)a(e;) # I (as for instance
a(e;)Q2 = 0). We invite the reader to check the linear independence of the elements a*(e;)™a(e;)"™ and
that they have the right moments, namely w((a*)™a™) = 0,,,00n0. Then by the results of section 2.3
we have that the W (e;) are standard semi-circular. Their freeness follows from orthogonality, and is
the result of the next lemma. H

Lemma 3.16. Letey,..., e, be an ONS in Hg, and M; the von Neumann algebras generated by the
W (e;). The latter are free in the W*-probability space (To(Hg),w)

Proof. By Proposition 2.21, it suffices to show that the x-algebras A; generated by the a(e;) are free.
Let x; be an element of A;, then it can be written in the form

p
T = ; + Z Bi(a)" D (a;)m0)
=1

Here, a; and 3; are complex numbers, and (n(k), m(¢)) € Z2, \ {(0,0)} Clearly, w(z;) = a;, so that
the centred elements of A; are precisely those for which there is no identity term.
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Let now x;, - - - z;, be an alternating centred product, then we may assume that each z;, is of the
form (afj)"(if)(al-j)m(ij). We distinguish two cases. First, suppose that there is an 1 < ¢ < k — 1
such that neither of m(i¢) and n(ig+1) vanishes. Then z;, ---z;, contains a factor a;,aj, = 0, by

the O-mutation relations. Suppose there is no such ¢. Then it holds that z;, ---x;_is of the form
*

k

aj e ag g, ag,,,,, With n+m > 0. However, it is immediate that then w(z;, - - - x;,) = 0. We
conclude that the x-algebras A; are free. O

Lemma 3.17. A semi-circular element in a W*-probability space can be deformed into a Haar unitary.

Proof. Write (M, 1) for the W*-probability space. Let s be a semi-circular element in M, then its
spectral measure is /4 — t2/(27) dt, on the interval [—2, 2]. In particular, for any bounded measurable
function f on [—2,2], we have that

1 /2
") = 5 [ HOVI=E at
—2
Define the function
t 1
H(t)= 4—\/4 — t2 + —arcsin(t/2),
7r 7T

then notice that the density of the semi-circular measure is precisely H'(¢). Through spectral calculus
we define an element u of M, given by u = exp(2miH(s)). Notice that u generates the same von
Neumann algebra as s. It follows that this is a Haar unitary,

1/2

r(u*) = /_ exp(2miH (t))H'(t) dt = / ™k dh = .

2 —-1/2

We now have everything we need to prove Theorem 3.13.

Proof of Theorem 3.13. By Proposition 3.15 and Theorem 2.11, T'o(Hg) is the unique von Neumann
algebra generated by n free semi-circular elements. Using Lemma 3.17 we can trade these for n Haar
unitaries as generators. Since freeness is a property of the subalgebra generated by a random variable,
it follows that these Haar unitaries are also free. We conclude that I'g(Hg) is also isomorphic to the
unique von Neumann algebra generated by n free Haar unitaries, but this is £(IF,) by Proposition
3.14. O

3.3 All ¢-Gauflians are type II; Factors

Throughout this section, ¢ will denote a real number of magnitude strictly less than 1, and we assume
that dim(Hg) > 2. In the previous section, we showed that if ¢ = 0, the ¢g-GauBlian algebras become
free group factors. It is now natural to wonder which (if any) properties of the free group factors
are shared with the ¢g-Gaufiians for non-zero ¢. At this point, we have developed (almost) enough
technique to prove the following.

Theorem 3.18. I'; is a type 11, factor.

We will present the proof of this statement in several parts. The key ingredients are Proposition
3.19 and Theorem 3.24. The former will prove to be an immediate consequence of what we have
already done. The proof of the latter statement will take up most of this section, and requires some
preparation.
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Proposition 3.19. The vacuum expectation w is a faithful, tracial, and normal state on I'j(Hg).

Proof. By definition, w is a vector state, so it is normal (see again Theorem 2.6 in chapter II of
[82]). We proved earlier, in Lemma 3.10, that w is both tracial and faithful, as the vacuum vector is
separating. L]

We now begin our preparations to prove Theorem 3.24. The first tools we need are the first and
second quantisations of a contractive map.

Proposition 3.20. Let T' : Hg — Hg be a linear contraction. Then there exists a canonical (C-
Jlinear contraction extending T on F,(H), written as Fy(T) and called the first quantisation of T'.
Moreover, there exists a unique, unital, and completely positive map U'y(T) : T'y(Hr) — T'y(THr),
called the second quantisation of T, which satisfies

for all & in T j(HR)S2.

Proof. For the first quantisation, let T be the complexification of 7. Then it is clear that

Fo(T) :=Ico ® @ Ten

TLEZZl

witnesses the statement of the theorem.

We will only prove the proposition for the case that 7' = P is an orthogonal projection onto
a subspace Kg, as this is all we will need. For the full proof, see Theorem 2.11 in [12]. We have
P :Hr — Kg and P*: K — Hpg the canonical inclusion. We define for all x € I'y(Hg)

Ly(P)x = Fy(P)xF,(Pr).

It suffices to prove that this expression works for all normal ordered products of creation and annihi-
lation operators. Let eq,...,e, and fi,..., f,, be vectors in Hr. From the definitions one can check
that

a(e;) Fq(P*) = Fq(P*)a(Pe;), Fo(P)a™(f;) = a*(Pf;)F4(P).
Then the following calculation finishes the proof,
Fo(P)a™(f1) - a*(fm)aler) - - alen) Fo(P7) = a™(Pf1) - - a" (P fun) Fo(PP")a(Pey) - - - a( Pey),
as PP* = Iy,. 0O

Remark 3.21. The (somewhat awkward) notation for the second quantisation is due to the fact that
one would like to think of the assignment (Hg,T') — ((I'y(Hr),w), [((T)) as a functor, the ¢-Gaussian
functor, from pairs of (real) Hilbert spaces and contractions to von Neumann algebras with a given
tracial state and unital, trace-preserving, completely positive maps. We will not need these properties
and we will not pursue this line of thought further. For details the reader may consult Section 2 of
[12] and the references therein.

One of the ideas at the heart of the proof of Theorem 3.24 is to create a sequence with certain
properties, modelled on a certain family of functions. To accomplish this, we will need the following
result, and then we need to prove that we are allowed to use it.
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Theorem 3.22. An Abelian, diffuse (all generators have diffuse spectral measures), separably gener-
ated von Neumann algebra is isomorphic to L>=([0, 1], \).

Proof. See Theorem 1.22 in chapter III of [82]. O

Proposition 3.23. Let e be a unital vector in Hg, then the element W(e) has a diffuse spectral
measure.

Proof. For details see [14]. We start by investigating the moments of W (e), which are the numbers
(W (e)) = (W(e)2,Q),

for k € Z>. To calculate these moments, we need to know what happens when we apply W (e) to an
element of the form e®”. To simplify notation, we take e®° to mean Q, and e®=Y = (0. Then

W(e)e®" = B+ 4 1= e®=1)
1—g¢q '

follows straight from the definitions. If we rescale according to

n

E(n) := " H

=0

1
1—q'’

then we obtain the recursion relation

1
W(e)E(n) = (1-¢"""HE(n+1)+ 1—E(n —1).
—q
Now notice that all the data that is required to determine the x-distribution of W(e) is contained
in this recursion relation, together with the fact that the E(n) are orthogonal. Recall that the x-
distribution in the present case is a functional on the algebra of all polynomials in a single formal
indeterminate. To make the jump to spectral theory, we want to think of the operator Wi(e) as

multiplication with the identity function. This suggests that we look for a family of polynomials
pn(z) on R (as W (e) is self-adjoint) that satisfy

pn() = (1= " ps(a) + T s (o).
If we can then find the orthogonalising measure p for this family, we obtain (via Theorem 2.11)
an isomorphism of W(e)"” with L*(R, u), that sends W (e) to the identity. It then follows that the
spectrum of W (e) is the support of u, and that u is the spectral measure of W (e). Fortunately, this
calculation has been done long ago, and the result can be found in (for instance) [4] as Equation 3.31.
The measure p is diffuse, as it admits a density du/d\ given by the formula

du V1—q
= Mlei<2/vi=a) (2)

sin(d()) H [(1 _ qk)|1 _ 6—2i19(x)qk‘2} 7

™

where J(x) = arccos (m\/l —q/ 2). One can check that this indeed reduces to the Wigner semi-circle
density when ¢ = 0 (using sin(arccos(z/2)) = /1 — (z/2)?). O

We will now state Theorem 3.24, and use it to prove the result claimed at the start of this section
(Theorem 3.18).

Theorem 3.24 (Ricard [71]). Let e € H be unital, then W(e)” C T, is a MASA.
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Proof of Theorem 3.18. According to Ricard’s Theorem 3.24, Wi(e)” is a MASA of 'y if e € H is
unital. It follows that if x = W(¢) is in the center of 'y, it is also in every W (e)”. However, this
implies that £ is in every F,(Ce). This can only be satisfied if £ € CQ, say { = af). Therefore z = al,
as they agree on 2. We conclude that I'; N (I, = CI, and hence that the ¢-GauBians are factors.
On the other hand, by Proposition 3.19, the g-Gauflians admit a faithful, tracial, and normal state.
By Theorem 2.6 in Chapter V of [82], we have that they are of type Iy, and as such II; factors. [J

The remainder of this section is entirely technical in nature, covering some notation and estimates
needed to prove Theorem 3.24, and of course the proof itself.

Definition 3.25. Let n € Z>, then define
(i) the g-bracket [nl, == (1 — ¢")/(1 — q) (0], == 0).
(ii) the g-factorial [n],! := [n],---[1], ([0],! :==1),
(iii) the g-Pochhammer symbol (2;¢)o 1= [[oo(1 — 2¢") for z € C,
(iv)

Lemma 3.26.

and finally C, = 1/(|ql; |¢])oo

(1) (2;9) is well defined and Cy is finite and at least unity.
(i1) If e € H is unital, then He®”H3{®n = [n],!.
(111) For all k € Zy>o, 0 < [k], < C,.

(iv) For unital vectors ey, ..., e,,e in H we have the inequality
H61®“.®6”®6®m“’}{®(n+m) S 02/2 [m]q'

Proof. (i): We have the elementary estimate

10_11+| 2llal) <e><p(! |Z|(J|>

by which (z;¢)e exists. We now need to show that C;, < oo for all —1 < ¢ < 1. For this we bound
(|q|7 |Q|)oo > 0, via

o0 o0

(Il laDee =TT = lal) > (1 = lgh™ JT 2 =1al) >0

i=1 i=N+1

The final claim follows from

Cy = ﬁ1 CTL(r b ) =

=1 |q| i=1

(ii): By definition,

n

H€®nHi®n = <6®n7 €®n>q = qu_l(ea €)<€®(n_1)7 €®(n_1)>q = [n]q||€®(n_1)}|j.[®(n—1)7
k=1
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and since (-, -), agrees with the original inner product when we reach rank 1, the result follows.
(iii): A small computation shows
1—g"

— lq/* 1
< < C,.
I—|g| = 1—1q —°*

(iv): This will require the most work. Suppose that we have an operator R, i, that factorises
Pq(n-i—m)

into its lower rank components, i.e.
Pq(nJrn) = Rn+m,m (Pq(n) ® Pq(m)) ’
then we would have, writing &, @ n,, = €1 @ - -- @ €, ® ™, that
Hgn & 77mH§.[®(n+m) = (gn & N Rn—i—mﬁn (Pq(n) X Pq(m)) fn ® nm) S ||Rn+m,mH ||§n ® nm”i{@ngfﬂ@m;
where the norm of R, ., is taken in B(H®"*™)). By iteration and item (ii) this would give

n/2

Hel Q- RQen @ 6®mH’H®(n+m) < || Rl [mlg!,

so it remains to find the operator R, ,, and show that its (appropriate) norm is less than Cj.

For this, consider the subgroup S, x S,, of S,.,,. This is not a normal subgroup, but the right
cosets Sy, X Sp/Snim still partition the group, and it is known that each coset admits a unique
representative with a minimal number of inversions. Let o be such a representative, then for any
T € Spim, 0(0717) is a factorisation into a coset part and an element of S, x S,,. It follows that the
operator

Rner,m = Z q|U|Ua7
0€Sn+m/(SnXSm)

does the job. To bound its operator norm, we begin with the straightforward estimate

HRn—i-m,mH S Z |Q||U|‘

TE€Sntm/(SnXSm)

The next step is to use the same concrete representation of the sum as in equation 3.1.3, which yields

i(1,J
||Rn+m,m|| S Z |Q|( )

(I,J)EP,"™ (n+m)

To bound the coefficients appearing in this sum, first assume that n+m is very large so that we never
run out of elements in the steps below. Now consider what partitions could give rise to \q|o, in fact
there is only one, the first n elements in I, and the rest in Jy. We now imagine building partitions
with higher powers of |¢| from this |q|0 partition. There is only one way to obtain a partition with
l¢|", namely swapping the last element of I, with the first of Jy. For |g|*, we can either move the last
element of I two places into Jy (jji = 2) or the last two elements on place each into Jy (jii = 2). For

of j’s to the left of each ¢ and adding them up. A little thought shows that this pattern is general.
To summarise, we have argued that

1R mmll <D p()lal',

=0
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where p(7) is the number of partitions of the natural number i. Thus, the norm we seek is bounded
by the generating function of the partition numbers p(i), evaluated in |g|. This generating functions
is well known from number theory (see for instance Section 1.2 in [3]), and it is also easy to check
that the expression below is correct by writing out the product. We conclude that

[ Rnsmamll < p(@)lg =] ; =C
i=0 i=0 1- |Q|

]

Proof of Theorem 3.24. We follow Ricard’s original proof from [71]. Suppose that x € W(e)”, then
there is a £ € F (#H) such that x = W(¢). If (z;) is a sequence in the x-algebra generated by W (e)
that SOT-converges to x, we get that x;{) approaches £ in norm. It follows that £ is in fact in
F,(Ce). Conversely, let y = W(n) with n in F,(Ce). By second quantisation, there exists a map
Ly(Pre) : Ty(Hr) — T'y(Re) = W(e)”, which implies

Fq(PRe)<y)Q = -Fq(PRe)n = Pfq(Re)n =n= yQ

It follows that I';(Pre)(y) = y, as § is separating, and so that y € W(e)”. To summarise, we have
shown that z = W(() is in I'j(Re) if and only if ¢ € F,(Ce).

Now fix an ONB of Hg, {e; }icz., with the property that ey = e. By definition, W (e)” is a MASA
iff [',(Hg) "W (e) € W(e)". Let x be an element in this intersection, then it can be written as W (&),
and we will show that it is in W (e)” by proving that £ is in F,(Ce).

To this end, suppose that y = W (n) for an n € F,(Ce). Then by construction, zy — yz = 0, so in
particular (W (&)W (n) — W (n)W(£))2 = 0. Notice that for any «, f € F,(H) we have that

W(a)f = W(a)W,(8)2 = W (B)W ()2 = W, (5) . (3.3.1)

Hence, it must hold that (W,.(n) — W(n))¢ = 0, and as this must be true for any y, we get that

c¢e () ker(Wi(n)—W(n).

neFq(Ce)
Dualising and using that the W (n)s are self-adjoint, we want to show instead that
Fy(Ce)™ C span {im (W,(n) = W(n)) | n € Fy(Ce)} = G.

Notice that we can describe F,(Ce)™* as follows. Let F denote the collection of all words ¢;, @---®e;,
on the basis elements of Hg, such that at least one letter is different from e = ¢y. A brief inspection
reveals that then F,(Ce)' is the (norm-)closed linear span of . On the other hand, a geometric
version of Hahn-Banach (see for instance Corollary 2.6 in Chapter III of [24]) implies that the norm
and weak closures of G coincide. This means that we can reduce the problem to finding, for every
word z =¢;, ® --- ®e¢;, in F a sequence (z;) in G that weakly approximates z.

By Proposition 3.23 above, W (e)” is an Abelian, diffuse, and separably generated von Neumann
algebra, so by Theorem 3.22 we can identify it with L*([0,1],\). Consider now the Rademacher
functions (r;), which live in W(e)” by this identification. These satisfy the properties that they
are self-adjoint, square to unity, and the sequence (r;) is an (incomplete) ONS in L%([0, 1], \) (see
for instance [76], Lemma 24.21). It follows from this last point that the sequence of Rademacher
functions converges weakly to 0 in W (e)”. We thus obtain a sequence of vectors (n;) in F,(Ce), such
that W(n;) = .. As F,(H) is a Hilbert space, its weak topology is (by the Riesz representation
theorem) determined by the family of semi-norms |(-, ()|, ¢ € F,(#H). It holds that

(i, )] = [(ri€2, )| = 0,
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and we conclude that also the sequence (7;) converges weakly to 0 (in F,(#)).
This suggests that we take a closer look at the sequence

zi = (Wni) = We(n:)) (W(ni)(2)) = z = Wi ()W (i) (2),

which is contained in G. The remainder of the proof will be dedicated to showing that the difference
yi =z — 2z = W(n;)W(n;)(2) weakly converges to 0. As a first step, we have

HVV(T)(?%)”2 = ||W(r)(77i)W(fn)(7h)H = ||W(r)(77¢)2|| =1,
so that

19l = W2 ()W (i) ()| < =11

This means that the sequence (y;) is norm-bounded, and hence that it suffices to prove that (y;,t)
converges to 0 for all t = ej, ® --- ® e, € F,(H) (2¢ argument). By the identity (3.3.1) above, we
can write

(Wi t) = W(ni)(2), We(m:)(2)) = (We(2) (i), W (E)(m:))-

As z and t are both words on the basis {e;}, we can use the Wick formula (3.1.3) to expand the
operators W,.(z) and W (t). As the Wick formula involves only finitely many terms, we only need to
control terms of the form

(A * *

_ * *
Wi = (07, O Oy = i (1), @5, - 05,05, -+ 0, (1))

where at least one of the 7; is non-zero.
We must have iy,41 = - -+ =14, = 0 (and jey1 = - -+ = jx = 0), otherwise a,;,,, - - - a,;, (1;) vanishes
(as m; € Fy(Ce)). Recall from the proof of Lemma 3.26 part (ii) that

= [5],e®C7Y, a,(e)e® = [s],2C7Y.

As the n; live in F,(Ce), we can write
77i = Z hi€®s,
SGZEO

with the coefficients k' all real, as the r; are self-adjoint. Combining these two pieces of information
yields

|
e = gy = e (@ = [6lee Y,
and
whe= Y > hih L ]! (at, -+ af, et gt gt BB
m,¢ s t[s +m— n]q! [t—i—f . kf]q! 7,01 Tim LA Je :

s>n—mt>k—L

For notational simplicity, we will use the convention that hi = 0 if s < 0. Now we change our
summation indices to s’ = s —n + 2m and t' =t — k + 2/, this results in

eI il 2ml [+ k20!
wm,é - hs’ n_2mh I3 k—2p
s'>m t/>¢ ’ o [s" — m],! [t — 0],
X <G/:7i1 Ce a‘:,im€®(5l_m), a; . a;{€®(tl_z)> .
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Comparing the ranks of the two tensors in the inner product, we realize that only terms with s’ = ¢/
are non-zero. Additionally, let v < m be the first position such that the index i, # 0. With this, and
dropping the prime on s again, we arrive at

[s +n—2m],![s + k — 2/,

mE - § hern 2m s+k 20

s>l [s — mlg! [s — {]g!
X <ai,iu+1 e ai,im€®(s_m)a Arg, " Argy (€j1 Qe 6®(5_€))> (332)
We investigate the right argument in the inner product. As iy = --- = 7,1 = 0, we should

compute
ar(e)v_l (eji Q- Qe 6®(S_£)) :

Using the definition of the annihilation operator, this is

s—v+2
Z Z Ao, .. 0-1) ¢ g™ (e, @ @6y, @ €®(5_£))(a1,...,av_1) 7
Oy—1= 1 a1= 1

where (... )(a17--~7av—1) indicates that the a;-st letter from the right has been removed from the word,
the ap-nd letter from the remaining word, and so on, and A(...) is 0 unless all the letters removed
were e’s, in which case it is unity. If we now act on this result with the operator a,,, the result is only
non-zero if at least one of the e;,, ..., ¢;, is different from e. Consequently, this can result in at most
¢ terms appearing. The factors of ¢ in those terms are all majorised by the (s — ¢ — v 4+ 1)-st power
of ¢, as (... )(a,..,au_1) has length (s —v 4 1) and ends with at least (s — ¢ — v + 1) consecutive e’s.
Notice the we can use part (iv) of Lemma 3.26 above to estimate the norm of these words (together
with point (iii) of the same lemma). In particular,

s—v+2
||ar,iu cc Qg (ejl ® - ®6Je ®6 (s f) H < Z Z £|q‘ () erl| ’S - v+1cﬁ/2\/[ —l—v+ 1]q!'
ay_1=1 ar1=1

s—l—v+1

The sums over the a; can now be carried out, and we can estimate |g| by |q|° (as v > 1).

Carrying this out, we end up with the estimate

sl -+ s = v+ Ay CLgl"\fls — £ — v+ 1yl < (€O gy [ls — £ — v + 1],

where we used part (iii) of Lemma 3.26 again. As s is the only variable index (everything else is fixed
per term), we will plainly write C' for any s-independent constant occurring in our estimates. With
this notation, we finally arrive at

@i, - argy (€, ® - @ ej, ® e®(70) | < C’|q|5\/[s —(—v+1],!

We return to (3.3.2) to finish the proof. As the n; tend weakly to 0, all their coefficients h’ must
also tend to zero. It follows that we only need to control the tail of the sum over s. We introduce
some number N, taken to be large and focus on the sum over s > N. We need an estimate on the
coefficients h, for this, but it follows from ||n;|| < 1 and point (ii) of Lemma 3.26 that |hL] < 1/4/[s],!.
Using this and Cauchy-Schwartz, we can estimate the tail Ty by

0 €T ans, - aniy (5 @ - @ ej, @ PO

T Z'u«&»l Tstm

VIs+n—=2m] s+ k—2(,!
Iv< ), s —ml, s — 1],

s>N
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We can use (iv) of Lemma 3.26 again to estimate the first norm, and we derived an estimate for the
second norm above. Plugging these in, we find the bound

T\ < Z VIs+n—=2ml s +k—20,0/[s = —v+1]!/[s — m]q!0|q|5

= [s —m],![s — ]!

The final observation is now that the sequence [s—...],! behaves (for large s) always like a geometric
sequence with ratio (1 — ¢)~'. By powercounting, it follows that the large fraction in our bound
converges for s heading to infinity, so in particular it must be bounded uniformly in s. This implies
that we in fact have the estimate

Ty <Y Clal" =q/"C)_lal" < Claf™.
s>N s=0

We conclude that, for any given € > 0, there exists N, such that

Ne

lim sup |w, o] < Clg

1—00

<e,

and this finishes the proof. O
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4 Free Probability Theory 11

4.1 Noncommutative Derivatives

Before we can continue on to describing free monotone transport, we need some further ideas and
techniques from free probability that are a little more advanced than what we introduced in Chapter
2. In particular, we have yet to introduce analogues of the concepts discussed in Section 1.2. Those
are the ideas of Entropy, score functions, and Fisher information, the former two being the more
important ones for our purposes. Immediately, one runs into some obstacles, as for both of these
ideas we exploited the classical probability concept of a density. While in the case that we work with
random variables that have an analytic distribution, we have a probability measure available, it need
not admit a density (for instance if the random variable is a p-Haar unitary). Additionally, we saw
that for fixed covariances, the entropy is maximised by a Gauflian distribution, but our framework
cannot contain a random variable that has a Gauflian as its analytic distribution, as such an element
would have to be unbounded (because the support of a GauBian is the entire real line). Finally, the
definition of the score functions (and thus that of the Fisher information) includes taking derivatives,
which we have also not discussed in a noncommutative context. It is the goal of the present chapter
(based on Chapters 7 and 8 of [56]) to remedy the situation.

Throughout this chapter, we will work in a tracial W*-probability space (M, 7), thus we assume
that the state 7 on the von Neumann algebra M is a faithful, normal trace. Recall that the score
function satisfied E[¢ f] = E[f’] for f a nice enough function of the underlying random variable. This
suggests that we should find a way to make sense of derivatives of functions of our noncommutative
random variables. A natural place to start is the case that these functions are restricted to be
noncommutative polynomials, as we have already employed these with some success to define concepts
in noncommutative probability (such as the distribution of a random variable).

Definition 4.1. The partial noncommutative derivatives are the linear maps
8,‘ : C<X1,. .. ,Xn> — (C(Xl, .. 7Xn> ®(C<X1, .. 7Xn>7

where C(X1,...,X,) is once again the algebra of noncommutative polynomials in the formal indeter-
minates Xi,...,X,, and ¢ runs between 1 and n, that are defined by the relations

with Pl, PQ S C(Xl, ce 7Xn>
Remark 4.2. The above definition indeed defines a unique family of maps, as on monomials they are
given by

m

0 (Xj0) - = S X0 Xj-1) © Xk -+ X
k=1

This also represents a useful strategy for proving many elementary properties of the 0;, by checking
that it is true for all monomials. Notice that the third property of the 0; is precisely the Leibniz rule,
so that they are derivations. Another convenient way to represent that action of the ¢; on a monomial
q is to write

Z A® B.

q:AXrL'B
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As when we discussed moments in Chapter 2, these formal noncommutative polynomials give el-
ements of the von Neumann algebra when we replace the formal indeterminate X; by some z; € M
and so on. Thus the partial derivative with respect to x; of the element P(zy,...,z,) is given
by subjecting 0;P to this replacement procedure, and is an element of M ® M. In formulas,
0;(P(x1,...,x,)) = (0;P)(x1,...,x,). We will discuss the details of this procedure with more rigour
later on in this section. Three questions may immediately come to mind regarding the definition we
just gave. First and foremost, what does this reduce to in the commutative case when n = 17 Second,
to what extend do these partial derivatives ‘commute’, as in the classical case? Finally, how big is the
kernel of these operators, in particular, in what capacity is it still true that only constant polynomials
are sent to zero? The first and second questions are easy but instructive to answer, and feature the
first instances of the proof techniques mentioned in the remark above.

Proposition 4.3. Letn = 1 and notice that C(X;)®C(X,) ~ C[X, Y] via the identification X = X;®
1, Y =1® Xy, where C[X,Y] is the algebra of polynomials in two commuting formal indeterminates
X and Y. Write O for 0y composed with this identification. Then for any P € C(Xy), O is the free
difference quotient given by

PX) - P{Y)

(O0P) (X,Y) = —S—

Proof. 1t suffices to show that the advertised relation holds on monomials, which are all of the form
X" for some natural number m. Thus

OX" =10 X" '+ X1 X" 2+ .+ X" @1,
:Ym71+Xymf2_|_'”+Xm717

and the realisation that
(X -YV)(Y™ ' 4+ XY™ 24 X = X" — Y™
finishes the proof. n

Proposition 4.4. The 0; are ’self-co-associative’ in the sense that (1 ® 0;)0; = (0; ® 1)0;. If two
differing indices are involved, we have instead that (1 ® 0;)0; = (0; ® 1)0;.

Proof. Again it suffices to check these identities on monomials ¢. This is now an easy check using a
formula from the remark above. First,

@®Dog=(0®1) Y AeB= Y A®BeC=(180)Y A®B=(180)d.

g=AX;B g=AX;BX;C AX;B
Second,
1®d)dq= Y A®BeC= 1) > A®B=(0;®1)dyq.
AX,;BX;C ¢=AX;B

]

Our final question will require more effort to answer. It is certainly conceivable that the kernels
of the 0; are bigger than in the classical case due to there being algebraic relations between the
x1, ..., T, on which they are evaluated. However, in the following special case, things behave entirely
‘classically’.
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Proposition 4.5. Let zy,...,x, be self-adjoint elements of M and P = P* € C(Xy,...,X,). If all
the partial derivatives (0;P)(xy, ..., x,) vanish, then P(x1,...,x,) =: p is equal to the scalar multiple
of the identity T(p)I.

Proof. Write for any x € M that 7(z*z)Y/? = ||z||,, it is well known that the faithfulness of = implies
that this is indeed a norm (we will have more to say about this later). Then the proposition is an
immediate consequence of the following inequality,

o= (o)1l < [ V2 s el | 3 0l (4.1.1)

which is in some sense a noncummutative version of the well-known Poincaré inequality. By centring
p if necessary, we may assume that 7(p) = 0. As a consequence of the assumptions, p is self-adjoint.
Thus

T(p*) = = (r(0*) +7(p*) — 27(p)?),

(rer)(Pel+I10p”—2pxp),

N RN~

(ro7)(pel—-1®p)?),

which implies that v/2||p||, = |lp ® I — I @ p||, . However, as one may show by considering monomials,

P®1—1®P:i[(aip)-(Xi®1)—(1®Xj)-(8iP)].

=1

We can use this to obtain the estimate

lp©l—I@pl, <> 0wl [ll(z: @ D, + 1T @a)ll,]-

Jj=1

It is an easy check that ||(z; @ I)]l, + ||({ ® z;)|l, = 2||z4]l,, and estimating these norms by their
maximum gives (4.1.1). O

We now describe more formally how to view the 0; as acting on M. Let x4, ..., x, again be self-
adjoint elements of M, then the unital *-subalgebra of M they generate is (x1, ..., z,). The procedure
of ‘plugging in’ the x; in place of the X; in some P € C(Xjy,...,X,) is captured formally in the
concept of an evaluation map ¢ : C(Xy, ..., X,,) = (x1,...,2,) C M, which is the unique (x-)algebra
morphism defined by £(X;) = z;. If this map turns out to be an algebra isomorphism, we say that
the z; are algebraically independent, that is to say that there exists no noncommutative polynomial P
such that ¢(P) = 0. In this case, we can explicitly define (with some abuse of notation) that d; acts on
(z1,...,x,) directly by (e ®&)0d;0(g)~!, which of course then lands in (z1,...,2,) ®(z1,...,7,). As
we saw in the proof of Proposition 4.5, the 0; interact well with |-||,, and this motivates the following
definition.

Definition 4.6. Write |-||, := 7((-)*-)"/2, which is indeed a norm on M, and write L?(M) for the
closure of M in this norm. Then this is a Hilbert space with inner product (z,y) = 7(y*z) (compare
with the GNS representation). Let z1,...,x, be self-adjoint elements of M and denote

L*(xy, ..., 2p) = (21,. .. ,xn>”.H2 C L*(M).
In the case that the z; are algebraically independent, we can view the 0; as unbounded operators

Op: L*(w1,...,m,) D D) = (w1,...,20) = L*(z1,...,20) @ L*(21,...,13,).
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The canonical question to ask about an unbounded operator on a Hilbert space, is whether or not
it is closable. Since 0; is by definition densely defined, it is enough to show that also 0 is densely
defined. Remarkably, the algebraic structure of the partial derivative operators forces this to be true
as soon as the domains of the adjoint operators contain a certain element.

Theorem 4.7. Suppose that x1,...,x, are algebraically independent self-adjoint elements of M. If
(I®1) € D(0F), then in fact all of (x1,...,2,) @ (x1,...,z,) C D(0F). This implies that O is densely
defined, and thus 0; is closable. Moreover, for elementary tensors p® q in D(0F) we have the formula

Np®q) =plof(I®1)]q—p[(r®id)0iq| — [(id @ 7)0;p] q. (4.1.2)

Proof. The proof boils down to checking that the given expression for 07 on elementary tensors
witnesses the definition of an adjoint operator. This is sufficient, because the right hand side of
(4.1.2) is well-defined by the assumption that I ® I € D(9;). For this, one first proves by considering
monomials that

(r®@id) [(0;p")"] = (id ® 7) [0;p] (4.1.3)

for all p € (x1,...,x,). Then to conclude the proof, one shows that for all r € (zy,...,x,) the above
formula is such that

(Oi(p®q),r) = (p®q,0ir).
One way to do this is to proceed as follows,
plofI@D]qr)=7("plo;(I®1)]q),
7 (qr'plo; (I ® 1)]),
< FI & 1), prq),
= ®L0(prd)),
=L 0p") IRrd)+ P @I)- (0r) U®q)+ (rel) ("))
The middle term is
&I, (p"@l)-(Or) - I®q))=T7)(I®q)-(0r) - (p&I)),
=(re7)((p®q) - (9r)),
= (p®q,oir),
by the trace property. The first term gives
(&I, (0p") - (I®rg") = (T®T)((I®q7" ) - (0ip™)"),
= T(QT 7 ® id)( )*]),
= T(q (id® T ]),
= 7'( (id® T q),
=([(id= )@p] q.r >,

where we used (4.1.3) in the third line, and the trace property in the fourth. Similarly, the last term
gives

(I (p'ral)-(9q7)) = (plr©id)dg], 7).
Comparing with (4.1.2) finishes the proof. O

Clearly, the objects 0 (I ® I) are of some importance. In the next section we will explore their
interpretation in free probability and use this to improve the preceding theorem. Morally, we will show
that if one can make sense of the 97 (I ® I), then this immediately forces x1, ..., z, to be algebraically
independent, meaning that we can drop this assumption.
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4.2 Conjugate Variables

Recall from Section 1.2 that at least formally, one could characterise the score functions &; by writing
071, for the ordinary partial derivatives. This is very similar to the objects 9/ (I ® I) we saw played
a central role in proving when the noncommutative partial derivatives 0; could be closed. The score
functions also satisfied E[¢ f] = E[f'], and this we can now make noncommutative.

Definition 4.8. Let zy,...,z, be self-adjoint elements of M. We extend 7 to L*(M) by writing
7(n) := (n, I) for any n € L?>(M). Now, we say that &,,...,&, € L?(M) satisfy the conjugate relations

for xy,...,x,, iff for all noncommutative polynomials P in n indeterminates and all 1 < ¢ < n we
have

PGP @, ) = (1@ T) (P) (@, 20)) (4:2.1)
If the & satisfy this, and moreover are elements of the smaller space L*(z1,...,,), we call them a

conjugate system to the x;, and the individual &; are called conjugate variables.

Remark 4.9. One can also phrase the conjugate relations more concretely by demanding that for any
monomial ) - Zjim) it holds that

T (&) Tiem) = D SuimT (@) i) T (i) - Tim)) -
k=1

m

Theorem 4.10.
(i) If a conjugate system exists, it is unique.

(ii) If there exist elements in L*(M) witnessing the conjugate relations, then a conjugate system
exists.

(11i) The elements of a conjugate system are self-adjoint with respect to the isometric extension S of
the involution to L*(M).

() If x1,...,x, are self-adjoint elements of M admitting a conjugate system, then they are alge-
braically independent, thus conjugate variables can always be written as 0} (I @ I) if they exist.

Proof. The first three points are trivial. For part (i), recall that (xq,...,z,) is by definition dense
in L*(x1,...,2,), and notice that the conjugate relations fix the inner products of the & with this
subspace. For part (ii), use the orthogonal projection from L?(M) onto L*(x1,...,x,). For part (iii),
look back at the proofs of items (ii) and (iii) of Lemma 3.10. There we showed that for a tracial state,
one can isometrically extend the involution operation to M.I, and thus to L*(M). Moreover we saw
that (S&,n) = (£, Sn) for all £,n € L?*(M). One can check on monomials that (&, p) = (&, p*) for
all p € (x1,...,2,), and of course Sp = p*. From this we conclude that S = & for all conjugate
variables.

For part (iv), let ¢ denote the evaluation map induced by the x;. We first show that if P €
C(X1,...,X,), then eP = 0 implies that €0;P = 0 (shorthand for (¢ ® €)9;P) for all 7. It is
enough to show that the inner product of €9; P with any elementary tensor eQ); ® ()5 vanishes, for
Q1,Q2 € C(X3,...,X,). Using the Leibniz rule and the fact that eP = 0,

£0;(Q1PQ2) = (e ® 1) - (e0;P) - (I ® eQ2).

We can now exploit the existence of a conjugate system to write

0=7[6e(@QPQ)l = (r@7) (@@ 1) - (0,P) - (I ®eQs)] = (1@ T) [(€0:iP) - (¢Q1 ® £Q2)],
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where the last step follows from the trace propperty. We conclude that €9; P = 0, thus any algebraic
relation between the x; implies an entire family of relations in the tensor product. In particular, we
can combine this with the operator id ® 7 to get relations within the algebra itself, where we slightly
abuse notation by saying that 7 acts on noncommutative polynomials directly (while we should write
To¢). Thus we have that co (id ®7) 0 9; P = 0. Notice that the operator (id ® 7) o 0;, when acting on
a monomial of degree m, produces only terms that have a strictly lower degree, and only produces a
term of precisely one degree lower if the final factor of the monomial happens to be X;. Hence

€ [(id ® 7’) 0Jj1)0---0 (id &® 7') o @W] (Oin(l) .- 'Xi(m)) = q,

and this operator applied to any other monomial of equal or lesser degree yields zero. Now, we can
use this technique to isolate all the coefficients of the highest order terms in P, but we also have that
applying any operator (id ® 7) o d; to P and then applying e gives zero. Thus, all the coefficients
of the highest order terms in P must vanish, and so P can only be the zero polynomial, and we can
conclude that the z; are algebraically independent. O

In preparation for computing the conjugate variables to a semicircular family, we restate the
conjugate relations in terms of cumulants.

Proposition 4.11. Consider an n-tuple xy ..., x, € M such that each x; is self-adjoint, and &1, ..., &,
are elements of L?>(M). Then the following are equivalent:

(i) The & satisfy the conjugate relations for the x;

T (@‘l’j(l) " '%‘(m)) = Z%(kﬂ (%‘(1) : "xj(k—l)) T (Ij(k+1) o '%‘(m)) )
k=1

foralll1<i<n,1<j(l),...,5(m) <n and m > 1.

(1) Foralll <i<n,1<j),...,5(0) <n and € > 1, the £ satisfy the equations

’fl(f) =0, Hz(fi,llfj(l)) = 51‘,;'(1), H@H(fu Ti)s--- 7%‘(6)) =0 (when (> 2>~ (4-2-2)

Proof. Before we begin we should remark how we actually define cumulants where precisely one entry
comes from L?*(M). Recall that for n € L?*(M), we had set 7(n) = (n,1) and this was well-defined.
From the definition of cumulants, it follows that any cumulant is eventually just a product of terms
that are 7 applied to products of the entries. However, only one of these will contain the one entry
that comes from L?(M), and since there is precisely one of those, everything is well-defined.

We first show that (i) implies (¢7), and we do this by strong induction on ¢. The cases ¢ = 0,1 are
immediate. Now assume that we have shown that the cumulant relations are satisfied for all numbers
less than ¢ 4+ 1. We know that

T (&xjay - Ti) = Z kr(&r i), - -+ Tjn)),

TENC(€+1)

and by the induction hypothesis, & can only occur in some ks or in kg 1. Thus

T(fﬂju)'“%(z)) = /‘ﬂ£+1(§i,$j(1),---,xj(£)) + Z Hw(fi,$j(1)a--->$j(5))7

m=(1,k)Ur1Umz
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where 7 = (1, k) U m U Ty means that 1 (which corresponds to &;) is paired with & (corresponding
to ;) ), and as we are considering non-crossing partitions, 7; must be a non-crossing partition of

{z;q), ..., Tjk-1)}, and m must be a non-crossing partition of {Z 41, ..., %@ }. This implies that
Z HW(. - ) = Z 5i,j(k) Iim (l’j(l), e ,Jjj(k_l))lﬁm (ZL’j(k_H), .. ,ZL’j(g)),
m=(1,k)Umr1Umz m=(1,k)Um Urg
=Y S | D Em(@ias ) D Fm( @i, o)
k 7T1€NC(]<)71) ﬁzeNc(ka)

=Y 0T (@) T )T (T, Ti(0),
k

=7 (&G0 50) |

where in the last two lines we used the definition of cumulants and the conjugate relations. Plugging
this back in, we find that

T (&) i) = Ko (& T, - Tw) + 7 (Exia) - Tw)

so that indeed

ke (&, i), - -5 Tje)) = 0.

We now prove the converse, that (i7) implies (i). Consider the moment-cumulant formula for
T (ﬁixj(l) . ~~xj(m)). By assumption, &, (gixj(l) x -a:j(m)) # 0 only if & belongs to a block of size 2.
Thus we obtain

T (&%‘(1) o 'xj(m)) = Z ﬁw(&',%‘u); S ﬂﬁj(z)),

7=(1,k)Umr1Umg

=D i@y, - )T jea1)s -5 T50)s
k

like above, which is precisely the conjugate relation. O]

Remark 4.12. Notice that the conjugate relations in cumulant fom (4.2.2) are extremely similar to
the cumulant relations of a free semicircular family given in Definition 2.33. It is in fact immediate
that the conjugate system to a free standard semicircular family is itself (interpreted as elements of
L*(M)). In general, the conjugate system to a free semicircular family z1,...,z, is & = (2/p:)z;,
which is exactly the same as the score functions we found for the Gauflian density in Example 1.14.

To close this section, we discuss a formula for the conjugate variable in the commutative (n = 1)
case, and use it to give another proof that the conjugate variable to a semicircular one is itself. For
this we need the Hilbert transform H, which can be defined as

(s =+ [ 1,
T™) s—1
where the integral is taken in the principal value sense, and f € LP(R) for some p € (1,00). It is
known that this is a bounded linear operator from any such LP(R) to itself. We will use it here to
describe how the conjugate variables can be defined if the distribution of the random variable admits
a suitably integrable density.
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Proposition 4.13. Let x be a self-adjoint element of M, such that its analytic distribution has density
p € L*(R). Then we can use spectral calculus to define

§=2mH(p)(z),
and this is the conjugate variable for x.

