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Abstract

The main aim of this project is to develop a simple, yet mathematically
rigorous, version of Tomita-Takesaki theory for the von Neumann algebra
B(¢) with a faithful normal state.

In Chapter [2] we formulate the theory in terms of tensor products. Even
in this fairly general setup we can already attach physical interpretation
to the modular objects A and J. Namely that, the former, the modular
operator induces a unique modular automorphism group oy which in turn
gives the time-evolution (dynamics) of some physical system. Whereas the
modular conjugation implements a time-reversal.

Chapter [3] presents an alternative formulation of Tomita-Takesaki the-
ory, unitarily equivalent to the first, but with the space of Hilbert-Schmidt
operators as our preferred choice of Hilbert space.

To gain further insight into the theory, in Chapter [ a certain simple
physical system is explored. In particular, we look at how the system of an
electron in a constant orthogonal magnetic field, together with the associated
phenomenon of Landau levels, displays a modular structure in the sense of
Tomita-Takesaki theory. In such a case, the algebra of observables and its

commutant correspond to the two directions of the magnetic field.
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Index of Symbols and Conventions

General symbols

a6 =2 Z2 =

djk

: The empty set

: Natural numbers {1,2,3,...}.
: Field of real numbers.

: Field of complex numbers.

: The Kronecker delta

Symbols defined in the text

A, B
A

: Typical (C*-) algebras.

: The commutant of the algebra A.

: Meansx € A = z € B.

: The algebras A, B are isomorphic.

: The algebraic (respectively, completion) tensor product of A and 5.
: The space of bounded linear operators J¢ — £ .
: The space of trace-class operators ¢ — 7 .

: The space of Hilbert-Schmidt operators 2 — ¢ .
: The domain of the operator a.

: The tensor product Hilbert space J¢ @ 7.

: Typical (complex) Hilbert spaces.

: The conjugate Hilbert space of 77.

: The linear span of finitely many linear combitinations of the basis

elements {e; : j € N}.

: The Hamiltonian operator.

: The perpendicular and parallel components of the Hamiltonian H re-

spectively.

: An ideal in an algebra.

: The pre- and modular conjugation defined on 4) ® 74) and G, respec-

tively.



Qll: QLI‘

£

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBE

SITHI YA PRETORIA
A4

: The function space over R with measure dzx.

: The projection |e;) (e;|, where the e; are basis elements.
: The momentum operator.

: The position operator.

: The pre- and Tomita operators respectively.

: Temperature.

: The trace functional on an algebra A, i.e. Tr: A — C.
: The unitary operator defined in Sec[4.5]

: Typical von Neumann algebra.

: The von Neumann algebras defined in Chap.

: The unitary transformation defined in Sec.

: Typical vector (or normed) spaces.

: Typical (bounded) linear operators

: The operator norm of a.

: The bounded linear extension of a.

: The restriction of operator a onto the set M.

: The transpose of matrix a.

: The Hilbert-adjoint operator of a.

: The creation and annihilation operators.

: The algebraic (respectively, completion) tensor product of a and b.
: The bounded linear operator on Ba(.#°) defined in Chap.

: The commutator on an algebra A. That is, [a,b] = ab — ba for all

a,be A

: An inner product on a Hilbert space.
: The identity operator on the algebra A.
: The unit element of the algebra A.

: The *-anti-isomorphic map defined in Sec[2.4]
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: The conjugate of the representation of z, i.e. *:= )
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: The kernel of operator a.
: The Hilbert sequence spaces.
: The magnetic length.

: The quantum harmonic oscillator states on ¢ and 2 ® 2, respec-

tively.

: Typical elements of a Hilbert space.

jeN €5 where

T = ZjGN €;x;j.

: The element z € 7 view as an element of the conjugate Hilbert space

.

: The elementary tensor of x and y.

: The pre- and modular operators defined on 74 ® 7 and G, respec-

tively.

: The unitary operator defined in Sec

: The modular operator defined on the commutant.

: The cyclic and separating vectors.

: Typical complex numbers.

: The conjugate of a complex number a.

: The inverse temperature.

: The unitary map defined in Sec. [3.2]

: A faithful normal state on A given by p(a) = Tr(pa).
: Typical states on an algebra.

: The cyclotron frequency.

: The (faithful) representation of B(7¢) onto B(G).

: The gauge-invariant momentum, and pseudo-momentum.
: A density operator.

" : The modular group on A.

: The modular group on the commutant of A.
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Conventions

(i) Unless explicitly stated otherwise, any vector space or algebra will be
over the field of complex numbers.

(ii) An inner product of an inner product space will always be taken to
be linear in the second argument and conjugate linear in the first
argument, as is conventional in physics.
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Prologue

The Tomita-Takesaki theory (or modular theory) has been one of the most
exciting subjects for operator algebras and for its many applications to math-
ematical physics [20]. The origins of the theory lie in two unpublished papers
of M. Tomita whose manuscripts were distributed to the participants of the
Baton Rouge conference in 1967.

At the same time Haag, Hugenholtz, and Winnink published their paper
[15] on the description of thermodynamic equilibrium states using the Kubo-
Martin-Schwinger (KMS) boundary condition. Probably Hugenholtz and
Winnink were the first to realize the similarity between certain aspects of
their approach and Tomita’s theory and hence the importance of this then
new mathematical theory for theoretical physics [6].

But general awareness of Tomita’s theory only came subsequently through
a slim volume published by M. Takesaki [31] in the Lecture Notes in Math-
ematics. In which Takesaki gave a careful and complete exposé of Tomita’s
work with many refinements and clarifications as well as several applications.
Since then this theory came to be known as the Tomita-Takesaki theory.

The Tomita-Takesaki theory is one of the most important and useful
developments in the history of operator algebras, giving a very precise and
intimate connection between an algebra and its commutant, along with a
one-parameter group of automorphisms [7]. This theory made possible the
great advances in the 1970s by A. Connes et al. on the classification of
factors.

Later on Connes remarked, concerning the relation between the KMS
condition and the modular operator of Tomita-Takesaki theory discovered
by Takesaki and Winnink, that it “remains one of the deepest points of
contact between physics and pure mathematics” [10]. Whereas R. Haag
described this connection as “a beautiful example of ‘prestabilized harmony’
between physics and mathematics” [14].

In this dissertation we will present a simple version of the Tomita-
Takesaki modular theory for a von Neumann algebra B(.7") with a faithful
normal state. This is a special case of the more general situation of the
theory (for example, see [8],[30]). This approach is close enough to the stan-
dard approach that it can also serve as an introduction to the more general
theory.

The broad structure of this dissertation consists of three parts with
clearly defined chapters, and is organized as follows:

e First, we give in Chapter [I] the basic mathematical background re-
quired to develop a simple version of the Tomita-Takesaki theory.

e The second part contains the main body of our project which is to
formulate the Tomita-Takesaki theory. In Chapter [2] we give the for-
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mulation of the theory in terms of tensor products, the advantage of
this approach lies in that we gain intuitive insight into the relation of
algebra and its commutant as “mirror images” of each other.

An alternative approach to the theory that has appeared in the physics
literature, centered around the Hilbert space of Hilbert-Schmidt oper-
ators, is presented in Chapter

Even in this general framework we can already see how the modular
automorphism group gives the dynamics. This also allows us to attach
physical interpretation to the modular conjugation J as time reversal.
This approach gives additional insight into Tomita-Takesaki theory,
but the tensor product approach is the main focus of this dissertation.

e Finally to gain further insight into the theory, in Chapter [4] we look at
the Landau problem- related to the motion of a charged particle on the
flat xy-plane in the presence of a constant magnetic field along the z-
axis, along with the related phenomenon of Landau quantization. We
show how the algebra of observables associated with this physical sys-
tem displays a modular structure in the sense of the Tomita-Takesaki
theory, with the algebra and its commutant corresponding to the two
orientations of the magnetic field.

Our tensor product approach differs from the standard textbook treat-
ment of general Tomita-Takesaki theory, and gives a much more concrete
representation of the theory than one can obtain in general. The tensor
product approach also gives a clear indication that Tomita-Takesaki theory
is closely related to entanglement, in particular in our case via the (entan-
gled) cyclic vector Q (for example, see [12]).

Furthermore, we use novel arguments to handle the unbounded operators
in the theory, which allows us to avoid most of the subtleties and technical
difficulties usually associated to unbounded operators.

The dissertation is mostly devoted to a mathematically rigorous devel-
opment of Tomita-Takesaki theory. However, when treating some of the
physics (in particular in Chapter [4f and the Appendix), we do not work
completely rigorous.

10
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Chapter 1

Background

Here we treat material needed in the rest of the dissertation. While much of
it is standard, we also develop some tools and techniques specific to our goals,
and which can not be found in standard texts, in particular Sections and
[I.8 Only separable Hilbert spaces over the complex field are considered in
this dissertation.

1.1 Operators on Hilbert spaces

In this section we review the basic properties of linear and conjugate-linear
operators on Hilbert spaces. We state results without proofs as they are
readily available (see, for example [18], [22]).

Definition 1.1.1 (Notation for operators). Let X and Y be complex vector
spaces, and a : Z(a) — Y an operator, where Z(a) C X is the domain of
a. We write either a(x) or ax to denote the image under a of an element
z € D(a).

1. a is linear if a(ax +y) = cax + ay for all z,y € Z(a),a € C.