Proof. We need the following fact about the Hilbert transform. Instead of taking the principal value
definition, one can also define it via
1 s—t

H(p)(s) =lim H(p)(s) = lim — [ p(?)

————dA(t
£l0 elo (s —t)2 +¢e2 ®),

where this limit is taken in L3(R), as p is a member of this space.

The reason why we need p to be cube-integrable, is that then p € L?(R,p)), which is also the
space that we want £ to live in, as it is isomorphic to L?(x). Thus we need to show that H(p) and
the H.(p) all live in L*(R,p\) as well. This is an application of Hélders inequality. Notice that
(3)71+(3/2)7! =1, thus

[ 1@ 6) ) < Wl P, = Il H @I < o

as H(p) € L3(R) because p € L*(R). The same argument also applies to H.(p). However, we also
need convergence in L?(R, pA\) of H.(p) to H(p), which follows again from Holders inequality

/ [H.(p)(s) — H(p)(s)"p(s) dA(s) < llpllsl| He(p) — H(p)]5 — 0.

We take f to be a polynomial, and thus f is bounded on the support of p (which is compact
by boundedness of z), and hence is a member of L>®(R, pA). It is immediate that then also fH.(p)
converges to fH(p) in L*(R, pA). Thus, taking all subsequent limits in L?(R, p)),

—27r/f p(s) dA(s) —hm27r/f )(s)p(s) dA(s).

Now, since for all € > 0

‘(f(s)—f(t)) G \M

(s —t)2 42| — s—t

and this final expression is bounded on the support of p (because (s — t) divides f(s) — f(t) and so
the quotient is again a polynomial), we also have that

ren@re) = [[ Lm0 asao.

s—t
—hm// e 5 P(s)p(t) dA(s)dA(?).

However, the rightmost expression can also be mampulated, using Fubini and renaming dummy
integration variables, to read

s—1 s—t
// () = ) e (eIplt) dA(s)A() =2 // £ T —p(s)p(0) ADAN(S),
—27r/f p(s) dA(s),

but we already saw that this converges to 7(f(x)§). We conclude that 7(f(z)¢) = (r ® 7)(0f(z)) for
all polynomials f, but these are precisely the conjugate relations, and so £ is the conjugate variable
to o (notice that it is in L?(z) by functional calculus). O

\ — |05(s. 1),
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Example 4.14. We end this section by computing again the conjugate variable to a single standard
semicircular element x. According to Remark 4.12 and the proposition we just proved, it should be
true that

€ = v = 2mH(0)(x).
or in other words

s=2mwH(o)(s)
as functions. Thus we should compute the principal value integral

n —%'4_t2dt:l/2—mdt.
-2

T s—1 T s—1

supp(o)

This is a rather messy business, but requires nothing more than elementary calculus. One approach
is sketched here (the cases s = —2,0,2 require some special care). As the domain of integration is
symmetric, it may be fruitful to split the integrand into an even and an odd part in ¢ as

Va4 — 2 _t\/4—t2Jr Vi —t?

S )
s—t 52 — 2 52 — 2

The first term can be integrated using the successive substitutions ¢ = 2sin(u), v = cos(u), yielding
the primitive

4 — g2 4—t2 4—t2
TS [Log (1 + 4—2> — Log (1 — —)] — V4 —t?+ constant,
—s

4 — g2

where Log denotes some fixed branch of the logarithm such that it is defined on all non-zero real
numbers. The second and third terms are irrelevant to the definite integral, as they are regular and
take on the same values on the boundary. Using well known properties of logarithms, one can take
the principal value of the first term to find zero. In particular, there are two singularities, at t = +s
respectively, neither giving a real contribution, and the imaginary contributions of the two cancel.
The second integrand can be done with the somewhat less common combination of substitutions
t = 2sin(u), v = (tan(u)) ™!, yielding the primitive

4 — 52 4 — 2 4 — 2 V4 — 12
TS [Log (1—1—; m) — Log (1 —; 4—52>] —sarctan(T> + constant.

The constant is again irrelevant. One now proceeds for the first term as before, taking care that there
are now three singularities, namely at zero and at the two points where (sv/4 — t2)/(tv/4 — s?) takes
on the values 41 respectively, and again one finds zero. The second, arctangent, term has a lone
singularity at zero, where one can use that arctan(4o00) = £7/2 to find that the principal value gives
precisely ms. Combining everything, one recovers our desired result that 27 H (0)(s) = s.

4.3 Free Fisher Information and Non-Microstates Free Entropy

Having constructed a noncommutative analogue to score functions in the past two sections, there is
now a natural way to define the free Fisher information, and from there a notion of free entropy.
Unfortunately, this will not turn out to be the most practical version for our purposes. Therefore this
section will not contain any proofs, and is included only for completeness.

o6



Recall from Section 1.2 that the score functions &; and the Fisher information ® were related via

® =) E[g]

With the technology from the previous two sections, we can define the following.

Definition 4.15. The free Fisher information ®* of the self-adjoint elements xy,...,z, € M is
defined to be oo if the x; do not admit a conjugate system &;, and as

(1, a) = S
=1

otherwise.

Remark 4.16. In Theorem 4.10 we showed that a conjugate system is unique if it exists, so that ®* is
well-defined as an extended real number.

The free Fisher information has the following nice behaviour with respect to freeness.

Theorem 4.17. Let x1,...,%n,Y1,.-.,Ym € M be self-adjoint. If the x; and y; are free, then
q)*(xla ey Ty Y1y - 7ym) = q)*(zla s 7xn) + (I)*(yb s 7ym)

Under the additional assumption that all three free Fisher informations are finite, the converse is also
true.

In the commutative case, one can obtain the following extension of Proposition 4.13.

Proposition 4.18. Adopt the setting and notation of Proposition 4.13, then the free Fisher informa-
tion is given by the formula

. dr
@ () = =} < oo

Conversely, if x is a self-adjoint element of M such that ®*(x) < oo, then its distribution admits a
cube-integrable density, and the same formula is valid.

In Section 1.2, we defined the Fisher information as the derivative of the entropy along a diffusion
flow applied to the density. So to invert this relation, we would like to define a notion of free entropy as
an integral of ®* along a ‘diffusion flow’. The question is what object from free probability is related
to diffusion. Classically, it is well-known that the diffusion equation has a fundamental solution
given by a Gauflian with mean zero and variance proportional to the time elapsed ¢t. As we have
established throughout the past few chapters, the role of the Gauflians in classical probability are
played by semicircular elements in free probability. Thus it seems meaningful to consider standard
semicircular elements s;, which are then multiplied by a factor v/t to obtain a variance proportional
to t. Now, fundamental solutions act by convolution, for which we do not have a free probability
analogue. However, the convolution of densities associated to two independent random variables in
classical probability gives the probability density for their sum. Since we are acting on the level of
random variables and not densities, we could work with the elements x; 4 Vts; and demand that the
s; are free from the x;. Thus we have motivated the following definition, which we will not use further
in this thesis.

Definition 4.19. Let x4,...,x, € M be self-adjoint, then their non-microstates free entropy x* is
defined by the formula

1 oo

where s1,...,s, is a free standard semicircular family that is free from the x;.
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4.4 Microstates Free Entropy

In this section, we define a different notion of free entropy. Instead of relating it to the Fisher
information, we will draw inspiration from the physical interpretation of entropy originally provided
by Boltzman. In statistical mechanics, one attempts to describe physical systems that contain a large
number of particles (say for example 10%*, the approximate value of the Avogadro number). However,
for most practical and physical purposes, the precise individual positions and momenta of all the
particles are not very interesting, nor particularly important. More generally, it is not necessary to
know the precise location, called the microstate, of the system in phase space. Despite possessing a
large number of internal degrees of freedom, the behaviour of these systems as a whole can usually
be satisfactorily captured by a handful of derived quantities, such as temperature, pressure, average
density, and volume. These are called macroscopic quantities, and together they define a macrostate
of a physical system. The reason that the precise microstate of a system is frequently of lesser
importance, is that many microstates give rise to the same macrostate. The fundamental postulate
of statistical mechanics, is that in equilibrium, the system is equally likely to be in any particular
microstate. Thus, when measuring the macroscopic properties of a system, one is most likely to observe
that macrostate to which the most microstates give rise. To describe this behaviour quantitatively,
Boltzman defined the entropy of macrostates, which was to be taken as proportional to the logarithm
of the number of microstates leading to the selected macrostate. Now as each microstate is equally
likely, and the system should always be in some microstate, this can be interpreted as measuring the
logarithm of the volume of phase space that belongs to a certain macrostate.

So far, we have been discussing systems with a large, but finite number of degrees of freedom.
In some sense, random variables in a type II; factor have an infinite number of degrees of freedom,
as their spectra can contain infinitely many points (as opposed to elements of a matrix algebra).
Physicists usually deal with this by taking the thermodynamic limit, that is, letting the number of
particles formally diverge during calculations (although often in such a way that quantities like the
density remain finite).

To apply this to free probability, we imagine that an n-tuple of self-adjoint elements x4, ...,z, € M
define a macrostate of some system in the thermodynamic limit (self-adjointness is also physically
appropriate as observables should be real). The question is then, what is a microstate? To the z; is
associated a collection of real numbers, namely their joint moments. The key idea is now to consider
finite dimensional approximations to the z; in the sense of moments. Naturally, we cannot expect to
approximate all moments of all orders simultaneously using matrices, as a self-adjoint N x N matrix
has only N? real degrees of freedom (see the text after the definition below). Thus we should introduce
some cut-off for the order of moments, and for technical reasons we should also prevent norms of the
matrices from becoming too large (otherwise their combined volume might become infinite). We have
now motivated and explained the following definition.

Definition 4.20. Write (957, try) for the x-probability space of self-adjoint N x N matrices with
the normalised trace try = N~'Tr. Let x1,...,2, € M be self-adjoint, then the associated sets of
microstates are

Cr(xy, ..., 20 Nymye) = {(Al, AR € ()" ’T(:L'j(l) S Tj(k)) —trN(Aj(l)-nAj(k))‘ <e
V1<k<m,1<j(),...,5(k) <n, and || A4;]] SRforalllgign},

where m € Z>, is the order cut-off, R > 0 regulates the norms, and € > 0 controls the accuracy of
the approximation.

If we now want to determine how large these sets of microstates are, we should agree on a measure
on M. The measure on the sets of n-tuples then follows by taking products. As remarked earlier,
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a self-adjoint N x N matrix represents N2 real degrees of freedom, as there are N real elements on
the diagonal, and the upper triangular elements represent the rest of the degrees of freedom. There
are N(N — 1)/2 entries in the upper triangle, and as each is complex, it contributes two real degrees
of freedom. Hence we find that the total number of degrees of freedom is N + 2N(N —1)/2 = N2
Thus it would be natural to port over the Lebesgue measure from RY 2, but this requires a choice
of isomorphism. Since we are considering 9% as a *-probability space, the obvious norm is the one
induced by the inner product (A, B) — Tr(B*A). We can then fix an isomorphism by demanding
that it intertwines this inner product with the Euclidean one on RY*. The pull-back of the Lebesgue
measure along this isomorphism will be denoted by A. Note that this will not be a map that takes
the elements a;; of a matrix A and simply puts them into a vector in some order. The reason for this
is the asymmetry between on-and off diagonal elements for the norm

Ziﬁe ail* + 2 Z (Relay;]? + Tmla;;]?) .

1<i<j<N

Incidentally, this is the norm we imply in the definition of free microstates entropy.

We should now think about how to take the thermodynamic limit N — oo. It is conceivable that
in the limit, every degree of freedom tends to some fixed, finite, non-zero contribution to the entropy,
which would cause a divergence. Hence we will instead look at the entropy per degree of freedom,
that is to say we regularise via division by N2. However, this is not enough to ensure convergence, as
the following argument indicates. Notice that for m > 2, any microstate (Ay, ..., A,) satisfies

try(AT -+ A2) <T@+ 22) dne = C,
and thus (neglecting to write the isomorphism)
Tr(z1,. .., 20 N,m,e) C Ball,y2(VNC) ¢ R™Y.

We derive the asymptotic behaviour of
1
7108 (BallnNz (WO)) .

It is well known that the volume Vy(r) of a d-dimensional ball with radius r is given by the formula

nd2

Valr) = pa ™

where I' is the Euler Gamma function, not to be confused with a set of microstates. Using this, we

find

2y , nN?
— log A (BallnNz(\/_C’)) log(w(] )+ §logN — N2 logT ( o+ 1) ,

N
Recall the leading terms in Stirling’s approximation
logT'(z) = xlogx — x + O(log z).

This yields the asymptotic behaviour for N — oo

n
N2 log A (BallnNz(\/_ 0)) ~—Zlog N,

which is a logarithmic divergence. This implies that we should add counter-terms to the expression
we use to define a notion of entropy. It turns out that the one we have just discussed is the only one,
and we will prove this immediately after finally giving the definition

29



Definition 4.21. Let z, ..., z, € M be self-adjoint. Define their free microstates entropy x(x1, ..., x,)
as an extended real number (—oo is allowed) according to the following procedure. Write

Xr(T1, .., T; Nymye) :=log A (Cr(zy, ..., 2. N,m,€)),

take the thermodynamic limit according to

1
Xr(Z1, ..., Tp;m,e) := limsup mpr(xl,...,xn;]\/,m,&?)—i-glogN ,

N—oo

consider perfect approximations to all orders via

Xr(@1, .. @) == lm xp(z1,... 2 m,€),

e—0

and finally, remove the norm cut-off to find

X(x1, ..., y) = sup xr(T1, ..., 2p).
R>0

Proposition 4.22. The free microstates entropy is well-defined.

Proof. We provide a more detailed version of the proof in [87] (Proposition 2.2). Notice that in
passing to perfect approximation to all orders, xg(z1,...,Z,;m,€) is an increasing function of €, and
a decreasing function in m, so that the limit makes sense since we allow —oco as an answer. We will
prove the following estimate,

2
Xr(Z1, ..., Tn; Nymye) < gNQ {log(E(T2 —|—n€)) — logN] , (4.4.1)
n

where we wrote 7% = 7(x3 + --- + 22). This is uniform in R, and we see that it also implies

1 n n 2re o
WXR(xla'“axn;N7m75>+§logN:| < §lOg(T<T —i—ne)),

which is uniform in N. Thus it suffices to prove this estimate to establish that x is well-defined.
In fact, we have already done half the work back in Proposition 1.15. We can exploit that result
by viewing T'r(x1,...,7,; N,m,¢) as a subset of R™Y * and defining f to be its normalised indicator
function

J(AL . Ay) = Irp) (AL - An),

ATa(-)

so that the integral of f over R™V * with respect to the Lebesgue measure is unity. Here it is important
that we have a norm cut-off, as otherwise it might be possible for the set of microstates to have infinite
measure. If we have a collection of parameters for which the set of microstates has zero volume, than
any real number is trivially an upper bound for the logarithm of its measure. Therefore f is a
compactly supported probability density, so that it has a well-defined covariance matrix . Now we
can interpret

Xr(Z1, .., s Nymye) =log A (Tg(xq, ..., 2, N,mye)) = —/flogf dA,
which is the classical entropy of f. To this we can apply the estimate of Proposition 1.15 to find

1
Xr(Z1, ..., 2 Nymye) < gNz log(2me) + 3 log det(X%).
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Since ¥ is a positive definite symmetric matrix, we can employ the identity det(¥X) = exp(Trlog ),
whose proof is trivial using the properties of ¥. This yields

2

N
Xr(Z1,. ., T Nymye) < gNQ log(2me) + r tr,n2 log 2.

As tr, 2 is an expectation on R (modulo identification with (9t5¢)"), we can use a small general-
isation of Jensen’s inequality from Lemma 1.6 to interchange it with the logarithm, so that

Xr(T1, ., T Nymye) < gN2 log(2me) + gNQ log tr, n2 X

It is easy to see that the formula for the trace of X is

1

but by definition of the microstate sets, this is at most (T2 + ne)/nN. Putting all of this together,
we have indeed that

2
Xr(T1, .., Ty Nymye) < gN2 {log(ie(T2 —l—ns)) — 1ogN] ,
n

and the proof is complete. O

While the definition of y is complicated, there are some properties that one can prove rather
straightforwardly by exploiting inclusions of certain sets of microstates into others. One example is
the obvious inclusion

Cr(x1,..., 20, Nymye) CTr(2y, ..o x5 Nymye) X Tr(Tpat, - Tp; Nymy €),
for any 1 < k < n, which implies that
X1, x) < x(x, o zk) + X (Tkgt, -, Tn),
and in particular
X(@1s - wn) < x(@) 4 -+ x(@n)-

Another nice property of y (See [87], Proposition 5.2), which is reminiscent of x*, is the fact that for
x; a free family one even has

X(T1, s xn) = x(@1) + -0+ X (@)

The question of how similar xy and x* are, in particular whether or not they are the same, is one of
the major open problems in free probability. For n = 1 it is known that they agree, but the proof
hinges on the fact that there are explicit formulas available in this case (see the next chapter). In
general, it was shown by Biane, Capitaine, and Guionnet that y < x* [9], but more than this is not
currently known.
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5 Commutative Free Entropy and Monotone Transport

5.1 Commutative Free Entropy

In this chapter we describe how free monotone transport works in the commutative case. This allows
us to introduce the strategy of the general proof in a setting where there are far fewer technical
complications. One reason for the decreased technical difficulty, is that the free microstates entropy
admits an integral formula in terms of the analytic distribution of the self-adjoint element under
consideration.

Theorem 5.1. Let (M, 1) be a tracial W*-probability space, and = a self-adjoint element of M. If i,
denotes the analytic distribution of x, then its free entropy is given by the formula

// log s — ] dpa () (1) + 1 low(27) + °. (5.1.1)

We will not prove this theorem (for a proof see Section 4 of [87]), but we will give some heuristic
arguments that make this formula plau51ble. It is known from random matrix theory, that a standard
semicircular element arises in some sense as the limit of certain random N x N matrices Ay as N
grows to infinity (see the first two chapters of [56]). These matrices are randomly selected from 9057
according to the probability density

Pa(A) o exp (_g Tr [A?]).

This is called the Gaufian Unitary Ensemble (GUE). These random matrices give rise to empirical
eigenvalue distributions, defined as

1
MSN)ZN(5A1+“'+5AN)-

What it means in this context for these random matrices to converge to a semicircular element, is that
this empirical measure should converge in some sense to the Wigner standard semicircle law. One
can now ask how likely it is to observe deviations from this law. Classically, the answer is given by
Sanov’s Theorem, which states that the probability to observe an empirical law ‘close’ to a measure v
is asymptotically of the form exp(—N?Z(v)). Here, Z(v) > 0 is called a rate function, and it satisfies
Z(o) = 0 (as the probability of observing the semicircle law should tend to unity). Moreover, Sanov’s
Theorem states that this rate function can be interpreted as the relative entropy of v and o (see
Section 1.2). Thus there should be some relation between this rate function Z and the free entropy x.
It is known that the density Py induces the density

PN()\I,...,/\N)oc[ IT - ]exp(——Z)\2> (5.1.2)

on the space of eigenvalues. Therefore, the probability that we observe N7'(dy, + -+ + d5,) ~ v can
be computed using this density as the integral

N
N
CN/ (Ai—xF] exp(—— A?) dA;---dAy,
{N=1(0a - 40xy )~v} ngn ’ 2 ;

where Cy is an N-dependant constant that is related to the normalisation of Py. Now notice that
on the domain of integration,

N, On + -+ Oxy , [t
_?;A"__ / d( ¥ )(t>N—N/§dy(t),
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and
H (N — \j)? =exp (Z log |\; — /\j|> A exp (N2 //log |s — ¢ dV(S)dl/(lf)).
1<i<j<n 7]

This suggests that the appropriate rate function is

I(v) = —//log|s—t| du(s)dv(?) +/§du(t) - 2 (5.1.3)

where the constant arises from the limit of N2 log Cly.

Some simple estimates show that this is a meaningful quantity as an extended real number (in this
case +00 is allowed, meaning the probability of observing that particular measure is zero). Rewrite
the integral as

1 3
I(v) = 1 // (7 +t* — 4log|s — t|] dv(s)dv(t) — 1
For s # t, this integrand can be cast into the form

v/ <2 t2
s2 412 — 210g(s2 +t2) + 4 log (L)

|s =]

Elementary calculus shows that the first three terms are at least 2 — 2log(2), and for the second term
use 2(s? 4+ t?) > (s — t)? to arrive at

Z(v) > —= (1 +4log(2)).

-

One can also show by direct computation that Z(c) = 0, as it should be. Comparing (5.1.1) and
(5.1.3), one sees that there is an extra constant log(27)/2 in x, and the second moment term is
missing. The extra constant is there, so that when computing (o) with this formula, the bound
(4.4.1) is saturated.

Remark 5.2. Notice that the eigenvalue density of the GUE given in (5.1.2), cannot be factorised,
so that the eigenvalues are not independent. One can understand why this must be the case via
the following argument (see [83]). Let H(t) be a smooth curve in 93¢ with ¢t € (—e,¢) for some
¢ > 0. This is to be interpreted as a perturbation of the self-adjoint matrix H(0). We can now de-
rive variation formulas for the eigenvalues A;(t), ..., Ay (t) and corresponding orthonormal eigenbasis
v1(t), ..., vn(t). In writing this, we assume for the sake of simplicity that all eigenvalues are distinct.
For notational convenience, we do not write the explicit time dependence in the sequel. Differentiate
the eigenvalue equation and the orthonormal eigenbasis relations to find

H’Uj = )\jvj = H'Uj + HU] = >.\jUj + )\ji}j,
vivi =1 = viv; =0 =01,
viv; =0 = v, = =05,
where ¢ # j. For the eigenvalue equation, multiply by v} to find
?};HUJ' + ’U;HUJ = /.\jU;Uj + /\jv;‘i)j = ).‘j = U;H?Jj,

using the other relations derived above, and the adjoint eigenvalue equations. Thus we have found

the first variation of the eigenvalues. Now multiply the eigenvalue equation anew, this time with v},
to find

v Hu; + vf Hoy = \uiv; + \oro; = vfHoy + (A — \j)vio; = 0.
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Using the basis properties of the eigenvectors and their adjoints, this yields the first variation of the
eigenvectors

. U*Hv o v; Hvl
'Uj:CjUj‘i_Z)\_A]'U“ 4——C]U]+Z)\_/\
i#] i#]

where the ¢; are some scalars (they arise from the fact that the eigenvectors may be scaled). Taking
an additional time derivative of the first variation formula for the eigenvalues, we find

5\j = b;H'Uj + U;ij + U;Hi)j.

Plugging in the first variation equations for the eigenvectors and simplifying, we uncover

2

*HUJ
)\ = U*H’UJ +2Z—)\
i#j A=A

This can be interpreted as the forces that ‘accelerate’ the eigenvalues. There is a ‘diagonal’ term that
originates from the acceleration along the curve H(t), and another term that looks like a repulsion
between the eigenvalues. This is a well-known phenomenon in quantum physics, where it is folklore
knowledge that perturbations of degenerate Hamiltonians generically lift these degeneracies.

5.2 Minimising Rate Functionals

In this section we make rigorous some of the observations concerning the rate function I from the
previous section, following [7] and the references therein. In particular we will prove that I has a
unique minimiser, which is of course the standard semicircle measure. For this, we introduce some
notation. Write .#," (B) for the convex space of probability measures on B, where B C R is Borel.
If A is a bounded Borel set, define its logarithmic capacity v(A) as the number

1
A):=exp |— inf lo dv(x)dv ,
3(A) p[ vk o 2 vt

which by the boundedness of A is finite. Let f : R* — [0, 0o] be the continuous proper function given
by

1@ +y?) —logle—yl z#y
I 4 )
f(xyy)_{ +OO x:y7 9

and for p € " (R), set

_ / fz,y) dp(z)du(y).

Then I = F — 3/4, and we can obtain the following properties of I by proving them for F.
Proposition 5.3.
(i) F is well-defined on .#; (R), and takes on values in [—(1 + 41log(2)) /4, oc].

(i1) If F(p) is to be finite,  must have finite second moment, be diffuse, and not give mass to sets
of vanishing logarithmic capacity (so u must be log-lipophilic in the terminology of Section 1.3).
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(iii) F is a strictly convex function on 4, (R).

Proof. We already proved part (i) in the previous section. The first two statements in part (ii) are
trivial. For the other one, let B be a Borel set of R?, then as f is bounded from below, say by L € R,
we have

F(M)Z/Bf A @ ) + L[ - (1 ® p)(B)].

Let A be a Borel set of R, take B = A x A, and focus on the integral in this lower bound, which can
be estimated by

1
Afo d(p @ p) Z//log P ‘du(w)du(y),

= —p(A)? logv(A)-

Thus if v(A) = 0, but u(A) > 0, F must be infinite.
For part (iii), it is clearly enough to show that

= //10ng =yl du(z)du(y),

is strictly concave in p (as the other term in F' is linear). To achieve this, we use the identity

st a1~ [ 4 o) o522

This is an example of a Frullani integral, which is a general formula, stating that for a function g that
is continuous on (0, 00) and has finite limits at 0% and o0,

/ooo M dt = (g(0%) — g(+00)) 1n(§)>

for any two a,b > 0. We will use it in the following way. Define for all T' € [1, 00)

////T 2t { ( 21t> _eXP<—(x ;ty)zﬂ dt dp(z)du(y),

then as T" — oo this converges to H(u) by the monotone convergence theorem (notice that the
integrand is always of fixed sign, but which sign depends on |z — y|). Now use Fubini to interchange
the order of integration,

Hr(p) = /1/TT 621;% dt — /UTT% V/ eXp(—%) du(x)du(y)] dz.

To decouple = and y, we use the well-known Fourier integral identity
2 t < )
exp(— ) ) = \/—/ ety 2 .
2 J_
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Inserting this results in

He () / M e[ e 2/2
1) = t—/ / e

which is concave, so that also the limit function H is concave. Strict concavity can also be established,
first one checks that

H (opn + (1 = a)pz) — [oH (p1) + (1 — o) H(p2)] = (o = 1) H (i1 — pia), (5.2.1)

for any « € [0,1] and py, po € 4, (R) such that H(pu;) and H(us) are finite. Then one shows using

Hp that
A=) == [ | exp(—%) Ao — o) () Al — o) ()],

which is clearly strictly negative for p; # pe. Thus the RHS of (5.2.1) must be nonzero for all
€ (0,1), and strict concavity follows. ]

dwdt,

e dp(x )

Skipping ahead a little bit, the following result gives necessary and sufficient conditions for a mea-
sure 4 to minimise Z. The proof will be given after exploring the consequences of this characterisation
(see Theorem 5.9), but one can think about it as follows. Suppose that p were such that it makes F
attain its infimum value (and assume that this value is finite), then we would have

//[ Py —2log|x—y|] dp(r)dpu(y)

where Fioe = inf, ¢ =+ g F(v). Rearranging terms, and using that [ du(z) = 1, this can be written as

[ |2 [ 1oste = st autw)] aute) = [ |52+ [ 307 dnt) = 28] auto)

This suggests that we could ignore one of the integrals when looking for a minimiser, and indeed this
is true.

Lemma 5.4. p s a minimiser of Z if and only if for p-almost all x

1 1
2 [ogle — ] duly) = 50" + [ 57 duty) - 2Fie
Before we can continue, we also need the following fact.

Lemma 5.5. The value of Fiy is 2, so that the minimal value of I is zero. Moreover, there is a

47
unique measure that attains this value.

Proof. This follows from [7] (see Remark 2.2), where it is proved that the interpretation of Z as a
rate function can be made rigorous, and thus that Z > 0. The fact that there exists a measure that
attains this value follows from the fact that .#; (R) is compact in the weak-* topology induced by
Cyp(R). Uniqueness follows from the strict convexity of Z. O

We can now simply check that the standard semicircle law o satisfies the condition of Lemma 5.4.

Proposition 5.6. For all x € [-2,2], we have that

1
2/log|x —y| do(y) = §x2 -1

66



Proof. We invoke some techniques from the theory of distributions. It is well known that log |z|
defines a tempered distribution, whose derivative is the distribution P.V.%. Thus we may take the
derivative in the sense of distributions to find that

Oy 2/10g\x—y\ do(y) =2 P.V./da—<y).

r—y

We have already computed this integral in Example 4.14, and the result was z, which is precisely the
derivative of the right hand side of our desired relation. This implies that there exists a real constant
C such that

1
2/log 2 ] doly) = 32° +C, (5.2.2)

and the proof is complete if we manage to show that C' = —1.
For this, evaluate (5.2.2) in x = 0,42, and change variables to y = 2sin 4 to find the conditions

w/2
C =2log2+ §/ cos? (1) log sin(¥9) di,
T Jo

4 /2
C=2log2—-2+ —/ cos?(19) log(1 — sin ) dd,

T J—n/2

4 /2
C=2log2—-2+ —/ cos?(¥) log(1 + sin ) dd.

T J /2

Taking the average of the last two conditions and shifting the cosines into sines yields
8 /2
C=2log2—-2+ —/ sin?(¥) log sin(¥9) dv,
T™Jo
which can be added to the first condition, so that
8 w/2
2C =4log2 —2+ — / log sin(¥) d.
T Jo

The integral is in fact the famous Euler log-sine integral, and it can be evaluated using elementary
means. Using some symmetry arguments

w/2 /2
& = / log sin(¢) dv = / log cos(1)) dd,
0 0

so that
IR IR N 1, =
E== log[sin(¥) cos(¥)] d = = log | =sin(20)| dv = =€ — —log2,
2 /, 2 /, 2 2° 14
whence £ = —Z log 2 . Plugging this back in
8w
20 =4log2 —2— ——log2 = -2,
T2
which is the desired result. [

It remains to prove Lemma 5.4. This will follow from a more general result that we prove below.
To state it, we need some additional terminology.

67



Definition 5.7. By an admissible weight function (AWF) w, we mean a continuous function w : R —
(0, 00) such that |z|w(z) — 0 as |x| — co. Any AWF w defines a potential V (z) := log[l/w(x)], and

a functional
//[ —log |z —y[| dp(z)dpu(y)

on .t (R). Write Z; for the infimum of Z% over .#;" (R).
Remark 5.8. Notice that our rate functional Z fits into this framework by choosing the AWF z +—
exp(—z?/4).

The remainder of this section will be dedicated to proving the following theorem, which is a special
case of Theorem 2.3 in [55]. Notice that combining parts (ii) and (iii) gives Lemma 5.4.

Theorem 5.9. Let w be an AWF, then the following are true.

(i) I is a finite number, and there exists a unique measure p* in A, (R), whose support is
compact and of positive logarithmic capacity, such that T%(u*) = I

inf

(i1) For p*-almost all x € R,

1ol ol duv) < Vi) - T+ [ V) de () (5:2.3)
(i1i) For all z in the support of u®,

[ 1ol = ol duv) = Vi) - T+ [ V) de (o) (5.2,

Proof. For part (i), introduce the function

flx,y) =V(z) +V(y) —log|r —y| = —log [w(z)w(y)|lr — yl],

which is bounded from below since |z|w(x) goes to zero at infinity. Thus Z" exists as an extended
real number (allowing +00), and the number Z*, is finite (consider the uniform law on [0, 1] to see
that there exists a measure for which 7% < 0o0). Next, we show that it suffices to consider measures
with compact support to find a minimiser. Naturally, we can restrict our attention to measures p for
which Z\%; +¢ > Z%(p) for some € > 0. We know that f is large when |z| and |y| are both large (again
by the fact that |z|w(x) goes to zero at infinity), so that there must exist an integer N > 0 with
the property that Z% + ¢ < f(z,y) on the complement of [—N, N]2. Assume that y has unbounded

inf

support, so that its intersection with [—N, N]¢ is non-empty. Then we can estimate

0>7Z"(u) — (Zige + <),

// Lie+¢) dlp®@p),

_//[—N,N]2<f_( g +e)) dlp® p) //[ " )C (Zine + ) dp®p),

p([=N, N)? [ () — (Zigs + 2]
> [I% (un) = (Ting + €)1,

where py is the probability measure with support [—N, N| given by p|—n n)/p([—N, N]). Note that
p([—N, N]) = 0 is impossible, as this would imply that the second integral in the third line above is
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negative, contradicting the fact that on the complement of [—N, N] the function f(z,y) — (Z% +¢) is
strictly positive. However, according to this estimate, Z%(uy) < Z* (i), thus any minimising measure
must be compactly supported (it must even be supported in [— N, N]). Existence and uniqueness of a
minimising measure follows from similar arguments as before (or see [55]). The fact that the support
of the minimising measure p* must have positive logarithmic capacity, is due to the realisation that
it has compact support (so the integrals of the potentials V' exist), has a finite value under Z% (so the
log part must be finite), and a close look at the definition of .

For part (ii) (and also (iii)), we will only sketch the main line of the argument, all the details that
we leave out can be found in Chapter III of [84] and [55]. Begin by defining

U (z) = / log [« — | du®(y) — V(x),

then it is easy to show, using pointwise approximation by functions bounded from above, that U"
is an upper semi-continuous proper function (allowing the value —oc). This means that all the sets
of the form {U"(x) > a} for a € R are closed. We now argue by contradiction, so assume that the
set on which (5.2.3) is violated has positive logarithmic capacity. Then there must exist a positive
integer ng with the property that the set

1
za:{U%@z/de—i%+;}ﬂPmm®
0

has positive logarithmic capacity and is compact (E; is bounded by construction, and closed by upper
semi-continuity of U"). This is a useful set to define, as [ U du® must equal [V du® — I, so the
idea is that the set F; cannot be too large, in fact it must be so small that it has vanishing logarithmic
capacity, leading to a contradiction. To see this, notice that there must exist another compact set Ej,

disjoint from Fj, satisfying p*(Fy) > 0 and

1
uv Vdu¥ - 1Y + —
(Q?) </ /L 1nf+ 2710’

for all z € E5. As FEy is compact with positive logarithmic capacity, there exists a measure v on it
with the property that Z%(v) is finite, and we can scale v such that v(E;) = p“(FE;). Now construct
a signed measure v on R by demanding that v/ = v on Ey, v/ = —u™ on E,, and v/ = 0 else. Thus
the total mass of v/ is zero, and when added to p* (multiplied by an e > 0 sufficiently small) it
represents moving mass from F, to E. Naturally, this leads to a contradiction as now one can check
that Z¥(u" + ev’) < Z%. It follows from the arguments used to prove point (ii) of Proposition 5.3
that (5.2.3) must even hold u*-almost everywhere.

For part (iii), let 2o be in the support of u* and suppose that (5.2.4) is violated at this point. By
upper semi-continuity of U™, there then has to be an open neighbourhood of xy on which (5.2.4) is
violated with some £ > 0 of room, denote the intersection of this neighbourhood with the support of
p® by E. Notice that E has positive p"-measure, as it is an open subset of its support. Using (5.2.3),
we have

Jvan-zi= v,
< u*(E) [/Vduw— ;ﬁf—e]m—uw(E)) [/Vduw— ]
— [V awr -z - (),

</lej’w_ iqflfv

which is a contradiction. This concludes the proof. O
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Remark 5.10. It is a testament to the merit of the definition of the microstates free entropy that it
forces the ‘interesting” measures to have compact support, as these are the only ones that can possibly
arise within free probability as we have developed it here.

5.3 Commutative Free Monotone Transport

At last we have developed enough techniques to explain the commutative case of free monotone
transport (Section 1.6 in [43]). Throughout this section, we will as usual denote the standard Wigner
semicircle measure by o, and X and Y denote random variables. In the case of a single standard
semicircular random variable X, we know that the generated von Neumann algebra can be viewed as
acting on the Hilbert space L?([—2,2], o) by identifying X with multiplication by the identity function
x. In this case the state 7 can be represented by the formula

r(h) = /h do,

with h an L* function on [—2,2|. L*([—2,2],0) is also isomorphic to the von Neumann algebras
L(F)) = L(Z) = T'o(R), as we have shown in the chapter on ¢-GauBiians. In this n = 1 case, we
in fact have that the isomorphism class of the ¢-Gauflians does not change at all when varying ¢ in
(—1,1). This is due to our knowledge that the analytic distribution of such a ‘g-semicircular element’
is diffuse for these ¢. In this section, we sketch a different proof, which generalises to n > 1, which
will be the content of the next chapter.

For now, we need a convenient way to characterise the standard semicircular measure o. In the
preceding sections, we discussed the form of the free entropy in the commutative setting, and saw that
it was related to a rate function. We proved that o was the unique minimiser of this rate function, and
we even saw that analogous statements were true for a much larger class of functionals. To exploit
this, we define

X (1) =//logly—540|du(w)d/~t(y)—/%9{52 du(z),

which is essentially the free entropy minus the expectation of the potential. This is the negative of
the rate function we considered earlier, so in this case our arguments carry over to prove that o is the
unique maximiser of X'. We now slightly deform this functional, by choosing an analytic function W
on a disk of radius A > 4, and setting V(x) = 2%/2 + W (z). It follows from a variation on Theorem
5.9 that the existence of a unique maximiser is unspoilt by such a perturbation, and thus there also
exists a unique (compactly supported, etc.) measure, which we shall denote by oy, that maximises

Xol) = [[ gy~ ol duto)duta) ~ [ V(o)uta).

This also gives us a new state

mv(h) = /h dov .

We would now like to prove a result analogous to Brenier’s Theorem 1.21, that allows us to
conclude that for W a small enough perturbation (in some appropriate norm) there exists an analytic
function F' (on some disk with radius A’ > 4 but possibly smaller than A), such that Y = F(X) has
precisely oy as its distribution. The map F' is then the analogue of the Brenier map arising from the
aforementioned theorem, as it satisfies F,o = oy, which can be written in terms of integrals as the

equality
/hoFdaz/h dovy,
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for all h. It will also turn out that I’ is indeed the derivative of a convex function. The remainder
of this section will be dedicated to sketching a proof, which will then be generalised and made fully
rigorous in a later chapter. All integrals whose integrands have singularities are to be taken as
principal value integrals.

To begin, we exploit the fact that oy maximises Xy in the following way. If we let f be some nice
function, then we can consider the assignment

6= Xy ((z+6f)wov)

for 9 real numbers in some neighbourhood of zero. Since we have a maximum for 6 = 0, its derivative
there should vanish (provided it exists of course). This derivative can be computed by finding the
terms linear in ¢ in

Xy (x4 6f).ov) = // logly + 6£(y) — o — 5f<x>r doy (y)doy (x) — / V(e +6f(z)) dov(z),

= Xy (oy +5[//f |I_y| |x_y|dav( y)doy (z /f W(x) doy(x)| + O(6?),

where we employed several power series expansions around ¢ = 0. This implies that oy must satisfy
the following for any f, namely

//f p— Y 4oy (y)doy (z /f W (z)doy (z),

which is called a Schwinger-Dyson equation. On the left we recognise the finite difference derivative
of f, which we also encountered when discussing non-commutative derivatives in Section 4.1. It thus
seems profitable to introduce the notations

PR (I ()

r—Y
which play the role of a free Jacobian and a free gradient respectively. Recall that the non-commutative
derivatives were to be viewed as derivations from some space of non-commutative polynomials to the
tensor product of this space with itself. Hence for the second integral it makes sense to identify
L>([—-2,2] x [-2,2], 0y ® o) with the closure of the tensor product of L*([—2, 2], o) with itself and
rewrite the equation abstractly as

, 9V (x) =V'(z),

(rv@m)(Jf)=mv(f2V).

These are very similar to the conjugate relations (4.2.1). One can prove that for W small enough,
this equation fully and uniquely determines 7y, and hence also oy. This equation is satisfied precisely
when

J(1®l)=9V,
so that we should try to compute the adjoint of #* acting on 1®1. To this end, expand the definitions
(vem)(Lf)= TV®TV)((1®1)/f)

// fla ov (y)dov (2),
-/(/ xiydw ) 1@ dovia) + [ ([ don(@)) 500 dovto)
=1 ( / %@) 1) dov (@),

=2 (f 77 (1@l)
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where in the third step we changed the order of integration in the second integral, and in the last line
we relabelled the dummy integration variables z and y. Thus we conclude that

doy (y)
Mel)=2 [ —==,
ey =2 [T
which is (up to constants) the Hilbert transform of the probability measure oy. Thus we have derived
that the measure oy maximises the functional Xy if and only if it is a solution of the equation

Q/M — V(@)

r—y
for all = in the support of oy. It is illuminating to compare this to the result of Proposition 4.13.
This casts new light on the role of the potential V', its derivative determines the conjugate variable
to the element whose distribution maximises X3 .
We now introduce our transport map. Suppose that we have an analytic function F' (on a large
enough disk) such that F.o = oy, then we can rewrite the previous equation as

XWFunszwwvwmnzz/;éﬁgga,

for all z € [—2,2]. One can interpret this as saying that the map F' (as a function) deforms the con-
jugate variable to the standard semicircular element into the conjugate variable of whatever element
maximises Xy. We make the Ansatz F'(z) = x + f(x), with the reasoning behind this being that the
size of f should be controllable through the size of W. This yields

x+f(x)+W'($+f(gj)):2/x+f(:cia—(y;—f(y)’

- T =1y 1 -
‘Q/Xx—w+f@»—ﬂwx—yd“”

B 1 do(y)

2 Sy (5:31)

We are now in the position to do something rather clever, as we have computed in a previous section

that
. 2/ dd(y)7
r—1Yy

for all = € [—2,2], we can use this to replace the leftmost x occurring in the equation above. Doing
this, and bringing it over to the other side, we now have
1 ) do(y)

o)+ W+ 1) =2 [ | 1] S

_ o [ Ay dofy)
1+ 7 f(zy)z—y
Our next attempt at simplification will target both the derivative of W on the left and the finite
difference derivatives on the right. The obvious object to connect the two is the derivative of f. We
will do this by multiplying both sides (next to the equation number and the left side) of (5.3.1) by
f'(x), and adding the left part to the the left part of the previous equation, idem for the right part.
This results in

f'x) = Ff(zy)doly) _
1+/fxy) T —y

(@) + Wz + f(x) + 2 f'(z) + f(2) f'(2) + W2+ f(2)) [ (2),
d
dz

ef(2) + 5 f + Wi+ f(2)
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For this equation to contain the same information as the last, we need to ensure that _# f(x,y) = —1
only occurs on a o-null set, or equivalently almost nowhere as ¢ is Lebesgue absolutely continuous.
A convenient way to arrange this is to demand that f’'(z) # —1 almost everywhere, as then the mean
value theorem prevents the finite difference derivative from taking on this value too often as well. The
natural next step is to also extract an z-derivative out of the left side of the previous equation. It
turns out that

d 1 d (f(z) - f(y)
alog(lJF/f(ﬂCay)) = T+ 7 f(ey) du (_y))

_ 1 (f’(ff)_ 1 f(w)—f(y)>
I+ Zflr,y) \z—y -y x—y ’
_ )= iy 1
L+ 7 f(xy) -y

Now we can integrate both sides of our equation to get rid of the derivatives, and we arive at

of(a) + 3H@P + W(a + @) + C =2 [ log(L+ 7 (2.)) do(y). (5.3.2)

where C' is a constant of integration.
For the final few steps, we make the additional Ansatz that f = ¢’ and rewrite the equation a
little bit,

g (r) — g'(y)

1/(a) = ~W(o+g/0) — 5 (/@) +2 [ 1og(1+ L=

) do(y) — C.

It now makes sense to fix C' by demanding that both sides of the equation are identically zero for x = 0.
We now introduce two new operators, both acting on commutative polynomials. First, define .4 by
N g = xg', which has a particularly simple action on the basis of monomials, as it just multiplies a
monomial by its degree. Hence the symbol .4 for ‘number operator’. If we consider the subspace of
polynomials without constant term, then .4 can be inverted, and we denote this inverse by .. It is
not difficult to derive the explicit formula

P(§)(x) = / ' %dy,

for .. Now write § = A4 g, so that g = .¢. This allows us to rephrase our equation in the following
way,

i) = ~W(a + (£9)(x) — 5 (L)) +2 / 1og(1 L (F) ()~ <5ﬂg>'<y>) .

r—y

For each fixed x, this has the form of a fixed-point equation

9(x) = ¥ (9(x)),

with W, (0) = W(z). In the sequel, what we will essentially prove is that ¥ is a Lipschitz function in
g such that the fix-point equation allows for a solution by iteration. Our transport map F will then
read F' = x + ¢, or defining G(z) = 2*/2 + g(x), F = G'. Notice that G is a convex function for W
small enough, as all functions are analytic and convexity admits an open characterisation in terms of
the second derivative being non-negative, so that our transport map is indeed monotone.

To further explore the analogy between the procedure above and optimal transportation theory,
we show that what we have just derived is essentially a free version of the Monge-Ampere equation.
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Recall from Section 1.4 that the Monge-Ampere equation for two measures admitting densities m and
n respectively was

det((JVy)(z)) = %’

where J is now the commutative Jacobian. If we suppose that the densities are given by

12

) = exp( = ), ale) = exp(-V(o)),

then the Monge-Ampere equation becomes

det((JVp)(z)) = exp <V(Vg0(m)) — —2> (5.3.3)

The reason that these densities are sensible, is that the laws oy in some sense arise as limits of N — oo
of measures on the space of N x N matrices given by the densities exp(—N Tr V). Now if we notice
in (5.3.2) that #ZF =14 _Z f, then this becomes

L,

2 [ log( 7 Fla,y) doty) = V(F(a) - 50"

which is remarkably similar to (5.3.3).
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6 Free Monotone Transport

6.1 Noncommutative Power Series and More on Noncommutative Deriva-
tives

This chapter serves to explain the technical heart of [43], Chapters 2 and 3. In this first section
we develop some machinery to deal with 'noncommutative analytic functions’. Throughout this
chapter, we set o/ := C(X1,...,X,,), the unital algebra of polynomials in n noncommutative formal
indeterminates, and we write .2, C &/ for the subalgebra of such polynomials without constant term.

Definition 6.1. For all monomials ¢ € &/ we define the functional v, : & — C to be the one sending
P € & to the coefficient of ¢ in its decomposition into monomials, in other words P = ) . 7(P) q.
Also define degq to be the length of ¢, so degq = k if ¢ = X;¢1) - - Xy with 1 <i(1),...,i(k) < n.
If p > 1, define the norm ||-|| ) on & by the formula

171l Z g (P)]p™5 .

It is trivial to see that this is indeed a norm, and has the property that [[PQ|, < [|P| [|@]| - Thus,
the completion of &/ with respect to [|-[| ,, denoted </ (P)is a unital Banach algebra, called the algebra
of absolutely convergent nonwmmutatwe POWeEr Series wzth radius of convergence at least p. Likewise,
we write 7, ) for the completion of %, which is also a Banach algebra.

Remark 6.2. Under suitable conditions, we can also compose such noncommutative power series. For
instance, if Y7,...,Y, € &/ are such that 1Y;]l, < p for all j, then for any P € /P we can form
the composition P oY which is the noncommutative power series obtained by replacing each X; in P
by the corresponding Y;. This is again a member of /(¥ as

||PoY||p— P)goY

< th Mlge Y], < Zm pet = [P,

By repeating this argument, we see that if ||Yj||p, < p for some 1 < p/ < p instead, the composition

P oY is an element of &7, Notice also that in this case, 1P|, < [IP|,, so that P C o (@)
general, if we have another Banach algebra %, and elements T1,. .., T, € & such that ||T;||, < p for
all j, we obtain a contractive mapping from .7?) to %, induced by sending X ; to the corresponding
T;. The relevant conclusion for our purposes, is that we may view the algebra &/ (P) as containing
elements that can be thought of as both ‘functions’ and ‘variables’.

Definition 6.3. The number operator A : o/ — <f is defined on monomials g by 4 'q = (degq) ¢
Its kernel is precisely the span of the unit, so that .4 is invertible when seen as an operator on .27.
Denote its inverse by ., which explicitly acts on monomials as .#q = (degq)™! ¢. Write &, for
the projection of &/ onto «%. Finally, P € & is called cyclically symmetric iff for all monomials
q = X,y - - Xig), the number v,(P) is invariant under cyclic permutations of the i(1),...,i(k). The
cyclic symmetrisation operator € on <, acts on monomials as

Cq=CXin) - Xierr) - Xiay Xaqr) - Xaqo)-

PT‘lF—‘
Mw

/=1

Clearly, ¢'P is cyclically symmetric and [[€'P|, < [|P||, for any P € 4.

75



We now want to introduce some notions of derivatives on the algebras &7 and «7(”). Recall our
discussion of noncommutative partial derivatives in Section 4.1. Here, we work with a slightly different
definition, namely that we view the 0; as operators from o/ to &/ ® .o/ P, with o7/ °P the opposite algebra
of o/, equipped with the same norms ||-| ,» and ® denoting the algebraic tensor product. As we would
like a notion of derivative for which the derivative of a noncommutative power series is again a
noncommutative power series (although possibly with a smaller radius of convergence), we make the
following definitions.

Definition 6.4. The cyclic derivatives on &/ are the maps ¥; : &/ — &/, 1 < j < n, such that on
monomials ¢,

Zq= Y BA,

q:AXj B

where A and B are also monomials, or more explicitly, if ¢ = Xjq) -+ Xj),

9;q = Z diiy Xier1)  + Xiy Xi1) - - - Xie—1)-

The cyclic gradient & is the vector valued operator from &7 to o/, such that Z P has j-th component
D;P for P e o/ and1 < j <n. Iff e & thatis f = (fi,...,f,) with all f, € &7, its
noncommutative Jacobian J f € M,(o/ ® &/°P) is the matrix with 4, j-th entry 0; f;.

Remark 6.5. Another way to view these cyclic derivatives, is as the composition of noncommutative
partial derivatives with the maps ¢ and ¢, where t(a ® b) =b®a € &/ @ &/ and 1(a ®b) = ab € o
for a ® b € &/ @ o/°P. To be precise, Z; = 1ot o d;. It is not difficult to check that ¢ P = Y P for
all P € /. It is also easy to see that Z;1 =0, so that ; = ;2.

A good property of these cyclic derivatives, is that every ‘analytic function’ F' € o7 is ‘infinitely
cyclically differentiable’ in any of the spaces &) with 1 < o < p.

Proposition 6.6. Let ' € o/?) and 1 < p' < p, then Diny - Dt € P for all k € Z>, and all
1<j(1),....5(k) <n.

Proof. Let ¢ € &) be a monomial, then

1Zall,, < Y IBA, = (degq) ()%=,

q=AX;B

as the sum contains at most deg ¢ terms, and the p’-norm of a degree k monomial is precisely (p')*.
By iterating the idea of this argument, it is easy to see that

< {( (deg q)! !] () teE

1Ziy - Ziwally < | fogy - 3

where we assume that k < degq, as otherwise the iterated derivative becomes zero. Therefore, by the
triangle inequality,

| %5y -~ Dy

D S e s

g s.t.degq>k (degq — k)
_ (deg q)| p/ degq :
= ()" g (F)| | =82 (£ osa
q s.t%qzk ! (degqg — k) \ p

<max{C(p,p, k), 1} 11,
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where

Clp.p' k) = (p)" sup [ﬁ (%) ] :

This constant is finite, because p'/p < 1, and up to constants, the sequence over which we take the
supremum are the coefficients of the k-th formal derivative of the (complex) power series Y, 2*, which
has radius of convergence equal to unity (see Theorem 5.1 in Chapter II, §5 of [49]). Alternatively,
one can prove by direct inspection that this sequence tends to zero, and so must be bounded. O

Since we have now also introduced the spaces &/, & ® &/°?, and even M, (o/ ® o/°P) into the
mix, we should devise some ways of combining elements of these spaces, such as notions of matrix
multiplication, inner products, et cetera.

Definition 6.7.

(i) On & ® &/°P, we of course have the multiplication (a ® b).(c ® d) = (ac) ® (db), denoted by a
period.

(ii) Combined with ‘ordinary’ matrix multiplication, this gives a multiplication on M, (< ® </°P),
also denoted by a period. Explicitly, if A, B € M, (< ® o/°P), then the 7, j-th component of A.B

is ZZ:I Aszkg
(iii) We also introduce Tr : M, (& @ &/?) — o ® /P by putting Tr(A) = > " | A;.
(iv) If f,g € /™, we define their dot product as f - g = Z?Zl fig; € .

(v) We now define an action # of &/ ® &/? on &/, by demanding that (a ® b)#c = acb for all
a®be o AP and c € &, and extending linearly.

(vi) This induces # : M, (& ® /) x /™ — ™ with (A#f); = i Au##fi.

Having endowed these spaces with algebraic structures, we turn to norms. The straightforward
extension of [|-[|, to @™ is given by || f[|, = maxi<j<n || f;]| - It is less straightforward to come up with
a useful norm on &/ ® /P, where by ‘useful’ we mean that that # maps and matrix multiplication
become contractive. In the next definition, we mimic the construction of the maximal C* tensor
product norm.

Definition 6.8. Consider & ® /7 and the function ||-|| .,  defined by

Zaz®bz W(Zaz(@bZ)

where the supremum is taken over all algebra morphisms 7 : &/ ® &/P? — %, with 8 a Banach algebra
with norm ||| 5, such that [|7(a ® 1)||, < [lal|, and ||7(1 @ b)|[,, < [|b]|, for all a,b € o/. Call this

function the projective tensor product norm.

= sup

I

B

PRxp

Proposition 6.9. is a norm and induces a Banach algebra structure on of Q@ of °P.

||'||p®ﬂ.p

Proof. The triangle inequality is obvious, and thus

|Zai®bi

<D i ®@billg,, =Y sup Im(a @ Dr(1 @b, < Y llail,l1bill, < oo,

PRrp
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where we used that ||-|| , is a Banach algebra norm and the boundedness assumption on 7. The same
argument also shows that the multiplication on & ® &/ is continuous with respect to [|-|| o, . It
follows that [|-||  , is a semi-norm, and so it remains to show that it is non-degenerate. For this,
recall the existence of the minimal Banach algebra tensor product norm ||-||, (see Section 2 of Chapter
IV in [82]), which is given by

Zai®bi :sup{ Zai®bi
A by 7

Denote the resulting Banach algebra by &/ ®, &7°P and consider « the inclusion map from &/ ® o7 P
into this minimal tensor product. It is easy to see that this gives a valid 7 for the supremum in the
definition of ||-| Moreover, this map is injective and [|-||, is a norm, so that also [|-[| ,_, is a
norm.

ac (), |lall,, <1 ge (@), 6], < 1}-

PP’

Remark 6.10. An argument similar to the proof of Proposition 6.6 shows that for any f € &/ its
j-th noncommutative partial derivative has finite p’ ®, p’-norm for all 1 < p’ < p.

Now extend this norm to F' € (& @ &/F)" by [|[F| 5, pinp a0d to A € M, (o ®
) by |A|l ., = maxi<j<n D iy | Ajill then we get the continuity results we are after.

Lemma 6.11.

(i) Forany F € o @ &/ and c € o, ||F#c||, < [|F|

= maxi<j<, || Fj|

PP’

p®ﬂ.pHCHp'

|BHp®7\.p'
(iti) For any f € & and A € Mn( @ A7), [|A#[|, < Al 5. N f1l, -

(ii) For any A, B € M,(«/ @ &/°"), ||A.B]| < [|A]

pRrp — p®ﬂp’

Proof. For part (i), notice that F# - defines an operator on 27(?), and that the assignment F s F'# -
is a valid map 7 for the projective tensor norm. Thus

[F#cll, < 1F# [l penllel, < 1F1 g, llell,-

For part (ii),

n n
HA.BHp&Tp = &1%)% A By ;
i=1 || k=1 P@rp
n n
< 1@?2% Z Z |’Ajk|’p®wp||Bki||P®wP’
=== k=1
n n
< (fgaggz ”Aijp®7rp> (f??i%z ”B“Hp@wp) ’
k=1 =1
= Al js,., 1 Bll s, -

For part (i),
n n
[A#S, < 53%2 [ As# /5l < fg?gjlzl [Aii |l s, M S5,
J= J=

by part (i), now estimate

a#1], < (m > ||Aij||,,®,rp) (14l ) = 141,11,
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We close this section with a lemma about some interactions between the various operations we
have introduced so far, which will be useful later.

Lemma 6.12.
(i) For allP € o/, €P = .[(2P) - X].
(i) If g € /P, then Dg satisfies (_ £ D9)i; = t|(F 29);i) (where still t(a ®@b) =b® a).
(iii) Let g € </?) and define ~ (a®@b®c)=b®@c®a and N (a@bRc) =c@a®b, then
(A) = ~[(0; ® 1) Zig] = (0r © 1)0;Z;9 = (1 ® 0;)0: D9,
(B) =" [(1®0;)0k%Zig] = (1R 0)0;Z;9 = (0; ® 1)0xP;g.
(iv) Let F,G € /P @ (/PP then t(F.G) = t(G).t(F).

(v) Define the contractions (a@b® c)#1d = (adb) @ ¢ and (a @ b® c)#2d = a® (bdc), a,b,c,d € o,
then

t{(a®@b@c)#rd] = [ (a®b® )] #d,
t(a®@b® c)#ad] = [ (a®b® c)| #1d.

(vi) For F and g like above, it holds that
0; [F#tg] = F.(059) + [(1 © 9;) Fl#19 + [(0; ® 1) F] #f29.

Proof. Part (i) is trivial.
For part (ii), we may assume that ¢ is a monomial, in particular g = X;q) - - - X;). Then

0:2;9=0; Y BA= Y Be(CA+ Y (CA®B,

while

0,%9= Y B®(CA+ > (CA®B,

and we see that applying ¢ to 0;%;g gives 0,%;g.
For part (iii), we may again assume that g is a monomial ¢q. Then, suppressing the ¢’s in the sums
for brevity,

(A) =~ [(0;®1) > (CA®@B+(@;e1) Y Be(AC)|,

AX,BX;C AX;BX;C

=~ > (DA@BeC+ Y  CeDAeB+ Y  BaC® (DA,

| AX; BX,CX;D AXpBX;CX;D AX;BX;CX;D
= > BeCeDA+ Y (DA@BeC+ Y  C®(DA)B,
AX;BX,CX;D AXyBX;CX;D AX;BX;CX;D
= ) (@B CA+ Y (ho1)[(CA) B,
AX;BX;C AX;BX,;C
= (Gk & 1)(97,.@]([
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The calculation for (B) is entirely analogous, but we include it for completeness.

(B) =~ > (DAeBaC+ Y CeDAeB+ Y BaC® (DA,

AXyBX;CX;D AX;BX;CX;D AX;BX,CX;D
= Y CeDA®B+ Y  BeCo([DA+ Y  (DA®BC,
AX,BX;CX;D AX;BX;CXD AX;BX,CX;D

=(1@d) | > (CA®B+ > Be(CA],

A;BX;C AX;BX;C
= (1® 0k)0;%;q.

The other forms of the identities follow from Proposition 4.4.
For part (iv), we may suppose that ' = >, a; ® b; and G = Y, ¢; ® d; (with the sums finite),
thus

HE.G) = t](a;®b).(c; @ d))] Zt a;c;) @ (dib)] =Y (djb) @ (aicy) = D (d; @ ¢).(bi @ ay),

4. i,J (2]

= t(G).t(F).
For part (v), we can simply compute

t(a®b® c)#id) =t](adb) @ c] = c® (adb) = (c @ a @ b)#2d = [~ (a @ bR )] #2d,
ta®@b®c)#ad] =tla® (bdc)] = (bdc) @ a = (b® c® a)#1d = [~ (a®b® c)] F1d.

For part (vi), we may suppose that F' is as in the proof of part (iv). The stated result is then
little more than the Leibniz rule,

0; [F#g] = Z 0; laigbi] Z [(Gja:)(1 @ (gbi)) + (a: @ 1)(9;9)(1 ® bi) + ((aig) © 1)(;4)] ,

= [(83' ) F] 429 + F.(0;9) + [(1 ® 0;) F] #19.

6.2 The Schwinger-Dyson Equation

Let now (M, 7) be a tracial W*-probability space, thus M is a von Neumann algebra, and 7 is a
faithful normal trace. Assume that x,...,x, € M are self-adjoint and algebraically free elements
that generate M. Then with the identification x; < X;, o7 is a strongly dense subset of M, and
M may be viewed as a completion of 7. Notice that &/ now receives a x-algebra structure, which
complex conjugates coefficients and reverses the order of monomials. The trace 7 restricts to a trace,
which we will denote 7x, on 7. This is precisely the joint distribution of the random variables X;,
and we write that M = W*(7x). We can write this because we know that a (finite) set of generators
together with their joint law contain all the information of the generated von Neumann algebra.
Suppose that N = W*(7y), that is to say that there are self-adjoint generators Y,...,Y, € N, and
their joint law is 7y. Finally, we are in a position to define what is meant by free monotone transport.

Definition 6.13. By transport between the laws 7x and 7y, we mean elements Vi,...,Y, e W (Tx),
which are self-adjoint, and whose joint distribution is precisely 7y. Recall that [|-||, denotes the norm
on L*(M,T), then if for all 1 < j < n we have

VY, e [Dglgc o and 799 >0} 2,
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we say that the transport is monotone. Notice that now, #%g € M, (M @ M°P), which indeed carries
a notion of positivity.

Remark 6.14. We should compare this definition to the classical one given in Section 1.3, Definition
1.17, Theorem 1.21, and Definition 1.24. If n = 1, the von Neumann algebra M is Abelian, and is
simply an algebra of bounded functions on some measure space. Thus our definition above reduces to
asking for a measurable function h such that ¥ = h(X) and hence h,Tx = Ty, which is the same as in
Definition 1.17. Our notion of monotone transport is chosen to be reminiscent of the Brenier map of
Theorem 1.21, where the transport map was the (ordinary) gradient of a convex function, while here
it is the cyclic gradient. Moreover, in the n = 1 case, the demand _# Zg > 0 becomes the condition
that the function f = Zg satisfies (f(z) — f(y))/(z —y) > 0, which is compatible with Definition
1.24.

It is now the question in which situations we can prove that monotone transport exists. As the
aim is to construct elements in M, we should choose the generators X; to be random variables that
we understand rather well. Given the material we have covered so far, it is a natural choice to pick
a free family of n (standard) semicircular elements. Next, we need a mechanism that connects the
semicircular law to others. Recall that the conjugate variables to a free semicircular family were
rather simple, namely 97(1 ® 1) = X;, the elements themselves. In general, conjugate variables are
elements of L?(X1,...,X,), but what happens if we demand instead that they belong to some .7 (¥
for a big enough p (recall that these spaces shrink with increasing p)? From Example 1.13 in the first
section of this thesis, one obtains the bound C} < 4* (with Cy the Catalan numbers), so that it is
not difficult to see that we need p > 4 for &») C L?(Xy,...,X,). Assuming this to be the case, we
can write down the equation (dropping the hats for convenience)

& (1©1) =Y+ Dy, WY,...,Y.)], (6.2.1)

which is called a Schwinger-Dyson equation, and is to be solved for the joint law 7y, of the Y;. Here, the
idea is to have I be a ‘small’ (with respect to [|-||, of course) perturbation of the conjugate variable
relations of the semicircular elements, and V' = (1/2) > y Y}Q + W is the potential of the equation. In
this section, we will show that this is a meaningful equation, in the sense that it has unique solutions
under reasonable assumptions. For this, we present and prove a slightly stronger version of Theorem
2.1 in [42]. While in the next two sections, we will show that we can construct transport between the
free semicirculars X,, and the Y} arising from the solution of the Schwinger-Dyson equation.

Theorem 6.15. Fix R > 1 and assume that p > 2R, moreover write Ty, ..., T,, for formal inde-
terminates generating </*. Then there exists a § > 0, such that for all W € «/P) with W], <o,
there is at most one functional Ty solving the Schwinger-Dyson equation (6.2.1) with potential V =
(1/2) 32, T} + W and additionally satisfying the bound |1y (q)| < R4&4 for all monomials q.

Proof. We begin by rewriting (6.2.1) into a form where the functional appears more explicitly (as it
stands it enters implicitly through the adjoint). It is not hard to see that this results in the system
of equations

(r@71)(0;P)=1(T;+2,W)P), (6.2.2)

for all 1 < j <n and P € &, together with the constraint 7(1) = 1. Assume now that we have two
solutions 7 and 7{,, then it suffices to show that 7 (¢) = 7{,(¢q) for all monomials ¢ to conclude that
they are in fact equal. It is therefore natural to consider the numbers

Ay = max |1v(q) — 1v,(q)],
deg q=¢

4We do this to avoid confusion with the use of X and Y above. Note that also all differentiation is with respect to
these 1"s.

81



where ¢ > 1 (as trivially Ag = 0). By the bound stated in the assumptions, it holds that A, < 2R,
so that it can grow at most geometrically in £. This suggests that we can meaningfully combine these
numbers into

d(t) ==Y A,
>0

for any 0 <t < 1/R. As each term in d(t) is nonnegative, we can conclude that all the A,’s are zero
if we manage to show that d(t) = 0 for some conveniently chosen t.

Now we have an opportunity to exploit that 7, and 7{, both solve (6.2.2). Let ¢ be a monomial
of degree ¢, then it can be written as ¢ = T}p for some monomial p of degree £ — 1. The combination
T;p occurs in (6.2.2), and so we can isolate it,

T(Tip) = (r @ 7)(9;p) — T((Z;W)p),
and take the difference of this relation for 7, and 7{,, which after some rearrangement yields
(rv = 7 )(Tjp) = ((rv = 7)) @ 7v) (Ojp) + (7 @ (7v — 7v/)) (Ojp) — (7v — 70,)((Z;W)p).

Consider the first term on the right hand side,

(v =) @) (@) < D (Bl — 1) (A)],

p=AT;B

S Z Rdeg BAdeg A

p:AT]B
-2

S Z AkRK_Q_ka
k=0

where we used that all the A’s and B’s are monomials as p is a monomial. The second term on the
right hand side van be estimated in exactly the same way. Thus we have so far that
-2
A= max max |(ty —7)(T;p)] <2 Z ARRT*F 4 max max |(ry — ) ((Z;W)p)].
k=0

1<j<n deg p=~¢—1 1<j<n degp=(-1

To estimate the other term, write W =3 g 7,(W), so that

(v =7 )(ZW) <D Y W)y — 1) (BAD),

q q:ATjB

<" (deg @) [y (W) | Ap-1sdegg-1-
q

We combine the estimates derived so far on A, to bound d(t),

-2
dt) <Y |2 ARRTIR Y " (degq) (W) !Aemegql] :
=0 q

>1 k=

For the second term, we have

e - e 1 deggq
Z(deg Q) |y, (W) |t ng# AN, | g1 < d(t)tQZ(deg @) |7g(W)] (_) '

t
q >1 q
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We now choose t = 1/2R, so that this becomes
d(1/2R ; d12R 2R\ .
o S sl 21" < G 5 [ (@exq) (21) ] o,
q

SCM

e W

where C' > 0 arises as a bound on the term in square brackets (note that we assumed p > 2R).
Plugging this back into our bound on d(t) and recalling that we set t = 1/2R yields

- 1/2R
d(1/2R) < QZZAk(gR) R +C 222) )HWHp.

(>1 k=1

Focus on the first term, which can also be written as

—2 1 / - 1 -2 1 k 1 —2—k
2SS a(5p) Pt =g ad(5m) ()

>1 k=1 >1 k=1
1 1 k 1 {—2—k
=5 A(ﬁ») 2 <§> ’
k>0 >k+2
1
= d(1/2R).

Finally then, we have that

d(1/2R) < d(1/2R) {% + %HWHP] .

It follows that if 4 > 0 is such that

1 n co <1

R?  4R? ’
which is possible because 1/R? < 1, d(1/2R) = 0 holds true in case [|[W]| < d. As argued above, this
then forces 7y = 7{,, and hence there is at most one solution. O

6.3 Manipulations and Estimates

In Section 5.3, we sketched how to proceed for the commutative (n = 1) case. Here, we will begin filling
in the details of this sketch, and tackle the technical obstacles that come from noncommutativity.
Throughout this section, we make the convention that all differential operators that are written
without or with numerical indices are with respect to the X, which are taken to be an n-tuple of
free standard semicircular elements in a tracial W*-probability space (M, 7). If we want to take a
derivative with respect to an Y;, we will explicitly write a subscript Y;. Also, we will write X and Y
for the n-tuples (X7,...,X,) and (Y3,...,Y,) respectively. To recapitulate the first few steps taken
in Section 5.3, we want to make the Ansatz Y = X + f(X) for some ‘nice’ f € (&/?))". Using this
to simplify (6.2.1), we can arrive at an equation that only involves f and the semicircle law, which
can be further simplified using some of the particular properties of the semicircle law. Making the
additional Ansatz that f = Zg for some ‘nice’ g € 27?), and imposing some invertibility condition
on ¢ f, we can (with considerable effort) extract a cyclic derivative from both sides of the equation,
yielding an equation for g. To carry out these first few steps, we need one more gadget.
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Definition 6.16. As we have that 1 ® 1 belongs to the domain of 97 for all j (as the Xj are
semicircular), both 0; and 07 are densely defined unbounded operators, and all of & ® & lies in
the domains of the J; (see Section 4.1). Let A € M, (& ® &/°?), and define the adjoint to 7 as

JFA= (Z a;AjZ) € (LA(Xy,..., Xu)".
=1 j=1
Lemma 6.17. Let A € M, («/ ® /) and h € &/P), then

n

T(FFA) b =) (r@7) [Ayt( L)) (6.3.1)

ij=1
Proof. Using the trace property of 7, we have

n n n n

T FPA) b =D T [0 Ah] =Y T [hi(07AG)] = Y (05 A hy) =Y (A, 0;h).

ij=1 ij=1 ij=1 ij=1

We claim that 0;h] = t(0;h;)*, where (a ® b)* = a* ® b*. It suffices to check this on monomials g¢.
Thus

*

0= > A®B= Y A®B=t| Y B@A| =t@h),

q*:AXjB q=B*XjA* q:B*XjA*
as claimed. Now,
TI(FA) - b =) (A t0h)) = > (1@ 7) [H0;h)Ay] = > (T @ 7) [Ait( L h)is]
ij=1 ij=1 ij=1
where in the last step we used again the trace property of 7 (and checking on monomials). O]

Our first step towards carrying out the programme described above is to prove the following
proposition, which implements the Ansatz Y = X + f(X), and reformulates (6.2.1) entirely in terms
of f and X.

Proposition 6.18. Assume that ¢ = g* € &/¥) and that 1 + J f is invertible, where f; = 9;g.
Putting G = (1/2) 377, X7 + W(X) and Y = 9G = X + f(X), we have that (6.2.1) is true if and
only if

* 1 _
4 (W) =X+ f+(@W)X+[), (6.3.2)

where (W) (X + f) means the cyclic gradient of W, viewed as a function of X, with X replaced by
X + f(X) in the result.

The proof requires the following lemma, which features a kind of noncommutative chain rule, and
collects some properties of the Jacobian of the transformation from X to Y.

Lemma 6.19. Assume that the 7Y € M, (M ® M) is bounded and invertible, then
(i) the operator

0,() =Y 0w (- (A7),

satisfies 8} = Oy, and Oy, X; = ((/Y)_l)ij.
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(it) the conjugate variables to the Y; can be written 05 (1®1) = 3_, 0%, ((/Y)fl)zj
(iii) if additionally G = G* € &/¥) is such that ;G =Y}, we have t( FY);; = (Y )i; and (FY)™
15 a self-adjoint.

Proof. For part (i), it is easy to see that the (5]- are derivations, so that we only need to show that
0;Y; = 6;;1 ® 1. This follows from the computation

0V =Y 0x, (V) (V) ), = [ZY(IY) ], = sl L,
Thus also
Oy, Xi = 0;X; = ) 0x, (X)), (YY), =2 0 ((LY)), = (L)),

We turn to (ii), where by definition

(05,(1@1),q) = (1@ 1,0y,¢) = (1©1,0;9) = > _(1@1,(0x,0). [(FY)'],,),

k=1
with ¢ a monomial. Using the trace property of 7, we can continue by writing

n n

@, 191),q) = SV ]L (0x0) = S0k, [(£Y)7]5 9.

k=1 k=1

As this is true for any monomial ¢, the desired result follows.

Now for (iii), we have already shown in part (ii) of Lemma 6.12 that (_# Z¢);; = t[(_# Zg);i]. To
complete the proof, it therefore suffices to argue that also (_# Zg);; = t[(_# Z9):;]. It then follows
immediately that #Y and its inverse are self-adjoint. Hence assume without loss of generality that
G = q+ ¢*, whence

Y ) (CeD+D®CY,

q=AX,;B BA=CX;D
from which the desired conclusion is readily drawn. O]

Proof of Proposition 6.18. By points (ii) and (iii) of the previous lemma, the left hand side of (6.2.1)
is equal to

y, (1@ 1) Z@* Y) )y =2 0% (Y)Y, = [ (FY) ).

AsY =X+ f(X), FY =1+ Zf,andso (FY) ! =1/(1+ Z[), which exists by assumption.
For the right hand side of (6.2.1), it is not difficult to see that this equals
Y+ Dy W, Vo)l = X 4 f3(X) +(Z,W) (X + f(X)).

Combining all the above yields

« 1 _
7 (1+/f>_x+f+(@W)(X+f).
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Our next step is to try and extract a cyclic gradient from both sides of (6.3.2).

Proposition 6.20. Assume that f = Pg for a self-adjoint, cyclically symmetric g € </ P), such that
171 0., <1. Write

Qg) =1@Tr+71)Tr[ #Pg—log(l+ ZPg)],
then (6.3.2) is equivalent to
2101+ 7@1)Tr( F29) — Ng] = 2[W(X + Z2g) + Qg) + %(@g) (29)] (6.3.3)

The proof of this proposition will require some significant preparation, the first part of which is
rewriting (6.3.2) in a more convenient form.

Lemma 6.21. Assume that f = Pg with g = g* € &P such that h — (1 + _Z f)#h defines an
invertible mapping on (/' P\, Write K = — #* ¢ —id, then (6.3.2) can be expressed also as

B Ny, e
K(f)= 2 WX+ ]+ (L N#EF+(FHHES (W)_/ [m} (6.3.4)

Proof. Let us begin by rewriting (6.3.2) as

R R e

Now we use that 7 is the semicircle law, which implies X = #*(1® 1), and

f+(@W)(X+f)=/*(1+1/f—1> :_/*(1fjﬂf>'

Thus, we have

(LT _
s (1+/f)+f+(@W)(X+f)—0.

By assumption, we may # both sides by (1 + _# f) to obtain the equivalent equation

7o (7255) s 1w+ e (1255)

HINH#S+ (I NH#F@W)(X + f) =0.

The first term in this equation can split into _#* 7 f— Z*[(_Z f)*/(1+ Z f)], because x/(1+ z) =
x — 2?/(1 + ). Recognising K and rearranging terms gives

K(f) = @W)(X + )+ (JDH#(IW)X + DI+ (I N#S

o (o) - 57

We now claim that the first two terms on the right hand side combine to give

WX+ N = (@W)X + )+ (I NH#NGW)X + 1],
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which we prove by showing that it holds true if W is a monomial, W(X) = X,y - - Xj). One sees
that

P W(X + )] = (ot) {9 [(Xiy + fin)(X)) -+ (Xigwy + fiy (X)) } 5

where ¢ is as in Remark 6.5. We investigate the expression in curly brackets, slightly abusing notation
for brevity,

{..}= 25]'@'(13) [(X + iy (X + f)i(eq)] ® [(X + ity (X + f)i(k)]

30X+ Dy (X Dy @ 1] O3 i) [10 (X Py = (X + iy |

(=1

It is clear that the upper term on the right hand side will become (2W)(X + f). Notice that
(tot)[(a®1)(b®c)(1®@d)] = (tot)[(ab) ® (cd)] = cdab = (¢ ® b)#(da) = t(b ® c)#(da),
which implies

WX+ Nl =(@W)X +])

k
+ Zt(ajfi(e))# [(X + vy X+ Py X+ iy (X + iy | -
-1

By our assumptions on f, we may invoke part (iii) of Lemma 6.19 to say that (0 fi)) = i f;-
Introducing an additional sum over m (from 1 to n) together with a 6,,;¢), we can swap the order of
the sums over ¢ and m to find

WX+l =(@WNX + 1)+ > Onf)#[(ZaW)(X + f)],

m=1

= (W)X + )+ (I D# (W)X + ],

as claimed. With this identity, we finally arrive at

KU = 200+ D+ Nt + (s (725 ) - o |12

]

We now try to extract cyclic gradients from both sides of (6.3.4) to the best of our abilities, the
result of which is given by the following two lemmata.

Lemma 6.22. Assume that f = Pg with g = g* € &P and cyclically symmetric, and let K be as in
Lemma 6.21, then

K(f):9[(1®T+T®1)Tr(/.@g)—,/1/g]

Lemma 6.23. Under the same assumptions as Proposition 6.20 and using the same notation,

9Q) = (I N# I (%) _ [%} |

The main ingredient in their proofs is the following identity:.
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Lemma 6.24. Under the same assumptions as Proposition 6.20, we have for any m € Z>_; that

1
m+ 2

——2{(l@r+r )T [( L))"} =2 [(LH" ]+ (LH#L (L™, (6.3.5)

We now proceed as follows. First, we use (6.3.5) to give short proofs of Lemma 6.22 and Lemma
6.23 respectively. Then, we can use these to give another short proof, this time of Proposition 6.20.
It then remains to prove Lemma 6.24, whose proof will be by far the longest.

Proof of Lemma 6.22. Consider the m = —1 case of (6.3.5), which reads

7Qer+ro)T( ) == (I +(FNH# I 1) == (J)+(FH#X

where we used again that 07(1 ® 1) = Xj for semicircular variables. By checking on monomials, it
is easy to see that (_Z f)#X = A f (where .4 is applied componentwise). Using our assumptions
on f, N/ f=NDg=D(N —1)g, as taking cyclic derivatives decreases degree by one. Combining
what we have so far yields

72007 +7)T( Il == F(I) = [+PDNg=K(])+ PNy,

which can be rearranged into
K(f) = .@[(1®T+T®1)Tr(/.@g) —JVg],
which was to be shown. O

Proof of Lemma 6.23. By assumption, ||_Z f| < 1, so that we may perform series expansions on

PP

m=0

A (o)

(S H#I" (1 f;;f) = (JD#I <Z<—1>m</f>m“> ,

Thus,

oows (v57) - 7 WG] = e s s s (),

m=0
(-1)
m—+ 2

8
3

72{Q@r+T )T [( )"},

Z(—l)m(/f)m”] }

=2{1@7+701)Tr[ £f—log(1+ _Zf)},
= 72Q(g).

Here, we used (6.3.5) in the second step, and the Taylor series of z — log(1 + x) in the last step. [

m=0

= {(1®T+T®1)Tr

Proof of Proposition 6.20. Since we assume that |7 f|| , , <1, the conditions of Lemma 6.21 are
satisfied. Indeed, by part (iii) of Lemma 6.11, ||(/f)#h|] 17 o, 2l < [[R]],, so the map
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h — (_7 f)#h is contractive, and thus h +— h + (_Z f)#h is invertible. Thus we have that (6.3.2) is
equivalent to (6.3.4), which was

_ (L FE N [y
K =2 WX+ D+ (Fnasf+nir (1295) - 7 1255

Now, Lemma 6.22 allows us to replace the left hand side of this by
K(f)=2[1ler+7101)Tr( 7 2g) — Ny,

while we may replace the last two term on the right hand side by

/f)_ *{(ff)ﬂ_
s (1255) - 10| - 7aw
on account of Lemma 6.23. Recalling finally that f = Z¢, we see that (6.3.2) is equivalent to

2[1@1+7@1)Tr(22g) — Ng] = 2[W(X + Z2g) +Q9)] + (F Z29)#Zy,

and we see that it only remains to show that

17 B(@g) : (.@g)} = (I 29)#(Zg).

For this, suppose that ¢ = (q1, ..., ¢,) with ¢; monomials, then

]JZZ%(%% = Z > BgA 22t< > A®B> #qz—ZZ (F @)ij#a-

i=1 ¢;=AX;B q=AX;B

Using part (ii) of Lemma 6.12, we conclude that

(2(2g - 29)); =2 Zt(/@g%#(@g» = 2(,729)#(29));.

]

Proof of Lemma 6.24. Since (6.3.5) is an equality of vectors in (L*(X7,...,X,))", we can show that
it is true by taking the inner product with an arbitrary test function h € (2/(?)" and arguing that
the resulting equations must hold (recall that </ C L?(...) for p > 4 and that it is dense with
respect to ||-||,, as it contains 27). We shall begin with the right hand side of (6.3.5). Define

h =7{[= 7" (FLN"*)+ (I H#IL (FLH™)] - h}.

Expanding definitions,

AR) = —7 7" (7 £)™2) - h] +T{i <[/f]ij# Pa ((/f)m+1)]j> hi} :

4,j=1

To get rid of _#*, we would like to use (6.3.1), but this requires us to bring it to the left side in the
second term above. A quick algebraic calculation, using the trace property of 7, gives that

{ [(Z "o bi) #c] d} (bl =7 (; cbidai> . { [t (; "o bi) #d] } |
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Applying this to A, we find

Ah) = =7 [ 77 ((F)"?) -h] +7 { Y L7 (s NI, [t(jf)ij#hi]} ,

ij=1

=1 [ 7 ((FF)™*?) - h] +T{Z L7 (2 Hm™ )], [(/m#hi]} ,

== [ (D) b+ T {7 (D™ (7 #hl}

where we also used part (ii) of Lemma 6.12. Thus we have brought ourselves into a position to use
(6.3.1), which yields

n

Am) ==Y cen {7 nm), b+ 3 ren {7 A, e (S D#,}-

i,j=1 i,j=1

We continue to simplify this, focusing first on t[_# ((_7 f)#h)];;- For this, we can start our
offensive by the version of the Leibniz rule recorded in part (vi) of Lemma 6.12. Hence,

L7 (7 )#h)], Za (O fi)#ha]

—Zakfl )-(95hi) +Z [(1® 0;)(0%fi)] #mﬁz ;@ 1)(3nf3)] #2l.