2. a is conjugate linear if a(ax+y) = aax+ay for all z,y € ZY(a), o € C.
3. a is injective if a(x) = a(y) implies x = y.

4. The kernel of a is ker(a) = {x € Z(a) : ax = 0}.

5. The range of a is #Z(a) = {ax : x € Y(a)}.

6. a is surjective if Z(a) =Y.

7. a is a bijection if it is both injective and surjective.

We use either id or idx to denote the identity operator of a space X onto
itself.

11



£
ﬁ UNIVERSITEIT VAN PRETORIA
@, UVIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
A4

Definition 1.1.2 (Bounded operator). Let X and Y be complex normed
spaces. An operator a : Z(a) — Y, where Z(a) C X, is said to be bounded
if there is a real number ~ such that for all z € Z(a),

la(z)[] < [l (1.1.1)
An unbounded operator is an operator that is not bounded.

Remarks 1.1.3. The notions of boundedness and continuity are equivalent
for operators. Typically it is easier to check boundedness. An immediate
consequence of the definition is that (1.1.1]) with v = ||a|| gives

laz|| < flafl]lz] (1.1.2)

which is used extensively.

Definition 1.1.4 (Isometries and isomorphisms). Let X, Y be normed spaces,
and let a : Z(a) C X — Y be linear.

1. If a preserves the norm, i.e.
Vo € 9(a), fax] =[],
then a is called an isometry (hence bounded).
2. A bijective isometry « is called an isomorphism.

3. If there exists an isomorphism a from X into Y, then X is isomorphic
with Y, and X and Y are called isomorphic normed spaces.

On occasion, we will deal with conjugate-linear isometries and isomorphisms,
which are entirely analogous except that the operator a is conjugate-linear
instead of linear.

Denote by B(X,Y") the collection of all bounded operators from X to Y,
and write B(X) in place of B(X, X).

Example 1.1.5. If X, Y are normed spaces, then B(X,Y) is itself a normed
space with the point-wise defined operations for addition and scalar multi-
plication, and norm the operator norm:

l|lal| = su M = sup |laz|. (1.1.3)
w20 |||l |z||=1

Moreover, if Y is a Banach space, then B(X,Y’) is a Banach space.

In particular, B(.%¢) is complete, where .7 is a Hilbert space.
Definition 1.1.6. Let {¢; : j € N} be an orthonormal basis for a separable
Hilbert space 7.

12
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1. An operator a € B(%) is positive, and written a > 0, if

(x,ax) > 0Vx € .

2. For any positive operator a € B(J) we define

o
Tr(a) := Z (ej,aej) .
j=1
The number Tr(a) is called the trace of a and is independent of the
choice of orthonormal basis.

Definition 1.1.7 (Symmetric operator). Let a : Z(a) — # be a linear
operator, which is densely defined on a Hilbert space 7, i.e. Z(a) is dense
in . Then a is called a symmetric linear operator if for all z,y € Z(a),

(az,y) = (2, ay). (1.1.4)

It can be shown that a densely defined operator on a Hilbert space 57
is symmetric if and only if (az, x) is real for all z € Z(a).

An unbounded operator a satisfying cannot be defined on all of
A (cf. [22, Thm. 10.1-1)):

Theorem 1.1.8 (Hellinger-Toeplitz). If a linear operator a is defined on all
of a complex Hilbert space F and satisfies for all x,y € I, then a

1s bounded.

As a consequence of the above theorem, %(a) = 4 is impossible for
unbounded operators. This makes the problems of determining suitable
domains and extensions become of prime importance.

Definition 1.1.9. An extension of a: Z(a) — H to aset M D Z(a) is an
operator
a: M — A such that a|g@q)= a,

ie. axr = ax for all x € Y(a). Call a an operator on J if Z(a) = S, and
an operator in  if Z(a) lies in 7 but may not be all of 7.

Extensions that are usually of practical importance are those which pre-
serve some basic property of the operator a : Z(a) — ¢, for instance
linearity (if a is linear) or boundedness (if Z(a) lies in ¢ and a is bounded).

Theorem 1.1.10 (Bounded linear extension). Let ¢ and % be Hilbert
spaces, and a : P(a) — K a bounded linear operator, where % (a) lies in
. Then a has a unique extension
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where P(a) is the closure of the domain of a. Moreover, a is a bounded
linear operator of norm
lall = {lall.

If, in addition, a is isometric then a is also isometric.

Remarks 1.1.11 (Conjugate linear operators). Completely analogous to
bounded linear operators, a bounded conjugate-linear operator has a unique
bounded conjugate-linear extension. In particular, the bounded extension
of an isometric conjugate-linear operator is itself isometric.

The Hilbert-adjoint of a densely-defined linear operator is given by:

Definition 1.1.12 (Hilbert-adjoint operator). Let a : Z(a) — J be a
(possibly unbounded) densely-defined linear operator in a complex Hilbert
space . Then the Hilbert-adjoint operator a* : Z(a*) — F of a is defined
as follows. The domain Z(a*) of a* consists of all y € .7 such that there is
a y € J satisfying

(az,y) = (z,y") (1.1.5)
for all x € Z(a). For each such y € Z(a*) the Hilbert-adjoint operator a* is
then defined in terms of that y* by

y" =a'y. (1.1.6)
Remarks 1.1.13. Note that by definition of a*, it follows that
(az,y) = (z,a"y) (1.1.7)

for all x € Y(a),y € Z(a*), and Z(a) = Z(a*).
The Hilbert-adjoint of a conjugate-linear operator a is also conjugate-
linear and satisfies

(x,a"y) = (y,ax) = (az,y) (1.1.8)
for all x € Z(a) and y € Z(a™).

Definition 1.1.14 (Self-adjoint linear operator). Let a : Z(a) — H be a
linear operator, which is densely defined on a Hilbert space 7. Then a is
called a self-adjoint linear operator if

a=a". (1.1.9)

We have the following special terminology for isomorphisms on Hilbert
spaces:

Definition 1.1.15 (Unitary operator). Let ¢ and .# be Hilbert spaces,
and u : P(u) C H — & be a linear isometric isomorphism. Then u is
called a unitary operator if

u't | 9= L and uu” | = Ly (1.1.10)

14
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If such a u exists, S and J are said to be unitarily equivalent (or isomor-
phic).

A conjugate-linear isometric isomorphism for which holds is
called an anti-unitary, and in this case J# and % are said to be anti-
unitarily equivalent (or anti-isomorphic).

An isometry on an inner product space must preserve the inner product
as well as the norm.

Proposition 1.1.16. Let 57 be a Hilbert space. Then the following condi-
tions are equivalent:

1. w is a unitary operator on J.
2. u is surjective and preserves the inner product.

3. The range of u is dense in F€ and preserves the inner product.

1.2 Infinite matrix representation of operators

Here we represent operators on a separable Hilbert space as infinite matrices
with respect to a given orthonormal basis. This allows us to introduce the
notion of transposition of an operator with respect to the basis for use in
Tomita-Takesaki theory later on.

What we develop in this Section can be thought of as a simple gen-
eralization of the familiar case of linear operators and matrices on finite
dimensional spaces of [18, Sec.2.9 ].

If 7 is a separable Hilbert space, then (by [18, Thm.3.6-4]) # has a
countable orthonormal basis.

Definition 1.2.1. Let {e; : j € N} be a countable orthonormal basis for
the Hilbert space . The matriz representation of a € B() with respect
to {e; : j € N} is the matrix [a;]; ken Whose entries are given by

ajr = (ej, aey) (1.2.1)
for all j,k € N.

Remarks 1.2.2 (Connection between operators and their matrix represen-
tations). Linear operators are matrix transformations and vice versa, this
holds in the finite dimensional case as well as in infinite dimension. Since
linear operators on finite dimensional normed spaces are trivially bounded,
it follows that every finite matrix is a representation of some bounded linear
operator. However, in the infinite dimensional case not every infinite matrix
represents a bounded operator.

We state the following result from elementary functional analysis without
proof.

15
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Theorem 1.2.3 (Riesz-Fischer). Let {e; : j € N} be a countable orthonor-
mal basis for the Hilbert space 7. The following statements are equivalent:

1. {e;j : j € N} is total, i.e. if (e, x) =0 Vk € N then = 0.
2. {ej : j € N} is closed, i.e.

o0

Vo€ A, x=> epler ). (1.2.2)
k=1

3. The linear span of the set {e; : j € N} is dense in A, i.e. span{e; : j € N} =
H.

4. Parseval relation holds, i.e. Y,y € J, (x,y) = > poy (@, ex) (e, y).

Proposition 1.2.4. Let [aji];ren be the matriz representation of a € B(A)
with respect to the orthonormal basis {e; : j € N} for 7. Then the action
of lajkljken on an infinite column [xy)ren representing x = Y -, Tpey is

given by
o (o]
ar = Z Z €A LTk,

k=1 j=1

and the sums can be interchanged.