We can take the next step on the strength of parts (iv) and (v) of Lemma 6.12, which is

LI (L N#h), Zt (O f:)-(9;h0)] Zt{ [(1® 0;)(0hfi)] #mHZt{ ;@ 1)(0fi)] #2hu}

n

= Z (I W)k t(F e + Z A (1 ® 0)) (O )] #2lur + Z A~ [(0; @ 1) (O fi)] #1hue,

3

=> I (I ) mZn (1® 0;) (O )] #Qhﬁzm i @ 1) (O f)] #1h,

k=1

where we again used part (ii) of Lemma 6.12 in the last step. Our next weapon is part (iii) of Lemma
6.12, combined with the fact that f = Zg, which gives

n

tLZ (I D#M); =Y (I () kH‘Zﬂ (1©0;)(0Z:9)] #2hk+zm 5 © 1)(0:2i9)) #1h,

k=1

:Z (I - ( I F) mz ak@]g]#zhk+z [(1® )0k 2;9) #1hx.
k=1 k=1

= (/h)kg (A [) kz+z 10y f] #2hk+z [(1® 0:)0n f5] #1 Pk

Introducing the notations

Rl =" {0 @ 1)k fi] #ahie + [(1® 0,)00f3] 1l }

k=1

Hjy, = t( 7 h)j,
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this result can be written compactly as

t[f ((/f)#h)]zj [ (/f)] +Rh

Returning our attention to A, we see that we have

n n

Ay == o {[(FN™), Ha}+ 3 oD {[(F0™], (L), }
+ Z(T ® T) { [(/f)mHLJ R?Z} ,
=(renT[(JH"H(I ] - (Fen) T [(FH"H] +(ror) T [( 7 )"/,
=(re@7)Tr [(/f)m“.Rh] ,
s >_(r e T [(F NN

where the last two steps follow readily from the trace property of 7. Thus, we have reduced showing
(6.3.5) to proving that

m+1

Y tren)T[( LR 7)™ =r(2{Qer+T )T [(_7f)"?]} h)

£=0

holds for all test functions h. We will accomplish this by introducing a certain function of s € (—¢, ¢)
for some £ > 0, and showing that both sides of the above equation can be viewed as the derivative of
this function in s = 0. Writing X ;= X+ sh; for all 1 < j < n, the derivative we want to consider
is given by

d

ds

FNE, = &| @A)

s=0
First, we claim that

n

0ifi)(X*) = ) {11 @ 0)(0; /)] #2hu + [(Ox @ 1)(9; fi)] #1hac}

s=0 k=1

d
ds
which we prove by considering f; to be a monomial g = Xy - - - Xjp). With this,

(0, fi)(X Z%(m i Xigm-) @ (Ximsn) Xitg)
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and

¢
d s d S S 0 0
d_ . (ayfz)(X ) = Z 5ji(m) [(& . Xi(l) o 'Xi(ml)) ® (Xi(m+1) o 'Xi(lz))
$= m=1 s=
—i—(XO ... X0 )@ i X X
i(1) i(m—1) ds|_, i(m+1) i) )| >
V4 m—1
0 0 0 0
= Z 6ji(m) Z (Xi(l) T Xi(p—l)hi(p)Xi(p-i-l) e 'Xi(m—1)> ® (Xi(m+1) o 'Xi(€)>
m=1 p=1
¢
0 0 0 0
+ D X Kigm) @ (X Xitp 1y hicn) Xy 'Xz'(@)] )
p=m+1
14 m—1
=D diitm) { [(Xiq) - Xip-1) ® Xipr) +* Xign-1) @ Xigm1) -+ Xio) | #1higp)
m=1 p=1

V4
+ Y (X Xigno1) ® Xigmrn) -+ Xigpe1) ® Xigprn) -+ Xiqo))] #th(p)},

V4 n
= Fitm) { [0k ® 1) (Xir) - Xign—1) ® Xigmry - Xio)) ] #1 Tk

k=1

+ Z [(1 ® O) (Xz'(l) o Xim=1) @ Xigmg1) ‘Xi(é)” #2hk} )

3

{{(1 @ 0r) (9 f5)] #t2huw + [(Or @ 1)(9; fi)] 1P}

k=1

as claimed. Using the rules from Proposition 4.4, this can be recast into

d

ds|,_, (0;f:)(X ;{ [(0; @ 1)(0f)] #ohie + [(1 @ 05) (On fi)] #1hi} = RE.
It follows that
m+1
3o, O TN = 3w o) TN R,

On the other had, we claim that for any matrix A € M, (& ® &7°P), it is also true that

d

e _0(T®T)TI‘[A<XS)] =m{Z2[(1le1+7®1)Tr(A)]-h}.

Notice that applying this to A = (_Z f)™? concludes the proof. To prove the claim, we can without
loss of generality suppose that A = (b ® c)e;;, with e;; the matrix with a unit in the 4, j-th position,
and only zeros in all other entries. Then

S| renmiae o o beeree)
5, {T {% y b(XS)] (c) + ()7 {% » C(XS)} }




Using similar arguments as in the proof of the previous claim and the trace property of 7, one can
show that

b(XS)] —r[(2b)-H],

s=0

and analogously for c¢. Thus,

4 (r@7) Tr [A(X®)] = by {7 [(2D) - h] 7(c) + 7(b)T [(Zc) - hl},

ds|,_,
=0,;7T{(1®7)[(Zb-h)@c|+ (T®1)[b® (Zc-h)]},
=0,;7T{Z2[(1@7)b®c)]-h+2Z[(T1)(b&c)|-h},
=7{2[(17+7®1)Tr(A)] - h},
and we are done. O

For the remainder of this section, we develop estimates to control the function g — @Q(g) that
appears in (6.3.3). We will need these in the next section to prove existence of some g satisfying this
equation. The first estimate is left as an exercise to the reader.

Lemma 6.25. For any monomial q € </, we have |7(q)| < 2989 .

Introduce for m € Z>; the multilinear maps @, : @™ — &/ defined by
Qm(ar,....am)=1@7+7 1) Tr[(_FPan1) - (£ Pan)].

We write Q,(a) for Qn(a,...,a), and if a € %(p) with [|al|, < p*/2 for some p > 4, we set

—~

_1)m
+2

Q(Fa)=)_

m=0

Qm+2(:¢a)-

3

Our main goal is to prove the following proposition.

Proposition 6.26. Let p > 4 be given, and suppose that g € %(p) is such that |\g|l, < p*/2. Then
the series defining Q(-#g) converges in [-|| ,, and

QL) =1r7+71)Tr | 792S9—log(l+ 7 927g)]

i the sense of analytic functional calculus on the n X n matrices over the von Neumann algebra
generated by o/ ® /P and the obvious trace. On its domain {||g||, < p*/2}, the function Q is locally
Lipschitz. In particular,

2 1
5=l <17 =9 | i, 2ol 7 )

and so we also have the bound

2llgll,/p*)?
1Q(Z 9, < Tgﬂp//ﬂ.

For the proof of this proposition, we require two technical lemmas.
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Lemma 6.27. Let ¢1,..., ¢, € S, then

1Qm (L g1, -, Lgm)ll, < 2(2/p%) HHng

Proof. Let q1,...,q, be monomials, then
(F2S0) (I DS am)l0)i0m Hdeng = > Q0Zion) - OimZim-1)dn),

= Y > (C1 @ Dy)--+(Cpy ® Dyy,),

G(10)esi(m=1) ar=AkX;x—1)Bxk
BkAkZCkX]<k)Dk

- > (G Cu) @ (Do D).

J(1)seei(m—1) q=ArX;(x—1)Bxk
Therefore we can estimate

|ten (s 270) - (F 270050

deg(01~~-Cm)2deg(Dm---D1) '

1

c Y

~ T17, deg q;
o lmdesa ) <50

a=ArX;(x—1)Bk

We know that deg(Cy) + deg(Dy) = deg(qx) — 2, so if we write ¢, = deg(Cy), we have 0 < £ <
deg(qx) — 2, and deg(Dy) = deg(qr) — 2 — ¢x. We can use the m-tuples ({4,..., /) to parametrise
the terms coming from the Jacobians ¢, and since every sum i Z;q has at most deg(qx) terms,
we can simplify this estimate to

el AR P ) D Dk
4y

pdeg q1---Gm) —2m E :

.....

deg(qx)—2 (2 ) deg(gr)—2—Vk
P ’

?

( )deg(q1)—2—ﬂl+ +deg(gm)—2—Llm

I
—=
b|
[\
S
[F
@
09
g

bl
Il
—
~
B
|
o

IA
—=
1
b\
no
i)
o
@
o)
3
—
—_1

k=1t 1=2/p
<TI[2e%lal,] -
k=1~
In the last line we used that 4 < p, and that [|g||, = = pde8(@) By the same arguments, one can show

that also
Jir 0102701+ 250 ], < T 1]

Thus, we obtain

1Qm(Fg1, . Zgm)ll, < 22/0*)™ [T llgsll,
k=
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Notice that this estimate is independent of n, which is somewhat surprising. Indeed, a naive ap-
plication of the triangle inequality would yield an additional factor of n coming from the trace in
the definition of (),,. The reason that this factor is absent in the final estimate given above, is that
our estimates earlier were rather crude, namely the sums we estimated as having at most [ [, deg(qx)
terms. This estimate is still true when one adds sums over j(0) and j(m), so that this in fact also
estimates the trace. O

Lemma 6.28. Let f,g € <, then

m—1
Q0 1) = Qul(a)l, < 202/ If = all, 3= Il
k=0

Thus also
1Qm(L9)l, < 2(2/0*)™ l9ll7),

and hence the maps g — Q. (g) extend to all of %(p)

Proof. Write (.#¢)® for the k-tuple (#g,...,.#g), and similarly for f. Now exploit multilinearity
to write a telescoping sum,

—_

m—

1Qn(79) = Qu(Z DI, < 3 @ (9, (£ )™ = Qo ((79) 40, (5 )=+

0’

i
o

3

1Qu (L)W, g = 7, )|,

0

m—1

m k m—1—k
22/p")™ Y Nallplf = gl JIFI0

k=0

e
Il

The other estimate is obtained by setting f = 0, as then

m—2

1Qu (LI, < 2(2/p*)™ [HQHL” > IIQHIZHO’”"H] =2(2/p")"gll}’
k=0

Proof of Proposition 6.26. By the previous lemma and the assumptions of this proposition,

CEZEDS (M)m e 1w
P A\ p?)2 —1=2fg]l,/p? ’

so the series converges. For the functional calculus identity, simply notice that

x—log(1+x)zz(_$—w.

= m—+ 2

To see that () is locally Lipschitz, use again the previous lemma to find

m+1

2 & _
1Q(Lf) — QI < IIf — gl p—Z @2/p)"™ N gl
m=0 k=0
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Replace the summation index m by ¢ via m + 1 = k + ¢, and since we want ¢ to range from 0 to
infinity, we need to add and subtract the term in the sum with £ = ¢ = 0 (this is not present above
as k+1=m+1>1). This yields, where we also let k£ run unbounded,

2 [e.e]
Q1) = 9, <11 —gll, 5 > /A gl I, 1] :

£,k=0

2 1
=If—-4ll,= —11.
I pr2

(L =2[71,/p*) @ = 2gll,/p?)

The other bound can be obtained by setting f = 0. O

6.4 The Main Theorem and its Proof
At last we are able to state the main result that we have been working toward.

Theorem 6.29 (Existence of Free Monotone Transport). Let (M, T) be the tracial von Neumann
algebra generated by free standard semicircular elements X1, ..., X,. For every pair p > p' > 4, there
is a constant C' > 0, depending only on p and p', satisfying that if [W{|, ., < C and W = W*, then

there exists a noncommutative power series G = G* € o/?) such that
(1) the law 7v of Y = PG solves the Schwinger-Dyson equation (6.2.1) for V = %Zj X;+ W,
(i) [|Y — X[, goes to zero if [W|| ., tends to zero,

(1it) the Hessian of G, 7 9G € M,,(M @ M°®P), is strictly positive,

(iv) there exists H € (o/P))" with X = H(Y).

Remark 6.30. Notice that part (i) of this theorem gives transport between 7 and 7y, in the sense of
Definition 6.13. Part (iii) expresses that this transport is in fact monotone. One should compare the
form of the transport map, namely the (cyclic) gradient of a ‘strictly convex’ function (having strictly
positive Hessian), to the Brenier map of Theorem 1.21.

We will now prove Theorem 6.29 over the course of two lemmas, two propositions, and a theorem.
As a starting point, motivated by equation (6.3.3), we are led to consider the equation for g given by

(&7 +701)T(F2g) ~Ng=W(X +29) +Qlo) + 5(79) - (7).
Assuming that g € #” for some p large enough, this can be rearranged into
Ng=-W(X)+ {(1 DT+ TR1) T (L DI NG) — W(X + DS N g) — W(X)]
QPN G) - (95N g) (95K g) .

which is a fixed point equation for .4 ¢g. In the next lemma, we will ‘change variables’ to .4 ¢ instead
of g, and derive some useful properties of the right hand side of this fixed point equation.

Lemma 6.31. Let g € " for some p > 4, assume that lgll, < p*/2, and let W € %) with
R>p+|gll, Set F(g) equal to the expression

W)+ (107470 1) Te( £ 2.59) ~ [W(X + 2.59) ~ W(X)] - QL) ~ 5(273) - (7.79),
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then the assignment g — F(g) gives a well-defined function from {||g|, < p?/2} to /). This
function is locally Lipschitz, with

1
(1 =2llgll,/p*) (X = 2]l 11,/ p?)

& 1
+ Y10 s+ 5 (171, + ) |

Jj=1

+1

7@ - POl <ls- 11,{ 5

and can be bounded by

2 1 = 1
- + ) oW +5llall, ¢
p? [(1 = 2lgll,/p* ; T ReRR T g

Proof. We begin by noting some useful estimates. Looking back at the proof of Proposition 6.6,
it is easy to see that |2.7¢||, < ||gll,, and hence that || X + 2.7g||, < R, which means that the
composition W(X + 2.7¢g) is meaningful (recall Remark 6.2). In a similar vein, one readily shows
that 37 [2;79ll, < llgll,- Checking on monomials using a telescoping sum (similar to the proof of
Lemma 6.28), it is also not difficult to realise that

£, < IW],+ ||g||p{ 71

WX +259) =W(X+ 2, <D NOW e w2579 = 25 fll, < 1 = 9ll, D 105W | ey

j=1 j=1

Finally, consider
1 n
@79 (279~ (271 @7, <3 (12701, + 127 11,) 1259 - 2.7 11,
i=1

1
<;51279- 2711, (1279, +12.711,)

1
< IIf = gll,5 (ligll, +11£1,) -

To obtain the Lipschitz condition for F', first notice that (1@ 7+7® 1) Tr (£ 2.7g) = Q1(-79).
Therefore,
1F(g) = F(N)Il, <[1Q@(Fg) = Qu(F N, + IW(X + 259) - W(X + 27 f)

I,

Q) ~ QN + £1(@F0) - (@59) — (27D - (971,

The first term can be estimated using Lemma 6.28, which gives a bound of 2(2/p®)||f — g||,- The
third term can instead be estimated using Proposition 6.26. The remaining two terms we have shown
how to estimate above. Combining all of this yields

2 n
176 = OO, < 15 = all2 () 41 = oll, 3 10W
j=1
1
(T =2[71,/p*) (1 = 2gll,/p?
which gives the desired estimate. The other bound follows immediately since F'(0) = —W(X), as
IE @, < W1, + [[£(g) — F(0)

2 1
17 =gl s =141 =l (lall, +171,)

Hp'
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Next, we show that under the right additional conditions, this local Lipschitz constant can actually
be uniformly bounded on some ball by a number strictly less than unity.

Lemma 6.32. In the situation of the previous lemma, if in addition

t < 1
Wi, < - S NEW ensnpen < 5 0<t<1, (6.4.1)
j=1

then {Hng < t/4} is mapped into itself by F, which is uniformly contractive with constant at most
7/8.

Proof. Assume that [|f|,, [lgll, < t/4, then as ¢ < 1, we have [|f|, llgl, < 1/4 < 1. Also, set
R=p+t>p+t/d>p+|gl, Thus,

1 1 8

< — =)
Tafl, /2 S T2 7

and the same for g. It follows that

2 1 Ll <! (8)2_'_1 13 _1
2 | —2llgll, /o) 271,705 | =8 |\7 302 = 2
Now,
R 1
1£(9) = FH)I, < g = Fll, |5+ D10 o r+ 5 (11, +llgll, )|
j=1
1 1 12
< — 44 2=
<lo- 1, (5+5+57)
7
< <llg =1,
Moreover,
IR, < W1, + lgl, { 2 Y B < R IO 1
g = g - j 519 )
¢ p T IN 2 | T2l /?) £ N ranr T 5 10
<t+t 1 8+1 +1+11
— 12 4|8 \7 8 24|’
(143
4\ 168 )
- t
.
So that indeed {||g||, < ?/4} is mapped into itself. O

With these properties of F' in hand, it is a relatively straightforward matter to employ a fixed
point argument to obtain solutions, and to transform this solution back to the original ‘variable’ g.

Proposition 6.33. Let W = W* € &) (with p > 4), cyclically symmetric, be given, and assume
that the conditions in (6.4.1) are satisfied. Then there exists a g with the properties

(i) g€ ", and g = S obeys ||gl, < t/4 and ||g||, < 3|W],,
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(i) additionally, g = g*, and g belongs to the closure of the cyclically symmetric polynomials,

(i1i) § witnesses the equation § = € PoF(§),
(iv) g instead satisfies € PoN g = C PoF (N g).

Proof. As noted in Definition 6.3, € %, is contractive, so that the combination € ZyF is also uni-
formly contractive on {||g||, < t/4} with constant at most 7/8, and maps this ball into itself (see
the previous Lemma). Notice that W is in this ball, as by assumption [[W]|, < ¢/12 < t/4. Pick
go = —W(X) as a starting point, and then define the iterates gy = € PoF (gr—1) for all k € Zs,,
which all lie in the ball. It follows immediately that the sequence of iterates is Cauchy, and hence
converges to a fixed point ¢ in the closure of the ball. Clearly, g € 4270(” ) and hence so does g=9,
which by construction satisfies ||g]|, < [|g]l, < /4. It is also trivial that g and thus g are cyclically
symmetric.

To see that g is self-adjoint, it suffices to show that ¢ is self-adjoint. For this, we show using
induction that all g, are self-adjoint. Clearly, (go)* = —W(X)* = =W (X) = go, and we claim that
(gr)* = €LPoF ((Gk—-1)*) = € PoF(gk—1) = gr with the induction hypothesis. The proof of part (iii)
of Lemma 6.19 tells us that (Zigx—1)* = Zigr—1, W(X + 25 G1)* = W(X + 2.%gx_1), and also
that #2.7gy—1 is a self-adjoint matrix. By spectral mapping, the logarithm of the identity plus
this matrix is also self-adjoint. It is straightforward to check that the other operations involved in F
preserve this self-adjointness, and hence that the claim is true.

Since the inequality [|[W{|, < /12 is strict, there exists some 0 < ¢’ <t such that ||[W| < ¢'/12
is also true. As the norm ||| ,, g, (,4s IS increasing in ¢, W also satisfies the conditions (6.4.1)
with ¢’ instead of ¢'. It follows that [|g[|, < /4 for all #' > 12[|W]| , and hence it must hold that
lgll, < 12[[W]|,/4 = 3||W||,. This proves parts (i), (ii), and (iii). Part (iv) is immediate from (iii)
when one notices that .4 g = g, so we are done. O

We now argue that the solution obtained in the previous proposition indeed gives a solution to
the Schwinger-Dyson equation.

Proposition 6.34. Let p > p' > 4, then there is a constant C > 0, depending only on p and p/,
satisfying that if [W{|, ., < C and W = W, there exists f € (2PN solving (6.3.2). In particular,

f is of the form Pg for some g € </P). Moreover, if W[, — 0, the p-norms of the corresponding
solutions f vanish as well.

Proof. Let p > p > p'. By Proposition 6.6, there is a constant c¢i(p,p) > 0 such that [|Zg|; <
alp, p)llgll ,- Employing similar techniques and some from the proof of Proposition 6.9, there is a
constant cz(p, p) > 0 such that

1<i<n

17 29555 = max > 110;Zigll 5 5 < > 11a(9)l(deg 9)°(5)#9 > < calp, p) gl
Jj=1 q

Additionally, one can prove using the same ideas that

Y NOW panyeniny < clp+ 1,5+ DIW |, -

Jj=1

Setting ¢t = 1 in the conditions (6.4.1), they read
1 1
W15 < 12 Z HajWH(ﬁH)@w(ﬁH) < 8’
=1
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Obviously, [[W|[, < [[W]|,,,, and we showed above that the other condition can also be controlled
by [|[W]| ,+1- Therefore, there exists a constant C' > 0, depending only on p and P, such that the
conditions (6.4.1) with ¢ = 1 are satisfied for all W with [|[W]| ,, < C. Since we considered the
combination €y F in the previous proposition, we may assume without loss of generality that W is
also cyclically symmetric, and hence all the conditions of this previous proposition are met. It follows
that there exists g € %(ﬁ) C %(pl), solving € Py N g = € PyF (A g), and with Zg € %(pl) by the
estimate above. Set f = Zg, then by the above (perhaps choosing C' smaller) we may assume that

17 e,y <1, a8

17 fll e,y < c2(B,P)lgll; < 3ea(p, PNIW L5 < Bea(p, )WL

Now, we want to show that f = Zg witnessing € PN g = € Py F (A g) implies that it also satisfies
(6.3.2). By Proposition 6.20, it suffices to show that (6.3.3) holds. However, this is immediate when
applying 2 to € PN g = € PyF (A g) and rearranging terms, and recalling that ¥ = 29 %,. O

Since our solution has the form of a perturbation of the identity, it should also be possible to
invert it. The next theorem, which is a noncommutative inverse function theorem, affirms that this
is the case.

Theorem 6.35 (Inverse Function Theorem). Consider a triple 0 < p' < p < R, and f € (/™)
Y € (P with 1Yl < p. Then there exists a constant C' > 0, only dependent on p', p, and R,
so that whenever ||f||, < C, there exists a H € (/)" such that X = H(Y) solves the equation
Y =X+ f(X).

Proof. Rewrite the equation as X =Y — f(X), which can be iterated. Define Hy = X, and Hy =
X —foHy q, forallk € Z>y. So Hy = X — f(X), Hy = X — f(X — f(X)), and so on. First, we claim
that there exists a constant C' = C(R, R, || f|| z) > 0, such that for all k£ with max;<s<, | Hel|, < R <R
(note that [[Ho| , = p < R), it holds that

[ Hypr — Hyll, < CllHy — Hi o,
We prove this as follows,

H(Hk+1 — Hy);

= [|fj o Hk — fj o Hypl|,
p

<> alflllgo Hy = qo Hiall,,

Y

.....

p

00 l
<22 > |
=1 i(1),...,i(£) m=1
< ||Hx = Hy-all, 2 o)l (deg ) (R) ™57,

q

.....

p

N\ —1 5/ ‘
[nfuR:;;gaR) (%)

and the constant in square brackets is finite by the reasoning of Proposition 6.6. It is easy to see that
|H1 — Hol|, = [|f|| ,» and we can iterate the estimate above to find

IN

[ Hy, — Hi-1]l

| Hisr — Holl, < C*(If1l,-
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Thus if we make C so small that C' < 1, it holds that

1
1-C

1 C
< —— < —F=.
171, € == I1Flls < =

[ His1 — Holl, < G

Since [[Hol[, = p, if we make C' so small that p + C/(1 — C) < R', it holds that |[H,||, < R’ for all
¢>0.

Now fix C such that all of the above is satisfied, then the sequence of Hys is Cauchy and it converges
to a limit H € (o/?)". This H has the properties that |H||, < R and H(X) = X — f(H(X)). Since
both [[Y]| ;. [[X]|, < p, we can write that

X+f(X)=Y=HY)+ f(HY)).
Suppose that X # H(Y'), then
1X = HOY),, = 1£(X) = FHE), < KX - HY), < |1X - HY),,
which is a contradiction, so we conclude that X = H(Y). O

Finally, we are ready to combine all of the above to prove the existence of free monotone transport.

Proof of Theorem 6.29. By Proposition 6.34, if we set G = Zj X]2 + g, with g as in that proposition,
then G = X + f solves the Schwinger-Dyson equation with potential V' = %Z] ng + W. We
now want to use Theorem 6.15 to conclude that this solution is unique, so that that the law of YV is
indeed 7y, Notice that as [|q]| <2989 and ||q|| , = p**#? for any monomial g, it holds that ||| < [-]|,
whenever p > 2, which is the case here. Therefore, Y| = [[X + f(X)| <2+ |[f(X)] < 2+ [/ f]],,
and in particular

(Y- Yi)| S IV 1" < @+ IF1L,)%

Thus the joint law of Y, which can be identified with the restriction of 7 to the *-algebra that YV
generates, satisfies the bound in the hypothesis of Theorem 6.15 for R = 2+ [[f[|, > 1. Since we
control the (p + 1)-norm of W, we need that p+1 > 2R = 4 + 2[|f||, for us to benefit from the
conclusion of Theorem 6.15, thus we want 2R < 5. As || f||, goes to zero as |[W]| ., goes to zero, this
can be arranged if the constant C' is made small enough. This proves (i). Part (ii) follows directly
from the same results. Part (iii) holds because #9G =1+ 7 f and || Zf| ,, , < 1. Part (iv)
follows from the inverse function theorem. ]
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7 Free Monotone Transport Applied to ¢-Gaullians

7.1 On the C*-Algebra Generated by the ¢-mutation Relations

At last, we return to the ¢-mutation relations
a;a; — qa;a; = 0;;l,

of Chapter 3. In this context, ¢ is a real number strictly between 1 and —1 (not a monomial in 7).
However, before we tackle the isomorphism question for the ¢g-Gaufian von Neumann algebras I',
which are generated by the combinations a; + a;, we first give some attention to the C*-algebras G|
generated by the a; themselves. Note that we do not consider the universal C*-algebra generated by
the abstract g-mutation relations, but rather the ‘reduced’ version generated by the annihilation and
creation operators acting on Fock spaces as constructed in Chapter 3. For definiteness, we take the
‘left’ versions of all these operators, as before. In this section, we will sketch® the results of the 1993
paper [30], where they partially settled the isomorphism problem for the G,. We include this section
not only for thematic reasons, but also because along the way we will obtain some useful relations
and estimates.

Since ¢ = 0 will act as the ‘base case’ for the results in this section, we introduce some special
notation for it. For ¢ = 0, write vy, ..., v, instead of ay, ..., a, for the n-tuple of operators witnessing
the g-mutation relations, assuming throughout this chapter that n > 2. Additionally define p =
> viv;, which is the projection onto the orthogonal complement of the vacuum Q. We set o =
Z?Zl ata;, which is a positive operator and the deformed version of p. The results of Dykema & Nica
(see the Theorem in Section 1 of [30]) can now be summarised as follows.

Theorem 7.1.
(i) The equation
P =ptq Z (virvy)* (vjrv;),
ij=1

together with the demand that the subspaces spanned by the tensors of a given length are invari-
ant, defines a unique positive operator r € B(Fo(H)).

(i) We can construct a unitary map U : F,(H) — Fo(H), satisfying r = Uo**U* and vir = UaU*
(for all1 <i<n).

(111) We have the inclusion Gy C UG U* of C*-algebras.
() If q is such that®
2 4 9 k(K2
¢ <1=2lgl+2lg|" = 2lg|" +--- +2(=1)%¢[" +...,
then Gy = Gy.

Remark 7.2. Tt follows from part (ii) of the theorem that vir,...,v,r in B(Fo(H)) witness the g¢-
mutation relations. The relation between this fact and the equation for r? can be seen as follows.
Notice first that r annihilates the vacuum, so that

r? = pr’p = (Z v;‘vz-> r? (Z v;fvj) = Z vF [(vj7) (vir) ] i

=1 j=1 ij=1

5 Accordingly, for all details and proofs of claims not included here, we refer to their paper.
60One can check numerically that this bound is satisfied, for instance, if |g| < 0.44.
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Using the g-mutation relations for the vyr, this becomes

r? = Z 10:;1 4+ q(vir)*(v;r)]vi =p+q Z(virvj)*(vjrvi).

,j=1 ,j=1

Introduce the notation Eém) for the subspace of F,(#) spanned by the elementary tensors of length
m, and note that dim(&gm)) = n'™. While the elementary tensors of length m form by definition a
basis of &5"” , they are in general not an orthogonal basis. Nevertheless, the n™ x n™ matrix G,,, whose
elements are their the inner products, is strictly positive due to the fact that (-, -), is an inner product
(and the elementary tensors are linearly independent). It is not hard to see that the operator o defined
above maps any Sém) into itself, and that we can therefore define o™ € B(Sq(m)) as its restriction,
and represent this operator by an n" x n™ matrix O,,, with respect to the basis of elementary tensors.
The operators o™ also admit a nice description in terms of the action U of the permutation group
Sy, discussed in Definition 3.4. Let o(k,?), for 1 < k < ¢ < m, be the cycle that send k to k+1, k+1
to k + 2, and so on, until / — 1 is sent to £, and ¢ is sent to k. One can then show that

This information can be combined to give a recursion relation for the matrices G,,.

Lemma 7.3. For all m > 1, we have the recursion relation

gm = (]n X gm—l)o

Proof. As discussed in Chapter 3 (Lemma 3.8 and Proposition 3.12), any permutation ¢ in S, can
be decomposed into a cycle o(1, k) and a permutation ¢’ € S,, 1, in such a way that the number of
inversions add. Thus we have the identity

Z ¢°U, = Z U, (Z qk_an(l,k)> :
k=1

oESm o'€Sm—1

The left hand side of this identity is the operator Pq(m) discussed in Definition 3.4, which determines
the inner product on the subspace 5(§m). Therefore, the matrix of Pq(m) is precisely G,,, and recognising
also 0™ on the right hand side yields

gm = (]TL ® gm—l)o
[

Using this technical result, one can construct the unitary U recursively on the subspaces Sém). In
the vacuum sector, define U© : &50) — Séo) by UOVQ = Q. The rest of the operator follows from

imposing the recursion relation U™ = (I, ® Z/{(m_l)) [o(m)] Y2 Tt is then merely a computation to
verify the properties in part (ii) of the theorem. In fact, we use part (ii) to define the solution r of
part (i). We already indicated how the equation for 72 follows in the remark after the theorem, and
uniqueness is straightforward. This concludes our discussion of items (i) and (ii).

To prove the inclusion of part (iii), all we need is to show that the v; are in UG, U*. For this, we
would like to relate them to the v;r and r itself, of which we know that they are in UG, U*. Since
the v; annihilate the vacuum, we have v; = v;p. As r is related to p through the equation for 72, we
might hope to construct p out of r through functional calculus. We know that r also annihilates the
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vacuum, but if we assume that 0 is an isolated point in its spectrum, we can do this. Take ¢ to be
the continuous function on o(r) defined by ¢(0) = 0 and ¢(z) = 1/z else, then r¢(r) = p. We could
then conclude the argument by noting that v; = (v;r)p(r) € UG, U*. Thus it remains to show that
ker(r) = CQ and that 0 is isolated in the spectrum. This is the content of the next lemma, concluding
our discussion of part (iii).

Lemma 7.4. As usual, write r'™ for the restriction of r to &gm). Then for every m > 1 we have the

bounds
< |r" < —1,
(1—MHI11+M|> <[] 1—1q|

which are uniform in m, and the coefficient of the identity operator in the lower bound is strictly
positive.

Proof. We may show instead that these bounds hold for the operators o™, as they are related to the
[r(™)]2 by conjugation with a unitary. The upper bound is immediate from the expression for o™ in
terms of permutations. For the lower bound, we first prove that o™ is invertible, and then give an
upper bound on this inverse. Consider, for 2 < ¢ < m, the identity

(Z qkla(l,k)> ([ — qf’la(l,f)) = ( —¢‘o(2, E <Z ¢ to(1,k) )

which arises from o(1,7)0(1,7) = 0(2,j)o(1,i — 1) (where 2 < i < j < m). Notice that the operator
I — ¢ 'o(1,4) is invertible, because it is close to the identity, so that we may multiply our identity
from the right by this inverse. This gives

14

> ¢ o(L k) = (I —q'o(2,0)) (qu lo(1 k) (I—¢'o(1,0)",

k=1

and this can be iterated to yield

N ¢ lo(1k) = [H (I—q™o(2,n—i ] [

=0

1

::]3

I—¢o(l,j+1))"

J=0

which can be inverted, as it is a product of operators that are close to the identity. Thus,

S_Ti_fH(I—q 2n—z H] [HHI—qalj—{—lH
ZHol i ] H”'q'j

L+ gl
k=1 - ’q|

=)

IA

so that we obtain the desired lower bound. OJ

We will not have much to say about part (iv), as it plays no role in what follows. Note that
the reverse inclusion (with respect to (iii)) is true if r € Gy. It turns out that one can construct
a sequence in GGy that approximates r, but one can only ensure that this sequence is Cauchy if
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liminf,, 00 Am(q) > ¢2/(1 — |q|), where \,,,(q) is the smallest eigenvalue of [r™)]? (with m > 1). By
the lower bound in the previous lemma, this is the case when

o) 1— qk , i
2 < TTEl0 S gl = 1= 2l + 200 — 20+ + 2(- 1Ml

o1 L+ gl keZ

with the first equality coming from Corollary 2.10 in [3].

7.2 Existence of Analytic Conjugate Variables for Small ¢
The strategy of this section is based on [78] (Section 4) and [26] (Sections 4.2 and 4.3).

Definition 7.5. Define the self-adjoint operator =, = Zmzo ¢" P with P(™ the projector onto
f,‘q(’”). Notice that it is trace class when gN < 1, and that it is Hilbert-Schmidt when ¢?N < 1. If
the latter condition is satisfied, let 8]@ ./ — HS, with 1 < j < n, be the derivation defined by
0\ (X,) = 0=

ij=q-

Remark 7.6. The motivation of this definition is as follows. A natural source of derivations on & is to
take the bracket [-, L] with some element L in B(F,(#)). Out of all the possible choices, a meaningful

one could be to take the right creation operators L = aj ;, and define the derivations 8](9)(-) = [, ay,].
Indeed, as the notation suggests, we have
[X“ y ]] [ai + a:7 a:,j] - [ai’ a:»j]’

and using their definitions we see

a;a; j(ein) @ -+ @ eqry) = ailein) ® -+ @ eqgy @ ),

k
=D 0" il @ @ € © @ eipy ® €5) + 4 0y (ein @+ B eiy),
=1
= (ay ja; + 6;54") (ei) © -+ © eqqry),

and thus [X;, a’ | = 6;;2,.

(2] r]

Remark 7.7. The main advantage of the derivation GJ(-q) is due to the following identification. The
Hilbert-Schmidt operators form a self-adjoint ideal in B(F,(#)), and thus we can consider it as a I',-
bimodule, with real structure given by the adjoint. Recall that L*(T,) & F,(H) via Wick operators,
and consider the map from L?(I",) ® L*(T',) to HS given by assigning to a ® b the finite rank operator
aw(b-) (where w denotes the vacuum expectation (-2, Q2)). This gives an isomorphism as I' -bimodules
of HS = L*(T,) ® L*(T',) which intertwines the real structures, if we define c¢(a ® b)d = (ca) ® (bd)
and the real structure J(a ® b) = b* @ a*. It follows that we can regard 8](-‘]) as a densely defined
unbounded operator from L*(T,) to L*(I',) ® L*(T,), just like the noncommutative partial derivatives
0;. It is worthwhile to notice that under this identification, the elementary tensor 1 @ 1 is identified

with the vacuum projection operator P, hence 8](»0) = 0.

The following proposition can be found in [78] as Lemma 10.

Proposition 7.8. The 8(q are real derivations, closable, and ; q)*( 1®1)=X;.

When we dealt with the closability of the noncommutative partial derivatives in Chapter 4, we
managed to prove a result analogous to the above proposition using a formula for the action of 9;

on elementary tensors (see Theorem 4.7). We would like a similar formula for 83(-‘1)*, and indeed there
exists one.
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Lemma 7.9. On 'y ® T'?P we have the formula
" (a®b) = aX;b— (10 w)(0%a) b—a (w® 1)(2\"b).

Proof. We show that the formula holds (following [88]) for a,b € </, which implies that &/ ® &7 is

contained in the domain of 83(» For the extension to all of I'y ® I'??, see the proof of the claim in
step 1 in the proof of Theorem 34 of [26].

Letce o/, ne D(a§q>*), and consider

(n(1®b),0/¢) = (n, 0, () (1@ "), )
using the trace property of w. Now, exploit the Leibniz rule to write
(@ \ _ (@) g% ()
(n(1®b),0;"c) = (1,0, (cb") — (¢ ® 1)9;" (b7)),
—@§<>ww (n ;7 (b")" c® 1),
_<8(q)( (1® w) [naQ) }

J

Recall now that 83(9) is a real derivation, with respect to the real structure J(a®b) = b*®a* = t(a®b)*
on L*(T',) ® L*(T,), thus by density we conclude that

O (1 @ b)] = 97" (b — (12 w) [y 1A"D)]
Using similar arguments, one can show also that
O [(a@ 1)) = a 87" () = (w @ 1) [1Oa)n]

Taking n = 1®1 (which is in the domain by the Proposition 7.8) shows that a® 1 and 1®b themselves
are indeed in the domain of 8](9)*. We now combine these two identities as follows,

O (a@b) =0\ [(a@ 1)(1@ b)),

J

—a 0" (10h) - (wel) (a1 e b)] ,
=a (1@ b [we 1) o tB)g)a)b—a |1 @w) o t(8)]
= aX;b— (1®w)(0"a) b—a (w® 1)),

J
where we used that 83(9)*(1 ®1)=X;. O

Remark 7.10. In the sequel, we will need to slightly expand our notion of a noncommutative (formal)
power series to include expressions of the form

Z > v ( “Tiry) @ (Tiy -+ Tyey) -

k=0 |I|=k
|J|=¢

It is not difficult to convince oneself that all our (necessary) results about noncommutative power
series so far have natural extensions to include these objects.

We now sketch a proof of the key technical Lemma of this section, where we establish that for a
certain range of (small) ¢, the operator =, can be viewed as a noncommutative power series. This
will lead to the required regularity results for the conjugate variables.
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Lemma 7.11. Fiz some R+ 1 > 5. There exists a function ury1(q,n), vanishing as |q| approaches
zero, such that if pupyi(g,n) < 1, there exists a noncommutative power series =,(1"), with radius of
convergence R+1, satisfying Z,(X) = =,. Moreover, there also exists a function vri1(q,n), vanishing
as |q| approaches zero, such that

11® 1= Zg(T)l| sy < Vas1(g,n)

Proof. We follow [78], see Corollary 29 in [26] for an improved construction. Recall that =, =
Yom g™ P so essentially our goal is to construct the projectors P™ via the identification of HS

with L2(T,) ® L*(T',). This amounts to finding a way of constructing ONBs for the subspaces £/
As we can identify L*(T',) with F,(H) via Wick operators, we have two options. Either we construct
ONBs by applying Gramm-Schmidt (with respect to (-,-),) to the basis of elementary tensors, or we
try to do something similar on the level of the Wick operators induced by these elementary tensors.
We will opt for the latter.

Let {e;}—, be an ONB for H (recall n = dim#), and write W;q) . im) for the Wick operator
W(ein) @ ... ® €igm), uniquely defined by Wiy, _im)2 = €i1) @ ... @ €. It is straightforward to
verify that these operators satisfy the recursive relation

m

2
Wit)mitm) = Xi)Wi@itm) = O @ 261130 Wia)....i(3).elm)-

Jj=2

From here we see that the W’s are polynomials in the g-semicircular variables X. Write cy (m, k) for
the maximal absolute value of a coefficient of a monomial of degree k in a Wick operator of length
m. It is simple to see that the degree of W) . im) is m, and so we restrict attention to k < m. By
induction, one can prove that (see Lemma 11 in [78])

1 m—k
w(m, k) < 2m* ( ) :

1 —|q|

‘VVi(l),...,i(m)H; <2"(1—lq))™™

The claim is now that there exist elements Vi) im) € & of degree m, such that the vectors
Viat)....iom)2 form an ONB of £{™

ey (m, k) < (ﬁ)m(lngk

To prove the claim, consider again the matrices G,,, and recall that we proved the recursion

gm = (]n X gm—l)o

in Lemma 7.3. We also showed that O,, is positive and provided a lower bound on its spectrum.
Combining these two pieces of data, we have that the least eigenvalue of G,,, denoted g,, satisfies

gm—(1_|q|H;lZl> :< lq%'@ :<1‘;W'll_g|q|k1>m

This can be estimated from below as
1 lal T\" 1—2[q] \"
) = (2 ey (1
( — |l [ Z D 1—lq| 1—1q] (1= lqh)?
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Hence if we define B = Gp'/?, then |Brs| < gm'? for all multi-indices I and .J on {1,...,n} of length
m, and a simple computation shows that V; = >, B,;;W; are the polynomials we are looking for
(Lemma 12 in [78]). The estimates on their coefficients follow from

cv(m, k) <n™g ey (m, k) < n™ ((1 :|2||q)| )m/22 -k (%M)m_k _ ( 12_”2|q’>m (1 —2|C]|>k

In Lemma 3.8, we computed the norms of the annihilation and creation operators, and this tells
us that || X|| <2/4/1—q] <2/(1—lq|) =: Ry. Suppose that o > 1, and consider 0 < p < aRy, then

n 2na i np * 1 2na :
Vol = $ortetmin < (2§ (' )
[Viw... uh—%”wW)ﬂ—(ﬁim)Z;am —uwmwm<1—m0

Therefore

H‘/i(l),...,i(m) ® Vi)

2 1 4n2a® \"
,,,,, i(m)Hp < H‘/i(l)"“’i(m)Hp < (1—np/(aRy))? (1 _ 2|q|) ’

and the power series

has finite p-norm if p < aRy and

4n3a?|q|

kil e R
1 —2|q|

It is not difficult to see that under the identification of HS with L?(T",) ® L*(T,), Z,(X) = =, (see the
text at the start of this proof). Choosing a such that «Ry > R + 1 and then setting p = R + 1 gives
fr+1(q,m).

To find the function vg,1(q,n) it suffices to note that 1 ® 1 is precisely the zero-th order term in
=,(T), so that

[1@1—=Z¢(T) g,y < f: - ; i
TR = np/aRo )2 1—2|q| ~ (1—np/(aRp))?1 — (4nda® + 2)|q|

m=1
]

Remark 7.12. Under the assumptions of the preceding Lemma, we have a nice formula for a§q) in

terms of the ordinary noncommutative partials d;, namely 81(.q)(~) = 0;(-).Ey, or equivalently 0;(-) =

(‘95‘1)( ).2, " if vpea(g,n) < 1 (where Z;! means Z;'(X)). This follows immediately upon checking that

the expressmns agree on the X;.

Proposition 7.13. For g small enough, all of the above can be combined to give power series &;(T')
with radii of convergence R+ 1, such that &(X) is the conjugate variable to X;.

Proof. Take ¢ so small that both pgri1(q,n),vr11(¢,n) < 1. From the previous Lemma, we ob-
tain power series Z,(7T") and E;l(T) with radii of convergence R + 1, such that =,(7).2;1(T) =

=q
E,1(T).Ey(T) = 1®1, and Z,(X) = Z,. By the previous remark,

J q

G=0001) =002 e =07 E,").
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We now define
&(T) =, (T#T; —m { [(1 ®w) o aj@} @1 (5(1) +1® [(w ©1)o0 aj@} (E;l(T))} :

where m(a ® b) = ab. As under these conditions we can write 8](9)(-) = 0;(+).E,, this is again a
noncommutative power series. The radius of convergence of this series can still be taken as R + 1,
as convergence loss due to derivatives is infinitesimal (Proposition 6.6), so that we could take |g| so
small that both pri14:(q,n), Vry11e(q, n) < 1. If we evaluate this in 7= X, one finds &;(X) = &, by
the formula in Lemma 7.9 above. We are allowed to use this formula and do this evaluation, because

R+1> X and 2, (X)) < [, (1) g, < 050 that 5,1(X) € L, @ T € DE). O

7.3 Constructing the Schwinger-Dyson Potential

Now that we have proven that the conjugate variables §; can be viewed as noncommutative power
series in X, it remains to show that we can antidifferentiate them. By this we mean a noncommutative
power series V(T'), with radius of convergence at least R + 1, such that &(T) = 2;V(T) in o/ (F+Y.
To feed this into the free monotone transport machinery later, we also require V' to be self-adjoint.
It turns out that all of these demands can be met.

Proposition 7.14. Assume q is small enough and let
1 n
V(D) = {5 >_GMT; + Tj@w} :
j=1
then this is a self-adjoint element of o/ BV and one has that 21,V (T) = &(T).

Proof. Tt is immediate that V € o1 as the ¢; € &/ D and .7 is contractive. Self-adjointness is
straightforward to check using that the §; are self-adjoint. The desired conclusion is then equivalent
to the relation

Dr(ANV(T)) = (1 + N)Dr,V(T) = (1 + N)E(T) = +Z O, &,(T

Since the X; are algebraically free, one can show using a slight strengthening (see Lemma 37 in [26]) of
an earlier result (part (iv) of Theorem 4.10) that it is sufficient to check the above relation evaluated
at T'= X. Thus we want to show that

2, NV (X) )+ Z 0,6,(X
To begin, we derive a certain identity for A4V (X) by rewriting

AV(X) = 5 3 IG(0X; + X6 (T Z@ X3 31600, %),

J=1

As &;(X) = ¢ really are the conjugate variables, we can take P to be an arbitrary element of &7 and
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consider

Zw (¢, X5] P) = ZW (& [X;, P

= Z w®w) (0;[X;, P]),
:§]w®m0®P+@&®U@P—@PU®XQ—P®U,
=nw()w(P) — w(P)w(l)] + (w @ w) {Z 0;P(X;®1)—(1® Xj)ﬁjP]} ,

—(Wwew)(P®1—1® P),
= 0.

Thus we have that
X)=> X)X
j=1

Applying the Leibniz rule for the cyclic derivatives, we find

n n

DUANV(X)) =D [ (X)X + HOX;)#6(X)] = &(X) + D H(0:(X))#X;.

J=1 Jj=1

We claim that t(0;§;) = 0;;, and using this indeed yields
DNV (X +§:a@

as advertised.

It remains to prove our claim. For this, recall that & C D(0;) and & ® & C D(9;) for all
1 < j < n, and that these subsets are necessarily dense in the respective domains (as they are dense
in the ambient L? spaces). Let a,b € &/ be arbitrary, then we will show that

(6,05 (a @) = (§,0; (b @ a)).
Recall (Theorem 4.7) that we had the formula
0i(a®b) =ad;(1®1)b—a(w®1)(9;b) — (1 ®w)(;a)b.

Plugging this in and using the definition of the inner products (also that conjugate variables are
self-adjoint in the sense of J), we obtain

(€, 05 (a®@D)) — (&, 0; (b ® a)) = w(&a&;b) — w(§;bsa) — w[&i(1 @ w)(dja)b] — w[&alw @ 1)(0;b)]
+w[§(1®w)(0ib)a] + w[§b(w @ 1)(dia)],

:(w®w){ (1 ®w)dja] ® 1(9;b) + [(1 ® w)0;b] ® 1(0;a)

— (0;a)1 ® [(w ® 1)0;b] + (0;b)1 ® [(w ® 1)0;q]
—(a®1) [(w® 0;)0;b] + [(0; ® w)0;b] (1 ® a)

—[(0; ®w)0al(1®b)+ (b® 1) [(w® @)&a]}.
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By checking on elementary tensors, one readily shows that the first two pairs cancel when their trace
is take. For the remaining pairs, we explicitly show how the first pair cancels, and the other one is
similar. Notice that we can write

(w®w){[(8j®w)aib](1®a)}:(w®w){[(1®1®w)o(aj 1)) (1 ® )},
= wow[loaew)o(d;®1)0di(b).

Now we can use coassociativity of the partials to obtain

(w ®w){[(aj ®w)ob] (1 ®a)} = (wRw) [(1 ®a®w)o (1® ) oaj(b)},
=wl(a®w)o (w®d)o0d)jb)],
= (w ®w){(a ®1)[(we 3,-)@»1)]},

and this concludes the proof. O

7.4 The ¢g-Gauflians are Isomorphic for Small ¢

After about a hundred pages of hard work, we come to the piece de résistance of this thesis: the
partial resolution of the isomorphism problem for g-Gauflian von Neumann algebras. This result was
first achieved by Alice Guionnet and Dimitry Shlyakhtenko in [43], after developing the fundamental
machinery of free monotone transport in the same paper. More than twenty years passed between the
first construction of ¢-Gaufliians by Marek Bozejko and Roland Speicher in [13] and this result, despite
these algebras being very well studied (see for instance the references in the text below Theorem 1.3
in [43]). Without further ado:

Theorem 7.15. There exists a function q. : Z>; — (0, 1], with q.(1) = 1, such that for any n € Z>q,
Lo(n) = T'y(n) whenever |q| < g.(n).

Proof. For n = 1, recall that the law of a single ¢-semicircular element is diffuse according to Proposi-
tion 3.23, and so the von Neumann algebra it generates is simply isomorphic to L>°([0, 1], A) (Theorem
3.22). As this is true for all |g| < 1, we have that ¢.(1) = 1.

Now suppose that n > 2. We proved in Theorem 3.13 that then I'g(n) = L(F,). Hence, if we can
prove that the conditions of Theorem 6.29 are met, we are done (note that part (iv) of that Theorem
gives invertibility). That is to say, we want to prove that there exists a self-adjoint noncommutative
power series W in n variables, such that the unique solution to the Schwinger-Dyson equation with
potential V' = % > ; X j2 + W is the joint law of the n g-semicircular elements. Moreover, we need that
W has radius of convergence at least p + 1 for some p > 4, and that the p + 1-norm of W can be
estimated by a function w of ¢, that vanishes as ¢ goes to zero (which then implicitly defines g.(n)).
The way to obtain W is to subtract % > ;X 32 from the V' constructed in Proposition 7.14. We claim
that the function w can be taken to be proportional to the function v,41(¢,n) constructed in Lemma
7.11. To see this, notice that

1)-3 31 =57 U6 - )T+ (60 - T

Thus it suffices to estimate
“5/ (gj(T) ||p+1 ||‘5ﬁ H_l T) -1® 1) #Tij-H
+ H&ﬂm{[ (lowod®| o1 (F(1) -101)}

p+1

+ Hﬂm{ ® [(w@l) 08( )} (=2,1T) - 1®1)}

)

p+1
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where we are allowed to introduce the 1 ® 1 in the last two terms because they are in the kernel of
8](.(1). Notice that

|7 ENT) =10 ) #T5]| ., < (p+ DEZD)] L, N1 = Z(D)ll,,, < Cvpiala,n),

because .7 is contractive and ||Tj|| ., = p+ 1. One can apply similar tricks to the other two terms,

p+1
as due to the presence of ., the 83@ term does not lead to a smaller radius of convergence. This
concludes the proof. O

112



LR

P

(&) A

¥\

¥ et

W 4 J\’.
S &

P 4%

Part II: Physics

113






8 The Quantum Field Theory of Quons

8.1 Second Quantised Quons

The g-mutation relations (3.1.1) discussed in part I,

a;al qa;ai = 0ij, (8.1.1)

j

with ¢ a real number between 1 and —1, were also studied by physicists. This happened mostly in the
early nineties, alongside the mathematical developments. In this chapter, we will take a look at the
physics of these relations, which we shall call the quon algebra in this context, following the papers
[39, 40, 41] by Greenberg.

The most basic observation is that setting ¢ = 1 gives the Bosonic commutation relations, and
setting ¢ = —1 gives the Fermionic anti-commutation relations. In that sense, the quon algebra (8.1.1)
represents a linear interpolation between those two algebras. In these familiar cases, one imposes
additional relations on the creation and annihilation operators, namely that creation/annihilation
operators with different labels (anti-)commute. Analogously, one might naively expect the quon
annihilation operators to satisfy a;a; = gaja; when ¢ # j, but this cannot be true unless ¢* = 1, as
can be seen by plugging the relation into itself. That is to say these extra relations are only consistent
in the Bosonic and Fermionic settings. From Chapter 3 we know that the quon algebra admits a
Fock space representation with a unique vacuum |0) (there called €2). Despite the lack of additional
relations, one can still normal order any expression with respect to this vacuum using only (8.1.1)
to move all creation operators to the left of the annihilation operators. Correspondingly, there is a
Wick theorem for these particles, namely (3.1.2), which we derived in the proof of Lemma 3.10. This
is entirely analogous to, say, the Wick theorem for Fermions, except that one picks up factors of ¢
instead of —1. The Wick theorem also allows us to recover the extra Bosonic and Fermionic relations
in the limits ¢ — +1 from the quon algebra. For this, consider the vacuum expectation value

(0] azajalal |0) = 6;0;, + q0irdie,
where we used (3.1.2). Now, one can split this into symmetric and anti-symmetric parts as

1+¢ 1—gq
<0| aiajaza} |0> = T ((51'(6]'1.3 + (Sikéjg) + T (5i€5jk — 5ik5j£) . (8.1.2)
From here, we see that if ¢ = 1, only the part with the correct symmetry (in the pairs 4, j and k, ¢)
survives.

In the Bosonic and Fermionic cases, we know that not every state is non-zero in the Fock repre-
sentation. Bosons must always occur in symmetric combinations, and Fermions must always occur in
antisymmetric combinations. There are no such restrictions on quons, every state is allowed. Indeed,
this is trivial for ¢ = 0, where the quon algebra becomes

CLZ‘CL; = 51‘3‘,
and thus the states ag(l) e al(n) |0)7 are orthonormal and span the Fock space. We know from Propo-
sition 3.5 and Lemma 7.4 that the matrices G, of inner products between these states (m being the
number of particles) remain strictly positive so long as ¢ stays away from +1, hence all these states
have positive norms and are allowed. Therefore, quons are sometimes said to have infinite statistics
(although this sometimes reserved to refer only to the case ¢ = 0). Alternatively, one can consider

"The notation () is to be interpreted as ij, not as a permutation.
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the m! x m! matrix G,, of m-particle states with no repeated quantum numbers. The determinant of
this matrix was computed by Zagier in [89] (see Theorem 2) to be

m—1 m!(Qm—k)
Jay 2
detgm — H <1 _qk +k> k2+k
k=1

This is unity for ¢ = 0, and strictly positive as long as |¢| < 1, so that at least all states without
repeating quantum numbers are allowed. As there is no way to permute creation operators (and there
are no relations saying that some power of them vanishes), in fact all states must be allowed, and we
arrive at the same conclusion. The reason why we restrict ¢ to be a real number between —1 and 1
now also becomes apparent: this determinant can become negative otherwise. Concretely, one can
use (8.1.2) to show that

[iefafl 03] =200 = a1, [taait 1) =201+ ).

one of which will become negative if |¢g| > 1. Taking ¢ to be a complex number (for instance a root
of unity), as we will do in later chapters, comes with the additional problem that the quon algebra
loses conjugation invariance (as ¢ will be sent to g), so we do not consider this for now.

Since the case ¢ = 0 is the simplest, it will be our primary focus. For convenience, we will call the
particles zerons. Before we turn to quantum fields, let us flesh out the Fock space formalism a little
more. In particular, we would like to have a formula for the number operators n;, as we could then
for instance define a many-body energy operator via the formula ; €1, with ¢; the single-particle
energies associated with the orbitals/quantum numbers j. This operator will not be a simple bilinear

in creation and annihilation operators, as for instance the state a,ta} |0) certainly contains a zeron

;aj because there is an a,t

in the way. The solution in this case is to add an a; in front of a;aj to ‘remove’ the obstructing a%,

with quantum number j, but this cannot be ‘measured’ by something like a

and to add a az to the end to put this zeron back. In general then, we need to consider every possible
combination of zerons that could occur to the left of any j-zeron that may be present in the state.
This is captured by the formula

n; = a}aj + Z az(l)a}ajak(l) +...+ Z CLL(D e az(m)a;ajak(m) Sy (8.1.3)
k(1) k(1),....k(m)

To further convince ourselves that this is the correct expression, we would like it to be true that this
operator is the U(1) transformation generator, i.e.

[ni, CLj] = —61‘]‘@]‘.

This computation may seem impossible at first, because we know nothing about the commutators
laj, ax], but it turns out that this is not required. Consider the lowest order term in the commutator,

(ala;, a;) = ala,a; — 6,50,
as by the zeron algebra ajaZT = 0;;. Consider now a general term
[ ta. B R ta. .
Qg1 " g U Vike(m) =+ k(1) Aj | = Apoqy * " Qo) G GiAk(m) =+ k(1) A5
T T

— Ok(1); Oy b OO Ok(m) + k()05

whence in particular

[@L(l)alai@k(l)a @j] = @2(1)@1%%(1)% — Ok(1);j @Iaiaa’-
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We see that the term with a minus sign cancels the trilinear term in the lowest order commutator,
and it is not too difficult to see that this pattern is general, resulting in a telescoping sum with only
the linear term in the lowest order contribution surviving, but this is precisely —d;ja;, as desired.
The arguments we just used to construct n; can be extended to give many more operators, such as
n;;, which is the transition operator from orbital j to orbital i. If we write n; =; a;aj;, using the
semi-colons to indicate the sums in (8.1.3), it holds that n; =;ala;;.

An amusing consequence of the fact that every state is allowed, is that the partition function for a
gas of free zerons takes on a well known form. Suppose that the gas consists of N zerons, and we wish
to compute the canonical N-particle partition function Zy. We interpret the (continuous) quantum
number p as the momentum of the zeron. We need to count how many quantum many-body states
there are such that »_ n, = N. Since every state is allowed, this number is N!/(]], n,!), given {n,},
which is the same as for classical indistinguishable particles, except there is no 1 /N I factor to cancel
the over-counting that arises by labelling in that case. As there is no potential or interaction, these
momentum integrals can simply be performed as usual to give A=PY, with D the dimension and A
the thermal wavelength, and the space integrals give a factor V. In total then, we find the partition

function
VAN
In = (A_D> ’

which is the same as the partition function for an ideal gas of N classical, distinguishable particles.

8.2 Non-Relativistic Quons

Now, let us move on to field theory, starting with non-relativistic quons. We will consider one-
dimensional field theories. Assume that we have a quon field v that satisfies the continuous version

V(@)W (y) — g VT (y)Y(z) = 6(z — y),

of (8.1.1). To write down interaction terms in a non-relativistic Hamiltonian, we need continuous
analogues of the transition operators n;; =; ajaj; for one and two particles. These operators, call
them p;(x;2’) and po(z,y;y', 2'), should satisfy the commutation relations

(a5 2), 01 (y)] = 6(2" — y)p' (=),
[p2(z, 30/ 2"), 07 (2)] = 6(2" — 2)0T(2)pr(y; ) + (3 — 2)¥T () pr (5 2).

The second relation one can motivate for instance by considering Bosonic operators b;, for which the
two-body operator is bTbTbkbg, so that

[b1b5brbe, bl,] = bIbH[bibe, b,] = bIbE (biSem + bedim) = bl (b1bk)dem + L (bIbe) St
The operator p;(z;z") for zerons is straightforward to construct using the same ideas as before,
pi(z;a) = (;W(w)i/)( )
= Yl (z)(a’) + Z/dyl <Ay N (ya) - )W @0 () (y) - lya). (8:2.1)

n>1

Still for zerons, it requires a little more though to realise that the correct ‘core’ operator for pa(x, y; v/, 2')
is

pa(z, sy, 2') = (T (@) pu (s ¥ (@); +5 0T (W) pr (w2 () ) -
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These are precisely the tools we need to write down a Hamiltonian, analogous to for instance equation
(6.29) in [81] (but without the ‘spin’ indices). Thus, any non-relativistic Hamiltonian for quons,
containing at most two-body interactions, is of the form

1 1
H= —/dx (Vi Vi) pr(z;x) + §/dx de' V(z —2') po(z,2’; 2/, x).

2m
It is now an interesting proposition to derive the equation of motion for the many-body wave function,
which can be written as

i O (z1,. .. z) = (1B Oy ¥ (21) - ¥1(2,)) [0) = [H, ¥ (21) - - 97 (2,)] |0) .

This commutator can be computed using the commutator relations for p; and p, as follows,
1
()01 = 5 [ do (92 92) [prGasa) o) - )

+ % /dx da’ V(I - l‘/) [pg(l’, CL‘/; I/,J}), wT(Zl) o ¢T(Zn>]7

— {—% Z (V,,-V.)+ ZV(«% - Z])} ¢T(Zl) e 'W(zn)

+ ;/dx V(e —z) ¢T(Z1) .. .’l/}T<Zn) pr (7).

Letting this act on the vacuum |0), the second term vanishes, and we find

n

ih OV (21,. .., 2n) = {—L Z (Vi V) + ZV(Z2 — zj)} U(z1,. .0y 20),

2m

i=1 1<J

which is the ‘ordinary’ many-body Schrodinger equation. It is a rather pleasant surprise that the
Schrodinger equation not only describes the cases ¢ = +1, but in fact the entire line ¢ € [—1,1].
However, there is a catch to all this, as we only have explicit expressions for p; and py in the case
that the particles are zerons. The first few terms are known, see equations (19) and (20) in [41], but
the general formulas remain elusive.

8.3 Relativistic Quons

Having established some fundamentals of non-relativistic quon field theories, we investigate what
happens if we follow the quantisation procedure of the Klein-Gordon field (as can be found in Chapter
2 of [67]). Since we are in one spatial dimension (plus one time), there is no link between spin and
statistics, thus we can emulate the aforementioned chapter to hopefully produce a ‘scalar’ quon field.
As the exact expressions for many necessary operators for general quons are unknown, let us stick to
zerons for simplicity. We could consider a ‘real scalar’ zeron field defined by the Fourier transform
expression

akefi(w(k)tfmk) + aT_kei(w(k)tka:)

Y

1 dk
90(37) = (27T)3/2 / \/m [

compare to (2.25) in [67], but it is more fruitful to consider instead a ‘complex scalar’ zeron field, as
this has a charge and thus a conserved current. We know from ordinary QFT that such a field should
consist of both particles and anti-particles, with opposing charges. Write 04,1 for the operator that
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creates a zeron, and ,6,1 for the operator that creates an anti-zeron, then (compare with Exercise 2.2
in [67]) the field can be written as

Qb(ZE) — ( Qe —i(w(k)t—zk) +6T i(w(k)t—zk)

1 / dk
7 | 7w |

Both a4, and ) satisfy the zeron algebra, and the additional relation akﬁg =0= 6;9&} to link them.
The semi-colon operation (acting on bilinears) from before now needs to be generalised the contain a
sum over all combinations of zerons and anti-zerons. Thus, for instance the charge operator (taking
the zerons to have positive charge) becomes

Q =; Z (04;10% - 5;151@) ;s
_ Z (Oékak - ﬁkﬁk) + Z Z Z ngl (akak B;ﬁk) Ve, -

n>1 by, ln yo,=ap,.Be; K

This is the point where we run into trouble, as
[; al Bl ,Bfn] = ol B8,

which is trilinear. Let j*(x) denote the particle current for the field ¢(z) (see (2.16) in [67], with
the continuous version of the semi-colon operation applied to it), then one can show (see [39]) that it
does not commute locally with the field, and does not commute with itself at space-like separation,
due to these trilinear terms. A mathematical proof of this failure of locality can be found in [38], see
the text below equation (3.4). Another philosophical problem is that the continuous version of the
semi-colon operation contains integrals over all space, so that the current is not even a local function
of the fields. In (8.2.1) this is not so much of an issue, because this is a non-relativistic field theory,
and the commutator with the field is still local (due to the delta function).

The non-locality of the zeron quantum field is not the only problem the theory suffers from. One
expects these locality problems to also hold for finite values of ¢ (as these are still far away from
Bosons and Fermions), but there might be hope that theories with g very close to either +1 are
somehow viable. They could describe theories with small deviations from pure Bosonic or Fermionic
statistics. Perhaps electrons are only Fermions to good approximation, so that in principle states
with higher occupation may (briefly) exist in nature. Unfortunately, there is an experimental upper
bound on the distance of ¢ from —1 based on X-ray detection experiments on Copper in [70] (see also
Section 5 of [41]), which gives

|—1—¢q] <3.4x 107,

Thus it seems there is not much use for quons, and for the rest of this thesis, we will instead focus on
a different deformation of the canonical (anti-)commutation relations.
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9 The Road to Parafermions

9.1 The Ising Model and the Jordan-Wigner Transformation

In this chapter, we introduce a deformation of the canonical (anti-)commutation relations that is
different from the quon algebra of the previous chapter. We will follow [34].

We begin our journey with the quantum version of the famous Ising model with a transverse
field. Consider a chain with L sites, open boundary conditions, and at each site a spin 1/2 degree
of freedom. This means that at a single site we have the two-dimensional Hilbert space C?, and the
Hilbert space of the entire chain is ®_C?, which is 2"-dimensional. We will write

U;?f;:[@)...@ao‘@...@[’

for the spin operators at site j. Here, 0 are the Pauli matrices and [ is the identity. The Pauli
matrices form an su, representation as they satisfy the commutation relations

[aa,aﬁ} = 2ie*P 57,
and by construction the spin operators satisfy
[a;‘,aﬂ — 20,07 (9.1.1)
Additionally, their on-site anti-commutator is easily seen to be

{ay,af} — 2§98, (9.1.2)
which is the famous Clifford algebra (with respect to the upper index). Let f and J be two posi-
tive numbers, meant to characterise the strength of the transverse field and the nearest-neighbour
interactions. Then the Hamiltonian is

L L—-1
Hy=—fY of=J> oioj,. (9.1.3)
j=1 i=1

We take the z axis to be our axis of quantisation, i.e. we take o* to be diagonal, so that the first term
is a spin flip operator (favouring alignment with the field in the positive z-direction), and the second
term is an interaction energy between adjacent spins (favouring ferromagnetic alignment).

There are some natural symmetries of the Hamiltonian (9.1.3). First, notice that we can send
0¥ — —o7 and 07 — (—1)7*'o7 while preserving the algebra (9.1.1). Under this mapping, our Hamil-
tonian Hp is transformed into its negative —Hg;, implying that the spectrum of Hr is symmetrically
distributed around 0. Second, it is intuitive that Hy should be invariant under the transformation
that flips all spins. The natural operator to implement this is

L
o x
J=1

Indeed, o trivially commutes with the first term in (9.1.3), and a simple calculation [using (9.1.2)]
shows that

2
03030511 = (0307 (054107311) (0307 107) = (1030510
As the operator oy squares to the identity, it implements a Z, symmetry.
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A slightly less obvious symmetry comes from the self-duality of our Hamiltonian (see Sections ITA
and IIB in [21]). Define the following two operators, that live on the dual chain (whose sites are
labelled by j + 1/2)

_ z -z _ x
Vit1/2 = 050541, Hj+1/2 = H Ok
k<j+1/2

It is straightforward to check that these operators also are also Hermitian and satisfy the algebra
(9.1.2). In terms of these operators (9.1.3) becomes

L L—1
Hq = —fZﬂj—l/wmﬂ - JZ Vitl/2,
j=1 Jj=1

with the convention p;/, = I. This has exactly the same form as our original expression, except that
the roles of f and J have been switched. This symmetry is related to the phases of the model as
follows. Suppose that we are in a phase where Z; symmetry is spontaneously broken, then o7 acquires
a finite ground state expectation value (think J > f). The dual operator p; 1/, flips all spins to
the left of j + 1, creating a domain wall defect. If it is then the case that this operator also has a
non-zero ground state expectation, these defects destroy the o7 order and restore the Z symmetry.
This indicates that we should think of o7 as on order operator and of p;,1/2 as the dual disorder
operator. By explicitly constructing the ground states for the cases f = 0 and J = 0, one see that
for small f there is an ordered phase with either all spins up or all spins down (so the Z, symmetry
is spontaneously broken), and for small J there is a unique ground state (namely the product of the
eigenvalue 1 states of 07). As duality interchanges these two phases, there must be a quantum critical
point at the self-dual point J = f.

The order and disorder operators have another important use. As each lattice site has a two-
dimensional Hilbert space, one might wonder if there exists some mapping from the spins o7 to spinless
Fermions ¢;. These Fermionic creation and annihilation operators naturally satisfy the canonical anti-

commutation relations
{cj,ci} = Ojk, {cgﬂ,cl(j)} =0.

As is well known, these relations imply that a site with a Fermionic degree of freedom can be either
occupied or empty, so that, like a spin 1/2, it has two possible states. For a single site, it is indeed
simple to construct such a mapping, for instance by using the number operator

’flj = C;[-Cj7
which takes on the value 0 when the site 7 is empty, and the value 1 when it is occupied. Since n;
commutes with all creation and annihilation operators associated to different sites, it is a natural
building block for a spin operator. If we identify an empty site with the +1 eigenstate of ¢” and
conversely an occupied site with the —1 eigenstate, we find the Ansatz

of = (+1)(1 —ny) + (=1)n; =1 = 2n;.

Recalling that o* flips the eigenstates of 0%, it makes sense to model it with the combination c; +c}, as
this operator swaps the occupied and empty states. The last obstacle is now to relate the commutation
relations. This turns out to be possible through the so called Jordan- Wigner transformation, given

by

(cj + cj) . (9.1.4)

o = (1 — 2c;cj) , 0= [H (1 — 26,1%)

k<j
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The inverse expressions are

c}—l—cj—(Ha,f) o, c —cj = (H%)UU

k<j k<j

which in terms of the order and disorder operators become

T _ z T _ z
Cj + Cj = ,uj,l/gaj, Cj —C; = _:uj+1/20—j‘

We see that the product of order and disorder operators gives rise to Fermionic (anti-commuting)
operators. In fact, this is precisely the purpose of the non-local strings [], . ; 0%, to convert the
commuting spins into anti-commuting Fermions. One way in which we could have guessed the form
of the strings is to notice that commuting c; or c} through a site k yields a minus sign if the site
is occupied, and no sign change else, but this is precisely how we matched the empty and occupied
states at site k to the =1 the eigenstates of 7. Now stringing all these together and using the Ansatz
we already had for of yields (9.1.4).

It is a straightforward exercise to convert (9.1.3) into a Fermionic Hamiltonian using the Jordan-
Wigner transformation (9.1.4). The result is

L-1

Hy = QfZ (c i — —) — I3 (d =) (s + ) - (9.1.5)

Jj=1

™~

-1

= constant — JZ (C;Jrlcj + H.c.) —J ( ciciyy + Hee ) + 2fz cch (9.1.6)

1 =

<.
Il

This has the form of a tight-binding model with hopping terms, ‘Cooper pairing’ terms, and a chem-
ical potential term. Actually, that we ended up with this form is a minor miracle. The non-local
transformation (9.1.4) somehow results in a local Fermionic Hamiltonian. However, we know that
this is not due to divine intervention, but rather due to the models nice behaviour with respect to
duality transformations. The ‘Cooper pairing’ terms do not conserve the Fermion number, rather
they explicitly break the U(1) symmetry down to the Zy symmetry of the spin degrees of freedom.
This sheds new light on our spin flip operator oy, as

L L L
or=1or =1 (1-2des) = [T = =",
j=1 j=1

J=1

with ' = )" i c}cj the Fermion number operator. Thus we see that the spin flip operator becomes
the Fermion parity operator under the Jordan-Wigner transformation. As our Fermionic form of Hg
is entirely quadratic, it commutes with the Fermion parity (—1)¥, and so the spectrum can be split
into an even and odd sector.

9.2 Majorana Fermions and Edge Zero Modes

In principle, one could now unleash the technology of Fourier and Bogoliubov transformations upon
the Fermionic Hamiltonian (9.1.6) (taking care of the different sectors etc.) and diagonalise it. We will
take a different (and more elegant) approach. Look again at the form (9.1.5) of Hy, and notice that
the second term is the product of the Hermitian and anti-Hermitian parts of the Fermion operators.
This suggests that it might be fruitful to split the ‘complex’ Fermions into two ‘real’” particles via

a; = C;r' —+ Cj, bj =1 (C}L — Cj) . (921)
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One can check that with these definitions the operators a; and b; are Hermitian, square to the identity,
and satisfy the algebra

{(lj, ak} = {bj, bk} = 25jka {CL]', bk} = 0. (922)

Thus we have two mutually anticommuting copies of the Clifford algebra, but this time with respect
to the site index instead of the space index as in (9.1.2). In terms of the spins these operators are

a; = (H cr,f) o7, bj=1 (H a,f) oio7, (9.2.3)
k<j k<j

O-;c = ( ) b UJJJ+1 = ( i>bja’j+17

and inversely

1

which is remarkably simple. The operators a; and b; are called Majorana operators (as a; = a; and

b} = b;, so they are their own ‘antiparticles’), and later on we will see that these are the simplest
example of parafermions.
In terms of the Majoranas, H becomes

L L—1
qu = ’Lf Z ajbj -+ iJ Z bjCLj+1. (924)
j=1 j=1
In the case that f = 0, one can actually diagonalise the model by introducing the operators

1 ‘
L= (553‘ +J(1 - Z)aj+1) 7

upon which the model becomes quadratic, namely

L—1
Hy = Z E;ﬁj + constant,

Jj=1

so that the ground state manifold is precisely the intersection of the kernels of the £; (see the next
chapter for a more detailed explanation of this technique). At the moment, however, we are more
interested in the observation that two of the Majoranas at the edges of the system, namely a; and
by, do not show up in the Hamiltonian at all if f = 0. By the Majorana algebra (9.2.2), these single
operators commute with any quadratic term, so that [ai, Hy] = [br, Hy) = 0. Moreover, one can
express the Fermionic parity operator (—1)% in terms of the Majoranas as follows,

from which it is easy to see that it anti-commutes with a; and b;,. In other words, these edge Majoranas
cycle through the even and odd sectors of the ground state manifold of Hy. These properties are
worth collecting in a definition.

Definition 9.1. A Fermionic zero mode is an operator ¥ that

(i) commutes with the Hamiltonian: [H, V] = 0,

123



(i) anti-commutes with the Fermionic partity (so that it cycles through the groundstates): {(—1)%, ¥} =
0,

(iii) and survives the thermodynamic limit, i.e. has finite normalisation ¥TW¥ = 1 even when L grows
to infinity.

If the operator ¥ is also localised at the edge of the system, meaning that matrix elements of ¥
involving bulk sites are exponentially small, we say it is an edge zero mode.

Edge zero modes are connected to topological order, by which we mean ‘hidden’ order that cannot
be detected locally in the bulk (so a phase with topological order is one that cannot be described by
a local order parameter). From the above discussion, it is clear that a; and by, are edge zero modes
of Hy when f =0, and they can be combined into a single non-local fermion (by, + ia;)/2 which is a
Fermionic edge zero mode. A natural questions is now whether or not these edge zero modes survive
at finite values of the transverse field f. One can compute

[Hyt, a1] = [ifaiby, a1] = =2ifby = —if [brag, as]

so that
| | F1
zfa1b1 + ZJblag, a; + ja2 =0.

This suggests that there are numbers oy, such that ), agaj (almost) commutes with the entire
Hamiltonian. We construct them by induction, suppose that

k k k+1
[zf Z a;b; +1iJ Z bjaji1, Z O./gag] =0,
j=1 j=1 =1
then to complete the induction step we want to solve
i farg1bri1 + 1bpi1Grgo, Qp1Qri1 + Qpoaryo] =0
for ay.y9. This condition becomes

0 = ifopqt [Qps10n41, Qrgr] + 0 Qg [Drg1 Grgos Qrga)
= 2i (Joyo — fagsr) bpg,

which has the solution agio = (f/J)ags1. If we set

L-1
\Ilg:a1+<§>a2+---—|—<§> ar,

L-1
g2 (D),

then

which vanishes exponentially in the thermodynamic limit. Moreover,

L1 f 2j
-3 (5)

J=0
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which converges in the thermodynamic limit if and only if f < J. It is clear that ¥, anti-commutes
with (—=1)¥, so that it is indeed an edge zero mode. Analogously, there is an operator ¥, involving
b;’s.

The convergence condition f < J shows that these edge zero modes are the Fermionic manifes-
tation of the order in the corresponding phase of the Ising model. Thus the local order of the Ising
model is converted to topological order in the Fermionic model (9.2.4), which makes sense considering
the non-local character of the Jordan-Wigner transformation. A slight modification of this argument
shows that these edge zero modes generically also exist if there is some disorder in the couplings (i.e.
having site-dependent J; and f;).

9.3 Clock Models and Parafermions

There are several ways in which one could generalise the quantum Ising model (9.1.3). One idea is to
swap out the spins for a more general degree of freedom that has a large number of states. It is then
the question how one extends the Zs, symmetry of the Ising model. There is an accidental isomorphism
between Zy and Sy, the permutation group on 2 objects. So in principle one could consider either
Sp or Z, symmetry for the generalised model. We will focus on the Z, case, where the degrees of
freedom are called clocks. The S, generalisations are called Potts models, and are quite famous. As
Zy, is a subgroup of S,, (in a natural way as the cyclic permutations), we expect to be able to recover
these models if we impose extra conditions on the coefficients of the Z, case.

There is a nice representation of Z, as the n-th roots of unity lying on the complex unit circle T.
The generator 1 of Z, (the residue class 1 mod n to be precise), is mapped to the complex number
2mi/n - Thus we label the values of a clock variable by the numbers w® = 1,w, ..., w" !, and we
will write s; for a (classical) clock degree of freedom at the lattice site j. We now want to construct the
most general Z, invariant coupling between two clocks located on sites 7 and k respectively. We will
take the system to be homogeneous in the sense that the coupling coefficients are site-independent.
As multiplication by w generates the Z, symmetry, and w™ = 1, we see that in s?l s% the powers have
to add up to a multiple of n for it to be invariant under the Z, symmetry. As s} = 1/s; = (s;)" 1
(because this is true for all integer powers of w), the powers (s;sk)e for 1 < ¢ <n — 1 exhaust all the
possibilities. This results in interaction terms

Ww=e€

n—1
—J Z w(sjsk)g.
=1

The coefficients v, cannot be chosen completely arbitrarily, as we need to ensure that the interactions
are Hermitian. This gives the condition

n—1 n—1 t n—1
=T D velsjsn)’ = (‘J Zw@s’ﬂy) = =T (e,
/=1 /=1 /=1

which is satisfied if 7} = v,_¢.

To get an idea of the richness of the physics described by these interactions, we will spend some
time on the n = 3 case. There are now only two coefficients to choose, and we parametrise them by
71 =73 = € and absorb the modulus degree of freedom into J. The interaction is then

—J (ews;sk + e_wssz) = —2J%Re [ei‘ps;sk} ,

and the product s7s, can only take on the values 1,w,w? = w*. Thus the interaction energy is
proportional to the negative of the real part of eiwsjsk, which gives the three possible energy values
—2J cos(p), —2J cos(p 4+ 27 /3). If ¢ = 0, all coefficients are real, and we end up with a ‘ferromagnet’
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as there is a unique lowest energy when s; and s;, are equal. Oppositely, if ¢ = /3, the energy
is minimal when s; and s, are different, yielding an ‘anti-ferromagnet’. Varying ¢ yields hybrids of
these interactions (values of ¢ outside of [0,7/3] give no new configurations by symmetry). These
hybrid interactions, however, are all chiral (meaning that left and right are not treated in the same
way, or more formally, a lack of reflection symmetry), as swapping the values of s; and s, would give
a different energy. Thus for ¢ not an integer multiple of 7/3, parity symmetry is explicitly broken
by the clock interactions. The ‘average’ of the ferro and anti-ferromagnetic cases is also interesting.
This corresponds to ¢ = m/6, where the set of energy values is invariant under multiplication by
—1, reminiscent of the first symmetry of (9.1.3) that we discussed. Finally, one can notice that we
recover S3 symmetry by choosing both coefficients to be the same (in particular then v; =+ and the
coefficients must be real), and in general by setting v; = -+ =, € R.

To quantise these clock variables, one could proceed as follows. It is clear that the Hilbert space
for a single quantum clock should be C", and so that the Hilbert space of a chain consisting of L
them is (C")®L. As we are interested in generalisations of the quantum Ising chain (9.1.3), we only
need to construct analogues to ¢” and ¢*. Thus we introduce two new operators ¢ and 7. As these
should form a representation of Z,,, we immediately have the demand that ¢ = 7" = 1. To keep the
representation consistent with the one we have chosen for our classical clocks as n-th roots of unity,
we should also impose of = 0" ! and 77 = 777!, Finally, 0% cycles through the eigenvalues of o?
(or vice versa), so that it is natural (also keeping in mind the anti-commutation relations (9.1.2)) to
consider the commutation relation o7 = wro. Then as before we construct ¢; and 74, which again
commute off-site.

There is in fact another way to derive these relations (see also Section II in [22]). So far, we have
been discussing lattice models, mostly with spin-like degrees of freedom. Usually in quantum mechan-
ics, one postulates the position and momentum operators, X; and P; respectively (where j labels the
spatial dimensions), and their canonical commutation relations [ X ;, Py| = thd;,. Now, starting from
the realisation that the canonical commutation relations do not admit a finite dimensional represen-
tation, we can arrive at the idea of quantum clocks in a very different way. This follows immediately
by taking the trace on both sides. However more is true, there does not even exist a representation
for which the position and momentum operators are simultaneously bounded. To see this, notice that
the canonical commutation relations imply (by a simple induction argument) that

(X", P] = ihm X",
so that by taking norms we find the estimate
7| < 27 1P

As X is Hermitian, it is normal and it follows from the spectral mapping theorem that taking powers
and the norm commute, so that we can refine our estimate to

mh < 2| X[ B4,

for any natural number m. This is clearly irreconcilable with X; and P; being simultaneously bounded,
as m can be an arbitrarily large natural number. Since dealing with infinite dimensional spaces and
unbounded operators is a hairy matter, one would still like to have some sort of finite dimensional
model for quantum mechanics. One answer is to look at the Weyl algebra VV which is generated by
the unitary translations

Vi(z) = exp(izP;/h), Ux(p) = exp(ipXy/h),

where x,p € R. These commute for j # k, and by the Baker-Campbell-Hausdorff formula they obey
the commutation relation

Vi(2)Uk(p) = exp(izp/h)Uk(p)V; ().
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If we now discretise space according to x = rd, then p = 2rwhs/(nd), where r,;s € Z and n € Z> is
fixed as before. This is appropriate as we are considering chains and lattices. We can now define a
finite set of unitary generators

0 = 616Pj/f‘z7 6127er/(m§)7

Tk —
which commute for j # k and otherwise satisfy our desired relation o7 = wro. This ‘discretised’
Weyl algebra W, admits a finite dimensional unitary representation, namely precisely the quantum
clock variables we constructed above. For concreteness, one could keep in mind the explicit matrices

010 0 10 0 ... 0
0 0 1 0 0O w 0 ... 0
o=1: @ : |, 7= 00w ... 0 : (9.3.1)
0 00 1 R :
100 0 00 0 ... wt

Having motivated our quantum clock variables, we return to cooking up a natural generalisation
to (9.1.3). We know how to handle the interaction term, but there remain some words to be said
about the flip term. Since there are more states to flip through, we should consider powers again,
each with its own coefficient. This gives terms of the form

n—1
—1Y B,
(=1

and again we need to impose 3; = [3,_; to ensure Hermicity. In total then, we find the family of
models

L n—1 L—1n—1 ‘
Hy=—f> Y Bri=JT> > w (a}am) . (9.3.2)
j=1 (=1 j=1 =1

The Z,, symmetry is now generated by

whose notation is chosen to be similar to (—1)", and will turn out to have an analogous interpretation.