Proof. Since aep, €  for all k € N, then ae, = Z;’il ej (ej,aer). By
continuity and linearity of a, we get

n
ar = lim g TRa€g

o
= Exkaek
k=1
o (e}
= E:L‘k Eej<ej,aek)
k=1 j=1
oo o0
= E Zejajkxk.

k=1 j=1

16
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Furthermore, the continuity of the inner product gives

[e.9]
ar = Zej<ej,ax>
j=1

o0 n

= Zej <ej,a < lim Zek$k>>
= n—)ookzl

= i <ej, lim Zxkaek>

O]

Proposition 1.2.5. Let [aji]jren and [bji]j ren be matric representations of
a,b e B(J), respectively, with respect to the orthonormal basis {e; : j € N}
for 7. Then the matriz entries of the adjoint and product operations are

gwen by (a*)jr = ag; and (ab)jr = > ;21 ajib.
Proof. Let {e; : j € N} be an orthonormal basis for ¢, then

(@) i = (ej,a"er) = (ex, aej) = ax;,

and

(ab) i, = (ej,abey) = (a*e;, bey) = Z a*ej, er) (e, bey) = Zajlblk:-
=1 =

O

The following gives a sufficient condition for an infinite matrix to deter-
mine a bounded linear operator.

Theorem 1.2.6 (Schur test). Suppose that [aji]jren s an infinite matric

satisfying the relations
[e.e]

> lagl <a

=1

and
oo

Z |a]k| < ﬁa

k=1

17
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where o, f € R. Then an operator u defined on the Hilbert sequence space
12, for all x € I, by u(z) = ((ux);)jen with

(uz)j == ajrp (V) €N),
k=1

is bounded with ||ul| < vap.

Using the matrix representation of an operator we can define the trans-
position with respect to an orthonormal basis.

Definition 1.2.7 (Transpose). Let {e; : j € N} be an orthonormal basis
for 7. The transpose of a € B() is the operator a’ such that

agy, = (a")ju = (ej,a’ex) = (ex, ac;) = ar;.

In terms of matrices, this means

[e.e] o0 [e.e]

aley = Z ej(a”) k= Zej (er,aej) = Z ejak; (1.2.3)

j=1 j=1 j=1
for all kK € N.

Proposition 1.2.8. Let {e; : j € N} be an orthonormal basis for A, and
a € B(J). Then:

1. The series in (m converges, so that aT is well-defined.
2. For all a € B(A), a’ € B() with ||aT| = |al|.
3. For all a,b € B(H#), (ab)T = bTa™.

Proof. Consider an orthonormal basis {e; : j € N} for J#, and let a,b €
B(A).

1. By the Parseval relation, for all k£ € N, we have
o
D lewae) P = laes|* < Jlall?,
j=1

and the partial sums are non-negative terms forming a monotone in-
creasing sequence which is bounded above by ||a||?. Tt follows that the
partial sums in ((1.2.3) form a Cauchy sequence, since:

n 2 n
2
> ejlersaep)| =D [ex, ae;)]
j=m j=m
oo
so the partial sums (Z?:1 |{ex, aej) ]2) is a Cauchy sequence. Thus

a® is well-defined.
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2. For x =Y}, exxy, we have

2
n o0
ez = Y2 ei(a”)nn
k=1 j=1
o n 2
= DD (e
j=1 k=1
o n 2
S M) e
j=1 k=1
- 2
= ZZ (@)
k=1 j=1
= |a” fHQ

[

= Ja*|?|l=]”

where z = Y"}'_, exTy, SO

Iz = En: 71| = En: ] = [l
k=1 k=1

Thus |la”|| < |la*|| = ||la||, in particular o’ € B(2#). Furthermore,
lall = l[(@®)"[l < la™]| , so [la"|| = ||a] for all a € B(7).
3. For all a,b € B() and j,k € N,
(@), = (e (abew)
<6k,((l ) >

— <ek,a (Z el (ez,b€j>> >
=1

e}

= 3 enar) (. bey)

=1
00

= Z aklblj.
=1

On the other hand,
(bT T ijlalk = Zaklblj
=1
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Thus,
<ej, (ab)Tek> = <ej, (bTaT)ek>
for all j,k € N, so (ab)? = bTa”.

Note that the transposition is given by the map
B(AH) = B(A) :ars a®

where (a®);x = ay; for all j,k € N, and it is not independent of the choice
of basis.

1.3 Hilbert-Schmidt operators

Here we give a brief review of a special subclass of bounded operators which
plays an important and fundamental role in operator theory. These opera-
tors behave much like operators on finite-dimensional vector spaces, and for
this reason they are relatively easy to analyze.

For more details and proofs, the reader is referred to [7, 1.8.5], [22, §2.4]
and [17, §2.6].

Definition 1.3.1. Let a be a linear operator on a separable Hilbert space
. 1f there is an orthonormal basis {e;};en such that

> lla(ey)lf* < oo, (1.3.1)
j=1

we say that a is Hilbert-Schmidt. Denote by Be(, 7) the space of all
Hilbert-Schmidt operators on 7.

We will sometimes simply refer to the space of Hilbert-Schmidt operators
as Ba(H). It is easily verified that By (.7) forms a complex vector space.

We now show that Def[T.3.1]is independent of the choice of orthonormal
basis used (i.e. if Eq. is satisfied in one such basis, then it is satisfied
in all of them).

Proposition 1.3.2. If a is a Hilbert-Schmidt operator on S (with the cor-
responding orthonormal basis {e;j}jcn), then the value of the sum in
1s independent of the choice of basis. Furthermore,

D late)? =D la* eyl (1.3.2)
j=1 j=1
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Proof. Let {fr}ren be another basis for 7, then by the Parseval relation

Z P = DD Ialey). fu)

j=1k=1

= 2D e a*

k=1 j=1

> lla* (£l

k=1

s0 252 lla(ep)ll* < X232y lla*(fi)||*. Swapping the roles,
Sl (DIP <D llaler)|)?
j=1 k=1

(since a** = a). Therefore

> lla(ey)l® = Zl\a ()7 = lea MI?
j=1

applying the previous line to the case where e; = f;). ]
ymg J J

IN

Definition 1.3.3. Let a be a Hilbert-Schmidt operator on the separable
Hilbert space 7. Define

1/2

lallz == | Y llaep)l® | (1.3.3)
j=1

||lal|2 is called the Hilbert-Schmidt norm of a.
Corollary 1.3.4. If a € Bo(H), then a* € Ba(H) and ||all2 = ||a*||2.
Theorem 1.3.5. [22, Theorem 2.4.10] If a,b € Ba(F) and a € C, then:
1 fla+blls < llall2 + [[bll2 and [laalls = [all|a]2.
2. |lall < lall2-
3. |labllz < [lalll|bll2 and |labll2 < [lall2]|b]-

Corollary 1.3.6. [22, Corollary 2.4.11] The space of all Hilbert-Schmidt
operators Ba () forms a non-trivial ideal for B(J), that is, Ba() C
B(A) such that for all b,c € B(A) and a € By(H)

bac € By (),

and
[bacllz < [|b]|l[all2]lc]|-

21



£

%

A4

IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
|

NIBESITHI YA PRETORIA

<cc

N
N
u

We quote the following basic functional analysis results without proof
(see [18, Ex. 3.1-6]):

Proposition 1.3.7 (The Hilbert space of sequences). 1. The space of absolute-
square summable sequences

(N) = {f:N—>(C12|f(n)|2<oo}

neN

= {z=(z)jen | Y |zj[* < oo
7=1

with the inner product

(&Ym= Z%yﬂ

is a (separable) Hilbert space.

2. Similarly, the space of absolute-square double-summable sequences,

PNxN)=P(N*) = {f:NxN=C| > |f(mn)f < oo
m,neN
= Sa=(ap)jren | Y lajil> < oo g,
Jk=1

with the inner product given by
a b l2 N2) Z aj kb]’
7,k=1
is a (separable) Hilbert space.

We now make the following observation (cf. [22, Example 2.4.1])- for
any a € B() with matrix representation [a;x];ren With respect to the
orthonormal basis {e;};en, where a; 1 = (e;,a(er)), we have that

lal3 =D llalep)I? = Y [ejoalen) P =D lajul’
j=1

Jk=1 Jk=1

by the Parseval relation. Hence

a € By(H) <= (ajr)jren € *(N?).
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We introduce the following notation, called Dirac notation, which is often
useful when dealing with operators in B(7¢); the operator |y) (z| € B(H)
is defined as

y) (2|2 =y (2, ) (1.3.4)
for all z,y,z € .

Theorem 1.3.8. Let {e;}jen be an orthonormal basis for the Hilbert space
. Then:

1. The space of all Hilbert-Schmidt operators Ba(H) form a Hilbert space
with the inner product given by

(a,b)y = Tr(a"b). (1.3.5)

2. The set of vectors
{Xij = lei) (ej| | 1,5 € N} (1.3.6)

form an orthonormal basis for Bo(€), i.e. (Xij, Xm) = 0ixdj;. In

particular, the vectors
are one-dimensional projection operators on F€.

Proof. Let {e;}jen be an orthonormal basis for the Hilbert space /7.

1. That || - ||2 is a norm on By(.#) follows from Thm thus we only
show that Ba(s¢) is complete with respect to the Hilbert-Schmidt
norm || - ||2. To this end consider the following map

U (Bo(o), |- ll2) = (PON), |- llizgwz)) = @ = (@) jken.
For a,b € By(#) and o € C, we have

V(aa+b) = ((aa+ b)j,k)j,k:eN
a(ajr)jren + (bjk)jren
= a¥(a)+ U(b),
thus V¥ is linear. Suppose ¥(a) = W(b), then (a;)jren = (bjr)jkeN
which implies that a;; = b Vj, k € N; so that a = b.
Let (ajk)jken € 1? (N?), and define an operator 6 on 7 by

(Hx)j = Zaj,kxk, Vj e N.
k=1
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Then

560,
j=1

and consequently 6 € By ().