In the first section of this chapter, we saw a solution of the quantum Ising model using Majorana
operators. We would therefore now like to generalise (9.2.3) to obtain parafermion operators. One
correct formula turns out to be

Xi = (H Te) 0j Yk = w1/ <H Te) OkTk- (9.3.3)

0<j o<k

We check which properties these operators satisfy. It is immediate that Xj =1, and
Pp = W2 (g ) = D2 b ) g gren —

We also have that



and
w;i _ wf(nfl)/2T]szlXZfl _ wf(nfl)/Q (Xka)n_l wfn(nfl)/Z _ w*(nJrl)(nfl)/Q (Xka>'fl—1 _ Zfl,

where in the last step we used that (n—1)?/2 = —(n?—1)/2 mod n. On-site we retain the commutation
relation x;1¢; = wi;y;, but due to the strings in our generalised ‘Jordan-Wigner’ transformation, we
find the offsite (j # k) commutation relations

XX = D0, it = S, gt = Dy

These relations are very unfortunate from the point of view of Fourier transformations, as they couple
different momenta. In some sense these relations ‘break’ spatial parity symmetry, as swapping spatial
indices has a non-trivial action on them (compare with (9.2.2), where there are no restrictions on j
and k).

It is not hard to (partially) invert (9.3.3) to find

7y = w I, alogn = 0TI (9.3.4)

Plugging this into (9.3.2) and cleaning things up a bit, we find the parafermionic version

L n-1 L—1n-1
fz 52(’0 = n/2 Ewé JZ Yow (- n)/an EXj-q-l- (935)
j=1 (=1 j=1 ¢=1

This looks very similar to (9.2.4), and indeed for n = 2 they are the same. The n = 3 case we
discussed earlier now looks like

~

-1

L
Hs;=—f Z (emw*X;% + e_mwle/zg) —J (e’;“’w*wj-xjﬂ + e_wwlpj)(hl) , (9.3.6)
=1

1

<.
I

with the symmetric case
L L—1
Hy(p =19 =—7/6)=if (x}%- - Xﬂb}) +il Y (w}xjﬂ —~ x}Hde) .
j=1 j=1

9.4 Parafermion Edge Modes

While we have now managed to formulate the general Z,, invariant family of models (9.3.2) in terms
of parafermions (see (9.3.5)) analogously to the formulation of the quantum Ising model in terms
of Majoranas, we have not yet used this technology to uncover any physics. In the present section
we will remedy this, by showing that the family of parafermionic models (9.3.5) also generically
admit edge modes, and hence have degenerate groundstate manifolds. Moreover, many of the special
properties of the edge modes of the quantum Ising model are also present here, such as the existence
of non-local operators that cycle through the groundstates. Thus the Hamiltonians H,, all have n-fold
degenerate groundstate manifolds, protected by a gap (for small f at least), which can be cycled
through with non-local operators. This is the dream platform on which to implement topological
quantum computing, i.e. unitary rotations in a low-dimensional Hilbert space that are topologically
protected from decoherence [48, 60].

We start by generalizing the definition of a Fermionic (edge) zero mode in the appropriate way. Let
U be an operator such that [H,, V] = 0, w"¥ = wlw? and UT¥ = 1 even for L — co. Then we say
that W is a parafermionic zero mode. If additionally the matrix elements of U are concentrated on the
edges of the system, with bulk elements being exponentially small, we say that it is a parafermionic
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edge zero mode. The most obvious example would be the operators x; and ¢ in the zero-field (f = 0)
case of H,,, which is the model

L—1n—-1

Hy(f =0) = _JZ Z’Yéwg(é_n)/zl/]}l_ngﬂ-

j=1 =1

Analogous to the quantum Ising model written in Majorana operators, we see that y; and v, do not
appear at all in the Hamiltonian, and it is a simple calculation that see that they also commute with
it, since

Xl@b?_exg_g_l = Wn_£¢;_ZX1X§+1 = wn¢?—€X§+1X1 = w;l_EX§+1X17
n—~0 ¢ x\n, n—_L. L n—~0. ¢
VLY X = (w®) VX% = T XYL

The Z, generator w’ can also be expressed in terms of parafermions as

L
w? = H (w(”_l)/Q@/)]TXj) ;

J=1

from which one can show that 1 and y; satisfy the required commutation relations with it. The
normalisation condition is trivial to check.

Thus we have exact edge modes as long as f = 0, but is it again true that they exist for finite,
albeit small enough, values of f? The answer turns out to be positive, but getting to that point will
require some technical finesse. In the Majorana case, we were able to exploit the fact that applying
the operator [Hyy, -] applied to a; and b; yielded results that were again linear in Majorana operators.
Unfortunately, for parafermions this is no longer the case, as trying to commute say 1; past a field
term in H, gives

[H,, 5] o< [xts, 0] o x 102,

which is non-linear in both x; and %;. This is the main technical obstacle that we will have to
overcome. For notational convenience, split the Hamiltonian H,, into its fields terms F (those with
f) and its interaction terms J (those with J). Then our goal is to study the two operators

ad]—': []:7 ']7 a’dj = [\77 ']7

and prove that an iterative procedure like the one for the Majorana case exists. Naturally, ad7(x1) =
0, as it is an exact zero mode for f = 0, but

n—1
[Huoxa] = adr x1 = f ) B2 (1 — w™ )Xyl
/=1

If this can be written as a commutator with 7, we can bring it over to the other side and complete
another step in the iterative procedure. In other words, we want to prove that

[(ady) ™" (adp)] " X1 # 2,

for all N < L — 1. Additionally, we want to make sure that the elements we pick admit a well-defined
powercounting in f, so that we obtain a series that is convergent for f small enough.

To carry out this procedure, we first construct a convenient space to work in. Let P be the Hilbert
space spanned by linear combinations of all possible products of parafermions. More formally, we set

P = span { \J o - PP 1 < py <n}, (9.4.1)
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introduce the notation

p2L 1,,D2L

|P1> e ,p2L> = X11¢p2 : L

and the inner product

<p17'--7p2L|917---7QQL> 5p1ql"'6p2L(I2L'

We will use the symbols 4 and v to denote valid (obeying the restraint in (9.4.1)) multi-indices of
length 2L. As each parafermion only admits n non-trivial powers, there are two per site, and there
are L sites, the dimension of P as a Hilbert space is n?*. We may view

adHn = —ad; - adj,

as linear operators on this Hilbert space, thus they may be represented by n?’ x n?’ matrices. As a
preparation to write down the matrices of the operators above, one may work out that

DG xud] = (™% — ') X TP,
[0 X = (w’e” — W) Py

These relations imply two properties for the ad., not only do they conserve Z, charge, they also can
be split in the following way

L L-1
adr = fZH2j—17 ady = JZ/H%
j=1 j=1

where Hj, acts only on the k-th index and the (k + 1)-th index. Let g be a multi-index whose k-th
index is p, and whose (k + 1)-th index is ¢, and let v be a multi-index whose k-th index is p — ¢, and
whose (k + 1)-th index is ¢ + ¢. Then by the properties above, H; only has non-vanishing matrix
elements between multi-indices likes © and v (in particular it has only zeroes along the diagonal). A
brief computation, using the commutators above, gives the matrix elements

(H2)), = WPy ™ (1 - W), (9.4.2)
(HQj—l),W _ wf(f—n)/Qﬁf w—fp (1 . wéq) )

With these explicit expressions in hand, it is not difficult to check that all matrices H; are Hermitian,
and hence so is the full matrix H associated to adpg, .

As we want to be able to invert the action of ad; for our procedure, we should check first whether
or not the individual pieces H; are invertible. The reason for this is that the 0-th order term in the
left edge mode operator will be 1, and applying adr gives terms containing both x; and v, that
means we end up with a vector whose first two indices are non-zero and the rest zero. Moreover,
notice that at this first step, only the H; part of adr has a non-trivial action on x;, and that only the
‘H, part of ad; has a non-trivial action on the result. This is a general pattern, that applying either
adr or trying to invert ad; moves the boundary between non-zero and zero indices one step farther
to the right. Thus we see that we will generically be able to restrict the action and inverting of these
operators to smaller subspaces where only certain indices are non-zero. This motivates investigating
the individual pieces Hy; of the matrix representing ady;. Now write ¢ = ) — p’ and look again at
the matrix elements in (9.4.2). One way to show that this matrix is invertible is to prove that none
of its eigenvalues vanish. It turns out that the eigenvectors are labelled by 0 < r < n — 1 and have
coordinates

u; — WP P(=P)/2.
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This then gives eigenvalues

)\QT ’ Zw E=n)/2, = (1—w )U;/,

where ¢ = p — p’ mod n. To compute this, notice that we can replace ¢ by p — p’ without trouble in
the latter two powers of w. However, the first occurrence features a product of ¢ and ¢ — n, and it is
not immediately clear that this value is invariant mod n by this replacement. Yet this turns out to
be the case, as supposing that £ = p — p' + zn gives

L p—p)(p—p —n)+n z(p_pf)jLn@

1
—(p—p’+zn)(p—p’—zn—n)=2

1

This allows us to rewrite the eigenvalue equation as

\@ Ty = WP ZV —(p=p")r <1 _ w(P*ﬂ)Q) W= (p=p'=n)/2 —(p—p")p P (n—p")/2

One can check that combining the last three powers of w yields

1 1 1 1
=) —p —n) = (p=p)p+ 3¢ (n—p) = —gp(n+p) = 5p(n —p) mod n,
which is the last remaining factor of the eigenvector. Finally, we find that the eigenvalues are (reverting
to summing over ()

wa 1—wQ)

If @ = 0, all the eigenvalues vanish, but this is of no concern as such terms will not appear in our
edge mode, since we start with an operator that has Z, charge 1 and this is preserved by taking
commutators. However, there are enough degrees of freedom present in the 7, to arrange for an
eigenvalue to be zero, but generically this will not be the case. One special case is worth considering,
that of choosing all 7, to be real. Now take some 7, and set ) = 2r, then (with the convention that
Yns2 = 0 if n is odd)

)\27’,7“ = Yu/2 wnr/2<1 . an/Q) + Z Ve (wffr(l _ wZQ)wér(l o waQ)) :
L<n/2

= pp (L =)+ D (W =W W =0T,
<n/2
=0.

Thus if we take all the coefficients in the interaction term of H, to be real, we cannot construct
edge modes using the procedure. This phenomenon has a physical basis, namely one may take all the
coefficients to be real in the case of purely ferro-or antiferromagnetic couplings, and in this case parity
and time-reversal symmetry are unbroken. We conclude that it is necessary (at finite transverse field)
for the interactions in the Z, chain to be chiral for edge modes to exist.

For the remainder of this section we will assume that all the eigenvalues above are finite, and thus
that the #,; are all invertible in the subspace where py; +pa;+1 #Z 0 mod n (this corresponds to taking
() # 0 in the above discussion). This is allowed because as remarked earlier, we start on the left side
of the chain with y;, and each step in the algorithm pushes the position of the right-most non-zero
index one site further, meaning that we will always try to invert H,; when acting on vectors that
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satisfy paj + p2j+1 #Z 0 mod n, as py; # 0 mod n but pejr1 = 0 mod n. In short, we assume that there
exist operators Gy, satisfying

ngHQj ‘7p>q7> = HZjQQj |7p7q7> = (1 _50,p+q mod TL) |7p7Qa>

Thus the first order correction for ¥ becomes
U /
—X1—392H1X1+----

Indeed,

adp, V= fHix1 — J7‘[2§92H1X1 + O ((f/J)2) ;

= f(H1—H2GH1) x1 + O ((f/‘]>2) ’
=0+0((f/1)).

However, we now run into the next obstacle, namely if we iterate again

adrV = fHixi — f (Hi + Hs) §92%1X1 + ...,

as the first order correction may contain parafermions up to xo, which are not in the kernel of Hs.
We see that we now need to know whether the ‘partial sums’ of ad; are invertible to continue the
procedure. A priori, we cannot see if this is true or not, especially since ad s has many null-vectors,
for example any vector that satisfies pa; 4 pa2;41 = 0 mod n for all j.

At this point it is convenient to introduce some additional notation, we will use |l) to denote the
terms in W that are of order [ in f/J. Let |0;) be an orthonormal basis of the kernel of ad 7, such that
adz is diagonal (this is possible as both operators are Hermitian). Write ¢; for the diagonal elements
of adz in this basis. If there is an index ¢ such that

(0i] adx |I) # 0,

we cannot directly apply the next step where we invert ad;. Denote by P the projection operator
onto the kernel of ad ;. Then there exist numbers v} such that

P (adz |1) Zvl 0) = > ¢ (Z?l |0i>) =Padr ) (%m).

ipiF0 ! i,pi 0

Hence there exists a vector |lp) such that adz (|l) — |lo)) is orthogonal to the kernel of ad 7, and this
can then be inverted to continue the procedure. The powercounting is preserved by this procedure
as |lo) ~ (f/J)" as it is a part of |v;). We should however argue that this correction does not move
U away from the edge, in the sense that the parafermion y; should always appear with at least the
power (f/J)"!. To show this, we need to consider the leading terms at each step of the procedure.
It is not difficult to convince oneself that the leading terms are the following

3
Vicading = £92H1X1 + (f) GaHsGoHix1 — (§> GeHsGaHsGoHix1 + .. .. (9.4.3)

In particular, there are no corrections in the sense we just discussed to these leading terms, and we
see that each parafermion occurs with the correct power.
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The expression (9.4.3) might look innocent enough, but is is not very practical to use it to calculate
the edge mode operators. As an example of this, we suppose that n = 4 and compute the first order
correction o< GoH1x1. From (9.4.2) we obtain

3
Hi|1,0,..) =) BV (W —1)[1-£,0,0,...).

(=1

To find the action of Gy on this, recall that Hs only acts on the second and third index, and that it
conserves the sum of these indices mod 4. Thus to determine G, |1 — ¢, 7,0, ...), we can restrict to the
subspace spanned by |1 —£,£,0,...), |1 —=¢,¢+3,1,0...),[1—¢,0+2,2,0...),|1—¢,0+1,3,0...),
which we shall denote by [0),,...,|3),. Now for £ =1,2,3 one can write out the 4 x 4 matrix of Hs
in the relevant subspace (denoted My), and invert it using a computer algebra programme. It turns
out that

det(My) =4 (v + 475 — 813 + 29175 + 5 )
det(My) = —16 (2 —~2)7,
det(M3) = det(M,),
and
_ 1 . .
(My)7H0), = det (M) [—4iva (7] — 42) |0), — 2V2i(7§ — 29395 + 717%) |1), + 8(75 — 117273) |2),
+2V2(73s — 2172 +73) 13), ]
o 8€i7r3/4 ) ) ) )
(M) |0), = det(My) [Y1 (7% —3) 11)g +73(75 — 1) 13)s)
B 1 ,
(M3) 70y, = Bet(My) [4ina (77 — 43) [0)5 + 2V2(7F — 2723793 + 172) [1)5 + 8(75 — 717273) [2)5

— 2V2i(7}ys — 273 +73) 13)).

For the specific choice of coefficients v, = (1/ 4)(1—\%’) and 72 = 1/4 (and of course 7, = 773), this finally
results in the leading terms

X1 — §{51€m/4(1 + 1) [—2% —(I4+d)x2+ (147 %X%] + 253, l—iX??ﬂle + X?Q/J%Xg]
+ B3e™ (1 — ) [%&#}f’ + (1 —i)xixe + (1 — i)x?x%] } +.o

Finally we turn to the convergence of ¥. We will not be able to say very much in general, other
than that the series does converge for f/J small enough. The argument is as follows. Certainly we
need f/J < 1 for convergence, but this is not enough, as there are now multiple terms at each order
of f/J. However, the amount of such terms that are present is certainly at most exponential, say that
they can be bounded by Ce®, where C,c > 0 are constants and [ is the order. Since we are in finite
dimensions, all other operations are bounded and we only need to worry about the number of terms
present versus their power of f/J. Now, as (f/J)! = exp(In(f/J)l) and In(f/J) < 0, we can indeed
make f/J small enough to make ¢—In(f/J) negative and hence ensure convergence. Determining the
precise radii of convergence for various choices of coefficients should be a hard problem in general, as
it is related to constructing the phase diagram of the model H,,, which as we have seen may exhibit
a wide variety of different physics.
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10 Parafermions as Particles: Fock Parafermions

10.1 Constructing the Fock Space

In the n = 2 case of the story told in the previous chapter, there was a strong relation between the
Majorana (para)Fermions and spinless electrons, codified in the relation (9.2.1). This has several
major benefits. First, it increases the chances of finding an experimentally realisable system in which
these excitations can be found (in case of the quantum Ising chain that would be the model (9.1.6)).
Recall that the spin-statistics theorem is not valid in low (less than 3+1) dimensions, so that particles
like spinless fermions are not only allowed, but in fact experimentally realisable in quantum chains with
strong spin-orbit coupling to a superconducting substrate and certain magnetic fields (see [53, 66]).
Second, it gives access to the powerful technology of Fock spaces. In this section, we will concern
ourselves with the second point. We will construct a Fock space that hosts ‘ Fock parafermion creation
and annihilation operators’ and explore their relation to the parafermions introduced in (9.3.3). We
will go about this in a somewhat different way to the ‘¢-deformed’ Fock space in Chapter 3, or to the
standard construction for Bosons and Fermions (see Chapter 1 of [15]). Instead, we follow [22], where
Cobanera and Ortiz gave the first construction, and first derived the important relation (10.2.1).

The construction does start in the standard way. Suppose that H is the Hilbert space of single
particle states, which we will assume to have dimension p. For example, this could represent the
Hilbert space of Warnier states related to a p-site chain (if there is one orbital per site). Choose an
orthonormal basis ey, . . ., e, of H and fix an ordering of this basis (we will use the index). These are the
single-particle wavefunctions available in the system. Then a many-particle state of m independent,
indistinguishable copies of our particle should be completely described by the numbers oy, ..., 0,
where o0; is the occupation number of the state j. To each list of such numbers we will associate a
unique (up to an inconsequential phase) vector

lo1,...,0p) € span{ej, ® - ®e;, | #jp with jp =Llis oy }.

The precise vector we take will be determined by an iterative procedure later (for instance for Bosons
one would take the symmetric combination of uniform weight). Our Fock space will then be

Fu(H) = @Span{]ol,...,op) o1+ -+ 0, = m},

m>0

where the closure is taken with respect to the inner product
p
(01,...,0p|0), ..., 0)) :Héojoﬁ’ (10.1.1)
j=1

and with m = 0 we mean the span of the vacuum vector C |0).

We now begin to introduce the peculiar ingredients of parafermions into the soup. These are the
exchange statistics of parafermions. To implement these, we should introduce an algebra structure
on F,,(H) that models the adding of particles to states. For notational convenience, we will write

loj) =10,...,0,04,0,...,0), |oj,0r) =10,...,0,04,0,...,0,0,0,...,0), etc.
Rule number one is then |o; = 1) = lo; = {), and rule number two is
|0) |og) = W’ |og) |o;) = |oj,0r) for j < k.
This procedure completely determines F,(#) as follows, |o; = 1) = e; and

|of, ..., o)) = |01:1)0;---|0p:1>0;.
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A consequence of these rules is that the algebra is unital with the vacuum vector |0) as unit. We
assume that this is the unique unit of the algebra, and moreover that it spans the center of the
algebra. In other words, any many-particle state that commutes with all others is a scalar multiple of
the vacuum. There are actually many such states, namely any state generated by the vectors |o; = n).
Hence any such state should be a multiple of the vacuum, but as states with differing numbers of
particles are orthogonal, this coefficient must be zero. It follows that there is a maximal value of n —1
for all the occupation numbers o0;. We conclude that we have constructed a Fock space of particles
that satisfy w-exchange and n-exclusion statistics.

Our next project is to come up with a definition for creation and annihilation operators d and d'
on this Fock space such that they satisfy the right statistics. Let us start with the creation operators
d;. It is clear that these should send a state with occupation number o; to one with o; + 1. However
we still have the freedom to multiply by a phase, which should be judiciously chosen to yield the
correct commutation relations. Thankfully, the algebra structure we defined earlier will do all the
work for us if we set

dior,....0,) =loj =1)]o1,...,0,) =w Z*<i%|oy,...,0;+ 1,...,0,). (10.1.2)
The condition that d; is the adjoint to d} with respect to the inner product (10.1.1) then fixes
dj|o1,...,0,) =w>k<i% oy, ... 0; —1,...,0,). (10.1.3)
Simple computations then show that these operators satisfy the relations for j # k
d" =0, dPdl = wet=DgPal dld, = (@ )petDadl, didl = (Wetdid;.  (10.1.4)

Unfortunately, now things become more complicated. For ordinary fermions we would have C;Cj +

cjc; = I, which can be understood by seeing that the first term is the projection onto the subspace
with o; = 1, and the second term is the projection onto o; = 0. If one considers the action of the

operators d}md’j“ and d?’md}(nfm), one will notice that the first one projects onto the subspace with
occupation numbers o; > m, and the second to the subspace with o; < m. Therefore we have that

for all 1 < m < n. This is substantially more complicated than the n = 2 Majorana algebra (9.2.2),
as these constraints are non-linear in d; and d;r-.
Of course we can also define number (or occupation) operators

Ojlo1,...,0n) = 0jlo1,...,04).

In view of (10.1.5) we cannot expect a relation with the creation and annihilation operators as simple
as those in the Fermionic or Bosonic cases. Recalling that d}md;” projects onto states with o; > m, it
is not difficult to see that

n—1
0;=>_d"dpy, (10.1.6)
m=1

which is indeed more complicated. Fortunately, despite this more complicated formula, O; retains
the properties that the Ferminonic number operators have. Take for instance the well known fact
that the Fermionic number operators generate the U(1) translations of the Fermionic creation and
annihilation operators. We can compute

tm gm tm gm+1 tm gm
[dj dj ,dj] = dj dj +_ djdj dj ,
tm gm+1 t(n—1) 3(n—1) t(m—1) ym
=d; dj+—(1—dj d; )dj dy,

_ gtm _gm+1 f(m—1) ym
- dj dj o dj dj )
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asm—1<n—1. It follows that

—

n—

0, = 5 (dra — o),

3
[N

—d; +di"Var,
= —d,.

)

This also gives us

05.dl) = = (105, 4;))! = d.

77

Combining these identities then yields that the O, are still U(1) generators.

10.2 Building the Bridge to Parafermions

We now want to generalise (9.2.1) and find the relations connecting the Fock parafermions we have
constructed to the ‘ordinary’ parafermions we saw before. There is a priori no clear way to do this,
but it turns out that we can rewrite (9.2.1) a little bit to read

aj =c; + c} b = (—1)@D/2 <ck(—1)czc’“ + c,t) )
which has a natural generalisation® to
Xj = d;+d Y gy = w2 (dkwok + d,*j”*”) . (10.2.1)

We check that these indeed define operators with the correct relations. The commutation relations
are straightforward to verify. Taking the n-th power of x; yields

n—1 n—1
n __ n—1—£ jt(n—1) 30 _ _
X =) ATV =) P =1,
=0 £=0

Where P;(¢) is the projector onto the subspace with o; = ¢. In the first equality, all other terms
vanish because they either remove n particles, or add more than n. The second equality follows from
the realisation that only states with o; = 0 survive application of d;(n_l), so that we must have that
dﬁ brings the input state into that sector. By powercounting we see that the number of particles in
the state j is not changed, so all phase factors cancel and we find the projectors. We now check

X = did; + dp + di 4 i = 1

The calculations for v are similar, we start again by taking the n-th power to find

n—1

w’? _ wn(nfl)/Q Z (dkwok)n—l—f dL(n—l) (dkwok)é,

£=0
n—1

— wn(nfl)/Q Z dkweJrl . dkwnfld;ff(”*l)dkw . dsz,
£=0

n—1

_ wn(nfl) ZP<£)7

=0
=1,

8This is different from (123) in [22] due to the difference in conventions with [34] (which we follow) in the definition
of parafermions.
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using similar arguments as before. Additionally
Yl = w O dfdiw® +w O d]" + dpw® + dp Y = didy + dp Y = 1

Of course we can now also build quantum clocks out of Fock parafermions. For this we improve
(9.3.4) to

T =w (n=1)/2 1/1J, g; =w —(n— 1)/2)( Hw" 1/2¢T ) (10.2.2)
k<j

So that
7= di Y+ didw® = w?,
which is precisely the matrix given in (9.3.1). It follows immediately that
- (dj + dj‘”‘”) W™ Tkes O, (10.2.3)

This can also be cast into a slightly different form using a generalisation of the n = 2 identity

i . . .
(—1)%99 =1— 20;-0]-. We construct this as follows, recall that d;md;” projects onto the subspace with
oj > m. This suggests that we try to write w’ as a sum, which can be achieved by

w=1-1-w) (l+w+ -+,

By staring at this for long enough, one sees that
n—1
w9 = (1-w Z W™t dem (10.2.4)
m=1

In principle this allows us to express parafermions and quantum clock variables entirely in terms of
the d’s. It is also worth pointing out that Fock parafermions can be used to model fractionalisation
of electrons [23].

We close this section by inverting the relations (10.2.1). For this we start by decomposing o; into
a ‘creation’ and an ‘annihilation’ operator,

n—1
= (dj + d;r(nil)) waOk = dj waOk + <d;r Hwok> s

k<j k<j k<j
leading to the definitions
B =d; [[w %, Bl =dl [[w, (10.2.5)
k<j k<j

which is usually called the Fradkin-Kadanoff transformation [37]. In terms of our original clock
variables o, this reads o; = B; + B;(”fl). These transformations are ‘canonical” in the sense that
they preserve the occupation operators

n—1 n—1

0;=> d"dar =Y B"B.

m=1 m=1

To compute the commutation relations of the B operators, first notice that for j # k we have

(w9, di] =0, w9d; = w*djw
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Then for j # k (wlog j < k)
[B;, By] o [dj, dyw™ %] = (d;dy, — wdyd;) = 0,
so that this is also true for the annihilation operators. The mixed commutator evaluates to
[Bj,BH o< [dj,dgwof] - (djd; - w*dej) WO =0,
These are Bosonic commutation relations, but on-site the story is slightly altered, namely
By =B"=0, B"B" + Br" B = .

We will call these operators Weyl hard-core Bosons, as they describe particles that are Bosonic under
exchange, but only allow n — 1 particles per state. Note that the on-site relations cannot be Bosonic,
due to the fact that there exist no matrices that witness that canonical commutation relations, and
since the on-site Hilbert space is finite dimensional, the operators B; are (locally) matrices.

Our strategy now is to relate the hard-core Bosons also directly to the quantum clock variables,
and upon combining with their definitions we find the inverted form of (10.2.1) that we are after.
One can compute the matrix elements

<0j = Q| U;[Bj |0j :p> = 5pq (1 - 51)0)‘

Thus the matrix O'TB is diagonal, and because the n matrices 7' ™ (0 <m < n-—1) are also diagonal
and linearly mdependent, we can use them as a basis. Actually, the 7 jm are even an orthonormal

basis of the diagonal matrices with respect to the inner product tr(NTM)/n. It follows (by using a
basis expansion) that we have

which yields that

Now we have that

d—BHka—("_l LS o) T

k<j k<j

Plugging (10.2.2) into this we find

( o - 8 () o) T

0<j m=1 <y k<j

—(n— n— 1 n— m
— (D)2 2 ZXJ ( ”/%}xj) ] ,
= Z wm(m n /2 +1¢m]

_ (=12
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10.3 Example: Transforming the 3-and 4-Potts Models

Having established the relation (10.2.1) between parafermions and Fock parafermions, it is interesting
to transform the family (9.3.5) into this language. In this section, we will carry out the calculation
for the cases n = 3 and n = 4. Equation (9.3.6) gives the general Zs-invariant Hamiltonian in terms
of parafermions

~
—_

Hy — —fi (w% +He. ) —J (w}xjﬂ + H.c.) ,
j=1

<.
Il
—

where w = e2™/% and oy,&; € C. By polar decomposition, we can absorb the modulus degree of

freedom of these coefficients into f and J respectively, so that this model can also be written as

~
—_

L
Hy=—f Z <€wa;-¢j - H.c.) — J (e%wam + H.c. ) (10.3.1)
j=1

<.
I
—_

To get rid of the phase factor in 1, in Equation (10.2.1), we can use Equation (10.2.4), which in this
case reads

WO =1+ (w—1) [dzdk + wd}fdz] . (10.3.2)
Thus?,
Up=w [di+ (= 1) (dyaldy +wdpd? @) +df?],
= wdy, + (1 —@)d}d? + wd”.
Now, we transform the field terms in (10.3.1), which gives
iy = (df + &) [@d; + (1 - @)l + wdl?]
= wdid; + (@ — w)d’d? + d2d’

7777
=1+ (w—1)dld; + (w — Dwd*d?,
= woj7

where we used (10.1.5) in the second-to-last step, and (10.3.2) in the last step. This is precisely the
expected result, keeping in mind (9.3.4). Moreover, the field terms now become

L L L—1
. 2
_fz < “waj% + H.c. ) = —fz (ewwoj + H.c.) = —Qchos(go + %O]).
j=1 j=1 j=1
For the interaction terms,
iy = [d} +wd + (@ — 1)d}2dj] (dj+1 + d}2+1> .

In total, (10.3.1) becomes

L-1 L—1
Hy=—2f3 cos (so + 2%Oj) — I {e? |dh - wd 4 @ = 1)dPd; ] (dia + ) + He
=1 =1

9Notice that this is different from (129) in [22]. Indeed, it seems the factor w™ ! in the sum of (126) was forgotten
(one can also convince oneself that (129) is false by writing out the matrices, ignoring the strings).
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To compare this later with the Fock parafermion tight-binding model of [74], Equation (10), we split
off the ‘hopping’ term. Then

L-1

Hy = =7 (edldyys + e dl, d;)
j=1
L-1

=Y il wdidi + wdd, + @ = VdPdidi + @ - VPl | + e |

J

[y

To recover the Potts Model, one sets all coefficients equal, that is ¢ = ¢ = 0.

Let us move on to the case n = 4, but this time we start in the Potts scenario with all coefficients
equal. In this case this also means that they are all real, as the second coefficient is always such. We
absorb these coefficients into f and J without loss of generality. Then from (9.3.5) with n = 4, we
have

l -1

Hpp=—fY_ [@"3/ D T R U A 2ijﬂ —J [i‘3/ 20y RN Y %x}H] ,
=1 i—1

~

<
I

! L—-1
=f Z { [ez’w/4x}¢j + H.c.} + wjzx?} + JZ { [ein/%;xﬁl + H.c.} + 1/1]2%?“} _
j=1 o

Now, the relations between parafermions and Fock parafermions become
X =d;+diP, ;= (™) [z’dj +i(i — 1)did? — (i — 1)dPd} + dﬂ .
With these relations one can compute that
2 _ 2 13 13 2 2 t 73 13 13
We first transform the field terms.
P2 = (—d§ +2dld? — d;df? + djﬁ‘dj) <d§ + dyd? + d}?’dj) ,
_ 3 713 2 713 T 73 413 3 g2 3 2
= —djd;” — did;"d; + 2d;d;d;"dy — dyd; dy + djd;d,
= —(1—dld;) — (d*)(dld;) + 2di(1 — dld;)d; — (d;d})(d*d?) + dPd?,
= 14 3dld; — 242 + dPd — (1 — dPd2)(dldy) — (1 — dPd2)(dd?),
_ T 12 72 13 53 2 52 gt 3 73 712 52
_ t 2 02 | g3 53 | 412 2 13 13
_ t t2 2 | i3 3
=~ [1-2(dld; - @2 + aPa3) |,
= (1%,

The last step follows from (10.2.4) for n = 4, either by using the same proof, or taking its square.
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The other term is
= (™Y by = (@ + d]) [idy + i = Ddld2 — (- NP+ ]
= d3dP +idid; +i(i — 1)dd} — (i — 1)d’d,
=1 —dld; +idld; +i(i — 1)d*d? — (i — 1)d*d3,
=1+ (1= 1) |dld; + idd? - d*@]
'Oj.

=1

Thus the field terms are
1 !
Pl + He| + 033} = —F >0 (% + (-)% + (=)},
j=1 j=1

which can also be written without phase factors as

f i { [e”/‘*x}z/;j + H.c.] + wfxﬁ} =y {3 . 4d}dj} ,
j=1

Jj=1

In the same way, the interaction terms can be seen to be equal to

L
I (=8 +2did? — i + dPd;) (&, + djndl % da )
j=1

1

= I3 (i + i = i — = )P+ dP) (dlyy + 2y, ) + e

Jj=1

Combining everything and isolating the tight-binding terms yields

~

-1

H4p =—J

(]

(d141d; + didy |
=1
-1

—J [zdjd;’%H (i — Vdld2d, &

33+
1

<
=~

+i(i — D)didide,, — (i — 1)dPdd]

YR E S 7+l

J
. 2 3 3
—(i = D)dPd3d3,, +dPdl, +dPd3,, + He.

e DR Ueh NGV COMH
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11 Potts-Like Fock Parafermion Models

11.1 The Model and our Goals

In this chapter we will probe the physics of a special case of the general family of Hamiltonians
(9.3.5), namely Hy(f = 0) (and J > 0). The choice of n = 4 is motivated by the fact that the
local Hilbert space then has the same dimension as that of spinful Fermions, that is electrons. Our
philosophy will be that since these have been far more thoroughly studied than parafermions, as they
are fundamental particles, we should try to find a relation between the two algebras and use this
to map the parafermionic Hamiltonian to an electronic one. For this, we will follow the procedure
outlined in [18] by Calzona, Meng, Sassetti, and Schmidt, and reproduce and expand upon their
results. If there is no field (f = 0), the general Z, invariant Hamiltonian in (9.3.5) reads

L1
H, = —JZ (%c«J_S/Z@ZJ}XjH + ’?201_2770]2%?“ + @100—3/2%)(;“) )
j=1

with w = €™/2 = i and 41,4, both real for convenience. As

2—_

=32 = _eiW/47 w ot =-—1, w;Xj-i-l =

67L37r/2

w Xj+1¢;,

this becomes

L-1
H, = —JZ (-’716_m/4Xj+1¢; - ’YAZXJQ'H?/JJQ' - ’AY1€W/4¢]'X;+1> )
j=1

L—1
JZ¢?X?+1] |
=1

+ 92

L—1
=% [Je”/‘* > dixt, + He
j=1
=NHa+2Hp
We may set 473 = 1 without loss of generality. Hence we arrive at
H4:HA+’A}/2HB. (1111)

To relate this to Equation (3) in [18], one sets 4, = 0 and identifies aj 11 = xjt1, bj = —;, the
minus sign arising from a difference in phase convention (compare Equation (1) in [18] to (10.2.1)).
Correspondingly, we will often consider the case 4, = 0.

In this chapter, we will first determine explicit expressions for the groundstates of (11.1.1). To
transform it into an electronic Hamiltonian, we will then proceed along the following steps. First,
we use the Fock parafermion technology introduced in the previous chapter to relate the local (i.e.
single-site) Hilbert space to an electronic one. This will simply amount to a (cleverly chosen) matching
of bases. Then, we introduce the appropriate Jordan-Wigner strings to convert the commutation
relations. At this point we will confront the main danger of this procedure, namely that the electronic
Hamiltonian resulting from the mapping may be non-local, and show that our cleverness in the
previous step prevents this from happening. Finally, we apply the mapping and investigate some
properties of the resulting electronic model. We end the chapter by computing the fermionic spectral
functions of H, and a deformation of it, to see how the parafermionic edge modes show up in the
electronic models.

10There is a typo in this equation, it should instead read b; = e~""/4(d;iVi + d;-?’)
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11.2 Groundstates and Lindblad Operators

To determine the groundstates of (11.1.1), we will use the following approach. Let O be an operator,
then for any vector [¢) it holds that

(W00 [g) = [[0v]* > 0.
In particular, if ) is an eigenvector of OTO with eigenvalue A, then
A= (¢l Alp) = (¢ OT0|p) > 0.

It follows that the spectrum of OO is entirely contained in [0,00), and so people call it a positive
operator. One can prove (using spectral theory) that every positive operator is of this form. For closed
quantum systems, any physically reasonable Hamiltonian has a spectrum that is real and bounded
from below. Thus, shifting by a constant if necessary, we can assume that the Hamiltonian is a
positive operator. Hence there must exist an operator h and a constant hg such that H = hth — hy.
If the kernel of h'h is non-empty, it is precisely the groundstate manifold of H. Suppose that |vJ) is
an element of this kernel, then

0= (9| hth|d) = ||WI|I",

and so it must be true that h|J) = 0. This means that to find the groundstates we may ‘factor’
H, and instead determine the kernel of the operator h. The hope then is that h can be determined
explicitly and that the equation A |[¢) = 0 is simple to solve. We now apply this technique to our
Hamiltonian Hy,.

We set 4, = 0 for now. Introduce the Lindblad operators

L, = e@'ﬂ/zij + i1, (11.2.1)
then
Lic; = <6_”/ Al — iXLl) (€™*; +ixj41) 5
=2+ (z’e‘”/ Wty —ie™ 4X}+1¢j> :
= 2+ (i (=] — e (D)
_9 <€i7r/41/}jX}+1 + H.c.) ;
so that

L-1 L—1
Hy =0y (€L - 2) = —20(L - 1)+ 7> Lz,
j=1 j=1

We can now find the groundstates of H4 by finding the elements in the intersection of the kernels
of the £;. That is to say we want to find a state [¢) such that £;|¢)) = 0 for all j. To find these,
we draw inspiration from the supplemental material to [46], Equations (S5) to (S8). We introduce
Fock parafermions into (11.2.1) according to (10.2.1) and neglect overall constants (as we are only
interested in the kernel), then

L;oc dji% +df —idjyy —idl . (11.2.2)

This acts only on the sites j and j + 1, so that we can write down the matrix of this operator in the
loj, 0;41) subspace. If we look back at the action of the Fock parafermion operators on such basis
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elements given by equations (10.1.2) and (10.1.3), we see that we will end up with some phase factors
involving the sites to the left of j. These are of no importance due to the following argument. Denote

the phase factor of d; by
Ky
®; = exp <Z§ Z 0k> ,
k<j

then the two annihilation operators in (11.2.2) contribute a common phase factor of ®;, and the two
creation operators carry <I>j’3. Now notice that ®; is some rational power of ¢, so that ®; = (I>j’3, as

i = (—i)® = 7%, It follows that we can completely factor the string out of the matrix for £;, and
hence we neglect it in the sequel.

It is now a straightforward computation to arrive at the following matrix, where we have recorded
the image of each basis element (modulo common factors as explained above),

10,0) = 13,00 —4]0,3), [1,0) : 70,0y +|1,3),

0,1) : |3,1) —i]0,0), [1,1) : ]0,1)+|1,0),

10,2) : 3,2) —i|0,1), [1,2) : ]0,2) +1,1),

10,3) ¢ [3,3)—i]0,2), [1,3) : ]0,3)+1,2),
12,0) © —|1,0)+4]2,3), [3,0) : —i[2,0) — [3,3),
12,1) ¢ —[1,1) +4]2,0), [3,1) : —i[2,1) —3,0),
12,2) ¢ —[1,2) +4]2,1), [3,2) @ —i]2,2) —[3,1),
12,3) ¢ —|1,3)+4]2,2), [3,3) : —i[2,3) —[3,2),

From this one can read off the kernel as follows. Notice that each basis element is mapped to a linear
combination of two other basis elements. If one now focuses on the outputs, one sees that each basis
element occurs exactly twice and with opposite signs. For example, |3,0) occurs with a plus sign in
the image of |0,0), and with a minus sign in the output of |3,1). Additionally we remark that all
‘blocks’ of the above matrix are (indirectly) connected. As an example, in the image of |0,0) we find
13,0), in whose image is |2,0), which connects to |1,0), and this returns us to |0,0). It now follows
that we have the four orthonormal null-vectors

2= 0) = (10,0 +3,1) + [1,3) + [2,2)),

=1y = 5 (10,1) +13,2) + 11,0} + [2,3)),

2= 2) = 2(10,2) +13.8) + |11} + [2,0)),
1

|2 =3) = (|0 3) +13,0) +[1,2) +[2,1)).

The notation |z = m) comes from the fact that these states have different charges under Z,. This
organisation into Z, sectors was to be expected, since H4 has Z, symmetry by construction. Notice
that in all four cases, all coefficients are the same. Moreover, one can trivially check numerically that
the operator E}Ej indeed has precisely a four-dimensional kernel, and that the gap to the first excited
states is 2.J.

To extend this to the intersection of all the kernels of the £;, one can form the following four
states,

IGS,,) = 21 F > @ 0;) . (11.2.3)

{0;} such that
>2;05=m (mod 4)
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This respects both the separation into Z, sectors and the £; kernels. To see the latter, suppose that
>_;0; = m (mod 4) and that |oy, 0x41) = [0,0) (for concreteness). Then as 0+ 0, 3+ 1, 2+ 2, and
1 + 3 are all equal modulo 4, we can replace |0,0) by any one of |3,1), |2,2), or |1,3). Hence those
sequences of o0;’s are also included in the sum defining |GS,,), all appearing with equal coefficients,
and so we have that £;|GS,,) = 0 upon comparison with the local null-vectors |z = m),.

Can we still write the full Hamiltonian

Hy=Hy+ Y Hp

in terms of a single family of Lindblad operators? A simple counting argument already casts doubt
on this. If we include the terms x;41, ¥;, and their squares in an operator, its norm-squared operator
contains 16 terms, 8 of which are order 0 mod 4. However, there are then 8 terms of orders 1 and
3, which all need to cancel (as the Hamiltonian conserves the Z4 charge). As we only have 8 (real)
coefficients to choose, it seems unlikely that we can enforce the required cancellations and also arrange
for the order 0 terms to have the correct coefficients. Indeed, the Anstatz

& =L+ axiy, + By
leads to
616 =2+ [af* + 8] + (¢l y + He) + (078 + Fa)
+ (ianH — e‘”“ﬁzﬂj + H.c.) + (iﬁx}Jrliﬁ? — e‘”“a;b}x?H + H.c.) ,

where it does not seem possible to choose o and [ appropriately. With two sets of Lindblad operators
the problem is trivial, namely take

1
Kj= 2 (X?+1 +¢J2‘) '

This allows us to write

~

-1
Hy=—2J(L —1)(1+4/2) + J (L}ﬁj—yﬁgkjkg>.

=1

<
Il

Sadly these operators don’t seem to have any nice relations, as
[ICs, £5] = =™ X2 by — i, {K5, L5} = =™ M8 —ixd .

However, all is not lost. We can still use the operators K; to determine the ground states in the
case that 45 > 0. For this introduce again Fock parafermions according to (10.2.1) to find

2
X1 = (dj+1 + d}il) =dj1 + dj+1d}3+1 + dﬁldh
2
@:—%@@+ﬁ):ﬂquﬂ¢—@ﬁ+@%,

so that

Kj o =dy(=1) "y — djd}? + ddy + djy + djad)’y +difydj.
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By the same arguments as before, we can restrict our attention to the |0, 0;41) subspace, where we
find the matrix

|O70> _‘250>+‘072>7 ’170> ‘37O>_‘172>7
|O71> _|271>+|073>7 ’171> ‘371>_|173>7
|0,2) : —12,2) +/0,0), [1,2) : [3,2) —]1,0),
0,3) : —12,3)+10,1), [1,3) : [3,3) —]1,1),
12,0) : —10,0) +]2,2), |3,0) : |1,0) —|3,2),
12,1) : —1]0,1)+12,3), [3,1) : |1,1) —|3,3),
12,2) : —10,2) +/2,0), [3,2) : [1,2) —]3,0),
12,3) : —10,3) +|2,1), [3,3) : [1,3) —13,1),
Like the 49 = 0 case, we neglected overall phase factors (as i™2 = —1 = ?). For this matrix, the

‘blocks’ are not all connected. Namely the left and right ‘columns’ do not talk to each other, but have
the same action (modulo an overall minus sign) on their invariant subspaces. Accordingly, IC; has a
higher-dimensional kernel than £;. One can check by inspection that the kernel of K; is spanned by
the eight elements

10,0) +12,2), 10,1) +12,3), 10,2) +2,0), [0,3) +2,1),
1,3) +13,1), |1,0) +13,2), [1,1) +13,3), [1,2) +3,0) .

Luckily, the states |z = m) discussed above can be formed using these basis elements, by adding the
above vectors vertically in pairs. It follows that the kernel of £; is contained in that of K;, and so
that H, has the same groundstates for all 45 > 0.

We would of course like to know if this model is gapped away from the Potts-point. In the
mathematical physics literature ([5, 33, 50, 59]), there are results and criteria to show the existence
of a gap in TDL, for systems that exhibit similar behaviour. Despite a significant time investment,
we could not find a straightforward way to adept their techniques.

11.3 The Electronic Representation and Locality

We now describe the parafermion to Fermion mapping constructed in [18]. Consider a single-site
system, then the Hilbert space is spanned by {|0),[1),|2),|3)} in the Fock parafermion picture. For a
single-site electronic system, we also have a four-dimensional Hilbert space, now spanned by the states
{12),1),4), 14 }. The action of the Fock parafermion annihilation operator d is d |n) = |n — 1) for
3 >mn >1and d|0) = 0. Since one can write all four electronic states as some number (zero included)
of creation and annihilation operators acting on the electronic vacuum |@), it is possible to construct
an operator on the electronic Fock space with the same action as d. The only required input is the
designation of four orthonormal states to take the roles of the |n). As there are many choices for this,
it pays off to come up with some extra conditions to impose.

The parity of Fock parafermions is described by Z4, whereas Fermion parity is a Zs representation.
One can view Zs as a subgroup of Z, in a natural way as {0,2} C Z,. As d has parafermion parity
one, it then makes sense to construct an electronic version in such a way that it has Fermion parity
one. In this way, the resulting transformed Hamiltonians will preserve Fermion parity. This will also
be favourable for the Jordan-Wigner strings, as the minus signs generated by Fermion commutation
can then be cancelled by phase factors of the form %) = (1), which is useful as we will need to
include powers of 7 in any case to obtain the Fock parafermion algebra. We are also free to multiply
each electronic basis states by a phase, which we will use to ensure that each power of 7 occurs exactly
once in the definition of the electronic version of d.
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An identification that satisfies all of the above requirements is

10) = 1fo) :
1) =)
12) = | fo) == icjc] |@),
13) = f3) :

=|2),
=cl|@),

= —icI |2) .

Denote by P(f,) the projection operator onto the subspace spanned by |f,,). These have the usual
representations using number operators, namely

Using these projectors, we can now construct

d=i-0-P(fo) +1-cr- P(fi) + (=i) - ey P(fo) + (=1) - ¢ P(fy),
= (1 = ny)ny — ey — (1= ny)ny,
= ciqq - c%ciq + icﬁqq + ¢4,
= —cny — c$ +1cyny.

The next step is to consider an L-site system, with the sites indexed by j. The Jordan-Wigner strings
to induce Fermionic commutation behaviour are well known, and are given by

Cio = (—1)Zrh<i™ [® - RTRc, IR R I,
— 220 k< Mk IR IR, IR - 1.

For notational convenience we introduce the shorthand notation
Dj = cjy — cjpng, — C}T +icj N (11.3.1)

The Fock parafermionic Jordan-Wigner strings can be read off from equation (10.1.3) and give us
that

d; = i>r<i O D
One can now merge the previous two relations to obtain
d; = i k< (Ok+2nkT+2nk¢)Dj.
This still involves the Fock parafermion number operators Oy. Again we can find the representation
Ok = Nt — 2npng) + 3. (11.3.2)

This is the final ingredient that allows us to relate Fock parafermions and spinful Fermions, with the
result being

dj _ Z'Ek<j(nkj,—Q’Vlank,L_nkT)Dj’ (11.3.3)

= §2nes (s —2nagniy =) (CjT — ¢jngy, — o+ Z'Cjwﬂ) -
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To relate the spinful Fermions to the parafermions in which (11.1.1) is written, we again use the
relation (10.2.1), yielding

L-1
Hy = =03 (di®dly, + di®dly, + dPdly, + dPd,, ) + He (11.3.4)

J=1

From (11.3.3) one can immediately find an expression for d;f» 41 in terms of spinful Fermions, but we

also need more complicated operators, such as d? 41~ For these, it is simpler to construct them using

the same reasoning that went into (11.3.3), rather than taking the third power directly. For instance,
d3 = 7/3 Zk<7+1(0k+2nm+2nk¢)D3

— 132 k< (Or+2npr+2n5)) ;30; +2”n+2”j¢D? .

The operator D3, is characterised by the fact that D3, [n), , = 0 for 0 <n <2, and D, |3)
|0);,,- Looking back out our mapping from |n) to |f,), we conclude that

j+1

3 o 32 (Ok+2nm+2n/w) 30 +-2n T+2n il 3
dj+l = k<j J J D +1,

3 Or+2np++2n -:30;+2n142n .
= i 2ok (ORF2m 2001 (L = njgar)iciy,

as
(1 = njs1p)iciiay [9),, =
(1= njsn)ici el g 9),, =
(1- nj+1T)iCj+1¢iC}+1¢C;+u |®>j+1 = (1 = njip)c ;HT |®>]+1
(1 = njrp)icpay (=)t i1 19) = 19) ;4,1 = |f0>]+1
Similarly,

df? = i3 Zue Ot a2 (1 — (i),

Before we start to use all this fancy new technology, there is a potential problem that we should
address. Since we are using Jordan-Wigner strings in the transformation (11.3.3), it is non-local.
Thus there is a danger that when we transform (11.3.4), we will end up with an electronic model that
contains non-local strings. We would very much like to avoid that situation, especially with an eye on
experimental realisability of the result. Thankfully, the condition we imposed earlier on the possible
identifications of bases will come to our rescue. Let D denote some local (nearest-neighbour) Fock
parafermionic operator that respects Z,, in other words it preserves the number of Fock parafermions
modulo four (as all terms in our Hamiltonian do). Generically, this can be written in the form

D = dydi®=d, di%,
with 0 < a;,b; < 3, satisfying a; — az +b; — by = 0 (mod 4). When we apply the mapping (11.3.3) to
this, the result is a string factor depending on all sites to the left of j and some Fermionic operator C
that is local (depends only on operators associated to sites j and j + 1). To be more precise, we find

D= 2(a1 —ag+b1—b2) >0 (... )C — 1Zk<] C’ C’
since the first factor in the phase is congruent to zero modulo four, and ¢ is a fourth root of unity. Thus

we have the remarkable property that our mapping results in a local Hamiltonian if Z, is respected.
It is not difficult to see how to extend this argument to operators D that involve a range of sites (say
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from j to j 4+ k). Hence we may (mostly) ignore the non-local part of the Jordan-Wigner strings in
the transformation. However, note that we will need to deal with the j part of strings coming from
operators at site j + 1.

We now have all the necessary tools at hand to transform (11.3.4) into an electronic Hamiltonian.
The procedure is now simply to transform each term in (11.3.4) and collect the results, where we will
work from right to left, this is carried out in Section 11.5. The result is

Hy=HY + HY + HY,

where we use the notation Hﬁ,m), with m = 2,4,6, to indicate the m/2-fermion terms appearing in
the transformed H 4, with

H1(42) = —JZ |:C;70Cj+1’g — Z.C;’O.C;_;'_L_o-] + H~C-7 (1135)
j’
4 .
Hﬁx) = _JZ [C;,acjﬂ,a (=nj—o = Mjt1,-0) + C;,acjﬂfﬂz (7)o + 15110
j’

+C;r',ac;+1,—ai (n]'a*U + anrl,U) + C;r',crc;—l-l,o (nj,*g o nj+17*0>:| + H'C'7 (1136)

Hj(f) == —JZ [_22.03‘7063'—&—1,—0 (nj,_gnjﬂ,g) — 2iC}7UC}+17_U (nj,_gnjﬂp)} + H.c.. (1137)
7,0

We collect some remarks on the resulting electronic Hamiltonian. The first thing to notice is that
the coefficients of the terms where the creation and annihilation operators appear with flipped spins
are always purely imaginary, whereas when they appear with the same spin they are real. The only
processes that appear are hopping (with and without spin flip) and Cooper pairing (with and without
spin flip), but they may be ‘weighted/correlated” by the densities of other states. These are all
well-studied and ‘common’ processes in electronic Hamiltonians. This entails in particular that the
Hamiltonian respects Fermion parity, which we anticipated. In all the terms of degree 4, there is an
imbalance in the appearance of the lattice sites, that is any term always contains thrice one site and
only once the other. The only cancellation that occurs in the entire calculation are the same-spin
terms in the order 6 Hamiltonian, every other possible term is present.

With our electronic representation of H 4 in hand, we ask ourselves what happens to Hg under this
mapping. The hope is of course that there is some nice choice for the value of 45 (ideally non-zero)
such that the full Hamiltonian H4 + 42 Hp becomes ‘simpler’ then H, (perhaps at 4o = 1, as this is
the Potts model without a field). We therefore apply the mapping (11.3.3) to the 4o Hpg term in our
original Hamiltonian (11.1.1). Our result is

L-1 1 s
Hy = H = IS TTTT (chino + 0o ) - (11.3.8)
j=1 k=0 o0=1

see Section 11.5 for the details. Some remarks on these terms are as follows. First, our transformed
Hpg contains exclusively 4-Fermion terms. Moreover, these are precisely the possible order 4 terms
that did not appear in (11.3.6), and they all appear with exactly the same coefficient. Unfortunately,
there does not appear to be an obvious simplification when these terms are added to H 4. In electronic
language, Hp contains some ‘uncommon’ processes, namely ‘simultaneous’ Cooper pairing on adjacent
sites (the term with four daggers), Cooper pairing on one site accompanied by a spin flip on an adjacent
site (terms with three daggers), ‘anti-simultaneous’ Cooper pairing on adjacent sites (term with two
adjacent daggers), and finally ‘simultaneous’ spin-flips on adjacent sites (terms with two non-adjacent
daggers). For this reason, we will set 45 = 0 for the remainder of this chapter.
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Recall from the construction of H,, in (9.3.5) that if we make all coefficients 4; equal, we find the
n-state Potts model (see the first paragraph of Section 9.3). Thus if we also set 4o = 1 (recall the
we took 47 = 1 at the start of this chapter), we find the following electronic representation of the
zero-field 4-Potts model,

Hp=-J)_ [C;r',o—chrl,U —icl chy o+ el e (“1y—e — M) + € i1 —oi (o + M1 0)
7,0
+cb ¢t i(Nj—g + 1)+ b (nj—e —n; ) — 2ict ¢ (nj_—oNji10)
j,0%4+1,—0 J,—0 j+1lo0 05410 \'j,—c Jj+l,—o j,0%i+1,—o \!Yj,—albj+1,0
_QiC;,o'chrl,fa (n]}—Unj'i‘lyU) - (c;[',o + Cj»U)(C;',fo' + Cj,—U)(C;Jrl,U + Cj+170)<cj'+1,70' + Cj+17—0)/4

+ H.c.,

with which we close this section.

11.4 Fermionic Spectral Functions and a Topological Sweet Spot

As we saw in the last section, the Hamiltonian (11.1.1) becomes rather complicated when transformed
into an electronic model. The term Hpg even gave rise to some very ‘exotic’ electronic interactions,
which lead us to set 45 = 0. However, the electronic model consisting solely of H,4 is still not quite
as simple as one would like. In particular, the six-Fermion terms (11.3.7) and the correlated hopping
with spin flip terms from (11.3.6) are problematic. One might thus be tempted to introduce two new
parameters U and V', ranging from 0 to 2, and the more general Hamiltonian

AU V) =HY +U [V (HD + HO) + (1-V) ~§,4>] , (11.4.1)

where flf) consists only of the terms of H1(44) without spin flips (or equivalently only of the terms
with real coefficients). Our original H4 corresponds to H 4(1,1), which is an exactly solvable point of
(11.4.1) (with solution given by reading the previous two sections in reverse). The natural questions
to ask is now how much one can deform the model away from U = V = 1 without closing a gap. This
was investigated numerically (using DMRG [77]) in [18], see Fig 11.1. They found evidence that there
are two phases in the (U, V)-plane, separated by a gapless line. It turns out that the point (1,0) is in
the same phase as (1, 1), which we shall dub the strongly interacting phase, with Hamiltonian

a(1,0) = HO 1+ AD.

This suggests that we can neglect the problematic terms discussed above, without changing the
essential physics (modulo exponential groundstate splitting and the like, see Fig 11.2). The other
phase, which we shall say is the weakly interacting one, features simpler, even quadratic, Hamiltonians,
but as it can only be reached from H,4 by closing a gap, we cannot say a priori what the physics of
it will be. We will come back to this later in this section.

For now, our goal is to use the solvability of H, in terms of parafermions to analytically compute
the spectral function for the electronic model, as this is a quantity that can be probed experimentally.
At zero temperature, and considering only the groundstate manifold, the Fermionic spectral function
is given by the formula

A (w) = 270(w) Y <‘<Gsmy 168 + (Gl i \Gsn>\2> (11.4.2)

m,o

Recall that we found the groundstates |GS,,) of Ha in a previous section, and that they are listed
in (11.2.3). They can also be expressed conveniently in terms of the Fermionic states | f,,) (see the
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Figure 11.1: 16 Site DMRG simulation of ﬁA(U, V)for 0 < U <2and 0 <V <1, resulting in a
contour plot of the gap in units of J. The triangle represents our original model Hy, the square is its
deformation H4(1,0) discussed in the text, and finally the star represents the quadratic Hamiltonian

Hj(f). Figure taken from [18].

previous section) if we introduce

L-1
=2 Y Q)
{m;} such that  j=1
>-;mj=n (mod 4)

This allows for a number of useful decompositions. The first two are related to the behaviour of the
system on the edges, as we can write

|GSy) = %(‘FOL_1> ® [ fo) + |[FEDY @ [far) + [FEDY @ [ fu) + |[FEF D @ |fn_3>), (11.4.3)
— %(|fn> & !FOL_1> + |fn—1> @ ‘FlL_1> + |fn_2> ® |F2L—1> + |fn—3> Q ‘F:,)L_1>) (1144)

Now if we wanted to single out a bulk site k, we can instead write

|GS,,) =

I,

3
S (174 010 [P + ) 150 | L
=0

F T @ | fae) @ |8 + [FF7H) @ | fams) ® \F;;k>). (11.4.5)

The use of these representations, is that we know what the actions of the ¢;, and c;r-o are on the states
|fn). Let us first focus on the annihilation operators ¢;,. For a single site, it follows by inspection
that only the following matrix elements are non-zero,

(foler[f) =1, {fsler | fe) = =1, (fil el fo) = =4, (foley | f3) = —i. (11.4.6)

Notice that each of them is a complex number of unit norm, and that applying ¢, changes the
parafermion parity by one (as discussed in the section where we build our mapping). In particular,
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¢, always annihilates two of the groundstates, and on the others it increases the parafermion parity
of one, and lowers that of the other.

We now focus on the sites on the edges of the system, that is j = 1, L. An immediate consequence
of the above is that the matrix elements

(GS,| 16 |GS,) = (GS,| ey |GSy) = (GSpi2| c10 |GS,) = (GS,40| cro |GS,) = 0.
For the remaining matrix elements, we can use say (11.4.3) to compute

1

10 1650} = geta (|FE) © 162) 4 1FE) © foca) + | FE) 0 facad + |FE) @1 )

1
= 5 <A7£:C; ‘FaL_1> ® |fn—a+1> + AZ:Z ‘FbL_1> ® |f”_b_1>> ’

where the coefficients!! AT¢ arise from the single site matrix elements in (11.4.6) and anticommutation

with the creation operators contained in the |FCL_1>. In particular they are complex numbers with
modulus unity. Notice that of the two resulting terms, precisely one has overlap only with the n + 1
groundstate, and the other has overlap only with the n — 1 groundstate. Therefore,

S

1 n,c
(GSpit] 10 |G = ‘1 P

The same arguments, this time using (11.4.4), yield

1
(GSna1| €16 |GSH)[* = &

This we can combine into
E 1
> [(GSml 1o [GS)I" = 2 [{GSml e1o [GSI" = 5.

Finally, there is a clever argument to show that all the bulk operators c;, have vanishing groundstate
matrix elements using (11.4.5). Again by (11.4.6), ¢;, applied to the n groundstate only has overlap
with the n £ 1 groundstates. If we now look closely at (11.4.5), we see that

3

(GSpi1| jo [GS,) o > (1) =0,

=0
where the factor (—1)¢ arises from anticommuting c;, through }FKL_1>. We can now conclude that

1
> HGSuml ¢jo [GSn)|* = (61 + ds1) 3

and by analogous arguments we have the same result for the creation operator. Therefore,
A;L((A)) == 7T5<LL}) (5j1 + 5jL) . (1147)

This describes localised peaks with weight 7 at the edges of the system, which is what one would
expect.

Let us now return to the weakly interacting phase. Here, the simplest possible case would be to
reduce to the line (0,V) given by the quadratic Hamiltonian (11.3.5), which we shall refer to as the

"'Note there is no implied summation over repeated indices.
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topological sweet spot. This is reminiscent of the Kitaev chain (9.1.6), except that that there are two
spin species, and the Cooper pairs have opposite spins. However, this situation can be remedied as
follows. Introduce the two sets of Majorana operators a;,, bj, (compare with (9.2.1)) according to

_ (i
Ujo = Ciy T Cjoy bjo =1Cj, —Cjo) -

Since there are spin flips in (11.3.5), these operators will not bring it into a form similar to that
of (9.2.4). Hence we perform a ‘rotation’ in the Majorana operator space to the new (Majorana)
operators

1 1
Yo = 75 (@ +bjo), Mo = 7 (a0 = bj—0) -

We expect this to decouple (11.3.5) into two non-interacting Kiteav chains,

2 .
H1(4) = leﬂyjanj-i-laa (1148)
7,0
and indeed one can show that this is the case by plugging in the above relations. We now proceed as

one would for the Kitaev chain, by first noticing that the four Majorana operators v, and 7, do
not appear in (11.4.8) and commute with it. Hence one defines two non-local fermions

1 .
fo= 5 (’YLU =+ ”710) )

out of the dangling Majorana modes. This gives a Fermionic edge zero mode, and thus the f, cycle
through the four ground states as

0y, [4) = £110), (14 = £fl10), [1) = f£l0), (11.4.9)

where |0) is the ground state annihilated by both f operators. We will use the dummy index 7
to label these groundstates. This already suggests that the physics of the weakly interacting phase
is different than in the strongly interacting phase. In the latter, there exist Z, parafermionic edge
modes, whereas in this phase there are instead two pairs of Majorana edge modes.

One would like to be able to (experimentally) distinguish between the strongly and weakly inter-
acting phases, as only one of them features the parafermionic edge modes we are after. As we already
have the fermionic spectral function for the full Hamiltonian H,4 in the strongly interacting phase,
we will also compute it for the topological sweet spot'?2. We begin by showing that the dangling edge
Majoranas also cycle through the ground states. As

YL, = fa + fia Me = [ (f; - fO’) )

it holds that applying one of the dangling Majoranas to one of the ground states does the following.
If the spin o associated with the dangling Majorana is present, it is removed, and if it is not present,
it is added. Hence each dangling Majorana cycles through a pair of groundstates. Moreover, the
actions of yr, on any particular groundstate are different, same as for 7;,. We next show that all
bulk Majaronas (by which we mean all of them except v, and 17;,) have vanishing matrix elements
in the groundstate manifold. To this end we diagonalise Hﬁf) in terms of new Fermions. Specifically,
define

1

Jie =5 (Vjo = Mjt10) »

12The author would like to thank Alessio Calzona for sketching the proof in a private communication.
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1 U=0.0,V=0.0 - U=1.0,v=0.0
12 *

—_ ®
[ — U=03,V=00 — U=1.0,V=05 ~ 1.0
N — U=0.7,v=00 A U=1.0,v=10 -
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Figure 11.2: Left: The Fermionic spectral function (11.4.2) for a 16 site system plotted for several
values of U and V. Right: The spectral weight concentrated in the left edge (7 = 1) in blue, and the
gap in red. The left half of the plot is on the line V' = 0, and the right half is on the line U = 1. The
star, square, and triangle represent the same points as in Fig 11.1. Both taken from [18].

for j=1,...,L — 1. These are indeed fermions

2
g, =0= <g},) , GloGkr = —Gkrdl,-

Inverting this yields

Vie = Gio + Gjor Mj+1s =i <9ja - 9}(7) -

Thus

HY =Jiy" (gja I g},) i (gja - g},) :

j,o
=27 9,950,
7,0

and the ground states are completely filled systems. However, the bulk Majoranas have g-Fermion
parity one, so that they always leave the ground state manifold. This immediately implies that all
the bulk spinful Fermion operators have vanishing matrix elements in the ground state manifold as
well, since they can be expressed as linear combinations of the bulk Majoranas.

From the above we can already conclude that for any 7" and o

D l{rlesa 7Y = (AT,05 + A7 o051 )

where we use 7 and 7’ as dummy variables to label the groundstates (11.4.9). In other words, we now
know that the spectral function is localised at the edges of the chain, as was the case in the strongly
interacting phase. It is now useful to find the edge spinful Fermion operators ¢! and (:TLJ in terms of
the edge Majoranas. The result is

t 1

1
Croe = —F= o o+ -0 o)~ ———= VL + —ol
o= 75 (Lo =1, (NL,~o = Vo)) 7 (VL0 + VL0

t 1 _ 1 .
Clo = % Mo = Y1,—0 T (M,—0 — Y1,0)] ~ % (M. + im1,—0]

where the tilde indicates restriction to the groundstate manifold (recall that i, and 7., count as
bulk Majoranas). Now for instance

CLo |T) ~ BilT') + By |7"),
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where one coefficient B; is real and the other imaginary, and 7' # 7”. Therefore

> (rl o 17| 1

(1 + 1) - 71—,/,07
for all 7. By analogous arguments this is true for j = 1 and the annihilation operators as well. We

4
conclude that
> |erl el 17

and so from (11.4.2) we have Ay, () = 2md(€). This peak has exactly double the weight of the one in
the strongly interacting phase, and thus provides an experimentally accessible object to discern the
phase of the model.

The results are plotted in Fig 11.2, with numerical results for parameter values intermediate to
our two exactly solvable points. In the left figure, notice the exponential tail of the edge modes in
the bulk. This is expected from the discussion of the Marjorana edge modes of the Kitaev chain in
the previous chapter. This in particular means that for finite system sizes, there is an exponential
splitting of the groundstate energies, and the four-fold degeneracy is only exact in the thermodynamic
limit L — oo.

1
Z\ 7l ejo IT)* = (61 + 6j1) 7

11.5 Appendix: The Sanguine Details of Certain Calculations

In this section we derive equations (11.3.5), (11.3.6), (11.3.7), and (11.3.6). We transform each term
in (11.3.4) using (11.3.3) and the expressions for powers of the d’s below it, and collect the results,
working from right to left. First up is

dPd, ) = (1= ny)(—icl) @*OF2mm2ms(1 — njag)ejy,
= cf it natnive (1= ngp) (1 = njpay),

= ¢} (1= )i =2k (1= g gag).

Now notice that only |&), survives the combination c} (1 = njp), so that the power of i in the last
line vanishes. Alternatively one can expand it using projectors and carry on from there. Thus

313
dPd,, = cb (1= nj)eppy (1= njpn),
= (C}¢Cj+u> + {—C}wﬂu”ﬁ - C;¢Cj+1$nj+1T} + [ChchrliananrlT} : (11.5.1)

where the terms in round brackets are 2-fermion terms, curly brackets are 4-fermion terms, and square
brackets are 6-fermion terms (we will use this convention to report the final result of a transformation
throughout this section). Next up is

Cie1t = Crityy = gy + iCj+1¢”j+m>T )
= —i(l - ”jT)CL(—@')n”_n"T_%ﬁn” (C}HT — by = Grngiy - j+1¢ny+lT>
The power of ¢ is unity by the same argument as previously, so that
dj‘gd; =(1- n]T) ( @C;er +ic +1TnJ+1¢ i1y + ¢ +1¢n3+1T)
( ;¢ g+1¢> {ch Cit1pT+1s + i0}¢0j+m”j+u - CT¢C;+1¢nj+1T + ic}ic}L#lTan}

f t
+ [ chicﬁmnnnﬁu — ¢ G111y + chjJrunﬁnﬁlT] (11.5.2)
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Our next victim is
.0: 13 . .0 305421nt2ms 1 1+
dji~tdj,, = (CJ'T — cpngy — el + Z%”ﬁ) (IO (i1 = myaap)cjy)
=1 <CJT(1 —ny) = gy + i%”ﬁ) (=D)L = myap) g,
= (—icir(1 —ny)) +ickng, —cingy ) (1 —njyie)e
Jr Jb PR VAN J+11)C5+11

where the powers of (—1) can be determined either by inspection, or by expanding it in projectors.
It is now a matter of working out the product to find

.0 13 . . . .
dji™ djyy = (=icjpejia) + {chchJrlinji ticheprng, = ¢uciyn + ZCjTCmejHT}
+ [_iCjTCj+1¢nj¢nj+1T — icfyeianynynag + Cj¢Cj+1¢annj+1T} : (11.5.3)

Finally, the nastiest term (dealing with the powers like in the last term) is

0; gt _ t - f f »
djidj,, = (—Cﬂ T Gty + Gy + Z%"ﬁ) (ij ~ Cippyy T Gy, ch+1¢”j+n) ,
_ f i S f
= <_Cchj+1T) + {CjTCj+1¢nj+u + CiCi41tNy+1) + UC1C it + CitCliapTh)
t SO f
TCCi1a 7L T ZCj¢Cj+1¢nj¢} + [—CJTCj+1¢nj¢nj+u = GG+ 1T 41,
S t f Lt
T C 1 Tt T Cp Gy Ty T Cip Gt T 4] = 205G T T +11
UGG 1y — ACHL Cip 1 T 1) T LGy Pt | - (11.5.4)
We now collect all the terms, by order, from equations (11.5.1), (11.5.2), (11.5.3), and (11.5.4),
yielding
(...) = —cpc 1 —idcipeiy —ict el L+l e (11.5.5)
JC5411 Jrei+1l JLEg+11 51 C3+1 -9
o t :
{---} = eprejr(ngy +ny1ay) — ¢ (g + njaar) + icireiay (ngy + njaar)
S bt S -
+icj ¢ (g + 1) + (CjTCjJrlT”jJru + Cj¢0j+1¢”j¢> + (chch+1¢nj+1T + ZCjTCjJrlinji)
+ (ichcjﬂmjm + iCijmnﬂ) - (Cj¢0j+1¢nj¢ + C;[J,c;r'+lj,nj+1T> ) (11.5.6)
_ f f to
[ ]=- (CjTCjJrlT + CjpCivrr + GGty + CjTCjJrlT) nj ey + (T to 4) njyngiar
T UGG LT 1t T RG] T PO G T T 1t T UGG Gt Tl T,
ot . ~ S
— ACHC L LT 1y = GGG T 1) — GGG MG N1y — 065 G gy (11.5.7)

Recall that in (11.3.4) also the Hermitian conjugates of all the above terms appear, and that we must
sum over the site index 5. We will exploit this fact and some other tricks to bring the result into a
more transparent form. In (11.5.5) (4 its Hermitian conjugate and summed over j), replace the first
two terms by their Hermitian conjugates and extract a sum over spins to obtain

2 .
Hﬁl) — —JZ [c}jgcjﬂ,g — ZC},UC;H,—U + Hec.
j?o-

In (11.5.7), notice that the first two terms (those with round brackets) are anti-Hermitian, so that they
do not show up in the Hamiltonian. Replace terms with the dagger on the right by their Hermitian
conjugate, and do the same to terms with no daggers. The factors of ¢ ensure that the extra minus
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sign coming from commuting back into j to 57+ 1 order is cancelled. Doing this one notices that there
are only two types of terms (those with one dagger, and those with two), which can be combined. A
sum over spins is readily extracted and we find

6 , :
HY = _JZ [—2@0}100]'“,,0 (Nj—oMji10) — 2@0}70c;+17_0_ (nj7,gnj+1,g)] + H.c.
7,0

In (11.5.6), carry out the same replacement by Hermitian conjugates and group the terms together
correctly to find

(4) _ § : t T '
HA - _J Cj,O'CjJrlyU (_njvfg - n.j+1770-) + Cj,O'CjJrl»*a'Z (nj»ia + n.]+1yg)
7,0

—1—6}7002417_02' (Nj—o + Njt1,0) + C;r',ac}—l-l,a (Nj—o — n]’+1770->i| + H.c.
To derive (11.3.6), we have as before by (10.2.1) that Hpg, as defined in (11.1.1), becomes
Xip = iy +djdl +dPdj,
Y2 = i (ag¢0fagi0j-+-ag¢0fag3 +—ag3ag¢0f>

= d;(—1)%d; — d;d* + di’d;.

In anticipation of some of the calculations we will have to do, we compute some expressions that will
be useful (using again the notation (11.3.1) and the reasoning behind (11.3.3)) Namely,

Dy(=1)%D; =i (Cjicﬂ + C%%) :
3 _ bt
D;D;" = icjpcj),
3 .
DJT- D; = —ZC}\LC]'T,
D} = (—i) (%Cﬁ - C;chi) :
We now want to transform
UixG = di(—1)%d;d3 ) + di(—1) P ddyadl, + di(—1)%dydl dj
3 3 3 3 113
— dydP &3 — ddPdpadl — ddPdl dg

+ddid;yy + ddidyadly + Y did]dy (11.5.8)

We do this term by term (from left to right this time). Again all £ < j parts of the strings cancel,
so we will not write them. In general, we will give few details in the following calculations, as the
arguments are entirely analogous to the computation for H4. First

dj(_l)ojdjd?H - Dj(_1>ojDji2(oj+2jT+2nji)Dy2'+1a
= (Cjich + C}%) (=1)mrtme (Cj+u0j+1¢ - C;+1ch+1¢> ,
= (%Cﬂ - C%%) (Cj+1¢0j+n - C}+1¢Cj+1¢) :
Then we have
d;(—1)%d;d;dls ) = D;(—1)% D;(—1)% D, DI = — (%Cﬂ - C%%) (C}HTCLu) )

O; 3
dj(—l) ]djd;r~+1dj+1 = (CjJ,CjT — C;TC]¢> (C;r-_‘_quJrlT) .
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The next row in (11.5.8) becomes

352 3 o;n2 _ (.1 .1 T
djd] d = Dij (—1) ]Dj+1 = <CjTCj¢> (Cj—i-licj—HT — Cj—i—l']‘cj‘f‘li) ,

13 — —cl ot f
d;d; d]+1d]+1 = TE1G1C5411G1y
T3 13 N N N |
djd; djsydjv1 = €51C5,C41 Citat

Finally the last row is

37 52  _ i3 o;n2  _ (.14 1
dy"d;dy,, = Dy"Dj(=1)" D,y = (m%) <0j+1¢0j+1T - Cj+1¢cj+u) 7
3 B
A’ djdjnd}y = —cicinc] el
s ot
d; djdj+1dj+1 Cjy Gt Citit-

We collect the terms

w?X?-i-l = ;TCLC}HTC}JFu + CjLCirCi+11Cj 41y
+c! it g¢ ;[+1TCJ+1¢ + CJ$C]T0;+1¢C]+1T CjichC;r'+1TCj+1¢ - ;T h ;+1¢Cj+1T
+c TCJ¢C;+1TC;+1¢ +cf 51t G+ G 11 — CTTCNCJHWJHT - CT¢CJT T+1TC;+1¢
+ CjTCjic;r‘+1ch+1~L + Cj¢CjTC§+1¢Cj+1T - C}TCNC;'HWJ‘HT - CLCJ’TC;HTCJ#N
- CjichC;erC;Jru - C}TCthJrliCjHT-

Notice that each term is paired with its Hermitian conjugate. Commute operators in each term with
a minus sign such that the spins read up-down-up-down, then we arrive at the form

202 A
ViXj = GG CinmCiy

7T T T T T T toet
+ Cﬁ%%mcﬁu + Cn%cﬁmcﬁu T CJTCNC]JFITCH—LL + chrel e
T T T
+ Cj¢cj¢cj+1TCj+1¢ + CjTCj¢Cj+1TCj+1¢ + CjTCNCjJrlTCjJru
+ H.c.,
(e (e (e fLe
= \Gr TG ) Gy TG ) (Girar T Gt ) \ Gy T G+ )
Thus the final result is

L—-1
Hg=Hy =J
7j=1

1 |
HH ( J+ko+cg+lm)-
k=0

o=1
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12 Free Fermion-Like Fock Parafermion Models

12.1 Tight-Binding Fock Parafermions

In the previous chapter, we looked at Fock parafermion models ‘close’ to the Potts model. While this
was natural, in the sense that the Potts model becomes very simple in terms of ordinary parafermions,
it resulted in rather complicated expressions, both in their Fock parafermion and electron representa-
tions. In this chapter we will instead consider the Fock parafermions to be the fundamental degree of
freedom, and try to study Hamiltonians that are simple in this language. If one were to write down a
one-dimensional, tight-binding Hamiltonian for Fock parafermions (that is not some combination of
number operators) for this purpose, one is likely to end up with

Hy ==ty (dldj + He.), (12.1.1)
J

where ¢ > 0 (one usually sets ¢ = 1 in numerics). The study of this model in the literature was
initiated by Rossini, Carrega, Strinati, and Mazza in [74]. In the present section, we will summarise
their findings, and in the following sections, we will attempt to apply the techniques we have learned
so far to learn more about the model, and we start to consider directions in the phase diagram®.

The first thing to notice about (12.1.1), is that it preserves the Fock parafermion number, in
contrast to (11.3.4). Thus Oy = >_; O; is a good quantum number, with the corresponding sym-
metry being the usual U(1). Compared to the Fermionic version of (12.1.1), inversion symmetry is
missing, since d; — d_; does not preserve the relations (10.1.4). While the off-site Fock parafermion
algebra (10.1.4) is particle-hole symmetric, as is the on-site relation (10.1.5), if we try to apply this
transformation to the Hamiltonian

Hy, —tz (didley + drd]) = =t 3" (wdldjr + He)
J

it is not invariant (for Fermions w = —1, but the single-particle spectrum —2¢t cos(k) is invariant under
this reflection). However, one can combine particle-hole and inversion transformations to obtain a
symmetry (see the text at the end of Section IIB in [74]). As a consequence, one only needs to solve
the model for densities below ‘half-filling’. Note that the maximal occupation number for Z, Fock
parafermions is n — 1, thus full filling means n — 1 particles per site, and the total number of particles
is (n — 1)L. This corresponds to a maximal particle density of (n — 1), and so half-filling means a
density of (n —1)/2.

If there is only a single particle, the behaviour should be the same as in the Fermionic case, as
there is no notion of exchange statistics for a single particle. Consider the state |¢) = d} |0), with |0)
the vacuum. Then

d;djﬂ |10) = 5é,j+1d}dj+1d;+1 0) = 5z,j+1d; (1 - djgz I)d?ﬂl) = 0gj+117)
which is the same as for Fermions (we used (10.1.4) in the second step). Therefore, the states
LS,
\/_ ;

13This is joint work with Iman Mahyaeh (Stockholm), Jurriaan Wouters, and Dirk Schuricht.
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Figure 12.1: Two-particle spectrum of (12.1.1) as a function of center of mass momentum K for
several values of n, adapted from [74]. Exact diagonalisation on L = 151 sites with periodic boundary
conditions. The density associated to the red square in the left image is plotted on the right in Figure
12.2. The different coloured arrows indicate bound states whose densities are plotted (in matching
colours) on the left in Figure 12.2. In the right image, notice that the lines of bound states head
towards the lobes for increasing n, as expected since this is the hard-core Boson limit.

with k € (27/L)Z;, (using periodic boundary conditions), are eigenvectors of (12.1.1),

t i
Ha k) = == 37 (didso + dlads) €16
7.4

t ik(j+1) gt ikj gt
= _ﬁ 2]: (6 G+ )d] + e ]dj—i-l) |0> s
= —2tcos(k) k),

with the expected dispersion (k) = —2t cos(k).
Unfortunately, things become more complicated if we add another particle. In the Fermionic case,
the eigenstates are simply |k, k'), and the energy is

e(k, k") = =2t [cos(k) + cos(k")] = —4t cos(K) cos(k _2 k,), (12.1.2)

with K = (k+ k’)/2 the center of mass momentum. The two-particle spectrum of (12.1.1) was found
in [74] for several values of n, and can be seen in Figure 12.1. The two lobes on the left and right in
the plots in Figure 12.1 are the same as in the Fermionic case (the lobes are a ‘side view’ of (12.1.2)),
but there are lines of states between them. The states in the lobes are scattering states, as can be seen
on the right in Figure 12.2, as in the Fermionic case. However, as evident from the left plot in Figure
12.2, the lines are made up of ‘bound’ states. This means that despite (12.1.1) being quadratic, it is
not a model of ‘free’ particles unless n = 2 (compare with [35] and the equation above (30) in [34]).
Analytically, one could argue this as follows. In the Fermionic (n = 2) case, the Hamiltonian can be
Fourier transformed to become

H,S"ZZ) = Z e(k)el e,
2

which is made out of commuting pieces,

[c,tck, cz,ck/} =0.
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Figure 12.2: Plots of the coefficients |a(n1, n2)|, defined through [¢) =5 df di_ |0), of the states
(left) given by the arrows in Figure 12.1 and the state (right) given by the red square in Figure 12.1,
with ny — ny = d. Adapted from [74]. Notice on the left that the profiles become wider as the state

comes closer to the lobes in Figure 12.1.