1V (a)ll2 2y

gk

D

J=1

00 2

D kT

k=1

(St (3 07)

Il (a;x jkENHl2(N2) ||le2(N)’

j=1

oo

Moreover,

= [lajr)jrenllzge
1/2

o

> lajkl®

jok=1

lallz-

Hence V is an isometric isomorphism; and since (12(N?), || - || lz(Nz)) is

complete, it follows that (Be (2

), || - ||2) is a Banach space.

The norm || - [|2 satisfies the parallelogram identity, since

la + bl[3 + fla — blI3

> la+b)esl® + > lia —b)es?
j=1 j=1

o
(||ae; + be;||? + |lae; — besz)
—1

oo
2 (laejll? + llbe; %)
j=1

2 (Jlall3 + [1B113) -

<.

Thus, || - ||2 can be obtained from an inner product. Denote this inner

product by (-, -),

<a7 a>2

. Then, for a € By(H#) we have

lall3

[e.9]
> llaes)®
j=1

e}

> (ej,a*ae;)

7j=1
Tr(a*a).

But for all a,b € By(5°) we have that a* € By(#) and a*b € By (),
by Corollaries and It the follows that (-, -), is well defined,
since Hilbert-Schmidt operators are positive.
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2. Orthogonality of the vectors in (1.3.6) follows from
(Xijy X)) = Tr(X5Xm)

TT(inXkl)

Tr (lej) {eil lex) (eal)

= dik Tr(les) {el)

= Gin Y (emslej) (eil em)
m=1

o0
= 6i,k Z 5l,m <€ma €j>
m=1
= i O -
Moreover, for IP; in ([1.3.7)) we have
P? = X Xui = 0 |es) {ei| = X,

and Pf = X} = X;;. Thus, P? =P} = P;.

1.4 C#*-algebras and von Neumann algebras

In this section, we review the basic definitions of C*-algebras and von Neu-
mann algebras and some of the related terminology. We really only need von
Neumann algebras in this dissertation, but our treatment here gives some
context in a broader operator algebraic framework.

Standard references for C*-algebras and von Neumann algebras are [7],
[8], [17], and [22].

Definition 1.4.1. Let A be a complex vector space. An algebra is A to-
gether with an associative bilinear map - : A x A — A : (a,b) — ab, called
multiplication (or product); that is, we have:

1. a(bc) = (ab)c
2. (aa)b = a(ab) = a(abd)
3. a(b+c¢) =ab+ac

Ya,b,c € A,a € C. If ab = ba,Va,b € A, then A is called a commutative
algebra. If A has a unit, that is an element 1 € A such that la = al =
a,Va € A, we say A is unital. A subalgebra of A is a vector subspace B such
that

bt € B = bb' € B.
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A vector subspace I of an algebra A is called a left (respectively, right)
ideal in A if

a€Aand be I = ab € I (respectively, ba € I).

We call I an ideal in A if it is simultaneously a left and right ideal. For any
algebra A, it is easily verified that 0 and A are both ideals in A, they are
called trivial ideals for A.

Definition 1.4.2. Let A be a unital algebra. We say a € A is invertible if
there is an element b € A such that

ab=ba = 1.

In this case b is unique and written a ™.

elements in A by

Denote the set of all invertible

Inv(A) = {a € A: a is invertible}.
We define the spectrum of an element a to be the set
ola) ={ e C: A1l —a¢ Inv(A)}.

Definition 1.4.3. An involution on an algebra A is a conjugate linear anti-
automorphism of order two, i.e. a map * : A — A : a — a* satisfying the
properties:

1. (aa + Bb)* = aa* + Bb*

Va,b,c € A and o, € C. a* is called the adjoint of the algebra element a
in A. A *-algebra is an algebra A together with an involution.
If A is a *-algebra such that 1* = 1, we call A a unital *-algebra.

Definition 1.4.4. Let A be a *-algebra. Then a € A is said to be
self-adjoint if a* = a.
normal if a*a = aa*.

a projection if a = a* = a?.

If A is unital, then u is called

an isometry if v u = 1.

a co-isometry if uu* = 1.
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unitary if uu =1 = uu*.
A norm || - || on A is said to be sub-multiplicative if

labll < [[allf}o]] Va,b e A.

A normed algebra is the algebra A with a submultiplive norm || - ||.
Definition 1.4.5. Let A be a *-algebra.

1. A Banach *-algebra is the *-algebra A together with a complete sub-
multiplicative norm || - || such that

la*]| = llall Va € A.

If, in addition, A has a unit such that ||1]] = 1, we call A a unital
Banach *-algebra.

2. An (abstract) C*-algebra is a Banach *-algebra .4 which satisfy the
C*-property:
la*a| = ||a|* Va € A.
A norm on a Banach *-algebra satisfying this property is referred to
as a C*-norm.

Definition 1.4.6. An element a of a C*-algebra A is positive, and written
a > 0, if it is self-adjoint and o(a) C R4. Denote by A the set of all positive
elements in A.

Definition 1.4.7. A *~homomorphism between two C*-algebras A and B
is a map ¢ : A — B such that

L. p(aa + pBb) = ap(a) + Be(b)
2. p(ab) = p(a)p(b)
3. p(a*) = p(a)*

Va,b € A, a, 8 € C. If, in addition, ¢ is bijective, it is called a *-isomorphism.
A *-automorphism of A is an isometric *-isomorphism ¢ : A — A. The
set {¢y : t € R} is said to be a one-parameter *-automorphism group if
¢ is a *-automorphism for every ¢ € R and has the group property that
Ptrs = props Vt,s €R.

Theorem 1.4.8 (Properties of *-homomorphism). Let A and B be C*-
algebras, and ¢ : A — B be a *~homomorphism. Then:

1. The set ker(y) = {a € Alp(a) = 0} is a closed two-sided ideal in A.
The set p(A) = {p(a)|a € A} is a C*-subalgebra of B.
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2. ¢ is positive; i.e. if a € Ay then p(a) € By.

3. @ is contractive, i.e. ||o(a)| < |lal| (a € A); hence continuous.
4. If ¢ is injective, then it is isometric; ||p(a)|| = ||a]|.

5. If A is unital, then ¢ is unital, i.e. p(14) = 1p.

If .7 is a family of bounded linear operators on the Hilbert space 47, we
define its commutant Z' to be the set of all elements of B(.#) that commute
with all elements of .%#.

Definition 1.4.9. A von Neumann algebra is a (necessarily unital) *-subalgebra
2 of B(A) such that
A=2".

A von Neumann algebra is called a factor if

ANA = Cl.

In general, a (concrete) operator algebra (C*-algebra and von Neumann)
can be viewed as a *-subalgebra of B(.7), for some choice of Hilbert space
2, which is topologically closed in a suitable sense. A C*-algebra is a *-
subalgebra of B(#) which is closed in the norm topology, whereas a von
Neumann algebra is strongly closed. Since the strong topology is weaker
than norm topology, a strongly closed set is also norm-closed. Thus, a von
Neumann algebra is a C*-algebra.

Lemma 1.4.10. For separable 7€, the commutant of B(7) is C1, i.e.
B(#) = C1. Equivalently, Va € B(), [a,b] = 0 if and only if b € B(H)
such that b = al for some a € C.

Proof. Suppose b = al,«a € C and let a € B(4#) be arbitrary. Then
[a,b] = [a,al] = a(al) — (al)a =0,

by the bilinearity of the multiplication operation on B(.). Conversely,
suppose that b € B() commutes with every element in B(7). We show
that b is a multiple of the identity operator in B(5¢).

If b is not diagonal, then it has at least one non-zero off-diagonal entry,
i.e. there is a b;; # 0 with ¢ # j. Now, consider a € B(¢) with the matrix
entries aj; = 1 and zeros elsewhere. Then

(ab)y = Z aikbr; = ai;bj; = 0,
k=1

and

(ba)ii = Y birars = bijaz; = by; 7 0.
k=1
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Thus [a, b] # 0, contradicting the hypothesis. Hence b must be diagonal.
Now, suppose that b is diagonal with b;; # bj; for some i # j. Let

¢ € B(s) with only one non-zero column, say, it has ones along the j-th

column. That is, ¢; =1 (k' =1,2,3,...) and zeros elsewhere. Then

(bc)ij = sz‘kckj = biicij = by,
k=1

and -
(Cb)ij = Zcik‘bk’j = Cijbjj = bjj.
k=1

Since b;; # bj; for i # j, then [b,c] # 0. This contradicts the hypothesis.
Thus we must have that b;; = b;; for all 4,5 = 1,2,3,.... It then follows that
b = b;;1 for some b; € C. Hence b is a multiple of the identity operator in

B(#). O

Example 1.4.11. The space of bounded linear operators B(7¢) on a sep-
arable Hilbert space J# is a von Neumann algebra, since

B(#)" = (C1) = B(2).

1.5 States on B(.%) and density matrices

Here we setup a special case of the more general situation of a faithful normal
state on a von Neumann algebra.

Definition 1.5.1. A density matriz (or density operator) is a p € B(J)+
such that
Tr(p) = 1.

Definition 1.5.2. Let w : 2l — C be a bounded linear functional on a von
Neumann algebra 2.

1. wis called a state if it is normalized and positive, i.e. satisfies w(a*a) >
0, Va € 2, and w(ly) = 1.

2. A state w is said to be:

faithful if w(a*a) > 0, Va # 0.

normal if and only if there is a density operator p such that
w(a) =Tr(pa), Ya € .

a vector state if there is a vector x € . such that w(a) =
(x,ax), Ya € A.

Clearly, vector states are normal.
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Definition 1.5.3. Let 2 be a von Neumann algebra on a Hilbert space 72,
then a vector x € J7 is said to be:

1. cyclic for A if the set {ax : a € A} is dense in 2.
2. separating of A if ax = bx, a,b € A if and only if a = b.
Consider the following functional
w:B(A)— C:a— Tr(pa) (1.5.1)
where p is some specified density operator.
Proposition 1.5.4. The functional p in defines a state on B().

Proof. By definition of a density operator p € B1(), then
pa € Ba(H)

for all a € B(57), since Ba(.#) is an ideal in B(J¢). So the functional p is
well-defined. Next we show that u does indeed give a state on B(.%). Since
p is a density operator, pu(1) = Tr(p) = 1. Let a,b € B(2) and « € C.
Using the linearity of the trace functional, we have

plaa+b) = Tr(p(aa+D))
= aTr(pa) + Tr(pd)
= au(a) + p(b).

By the cyclic property and positivity of the trace,

ula*a) = Tr(pa*a)

— Tr(p"2p"%a%a)
— Tr(p"2a*ap'?)
= T ((ap')(ap'?))
> 0,
since (ap'/?)*(ap'/?) € B(A),. O

For simplicity we henceforth assume that there is a countable orthonor-
mal basis B = {e; : j € N} such that

pej = pje; (1.5.2)

for all j € N, for some strictly positive real numbers p1, p2, p3,... > 0 and p
a density operator.

30



£
ﬁ UNIVERSITEIT VAN PRETORIA
@, UVIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
A4

Remarks 1.5.5. The above assumption is a bit restrictive as it does not
mathematically cover the most general situation, but for quantum systems
in finite volume a discrete energy spectrum is generally the case. However,
in reality we know that systems are finite, so this should not be a major
drawback.

Note that p; = p;, is possible for j # k, that is we do not assume that
the (eigenvalues) p1, p2, ps, ... are distinct. In general it is possible to have
p; = 0 for some j € N, but in statistical mechanics p; > 0 is typical.

In the case where p; = 0 for some j € N, we may be able to handle even
this case in much of what we do below by just considering the subspace of
¢ spanned by the basis elements e; for which p; > 0, and handling the
orthogonal complement of this subspace separately.

Proposition 1.5.6. The density operator p given by can be viewed
as a diagonal matriz with entries pi1, p2, p3, ... > 0. Furthermore, such a p is

bounded and satisfies
[e.e]
> pi=1
j=1

Proof. Let {e; : j € N} be an orthonormal basis for .. Then for all j, k € N
pik = (&), pex) = (€}, prer) = prdjk-

For the matrix representation [pji]; ren we have

D lojl =1 (Vk€N)
j=1

and
(o]
> lpjkl =1 (Vj €N).
k=1

So by Schur test, p is a bounded operator on J#. Now, evaluating the trace
of p yields

L = Tr(p) = (ej.pje;) = Y _pjleines) =Y pj.
j=1 =1 =1
O

With the afore going assumption we define the inverse of the density
operator p:

Definition 1.5.7. Denote by p~! the inverse of p on the subspace

= span{e; : j € N} = Z)\jej rej €B
j=1
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of J7; i.e.
p by — A (1.5.3)

such that p~1p | = p~1p is the identity operator on 4.

Remarks 1.5.8. In the case where p is given by (1.5.2)), by Prop we
have that its action on the basis element e; is

ple; = pj_lej. (1.5.4)

Similarly, we define p~/2 : 7 — # to be such that p_1/2ej = pj_l/zej.

Proposition 1.5.9. The state p with the density operator p given by
is faithful.

Proof. If u(a*a) =0 for a € B(s), then

0 = Tr(pa*a)
- T ((apl/Q)*apl/Q)

_ i <ej, (ap1/2)*ap1/26j>

J=1

= i <(1p1/2€j, ap1/26j>

J=1

o0
= > llap'?e;?
j=1

= Jlap"?3.
So ap'/? = 0, by the definition of the Hilbert-Schmidt norm. It then follows
that a | = ap'?p=1/2 =0, so a = 0 since a is bounded. O

1.6 The tensor product of Hilbert spaces

In this section we give a brief treatment of the mathematical theory of
tensor products for Hilbert spaces. For discussions on how tensor products
are constructed, the reader is referred to [22], Section 6.3] (see, [33] Appendix
T] for an even more detailed exposition). An alternative approach to the
construction of tensor products can be found in [17].

Let X and Y be (complex) vector spaces, denote by X ®Y their algebraic
tensor product, this is the space linearly spanned by finitely many linear
combinations of elementary tensors r @y (r € X,y € Y).

Proposition 1.6.1. Let X and Y be vector spaces.
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1. Suppose that Z?Zl rj®y; =0, where x; € X,y; €Y.

(ii) If z1, ...,z are linearly independent, then yi, ..., yn = 0.
(i) If y1,...,yn are linearly independent, then x1,...,x, = 0.

2. Ifa: X - X', b:Y =Y’ are linear operators (where X' and Y’ are
vector spaces), then there exists a unique linear map a ©b: X @Y —
X' @Y’ such that

(@a©b)(z®y)=alx) ®by)
where x € X,y €Y.

For z,x1,29 € X and y,y1,y2 € Y, the tensor calculus is given by

(1 +22) QY = T11Qy+220y
TR ty) = QY TRy
alzey) = (ar)®y =1 (ay),

that is, X ® Y is a vector space.

Note that the map ¢ : X XY = X ©OY : (z,y) — z ®y is bilinear. The
pair (X @Y, ) is characterized up to isomorphism by a universal property
regarding bilinear maps. In some sense, ¢ can be thought of as the most
general bilinear map out of X x Y.

The following result gives conditions under which bilinear maps defined
on a Cartesian product can be extended to linear ones on the tensor product
(cf. [33, Prop. T.2.4], or [I7, Thm. 2.6.4]).

Proposition 1.6.2 (Universal property). Let X, Y and Z be vector spaces.
The pair (X @Y, @) has the property that any bilinear map 1 : X xY — Z
factors through ¢ uniquely, i.e. there is a unique linear map ' : XY — Z
such that

=1 op.

In general, if X and Y are normed spaces, there are many possible norms
that can be introduced on X ®Y which are related to those on X and Y. To
avoid the difficulties related to this non-uniqueness, we shall only consider
Hilbert spaces.

Theorem 1.6.3. (cf. [22, Thm. 6.3.1]) If € and & are Hilbert spaces,
then there is a unique inner product {-,-) on & © JH such that

<x XY, 7 ® y/> = <x, :L"> <y, y'>

where v, 2’ € 7, and y,y' € K .
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We regard 57 © 7 as a pre-Hilbert space with the inner product given
above. The Hilbert space completion of 7 ® £ is denoted by 5 ® ., and
called the Hilbert tensor product of 7 and J .

Proposition 1.6.4. Let 7 and # be separable Hilbert spaces, then:
1. Forallx e 7,y e X

[z @yl = llz]lyl-

2. If{ej : j € N} and {f; : k € N} are orthonormal bases for 7€ and ¥,
respectively, then

{ej ® fi: j,k € N}
is an orthonormal basis for 7 Q@ K .
Theorem 1.6.5. Let 57 and % be Hilbert spaces.

1. If a € B(J€) and b € B(%'), then there is a unique operator a ® b €
B (# @ X') such that

(a®b)(z®y) = a(z) @ b(y)
where x € F and y € K . Moreover,

la @ bl = [lal{|?]]-

2. For all a,ad’ € B(A) and b,b' € B(X),
(a®b)(d @) =ad @bV,

and
(a®b)" =a" @b

1.7 Hilbert-Schmidt operators and tensor prod-
ucts

In this section we show that the tensor product . ® S (i.e. G of Sec.
can be identified, via unitary equivalence, as the Hilbert space of all
Hilbert-Schmidt operators from J# into JZ.

In order to simplify the treatment of conjugate-linear mappings, we in-
troduce the notion of “conjugate” of a Hilbert space .. Recall that in the
case of a Hilbert space, we have a set J together with the maps

H X H — I (v,y) = x+y,
CxH —H : (o,x)— az,
HxH —C : (x,y)— (x,y).
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Definition 1.7.1 (Conjugate Hilbert space). Let ¢ be a Hilbert space.
The conjugate Hilbert space F is the same set S, but with the algebraic
structure and inner product given by

H X —H : (r,y) > T+,
CxH —H : (a,x)— oz,

HxH —C : (x,y)— (x,y)

where -~z = ax and (z,y) = (y,z). We write elements of A as . So for
r € H we set T := x, but we view T as an element of 7.