If n > 3, things go wrong. First, if one were to define dL via
1 i
k) = d0) = —= 3™ )
¢

as the ‘Fourier transform’ of d}, this would not be a canonical transformation, i.e. the operators d;
and dj. do not satisfy the Fock parafermion algebra (10.1.4). Intuitively, this follows from the fact that
this algebra is ‘chiral’, which is incompatible with Fourier transformation. Concretely, commuting a
d,t and a d,z, involves commuting d}’s and d},’s where both the cases j < j" and 7 > j’ occur, but these
result in different powers of w. Moreover, even if it were possible to write

Hy, = &(k)dldy,

k

then this still does not consist of commuting pieces, as one can check that d;dk does not commute
with df,dj,. Recall also that dld, is not the Fock parafermion number operator (10.1.6) on site £.

Further arguments that the case n > 3 is very different from n = 2 can be made using random
matrix theory, see [6, 44, 52] for instance. The Fermionic case is integrable (as demonstrated explicitly
above), so one expects the spectrum to display Poisson statistics. What is meant by this statement, is
that the level spacings s, = (E,11—E,)/(s), viewed as realisations of a random variable s, are Poisson
distributed, that is to say that s has probability density e™®. A priori, this is a strange distribution
to see, as we know that levels generically repel each other (see Remark 5.2), and this distribution is
largest for s close to zero. Integrable systems have infinitely many conserved quantities (by definition),
and that is enough to overcome this level repulsion. In Figure 12.3, the density function of s (induced
by Hj) has been plotted for several values of n, and we clearly see that as n moves away from 2,
the maximum of the distribution moves away from zero. This is strong numerical evidence that the
general Fock parafermion model Hj is not integrable. In general, the type of eigenvalue statistics
one observes is dictated by the symmetries of the model. Well known distributions are the Gauflian
Unitary Ensemble (GUE) briefly touched upon in Chapter 5, and the Gauflian Orthogonal Ensemble
(GOE), which has density (ms/2)e"™°/*. This latter density arises when the system has an anti-
unitary symmetry, but it can be difficult to distinguish between GUE and GOE for small system
sizes, see Appendix B of [74].

We attempt to say something about the low-energy physics of Hj; in the many-particle sector.
Using DMRG [77], one can compute the gap between the groundstate and the first excited state,
see Figure 12.4 and also FIG. 4 in [74]. We observe vanishing gaps in the thermodynamic limit for
almost all values of n and densities Oy /L, with the notable exception being the combination n = 3
and Oyt /L =1 (so half-filling). Thus one expects the low-energy behaviour to generally be described
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Figure 12.3: Level statistics in the 7-particle sector of (12.1.1) for varying system sizes and several
values of n. Exact diagonalisation with open boundary conditions, adapted from [74] (see their FIG.
3 for details). The dashed curve in all three plots is the GOE density. One can clearly see motion
away from Poissonian statistics for n = 2 towards something resembling GOE for n = 6. Recall from
Chapter 5 that convergence towards the GUE distribution improves rapidly with growing matrix size,
somewhat justifying the increasing quality of the fit with growing n.

by a conformal field theory. For a review of conformal field theory, see Chapter 10 and beyond in
[58]. Another interesting quantity that is numerically accessible through DMRG is the entanglement
entropy of the system in the groundstate. This contains a lot of information about the correlations
between different subsystems, see Chapter 17 of [36] for more on entanglement entropy. Since we are
working with a one-dimensional chain, there is a natural way to choose two subsystems. Let ¢ be an
integer between 1 and L, the length of the chain, and split the system into the first ¢ and the last
L — { sites. Write |GS) for the groundstate, and form its density matrix p = |GS) (GS|, and perform
a partial trace over the last L — ¢ sites,

pe="Trr_¢(p),

to obtain the reduced density matrix for the first subsystem. Finally, consider the von Neumann
entropy of this reduced density matrix py,

S() = —Tr[pelog(pe)]

which is the entanglement entropy. Recall that (reduced) density operators are positive, so that the
assignment p; — pglog(pe) is well-defined if we extend f(x) = xlog(z) to a continuous function on
[0, 00) by setting f(0) = 0. In a one-dimensional conformal field theory, S(¢) has a universal functional
form, which for our geometry (and open boundary conditions) was derived by Calabrese and Cardy
[16] and reads

S(t)=C+ glog {2% sin (%gﬂ : (12.1.3)

where ¢ is the conformal charge of the theory, and C' is some (non-universal) constant. Therefore we
have a two-parameter expression to fit to data, which allows us both to check that the low-energy
behaviour is (approximately) conformal and to determine the central charge of the corresponding
theory. In Figure 12.5, the entanglement entropy is plotted for the n = 4 case at half-filling (O /L =
3/2), and we see excellent agreement with (12.1.3). The fit suggests that the central charge ¢ should
be unity, and this is consistent [54] with the n = 4 case in Figure 12.4, since the leading finite size
behaviour of the gap depends linearly on the conformal charge [1, 11|, providing a consistency check.
In [74], additional numerical evidence that ¢ = 1 holds (for all n!) is presented in FIG. 5. The upper
panel of this figure also shows the deviation from (12.1.3) for the special case n = 3 at half-filling,
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Figure 12.4: DMRG calculations [54] of the gap between the groundstate and the first excited state
of Hy as a function of 1/L, compare with FIG. 4 in [74]. Both plots are at half-filling for the
respective values of n. On the right, n = 4 and we see a gap that is linear in 1/L and vanishes in the
thermodynamic limit. On the left, n = 3 and we see instead that the gap approaches a finite value
(note the ordinate), fitted to the functional form AL~* + B, with A, B, o constants.

instead following an area law. This suggests that the critical point of (12.1.1) is described by the same
conformal field theory as a free Boson or Fermion, since these also have ¢ = 1 (Chapter 12 in [58]).
For the n-Potts models (Chapter 14 in [58]), ¢ = 4/5 when n = 3, and ¢ = 1 when n = 4, indicating
that at least for n = 3, Hj, is indeed far away from the Potts model, and for n > 4, the Potts model
has a first order phase transition that cannot even be described by a conformal field theory.

Another observable that is accessible through DMRG is the one-particle many-body correlation
function

91(j,0) = (GS| dld, |GS) . (12.1.4)
In [17], combining Equation (6) and the text below Equation (7), one finds the leading order prediction
gi(lg =) ~ 17— 7", (12.1.5)

deep in the bulk (recall we use open boundary conditions). This prediction can only be accurate in
the gapless cases, because when the system is gapped, the correlation length should be finite and thus
the correlations decay exponentially. In the gapless cases, the correlations are predicted to decay only
decrease algebraically, with an exponent that is a direct measure of the statistical parameter 2/n. In
Figure 12.6, one can see such a correlation function for n = 4, with the exponent resulting from the
fit being 0.53, which is in good agreement with 2/4 = .5. Here however, one should note that there
is considerable variation with respect to density in the exponents following from numerics, see FIG.
6 in [74].

Let us finally introduce a hopping model that is slightly different from (12.1.1) (and not considered
in [74]), by drawing some inspiration from the Potts model in terms of Fock parafermions (11.3.4).
There, we see a ‘chiral’ hopping term, namely

th = —tz (d;wOJ 41 + HC) .
J

At this point, we have no way of deciding whether Hj, or Hpj, is the more natural Hamiltonian.
Including the phase factor does come with a certain benefit. To perform DMRG calculations, it is
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Figure 12.5: DMRG calculation (dots) of the entanglement entropy S(¢) for the n = 4 version of
(12.1.1) at half-filling (Oit/L = 3/2), and a plot of the best fit for (12.1.3) (line). We observe
excellent agreement, especially away from the boundaries, providing strong evidence that ¢ = 1.
Adapted from [54].

useful to apply the Fradkin-Kadanoff transformation (10.2.5) to the two hopping models, so that they
are written in terms of operators with more conventional commutation relations. It is simple to see
that

did; ., = BUI_,---UlU, -+ U; By = BlU;Bj.1,

JJ
dj@%djer = BIULy - U[UJUy - UsBjy1 = B} By,
Therefore,
Hy=~t) (B;UijJrl + BJT'+1UJTBj) ’
j

Hpn =t (BIBj1 + Bl B; ).
J

Now notice that in this representation, Hpj, does not have any term involving U, and so it is not only
simpler than Hj, but it is a matrix with exclusively real entries. In fact, we see that Hpj, is a model
of hopping hard-core Bosons. The failure of this fact for Hj follows from its lack of time reversal
symmetry (see the text at the end of section IIB in [74]), so it may be the case that adding this phase
gives a model with more symmetries.

12.2 Alternative Representations and the Continuum Limit

In the previous section, we provided numerical evidence that the low energy behaviour of (12.1.1)
should be described by a conformal field theory with central charge ¢ = 1. This suggests that Hj, is
‘close’ to a free Fermion model not only in outward appearance. To provide analytical evidence in
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Figure 12.6: DMRG calculation [54] on 100 sites of (12.1.4) for n = 4 at filling Oyt/L = 0.5 (dots),
with the best fit for the functional form r® (line), which has exponent —0.53, in good agreement with
the predicted value of —1/2 in (12.1.5).

this direction, we would like to employ the mapping developed in Section 11.3. This does mean that
we are (for the moment) restricted to n = 4. The result of this transformation, carried out in Section
12.4, for (12.1.1) is

_ i o
Hy=—t) [Cj'rcj-HT (1 =y = mjany + 2n5,m5000) + C5ciigy (2ngyngiay — 5 — nj41y)
;

+icheiny (1= ng) nyear + ¢l ey (=14 (1= i)nypay)

+ (1 +i)elyelgp (ngrngiay) —ict ey (namgaag) + He |

The only processes in this Hamiltonian are hopping and ‘Cooper pairing’ (with and without spin flip
and coupled to densities), so that electron parity is conserved, as expected. Also, contrary to (11.3.5),
(11.3.6), and (11.3.7), the two spins species appear in a strongly asymmetric way. In particular, the
only quadratic terms that are present at all, are hopping terms for the up-spins, while the down-spin
hopping term comes with a coupling to two densities, so it is a higher order process. While this looks
strange from the electronic point of view, it does line up with the prediction that the central charge
is unity. This is because the up-spins and down-spins represent a Fermionic degree of freedom each,
and so only one of the two should be relevant.
We saw above that the Potts-inspired hopping term

Hpp=—ty (d}(—i)%j+1 n H.c.)
J

was slightly simpler than Hj, in the Fradkin-Kadanoff representation, and one might hope that it is
also simpler in the electronic representation. We defer again to Section 12.4 for the details of the
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calculation, whose result is

Hpp=—ty [C}ij (1= ng = ngeny) + chyeli g (0 = nany) + € ey (=ngpnga09)
j

+ic] i1+ ic} JUCiHIT T — Z (C},acﬁl,—o + C}JCEH,_U) (nj,—oMj11,) + Hee. |

o

This indeed has more structure, in that the spin species appear somewhat more on equal footing,
and many of the density couplings are simpler and of lower order. For instance there are no products
of densities in the coupling of the up-spin hopping and ‘Cooper pairing’ terms. The down-spin
hopping still only occurs in higher orders, and the model still does not fit on a single line. Let us
compare the one-and two-particle (Fock parafermions that is) sectors of Hy and Hpy, in their electronic
representations. The one Fock parafermion states d} |0) become the states C}T |@), and it is easy to
see that both Hj, and Hpj, project to the simple hopping Hamiltonian

HY = HY = _tz (C;ch'HT + H.c.> .
J

This has the same eigenstates and dispersion as derived in the previous section, as expected. The
two Fock parafermion sector is slightly more interesting, with the hope being the these electronic
representations somehow help us understand the bound states observed in the two-particle spectrum
in Figure 12.1. In the electronic language'*, the two Fock parafermion states are

T gt _ .t SR,
{djdg |O)}j§€ = {chceT |®>}j<€ U {zcﬂcji |®)}j :

so either we have two up-spins on separate sites, or we have an up-and down-spin pair on a single
site. Projecting the Hamiltonians onto this subspace yields

2 .

th = —t E [ TCJJFlT — Nt — nj+1T> + ZC;[¢Cj+unj+1¢ — C}¢Cj+1j\njj\ + HCi| ,
2 . .

HPP;Z = —t E [ TCJJFlT — Ny — nj+1T> -+ ZC;[TCJ'+1¢HJ+1T —+ ZC;J/CJ'JFITTLJ'T + HC] s

which are identical up to a single coefficient. These models allow for the following processes. If the
two particles are separated, they are freely hopping up-spins, but when they meet, they can only pass
each other if one of them flips its spin. It is interesting to note that an up-and down-spin pair on a
single site cannot hop as a pair, but the only allowed process from there is for them to separate and
both become down-spins. This prevents the bound states from being simple moving up-and down-spin
pairs, and unfortunately there does not seem to be a simple way to solve the Hamiltonians in this
subspace to find the bound states.

As another attempt to end up with a more favourable form of Hj, one can attempt to modify
the mapping by choosing different state identifications. This is explained in Section 12.4, and a new
electronic Hamiltonian H), is derived. Sadly, the full result is rather unwieldy, but the quadratic terms
are

. t
A = =5 2% (dotsn + He).
j o0

14 Here we see the first signs of a problem that we will have to face later, namely that the relations between the N
Fock parafermion sectors and their electronic versions are not so straightforward.
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This indeed involves all spins, but it is not hard to see that
(2) _-Z|:< ]T+C ) Cj+1T+Cj+1J/)+H.C- 5

which is only the charge degree of freedom, and so we are back to square one, albeit one sanity check
richer.

Hence, it is time for different methods. Transforming H; and Hp;, into electronic models was not
for nothing, because we do now have access to many more techniques, such as Fourier transformation
(which did not work in Fock parafermion language), but it also represents a more tangible link to
field theory. The idea now is to derive such a field theory from (12.1.1), and show using RG (Chapter
8 of [58], Chapter 12 of [67], or Chapter 14 of [81]) that this flows to the free Fermion fixed point,
providing analytic evidence for the hypothesis that ¢ = 1. Recall that the basic model was

L-1
Hh = —tz (d;d]qu + HC) s
j=1

which in electronic language (see again Section 12.4) becomes

(i i i i :
djdj1 = (CjT = CjyNyy + Gty — Cjij) X (Cj—i-lT — Gy T gl ch+1wj+1¢) :
(12.2.1)

We would have liked to do Bosonisation [28] to obtain a field theory, but we could not easily find
a point around which the dispersion is approximately linear. Instead we take the continuum limit,
therefore we first need to fix the scaling dimension of the fields v,, and then compensate with some
power of the lattice constant a to create a dimensionless field, so that we can identify a%y,(ja) ~ ¢j,.
To this end, recall that the action will contain (see (7.10) in [81]) the dynamical term

/ drdz Egﬁﬂpg,

which should be dimensionless in natural units (A = 1). Thus, using square brackets to denote the
scaling dimension of an object, we must have that

(7] x [2] X [s]> x [0;] = L x L x [),)> x L' =1,

implying [1,] = L~Y2. Tt follows that the correct identification for the continuum limit is ¢j, ~
Vaw,(ja). We now determine the continuum limit of each individual term arising from the product
in d}djﬂ (16 in total). Call the four terms on the left A to D, and the terms on the right ¢ to iv.
The first one, Az, is

1 T — T
—t Z <CjTCj+1T + Cj+1TCjT) =—t Z ¢t (Ginr +¢imat) s
J J

~ _tz aET(ja) [Vr(ja+a) +r(ja —a)l.

J
We now perform a second order Taylor expansion, as a will go to zero, to find

Ai ~ =t ay(ja) 241 (ja) + 02,14 (ja) + Oa)] .

J
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We now send a to zero, in such a way that

Za—)/dx, ja — x.
J

This yields

Ai ~ —2t/dx R (ta2)/dx NGNS (12.2.2)

Under RG, the coefficients in front of these terms are allowed to run, and we determine their scaling
dimension using naive powercounting. Recall that the action contains an additional integral over 7
(we suppressed the field’s dependence on 7 for notational brevity), so that the powercounting gives
for the first term

N x[r]x[z]x[WP=[\xL=1= [\=L"

where ) is a generic symbol for the coefficient. Thus, this term is relevant under RG, and the coefficient
scales like an energy, which is consistent with the units of ¢. For the second term, the powercounting
goes as

AN xLx[#]=NxLxL?*=1= [\=L,

so that the second term is irrelevant. We see that derivatives make a term less relevant, and as all
the terms in the ellipses of (12.2.2) contain more derivatives, they are all irrelevant. Hence we can
consistently ignore higher order terms in Taylor expansions, as they will quickly become irrelevant.
We continue with the next term, which is Aii. We will write n,(x) = 9, (2)1, () for the spin o
density field. If there is no spatial variable written for a field, it is evaluated in z (identified with ja).

Here we have

f f _
ty (CjTCjJrlTanrlJ, + Cj+1¢0j¢nj+u> =t ch(epmmyy + ¢nmgiy),
i i

~ Y @[ + adethy] [n) + adeny] +ny [y — adyiin]}

j
~ (2ta) /dx nyn + (ta®) /dx nOpny, + ...

Notice that [n,] = —1, thus the first term is marginal, and the second is irrelevant (again so are the

terms in the ellipses). In short, the presence of densities n, decreases the relevancy of a term, thus we

can ignore any contribution in (12.2.1) that contains more than one such density. This leaves only Ai

to Aiv and Bz, all others will only give irrelevant terms. Thus we only have three more calculations
to do, the first of which is Aiii. As before,

7o _ [N
tz (CjTCjJrlTnj-‘rLL + Cj+1¢CjT”j+1¢> =1 Z <chCj+1T - CjTCj+1T> i1l
J J
We focus only on the term with the daggers, as the second term is similar. Hence
tz C;ch'+1¢nj+li ~ (ta) /dx Uy [y + ad 0] [0y + adyny]
J

~ (ta) /dx (ET)Q [ny + adyny] + (ta®) / dz (40,0 ) ny + ...
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The first term vanishes due to the Fermionic nature of the field, and for the second term the power-
counting is

(A [7] x ] x [ihr] % [0:] > [q] x [ng] =[Nl x L7 =1 = [\ =L,

so that it and all higher order terms are irrelevant. Similarly, one can investigate Aiv and it only
produces irrelevant contributions. We arrive at Bi, the last one we need to consider,

tz (C;F'ch‘FlTnji + C;HTCMN) = tz ) <0;¢Cj+m + C}+1¢Cﬁ> ,
j j
~ (ta) /da: ny (QEHDT + aETawa + a(@zﬂf)% +...),

and the same powercounting arguments as before give that the first term is marginal, and all other
irrelevant. Thus the ‘effective’ field theory in the long wavelength limit is

S=X\ /dex ny (14 Aany) .

If we instead desire an ‘effective’ second quantised Hamiltonian, we could keep only those terms
that produce relevant or marginal operators under RG, as outlined above. This gives the model

Hef-f = —t Z <C;(TCJ‘+1¢ - C;r-TCj+1¢nj+u — C}L-TCjJrlTnjl, + HC) s
J
= —tz [1 — Ny — anrli] (C‘-I]‘-chJrlT + HC) . (1223)
J

Up to marginal terms, this is simply a tight-binding model of free Fermions, so it seems safe to
conclude (keeping also the numerical evidence in mind) that indeed ¢ = 1. We see that the down-spin
electrons in this model are completely stationary, they acts as a sort of potential for the up-spin
electrons to move in. If an up-spin electron on site j wants to hop to site j + 1, this is somewhat
penalised if a down-spin is present on either site j or j + 1, and strongly penalised if there are down-
spins on both sites. Naively one could think of the down-spins as being localised bumps in a potential
that the up-spin electrons feel. Let us take a look at the few-particle sectors, like we did in Section
12.1. If there is a single up-spin and a single down-spin, we essentially face a single-particle scattering
problem. Suppose that the down-spin is located at some site ¢, then there is an obvious bound state
cZTc} | |0), which is an eigenstate of the effective Hamiltonian with energy zero. With a single down-
spin localised at a specific site but multiple up-spins, the model is essentially a chain hosting spinless
Fermions and with a ‘weak link’ in the chain at site ¢, as here the hopping amplitude drops to zero.
This can be solved with elementary techniques, see for instance Chapter 6 in [31]. In general, one
can view the problem as a chain of non-interacting spinless fermions, where the hopping between
‘ordinary’ sites (those without down-spins around them) occurs with amplitude ¢, and then there are
‘weak’ links with hopping amplitude zero (between a site with and a site without a down-spin), and
‘very weak’ links with hopping amplitude —¢ (between two sites with a down-spin). Since the spinless
Fermions are non-interacting, this could in principle be solved with elementary scattering theory (as
outlined in [31]). As a final remark on this model, one might be tempted to think of the term in
square brackets in (12.2.3) as a spin 1 degree of freedom (as it takes on the same values) living on
the bond lattice, but this is in fact not so natural, as the value zero has multiplicity two. Moreover,
under this mapping, the Fock parafermion number operator (11.3.2) becomes

O; = nyp = 2nzym;y + 3nyy,
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which is rather complicated as it contains a non-linear term. Thus, it is difficult to translate between
Fock parafermion density and the up-and down-spin densities. One can also check that Hp;, produces
the same relevant and marginal terms (only some coefficients are different).

As an attempt to remedy all this, one can also try to construct a mapping from Z, Fock parafermions
to something other than electrons. Since a pair of spinless Fermions would be essentially the same
thing, we instead express d; in terms of a spinless fermion c¢; and a Weyl hard-core Boson b; with
b? = (0. One can then construct the mapping using the same general ideas as before, which is done
in Section 12.4, resulting in the Hamiltonian Hj, in (12.4.2). The number operator then becomes
entirely linear,

0; = n{ + 2n§’-,

where n/ and n’ are the Fermion and Boson density respectively. The second order terms ﬁf)

contain only hopping for the fermion, as desired. The third order terms ﬁf) give BCS-like terms

which allows a pair of Fermions to become a Boson and vice versa. The fourth order terms HE:Q contain
simultaneous Fermion and Boson hopping (in opposite directions) and another BCS-like term, but
this time coupled to the Boson density. Finally, the fifth order term ES) is a BCS-like term that
combines the properties of the other two. One can again take the continuum limit and perform the

powercounting analysis to find the relevant and marginal terms in this Hamiltonian, to arrive at
Heg = —tz [1 — 2n3’] (c}ch + H.c.) .
J

This is indeed significantly nicer, as the factor in square brackets is now local, and can be considered
as a spin 57 = 1— 2n2 (this time the values all have the same multiplicity). While one could interpret
this model again as a sort of scattering problem, there is a much more elegant solution. The number
of Bosons is obviously conserved by H.g, so that given a list of values for the n?, we obtain a list
of signs S7 that do not change. These signs can then just be gauged away by exploiting the U(1)
symmetry of the Fermion algebra, by sending

cj [H (1- 2ng)] c;.

k<j

This is inspired by equation (19) in the Supplementary Material to [79]. Under this transformation,
H.s becomes the standard tight-binding model with exclusively hopping terms, and the dispersion
is —2t cos(k), while the Boson band is flat with value zero. In Section 12.4 it is also derived that
0, = nf + Qn?, and so

Oiot = ZO]- = Z (n{ + 271;’) )
J J

There are now several different density regimes to consider for the groundstate. If the density is
very low, that is Og/L < 1/2 (note that the maximal density is 3), one would expect the system
to only contain Fermions, as they have negative-energy states available to them. This lasts until
Ot/ L = 1/2, because then these states are all occupied. As the other Fermion states have positive
energy, one would now expect the Boson states to become occupied, as they have zero energy. This
comes with a huge degeneracy, as all Boson states have zero energy (while the negative energies for
the Fermion states were different or had only double degeneracy), so that a given number n’, of
Bosons can be placed into the chain in L choose n’, ways. Finally, for densities above 5/2 (recall
that a Boson counts as two Fock parafermions), one would expect the remaining Fermion states to
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become filled. Unfortunately, this does not line up with the numerics, and so this is too drastic of a
simplification. Specifically, the conflict arises when we set for instance Oy /L = 1. According to our
naive model, all the negative energy Fermion states should be filled and a quarter of the Boson states
should be filled. Thus we have the probabilities p,, of being in state m on some site (in the bulk),

13

3

133

p1_24_87
—11—1—0125
PPy~ s ™

111

p3_24_87

due to the particles all being non-interacting, and there being (approximate) translation symmetry
These indeed add up to unity, but the numerics (see Figure 12.7) indicate that rather

Do ~ 0.26, p1 ~ 0.495, py =~ 0.222, p3 ~ 0.022.

These are not only wildly different values, but it also fails completely to hold that py, = p; and
p2 = p3. One natural way to extend this approach would be to perform perturbation theory in the

least irrelevant terms that arise in H},, which are those in FS), scaling as L~Y2. Working with the
continuum field theory itself is probably rather difficult, as we would need to impose the constraints
of fixed Fock parafermion number and the hard-core Boson relation (b* = 0) using delta functions in
the path integral measure.

Let us return for a second of the mystery of the gapped phase occurring for n = 3 at half-filling
(O —tot/L = 1) presented in Figure 12.4 on the left. It is well known that H}, at half-filling is gapless
for n = 2 (the free Fermion case) and it follows from Figure 12.4 (on the right) that it is also gapless
for n = 4 (for higher n = 6 see FIG. 4 in [74], and of course for Bosons the system is also gapless), so
what is special about n = 37 Perhaps the answer lies instead in considering the three cases n = 2, 3,4
at the ‘absolute filling’ Oy, /L = 1 rather than at the ‘relative’ half-filling. Under this assumption,
the free Fermion case n = 2 becomes a trivial band insulator, so it is now ‘gapped’. However, the
n = 4 case remains gapless (as is the free electron hopping model at this density). From Figure 12.7,
we know that the occupation probabilities for sites in the groundstate are very similar for n = 3
and n = 4 (in the later case p3 is very close to zero), suggesting that the states are similar. As the
Hamiltonians are formally the same, the difference must lie in the Hilbert space. For n = 3, the
average density per site is close to unity, and the probability of a doubly occupied site is significant,
and this is the maximal occupation, so it presents a ‘blockade’ to a third particle, possibly gapping
the system. It seems likely that the extra room on-site provided by larger n prevents the formation
of a gap through this mechanism, and indeed all those systems are gapless.

As a possible direction for further research, one could try to generalise the procedure above to
all even n, instead of only n = 4. In [21], Section V, a fermionisation procedure for parafermions
with even n is developed. It would be interesting to extend to Fock parafermions and analyse the
Fermionic field theories that arise from Hj, through this mapping.

12.3 Exploring the Phase Diagram

Since we are primarily interested in n > 3, since n = 2 are just Fermions, there are other natural
terms'® one could write down and add to (12.1.1). One such family are ‘multiple hoppings’ d}mdﬂl,

15In general, there are many combinations of Fock parafermion creation and annihilation operators that one could
write, but we restrict attention to those that preserve the total Fock parafermion number and involve only two neigh-
bouring sites.
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Figure 12.7: A DMRG calculation [54] on 60 sites of the occupation probabilities for the groundstate
and first excited states of (12.1.1) for n = 4 and Oy /L = 1 (third-filling). Notice that this implies
that the Fock parafermions are distributed almost homogeneously, that is (O;) is very close to unity
for j in the bulk. Moreover, py ~ 0.26 (not shown), and so ps =~ 0.022 is an order of magnitude
smaller than the other probabilities. Analogous calculations (not shown) for n = 3 at Ot /L = 1
(half-filling) produce similar values for p; and ps (and thus py).

where m-tuples of Fock parafermions hop in unison. One could consider the exponent m to take any
value between 1 and n — 1, but let us be modest and only consider m = 2 for the cases that n = 3,4.
Thus we define the new line of Hamiltonians

Hy(g)=—(1—g)t>_ (dj.dj+1 + H.c.> > (d}2d§+1 + H.c.> , (12.3.1)
J

J

where 0 < g < 1. For ¢ = 0, we recover Hjp, and

Hay = Ha(1) = =ty (d;?d?“ + H.c.) .

J

In this section, we will try to gather some information about the phase diagram in the p = Oy /L
and g plane. Recall from the first section that we only need to consider densities up to half-filling due
to symmetry.

First, let us think a little bit about the g = 1 case of this new Hamiltonian. For n = 4, it is not
too hard to see from Equations (10.1.4) and (10.1.5) that the operators d7 satisfy the relations

didy = did3, (d7)* =0, (dj)'dj + di(d})' =1,

etcetera. Thus, they are hard-core Bosons with maximal occupation of one particle, and Hsy, for
n = 4 is a model of free hopping hard-core Bosons. If instead n = 3, things are more subtle. Observe
that both d? and d;r-Q annihilate any state containing |1) ;- Since this is a hopping model, one expects
there to be negative energy states (compare with Figure 12.1), and thus singly-occupied sites should
be avoided in the low-energy sector (at least at lower densities). This inspires us to project Hsy, onto
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Figure 12.8: Entanglement entropy from DMRG calculations [54] for (12.3.1) at half-filling with
g = 0.6 (denoted by a cross in Figure 12.9 on the left) and n = 3 (dots), and the best fit of (12.1.3)
(line). Notice the even-odd effect, which is often a sign of dimerisation. The magnitude of the jumps
depend on the value of g (not shown).

the subspace without singly occupied sites. We can do this as follows, apply the Fradkin-Kadanoff
transformation (10.2.5) to the operator

12 52 _ pi2rr2np2
dj"dj,, = B;"Uj By,

and use the matrix representations

010 1 0 0
B=(oo1],u=[0w 0],
000 0 0 w
where w = exp(27i/3), to find
000 0 01
2
d?d, =000 |®| 000
100 000

From here, the projection we want is to cut out the middle row and column of the matrices in the

tensor product, yielding
(00 ® 0 1
i \ 1 0 00/

These are the same matrices as the Pauli (spin-1/2) raising and lowering operators o
write

d2d2

7 i+l

+ and so we can

di%q2

7 g+l

+ -
= 0. 0.
eff UREARE
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Figure 12.9: Phases of Hy(g) on the half-filling lines in the phase diagrams, determined through
DMRG [54]. The lines on the right are dashed to indicate a lack of precise data. The cross in the
image on the left refers to Figure 12.8. For an explanation of the phases, see the last paragraph of
this section.

if we identify |0) <> |{) and |2) <> |1). Thus, the effective Hamiltonian for Hs;, becomes

— + T Yy
e tE (0] jy1 T 05 JJH = tg oj+1+0jaj+1),

J

n=3
Hy, ™

which is the XX-model. It is well-known that this has ¢ = 1.

For the phase diagram, it turns out from DMRG simulations [54] that (12.3.1) is gapless every-
where, for both n = 3,4, unless we are at half-filling. In Figure 12.9, the information known at the
time of writing about these lines in the respective phase diagrams is drawn. Let us first discuss the
case n = 4, where we have less information. Most of the line is gapless, with ¢ = 1, as one would
expect from the previous sections. However, around ¢ ~ 0.8 a gap appears to open, which is some-
what unexpected, but further research is needed to say anything more precise. The case n = 3 is far
more interesting. We know from the previous sections that the model is gapped for ¢ = 0, and this
phase extends out up to g ~ 0.46. Above, we argued that the effective model for Hy, should be the
XX-Hamiltonian, which is gapless with ¢ = 1, and indeed this agrees with the numerics. This phase
extends from g = 1 down to the neighbourhood of g ~ 0.56, thus there is a region between the two
phases we have discussed so far. This region is also gapless, but has ¢ = 2 (the same as free electrons),
which is different from everything we have seen so far. It is difficult to speculate on what this phase
could be, and further study is needed. Lastly, the entanglement entropy in the gapless ¢ = 1 phase
(0.57 < g < 1 and n = 3), which is plotted in Figure 12.8, exhibits a rather interesting even-odd
effect, for which we do not yet have an explanation.

12.4 Appendix: The Sanguine Details of Certain Other Calculations

We want to express the n = 4 case of the model
==ty (dldo + di1d;)
J

in terms of electrons. For this we discussed the mapping (11.3.3) of [18] in the previous Chapter.
Plugging this in yields

d;r»dj+1 = (C;T - c}TnN — CjtNy — ZCL”JT) 1L 2L
X (Cj+1r = Gt — C}+m”j+u + i0j+1¢nj¢> :
We begin by simplifying the first line, getting rid of the phase operator. To this end, group

P e .
Cir = Cipyy — gy — icyngy = el —nyy) — ejpnyy — dcy nyy,

then
i 24 M| —Nair '0—2><O><0—0 _f )
(1 O C (1= my)i = (1 = nyy),
il — —2n; TGNy — 1—2x1x1— 1 _
CjMj a7 T T = i S ANLAR)
T N R (TS | .1—2x1x0—0 T
Cly " T = = —icj njy.
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Leading to
d;dj_i_l = <C;T»T — c;Tnﬂ + CisNyj| — chm) (CJ'-HT — Ci+11 41y — C;r»JrlT?”Lj_i_u + Z.Cj_,_uan) . (1241)

Writing out this product and collecting the terms per order yields (using the same notation as in
Section 11.5),

(-..)= C}TCJ'JrlT?
{- ) = —chiejrmmypn — chiel gy +ichieongg — ciemgy + e imgy — o ey,
[ ] = chejpangny + chelangngay —ickeangmian — ciremyngay — eprelangngay
+iceiingngig + o cnpngig gy — il cnang .
Thus
H,=H? + 1Y + 1

With, carrying out similar replacements as in Section 11.5,
= _tz ( CirCi+1t + € +1TCJT>

(4) _ t ot : t
H,” = —t Z [%Cﬁm(—nn = ngay) F chyel g (mngy = ng) ey — e + H-C-} :
;

6 .
HY = -ty {QC}Tij(njwﬁu) +2chiel 1 (nyngin) — ichie(ngyng )
j

— el ey (ngngin) + (1= a)e] cipar(ngmig) + (1 +i)chelyy (ngmyany) + H-C} -
We also determine the electronic representation of the Potts-like hopping term,
ey f
dliOidyin = (4% dl,, )
= (chejinr ) + < chciin(=n — njpny) + el (nj, — njpny) +ictciyn;
CipCit1t CipCi+1t AT = Ty1l) T CppCipp Ty — Thj41)) T 265G+ 14 M1
+ict e p — | e (npngaay) +ickciy (nynje) +ictcl | (njnjag)
g1 Ca+1rTegt 51+ o +1) GrCi+L gL 4+11 GG+ gl +11
+ic ¢CJ+1T(nJTnJ+1¢) + ZCLC;LHT(WJTHHM)}
where we used (11.5.4). Thus
Hpn = =t (dhi-djsy + Hee) = HE) + Hy) + HE,

J

with

H](:,Ziz = —tz (C}L'TCJ-HT + HC) s
J

4 _ T ) .
th = —t Z [chchT(—nﬂ - nj+1¢) + C it ]+1T(nj¢ TLj_:,_u) + ZCjTCj-Hinj-HT + chicj-HTan + HC] s

6
1(3;3 = _tz { ¢CJ+1¢ Mjtnjpat) — @ Z |:Cj oCit1,—o(j—aMj+1,0) + € _]O' j+1 - (nj,fvnﬂl,a)} } .

g
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Next, we consider an alternative mapping from n = 4 Fock parafermions to electrons. Instead of
identifying the bases as in Section 11.3, we propose

0) 1)

1) 27 1/2(0T + Ci) D),
12) — CTC¢|®>

13) = 2712(cf = ¢]) @) .

The projectors onto the even number states are still the same,
P(0) = (1= ny)(1 = ny), P(2) = nyn,.
However, the odd number state projectors are more complicated,

1
P) = 1) (1] = 5(c} + ) 12) (2] (e + ) = 5 (my + 1y — 20gm, + cley +cley)

2
1
P(3)=3) (3| = 5(4 —c)1@) (2] (e —¢)) = 3 (nT +ny = 2npny — cley — CI%) :
Constructing the operator d as in Section 11.3 yields the expression
d=2"12 [CT +c (1 —2ny) — cini - clnT] :
To turn this into d;, we want to use the same strings as before,

d] = Z'Zk<j (Ok+2nkT+2nk‘L)2il/2 |:C]T + C]~L<1 - 271”) - C}LTHN - C‘I\Ln]’r] 3

but we need to find the representation of the Fock parafermion number operators O, under this
mapping. This turns out to be

Ok =2 (nkT -+ Nk — nanki) — (CLTCki + CLickT) .

At first glance this is a disaster, as now O, and ny, do not commute, which makes it difficult to work
with the strings. Thankfully not all is lost, as the combination

Ok + 2nkT + 2nk¢ = 4nk¢ + 471]@ - 2nk¢nm — (CLTCIQ + C]TkaT> = —2nk¢nm — (CLTCM + CLWM) (mod 4),
which occurs in the strings, actually consists of two commuting pieces,
n ! 1 =0
AR Ck;Tcki + Ck\LckT = U.

Thus

Y

?;Zk<j(ok+2nk1-+2nk¢) — H {<_1)”k¢nkT(_Z'>CLTCI€¢+CL¢C1€T}

_ H {(=1)™™1 [Py (0) + (—1) Pe(1) + Pp(2) + iPu(3)]},
= H {(—1)”%”‘“T [1 — Nt — Ny + 2NNy — 4 (CLTC]Q + C,Towﬂ } )
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which, while cumbersome, can be worked with. In total,
1 N Tkt ST T
{0 [t = 2= (e + o)
o

T T
X [Cﬁ + (1= 2n59) — cjymyy — Cjwﬂ] :
With this expression and the necessary elbow grease, one can derive that
2did; sy = (i + ¢l e+ cheiny + ¢ e
jYg+1 G1CI+1T 51CI+1T G1CI+1 1%+
o s (0= ey
+ Cj1Ci 11Ny, 4 Cuciarngr — (L4 3)chcing, — 2¢h i — (1 —i)cl eiiqn;
JrCi+11785 GLCi+11 7051 GCa+1 ) GG+ +11 G Ci+14 151
Tor 7ot
=26} iyt Gy + ey — Chch ey — chelangay
Tt Tor
T Gt T Cﬂ%ﬂﬂ#”}
T
+ {2(1 +i)ehieiy(njnir) + 2(1 = i)el ey (njmjar) — 2¢i1¢i0,(njnicar)
PRI AP
= 2¢jy¢5514(njrngeir) + (L4 8)chcg o (npngen) + (1 —9)eg e (nirngy)
t t N
= CitCipar(Muneay) = e (i) + (T4 0)cgci iy (nyngag)

+(1- i)éﬁhu(”jf”y’ﬂi) - CjTC}Jru(njianrlT) GLe T+1¢(”JT”J+1T)

Thus the Hamiltonian consists of the pieces

7(2) _ _% ; ; <C;r-7gcj+l,0’ + H.c.) ,

~ (4 t
Y = 5 Z { [(1 +i)chmg + (1 - )C}Wﬂ} (cjsar + ¢jny) + 2(chy + ¢ ejrnynjin
J

_'_Z oCi+1,07 ng—o+n]+1 —0)+H‘C’}7

~ (6 t . .
Y = —5 Z{Q (C}Tm + CL”;‘T) chyngen +2 [(1 ti)chng, + (1 - @)C}um} G111
j

T T WA | T T
+(L+i)c! CitTjL <0j+1¢"j+1¢ + Cj+1¢”j+1T> + (1 —i)c njr (Cj+1¢”j+1¢ + Cj+1¢”j+1T>

Z oCit1,00(Mj—oMjs1,—0r) + HC}

o0’

Instead of electrons, one can also represent the Fock parafermions using a (spinless) Fermion ¢
and a Weyl hard-core Boson b. These two particle species commute, so [c, b] = 0, etcetera. To be able
to write down strings, it is important that we construct the Fock parafermion operator d in such a
way that it respects Fermion parity (for the Boson it is unimportant because they commute off-site).
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Thus we choose the identification
0) = |2),
1) — @),
2) — b |2)
13) — fTo7 @) .

Write nf = ¢fc and n® = bfb for the Fermion and Boson number operators respectively. It is not
difficult to see that the projection operators are

P0)=(1- nf)(l — nb), P(1) = nf(l — nb), P2)=(1- nf)nb, P(3) = n'n®,
so that we can construct d as usual,
d = 0P(0) + cP(1) + c'bP(2) + cP(3),
= c'b(1 — nP)n® + enfnl,
= c+c'b.

This is a rather nice expression, and in fact the Fock parafermion number operator also has a
favourable form,

O =0P(0)+ P(1) +2P(2) + 3P(3),
=nf (1 —n®) +2(1 —n/)n’ + 3n/n’,
=nl +2nb.
To turn d into d;, we need to write the correct strings. We know how to cancel Fermionic off-site
anti-commutation, and we do not need any string for the Boson, thus

d; = iZnes (Ort2ny) (cj + C;bj) — ks (200 (Cj + c}bj) .
The string can again be split into two commuting pieces,
2% = (—=1)" = Py(0) + Py(1) — Po(2) — Pu(3) = 1 — 20,
(=) = Pe(0) + Pi(2) — i [P(1) + Pu(3)] = 1 — nf —inf = 1 — (1 +i)n].
This yields a considerably simpler expression than the last mapping for
d}djﬂ = <c + chT> [ (I+i)n ] (1—2n0) (cjﬂ + c;r.ﬂbjﬂ) :
= [c- (1 — 2nl?) — icjbﬂ (C]_H + j+1bj+1> ,

T tel S U A et
= CiCjy1 ¢ ]Hbjﬂ — zc]cjﬂbj —1€jCj105bj 41 — 2n cl iCj41 — 2n] iCis1bj1

Therefore

By B 4D (1242

ﬁf) = —tz (c}ch + H.c) ,
J
5 _ —tZ [clel i (b — iby) + Hee]

ﬁ( = tz [zc c]Hb]Hb + 2n c]+1 + H. c} ,

= tz <2njc]c]+1 i1+ H.c) .

with
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