Remarks 1.7.2. It is easily verified that the linear operator given by

B(A) — B(AH) : a — a is a *isomorphism. In fact, we can identify

B(') with B(J); they are exactly the same von Neumann algebra.
For a € B(J), note that with z € 7 and a € C, we have
a(ax) = a(ar) = aax = a-(ax),

so a € B(J).

The tensor product J# ® 7 can be identified with the Hilbert space
By(# x A, C) of all the Hilbert-Schmidt functionals on 7 x 7, i.e. A ®
H = Bo(H x H,C), as the following proposition establishes:

Proposition 1.7.3. Let 57 be a separable Hilbert space. Then:
1. If x,y € J, the equation
ay(@,0) = (4,2) (0,y) (u,v € H)
defines a bilinear Hilbert-Schmidt functional ¢y, on H x H.
2. There is an isometric isomorphism

H QA — Bo(H x H,C): xRy > Qry.

Proof. Let {e;j}jen be an orthonormal basis of 7.

(1) Let x,y € S be arbitrary vectors. Then, for «, 5 € C and @, 11, ug, U, U1, U3 €

€, we have

Oeyla -t +u2,0) = (auy + U2, ) (0,y)
= a(u,) (0,y) + (U2, 7) (V,y)

= agpx,y(ﬂb 1_}) + Qpﬂmy(f@’ ’D)'

Similarly, we have ¢y (4, B - U1 + U2) = Bz y (@, V1) + Pay(U, V2), thus @,
is a bilinear functional on 47 x . From the Parseval relation we get

oo oo
layld = D leayleie)) = e z) Pl{es, ) [ = 2yl

ij=1 ij=1

35



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

so that ||z yll2 = [|z]|[lyl]] < oo, and hence ¢, € Ba(H# x H#,C) for all
x,y € .
(2) Consider the following map

U x H — Ba(H x H,C): (3,y) ¥ puy-
Then ¥ is a bilinear map, since for all @,v € H#

(V(axt + x2,y)] (T,0) = Qazi+asy(U, D)
= (u,az + x2) (0,y)
= a(u,1) (0,y) + (@, z2) (V,y)
= gy (U 0) + Py (U, V)
= [a¥(z1,y) + ¥(z2, )] (7, 0)

so that ¥(ax +x2,y) = a¥(x1,y)+ V(x2,y). Similarly, we have ¥(x, Sy; +
y2) = pY(z,y1)+ ¥ (z,y2). By the universal property of tensor products (i.e.
Prop1.6.2), there is a unique linear operator

O AR A — By x F,C)

such that W = ® op, where p : 5 X 5 — H Q F is the canonical bilinear
map.

Finally, we show that ® is an isometric isomorphism.

Isometric property of &:

18(z @Y)ll2 = [lpaylle = lzllllyll = Iz @yl

Injectivity of ®: Suppose that ®(z; ® y1) = ®(z2 ® y2), then for all
u,v € J, we have

0 = P11 (E,Q_}) — Pza,y2 (ﬂ,'l_))

= (@, z1) (V,y1) — (U, 22) (U, y2)
(U ® 0,71 ®@Y1) — (UR U, 2 @ Ya)
= (UR0,11 QY1 —T2@Y2),

so that x1 ® y1 = 22 ® yo.

Denseness of the range of ®: Since the sets {e;®@e;}4 jen and {@e, ¢, }ijen
form orthonormal bases for J# ® J# and Bs(57 x ,C), respectively. It
then follows from

(I)(e’i ® ej) = Pe; e
that the range of ® is dense in Ba (7 x 7, C). O

The following proposition states that there is a one-to-one correspon-
dence between bounded linear operators and bounded bilinear functionals:
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Proposition 1.7.4. Let 7 be a separable Hilbert space, then:
1. If a € B(J), the equation
Pa(2,y) = (r,0y) (r,y € H)
defines a bounded bilinear functional @, on € x H.
2. There is an isometric isomorphism
B(A#) — B(# x H#,C) :a v @,

Proof. Let {e;j}jen be an orthonormal basis of .77
(1) Consider any a € B(J), and let x,x1,x2,y,y1,y2 € J, and o, €

C. The bilinearity of ¢, on S x J€ is easily verified, since

alary +x2,y) = a(x1,ay) + (r2,ay)
= o~ gu(z1,y) + valz2,7)
and
oz, fy1 +y2) = B(z,ay1) + (x, ayz)
= Bea(z,y1) + valz, y2).

By the Schwarz inequality, we have

loa(z,y)| = [(z,ay)|
< lz|[Jayl]
< Alallllz[[lyll-

So, ¢4 is a bounded bilinear functional on /# x .. Then for all a € B(#),
we have that ¢, € B(5 x 5,C) , since a was arbitrarily chosen.

(2) Let a,b € B(s#, ) and a € C. Denote the map by .

Linearity of &:

[®(aa+b)] (z,y) = Paats(z,y)
= (z,(aa+Dd)y)
= a(z,ay) + (x,by)
= apa(z,y) + sz, y)
= [a®(a) + 2(b)] (z,y).
Injectivity of ®: Suppose ®(a) = ®(b), then Vz,y € 7,

0 = [®(a) — 2(V)] (,y)
= palz,y) — pp(z,y)
= (z,ay) — (z,by)
= (z,(a—b)y).
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Consequently, 0 = (a — b)y,Vy € S, so that a = b.

Surjectivity of ®: If ¢ € B(J x 2, C), then by the Riesz representation
theorem there exists a, € B() such that ¢(x,y) = (z, a,y).

Isometric property:

oo o0
2
1@l = llwalld = D lealeie))? =D |(eiae;) > = |lal3.

Q=1 Q=1
O

Corollary 1.7.5. For any linear operator a : 7 — I, we have that
a € B(A) if and only if p, € Bo(H x 2 ,C). Moreover,

Bo() = {a € B(H) : g € Bo(H x #,C)).

Remarks 1.7.6. The above two results (i.e. Prop and Cor also
give a way, through the map a — g, of transferring the Hilbert space struc-
ture between the spaces of Hilbert-Schmidt operators and Hilbert-Schmidt
functionals.

The identification of the tensor product #'®.7 with the Hilbert space of
all Hilbert-Schmidt operators from 7 into ¢ is described in the following
(cf. [I7, Prop. 2.6.9]):

Theorem 1.7.7. Let 7 be a separable Hilbert space, then:
1. For all x,y € S, the equation

|z) (y| (u) = (y,u)z (u€ )
defines a Hilbert-Schmidt operator |x) (y| from H into H.
2. There is a unitary transformation W : S ®@ S — Bo(H) such that
Wz ©g) = |z) (y]- (1.7.1)

Proof. Let {e;}jen be an orthonormal basis of 2.
(1) Let z,y € € be arbitrary. For uj,us € 7 and a € C, we have

|z) (yl (qur +u2) = (y,aus +ug)z
= a(y,u)z+ (yu)
= alz) (y| (u1) +|z) (Y| (u2),

thus |x) (y| defines a linear operator from .7 into . Since

Ha) iz = ZII ) (yl (e)|* = ZII y,ej) x|
o0
= (21w P lall?
j=1

= lal?llyl,
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it follows that || |z) (y| ||2 = ||z]|||y|| < oo, so that |z) (y| is a Hilbert-Schmidt
operator. Since z,y € S were arbitrarily chosen, then |z) (y| defines a
Hilbert-Schmidt operator for all z,y € 7.

(2) Consider the tensor product # @ /. Then, by Prop. there
is a unitary operator ® : J# ® J# — By(H x A ,C) such that

Plzey) = Px,y-

Analogously, from Prop|1.7.4]and Cor[L.7.5] we have that there is a uni-
tary operator U : By( x 5,C) — Ba(#) such that

U(pzy) = |z) (Y -

Let W := ¥ o &, then W is a unitary operator such that
W(z®y)=¥(2(r®y) =Y (pey) = |z) (yl.

O]

1.8 The GNS construction in terms of tensor prod-
ucts

The Gelfand-Naimark-Segal (GNS) construction is a fundamental correspon-
dence between cyclic *-representations of an algebra and linear functionals
on the algebra.

Abstract elements of a C*-algebra A can be realized as operators on
some Hilbert space by a choice of representation:

Definition 1.8.1. Let A be a C*-algebra.

1. A representation of A is a pair (J,¢) where S is a complex Hilbert
space, and ¢ : A — B() is a *~homomorphism. We say (77, ¢) is a
faithful representation, if in addition, ¢ is injective.

2. A cyclic representation of A is defined to be the triple (7, ¢, x), where
(A, p) is a representation of A, and x is a vector in 7 which is cyclic
for ¢ in JZ, i.e.

p(A)z ={p(a)r | a € A}

is dense in JZ.

Remarks 1.8.2. Terminology related to the above definition. The space
A is called the representation space, the operators ¢(a) are called represen-
tatives of A, and by implicit identification ¢ and the set of representatives,
we also say that ¢ is a representation of A on 7.

The existence of a cyclic representation for (A, ¢) is given by the GNS-
construction.
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Let G := 4 @ # and A = B(J). Set
Q Z:Zp;/2€j®€j,
j=1

where p; € R, are the eigenvalues of p as given by (1.5.2). Since the
partial sums of the series are non-negative, they form a monotone increasing
sequence, and these partial sums are bounded above by ||p|| = 1; because

N N

1/2
> PP =Y < Tr(p) = 1.
i=1 =1

It then follows that the series is convergent, thus Q) € G.
Proposition 1.8.3. The maps 7,7’ : B(#) — B(G) given by

m(a) =a®1 (1.8.1)
and

m(a):=1®a (1.8.2)
are *-homomorphisms.
Proof. Let a,b € B() and a € C,

m(aa+b) = (aa+b)®1

= aa®l)+(b®1)
= am(a)+ n(b),

then 7 is linear. Suppose that 7(a) = 7(b), then a ® 1 = b ® 1 so that
(a—b)®1=0. Hence a = b.
Homomorphism property:

m(ab) = (ab) ®1=(a®1)(b® 1) = w(a)n(b).

*Property: 7(a*) = a* ®1 = (a®1)" = 7w(a)*. Hence 7 is a *-
homomorphism. Similarly, 7’ is a *-homomorphism. O

Proposition 1.8.4. Let pu(a) = Tr(pa) be the state on A with the density

operator p given by . Then:

1. The triple (G, m, ) is a cyclic representation of (A, ).

2. Given (G, ), the corresponding state p can always be retrieved by
setting

ula) = (Q,m(a)) a € B(H).
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3. The vector Q € G is separating for n(A), i.e. if w(a)Q = 0, then
a = 0. Moreover, T is injective, i.e. the representation (G,m,Q2) of

(A, p) is faithful.
Proof. Let {e; : j € N} be an orthonormal basis for J#.

1. Since Prop has established that 7 is a *-homomorphism, it suf-
fices to show only that €2 € GG is a cyclic vector for the representation
(G, 7). Set a = |e;) (ej]| € A, then

(@)l = (a®1) (Z p]1€/2@k ® ek>
k=1

oo
1/2
= Z(Skjpk/ e; Qe
k=1

1/2
= ,0]-/ e; ®ej.

Since p; # 0 for all j € N, it follows that the orthonormal basis
{e;®e; : 1,7 € N} for G, is contained in m(.A)Q2. Hence 7(A)Q is dense
in G.

2. For all a € A, we have

(Q,m(a)Q) = <Zp3/2ei®ei,w<a> S % @ >
i=1 j=1

= Y0 e @ol)e 9 e)

ij=1
o
1/2 1/2
= Z Pz'/ Pj/ (ei @ €i,ae; @ )
ij=1
oo
1/2 1/2
= Z pz/ pj/ (ei,aeﬂ <€iaej>
ij=1
o0
= ) (ej,apje;)
j=1
oo
= > {ej ape))
=1
= Tr(ap)
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3. If 7(a)Q2 =0, then

= p(a® a)

So a = 0, since p is faithful by Prop. In fact, this also shows
that 7 is injective, since 7(a) =0 = 7(a)Q2 =0 = a = 0.

O]

Recall that if {e; : j € N} is an orthonormal basis for the separable
Hilbert space 2, then using the Dirac notation, an alternative expression

of Eq.(1.2.2) is

o0

T =) lex) (ex|

k=1

for all x € 2. Similarly, for all a € B(¢) we can write the matrix repre-

sentation of a as
o0

a= 2 ajles) (exl (18.3)
k=1
where aj, = (ej,aex) (see Propl[l.2.4), where we do not think of this as a
convergent series, but just as a notation for the matrix representation.
Since {e; ® ey : j,k € N} is a countable orthonormal basis for G =
A ® A, we can consider an infinite matrix representation of any a € B(G)
given by matrix entries {1 m : j,k,1,m € N}, with respect to the basis

{e; ® e; 14,5 € N}. That is, analogous to (1.8.3),

Z aj7k7l7m |€] ® €l> <€k ® em| . (1'8.4)
j7k7l7meN

Again, note that this is only a way to express the matrix representation of
a in the above basis. That is, Eq. does not imply the convergence
of an infinite series. In fact the series in Eq. will not converge in
general. Instead the interpretation of Eq. is that a is the operator
in B(G) uniquely determined by:

aler ® ey) = Z Qjklm € @ e (1.8.5)
j,leN

for all e, ®e,, € H ®. We will not directly utilize this matrix representa-
tion, but we include it as it is occasionally useful to “visualize” an operator
a € B(G) as an infinite matrix.
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Theorem 1.8.5. The algebras A® 1 and 1 ® A are mutual commutants in
B(G), i.e.
A1) =104, and 10 A) =A®1

where A = B(A), G := A @ H# and H is a separable Hilbert space.
Moreover, A® 1 and 1 ® A are von Neumann algebras.

Proof. Clearly 1®A C (A® 1)’, so we only have to show the other inclusion.
Consider any a € B(G) defined by

ales ® e) = Z Qjsit € D € (1.8.6)
JleN
for all s, € N as explained above. For any p,q € N, let us denote the
operator |ep) (eq] € A simply by ep.
Assume that a € (A ® 1) with the commutant taken in B(G). Then a
commutes in particular with e,, ® 1 for all p,q € N, i.e.
alepg ® 1) = (epg®@1)a (p,q € N). (1.8.7)

Now consider any e; ® e; € G. It follows that

(epg ® L)a(es @ er) = (epg®1) Z QAjslt €5 & €
J,leN

= Y ajsuilepges) @ e

J,leN

= Y Oqy st ep @ e
7,leN

oo
= E :aq,s,l,t ep D e
=1

where we used the boundedness of (e, ® 1) € A® A.
On the other hand, we also have that
alepg @ 1)(es @ er) = a((epges) @ er)
= a((0gs ep) @ er)

= dgs alep®er)

= Ogs Z Ajplt € D €l
jleN

Since a commutes with e, ® 1, for all p,q € N

0 = [epg®1,0a](es ®ey)
= (epg®@1)ales ®er) — alepg @ 1)(es @ e4)

o0
= § :O‘q,s,l,t ep @ e — dg,s E , Qjplt €5 D e
=1 jlEN
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so that

(o]
Z Qgsit €p @€ = g Z ajpit €5 e (1.8.8)
=1 SIEN

for all p,q,s,t € N. It is clear that we must have aj ;¢ = 0 if j # kK, so

Eq.(1.8.8]) simplifies to

o0 o0
Z Qg,q,lm €p & €1 = E :O‘p,p,l,t €p @ €
=1 =1

for all p,q,t € N, so it also follows that, for any [,t € N, g q1,t = ap i+ for
all p,q € N. We can thus set ¢;; := oy p ¢ for any p,[,t € N.
Applying this to Eq.(1.8.6) it follows for any es; ® e; € G that

ales®er) = § Qjsit € ® e
7,leN

0o
= E Qs st €s X e
=1

oo

= &® (Z Pt 65)
=1

= (1®c)es® e

where ¢ is the bounded operator uniquely determined by

o0

cley) = Z@l,t e; (VteN).

=1

That the operator c is well-defined, specifically that it is bounded linear,
follows from the fact that a is bounded linear; since for any = € 74 :=
span{e; : j € N}, we have that

la(es @ z)[| = l[es @ c(z)]| = [le(@)]
and since a is bounded linear,
la(es @ 2)|| < [lalllles ® x| = [la]|[|].

Thus ¢ € A. It then follows that a = 1 ® ¢, since {e; ® e}, : j,k € N} is an
orthonormal basis for G. Hence (A®1)' = 1® A, similarly (1® A) = A®1.
Furthermore, (A®1)" = (1® A) = A®1 so that A® 1 is a von Neumann
algebra; similarly for 1 ® A. O

Remarks 1.8.6. The previous Theorem is a special case of a more gen-
eral theorem, the so-called commutation theorem for tensor products of von
Neumann algebras, and in such a generality the statement of the theorem
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remained open for a long time [20, Example 2.10, Theorem 5.1]. The first
proof, which used modular theory, was obtained by Tomita in 1967 (see
[31]). Later a number of simpler versions have been obtained (see for exam-

ple [26]).
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Chapter 2

Tomita-Takesaki Theory

In this chapter we set up a simple version of the Tomita-Takesaki modular
theory for the von Neumann algebra B(s¢) with a faithful normal state,
using a tensor product approach. This is a special case of the more general
situation of the theory (for example, see [§],[30]).

In Section [2.1| we give a heuristic overview of the theory as well as intro-
duce some related terminology, and state the main result of the theory. Our
goal is to present a version of Tomita-Takesaki theory for the pair (A, u),
where A = B(.) and p is the faithful normal state given by p(a) = Tr(pa)
for p as described by Eq..

In Chapter [3| we give an alternative approach to the version of Tomita-
Takesaki theory which we shall now develop, that is formulated in terms of
the Hilbert space of Hilbert-Schmidt operators.

2.1 Summary of the Tomita-Takesaki theory and
the modular objects

In this section we give a general overview of the Tomita-Takesaki modular
theory, and state some of its main results. Details and proofs of statements
may be found, for example, in [8, Section 2.5], [I7, Section 9.2], or [30)
Chapter VIII].

Let 2 be a C*-algebra on a Hilbert space .7 which contains a cyclic and
separating vector 2. The theory starts off by defining a seemingly innocuous
conjugate linear operator Sy on 2 as follows:

Soaf) = a*Q, Va € 2. (2.1.1)

It can be shown that this operator extends to a closed conjugate linear
operator S, called the Tomita operator for the pair (2, €2), defined on a
dense subset of 7.
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Let A be the unique positive, self-adjoint operator and J the unique
anti-unitary operator occurring in the polar decomposition of S, i.e.

S =JAY2, (2.1.2)

We call A the modular operator and J the modular conjugation (or modular
involution) associated with the pair (2, Q). It is straightforward to see that
J? is the identity operator and J* = J. Moreover, we have that JQ = Q =
AQ.

From the functional calculus of A we construct an operator
A" = exp (it(In A)), t € R,

such that A% is unitary for all £ € R and {Ait 't e R} forms a strongly
continuous unitary group, called the modular group.

The unitaries {Ait 1t e R} induce a one-parameter automorphism group
{o¢:t € R} of A by

ot(a) = A"aA™" a €At eR.

This group is the so-called modular automorphism group of 2 (relative to €2).
The automorphisms are sometimes denoted by UtQ to stress their dependence
on the choice of the cyclic and separating vector €.

Theorem 2.1.1 (Tomita-Takesaki). Let 2 be a von Neumann algebra with
a cyclic and separating vector ). Then the following statements hold:

1. O't(Q[) =AU, teR,
2. JAJ =2

Remarks 2.1.2. We collect some elementary consequences of the Tomita-
Takesaki theorem.

1. The second part of the preceding theorem gives a relationship between
the algebraic and analytic structures. It states that the commutant
of a von Neumann algebra is obtained by conjugation with analytic
object like J, which is obtained from the polar decomposition of a
conjugate linear closed operator (see [20]).

2. The modular conjugation J : # — S gives a *-anti-isomorphism
between 2l and its commutant 2’ defined by

j(a) = JaJ. (2.1.3)

3. The cyclic and separating vector €2 induces a faithful normal state w
on 2 given by

1
w(a) = o (Q,a9), aecl
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Conversely, given any faithful normal state on 2 there is, by the GNS-
construction, a corresponding cyclic and separating vector in the GNS
Hilbert space. Therefore, instead of taking the pair (2, ) as our
initial mathematical inputs in setting up the Tomita-Takesaki theory,
we could have equivalently started with the pair (A,w) (This latter
approach shall be explored further in the next section).

Moreover, the state w (corresponding to €2) is invariant under the
automorphism group {o; : t € R}, i.e.

w(o(a)) = w(a), VYaeAtecR.

In the remainder of this chapter, the outline above will be made very
explicit and concrete for B(¢).

2.2 The pre-Tomita operator

In this section we introduce the Tomita operator, as well as the conventions
and some notation, that form the foundation of the rest of the chapter.
We develop a simple version of Tomita-Takesaki theory for the pair (A, ),
where A = B(J¢) and p is the faithful normal state given by Eq.7 ie.
p(a) = Tr(pa) but with p given by Eq.(L.5.2).

The approach we give in this section mimics the one given in [8, Section
2.5.2], but with less advanced tools. Our development here will not be
complete even for this special case. There are some further points that one
could explore, but more advanced tools from unbounded operators would
be necessary (see [4], for a general framework which accommodates possible
appearance of unbounded observables). However, we do give complete proofs
for the results treated here.

We follow a somewhat unconventional approach to the technical details
of the Tomita-Takesaki theory for (A, u) by using tensor products, which
allows us to avoid much of the difficulties associated to unbounded operators
and their domains.

Consider the faithful, cyclic representation (G, ) of (A, u) (see Sec.

9.

Proposition 2.2.1 (Pre-Tomita operator). Define an operator Sy in G as
follows:

So: Go — Go : (a)2 — 7(a™) (2.2.1)
where Gy := 7(A)Q is a dense subspace of G. Then Sy is conjugate linear.

Proof. Let m(a)Q2,m(b)Q2 € Gy and a € C. Suppose that 7(a)2 = (b)),
then
0=[n(a) —7(b)] Q2 =m(a—b)Q,
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so that a = b, since () is a separating vector. Hence Sy assigns every input
element in its domain a unique output, i.e. Sy is well-defined. Also,

So (am(a) +m(b)) Q2 = Som(aa+ b)Y

7 (aa™ +b*)Q
arn(a*)Q + 7(b*)Q

= aSom(a)Q+ Som(b)S2.

Hence, Sy is conjugate linear. O

Unbounded operators can be tricky to work with, in particular with re-
gards to their domains. For this reason we introduce the following subspaces

of A.
Proposition 2.2.2. Consider the following subspace of A:
E:={ac A: pa*p tis bounded} (2.2.2)

where p~ ' 1 S — H is as in Eq. , and 4 := span{ey, ea, es...} with
the e1, ez, e3... being the orthonormal basis elements of . Let E* := {a* :
a € E}. Then:

1. 760 7 C m1(E)Q and 74 © 7y C n(E*)SQ.
2. m(E)QY and w(E*)Q) are dense subspaces of G.
Proof. Clearly 0,14 € E, and thus FE # (). Consider the orthonormal basis
e1,€es,es... for 7. For all j, k € N we have that
[p(lej) (D)™ ™ er = pler) (ejl p™"er
= p; 'Sjuper
= pj orex
= P}lpk(y,zek
= (P}lpk lex) <€j\> e,
so that p (|ej) (ex])* p~! = pj_lpk lex) (ej] which implies |e;) (ex| € E. Then
le;) {ex] = (lex) (e;])" € E*. Let a,b € E and o € C. Then
plaa+b)*p~! = p(aa* +b*)p~" = apa*p~" + pb*p~ !,
so that aa + b € E, since the sum of bounded operators is itself bounded.
Thus F is a vector subspace of A. Moreover,
plab)*p~" = pb*a*p~" = (pb*p~")(pa’p~ "),

and since the composition of bounded operators is also bounded, it follows
that ab € F; thus E is a subalgebra of A. Similarly, E* is also a subalgebra
of A.
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1. The set {e; ® ey, : j, k € N} is an orthonormal basis for & © 7. We
first observe that for any j, k € N

(lej) {exl @ 1) (Z M2 ® el>
=1

o
1/2
= Zékl pl/ e; e
=1

1/2
= pk/ e ® eg.

7 () (ex)) Q2

So,
e ®ey=m (p,gl/Q le;) <ek|> Qe n(E)Q, (2.2.3)

hence % © g C m(E)Q. Similarly, 56 © 5 C 7(E*)Q.

2. Let a,b € E and a € C. Then an(a)Q + w(b)Q2 = w(aa + b)), since =
is a *-homomorphism. It then follows that

am(a)t+ w(b)Q2 € w(E)Q,

since aa + b € E. Hence w(E)Q is a vector subspace of G.

Since J%) © ) is a dense subset of G, and J4 © #H C ©w(E)Q, it
follows that 7(F)S? is dense in G. Analogously, m(E*)2 is dense in G.

O]

We determine the adjoint S§ of the (pre-Tomita) operator Sp, although
we will not fully determine it on its entire domain, but on a smaller set
) © 7. This will be sufficient for our purpose.

Since Sy is a densely defined conjugate linear operator, its adjoint S; is
also conjugate linear and has to satisfy the relation

(z,S5y) = (y, Sow) = (Soz,y) (2.2.4)
Yo € D(So),y € D(SY).

Proposition 2.2.3. We have 7(E)Q C 2(5§), and for all a € E, we have
that
Sem(a)Q = w(pa*p~H)Q.
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Proof. Let a € E and b € A, then

(m(0)Q, Sym(a)?) = (w(a)Q2, Som(b)$2)
= <7T(a)Q m(b*)8)

_ Z V2% ae; © e, brey, @ ex)

J,k=1
oo

= > Pl/szlcm (aej, b ex) 0jk
Ji:k=1
o0

= Y pjlaej,bre))
j=1
o

= Z(ej,a*b*pej)
j=1

= Tr(a*b*p)

= Tr(b"(pa*p~")p)

= Zﬂj (bej, (pa*p™H)e;)

= Z(S’ 12 1/ be],paplek>
73,k=1

_ Z pi 20 (bes @ e, (pap~ler) @ ex)
k=

Js
= ((be@1)Q,(pa’p~ ®1)Q>
(m(b) Q m(pa*p 1)Q>

Thus Som(a)Q = 7(pa*p=1)Q, since Z2(Sy) = 7(A)Q is dense in G. O
The operator S; has been determined on the dense subspace m(E)$2 of

G, and this explains the introduction of the subalgebra E of A in Prop

2.3 The modular operator and modular group

The first of the two operators that are determined from .Sy is:

Definition 2.3.1 (Pre-modular operator). Define an operator Ag on w(E*)2
as follows:

A() = SSSO |7r(E*)Q . (231)

That is, Ag : 7(E*)Q — 7(A)Q : 7(a)Q — 7(pap™1)Q.
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Since the composition of two conjugate linear maps is linear, Ag is linear.
Although the operator Ag is densely-defined on the subspace w(E*)Q2 of G,
but for simplicity since .4 ® 4 C 7(E*)Q, we restrict the domain of the
definition of Ag to S ® 4, i.e. we set

(Do) = 4 A, (2.3.2)

This is sufficient for our goals. In a similar way we restrict Sj to S © J4
(although in general the domain of Sj is larger), since % ® ¢ C w(E)Q is
dense in G.

The main result regarding Ay is as follows:

Theorem 2.3.2. The operator A satisfies the relation:

Do o= p O p~ " Lo -

1 1

Here we write p ©® p~ instead of p ® p~, since it is only defined on
J6 © H, and reserve the symbol ® for the extension of an elementary
tensor product to the completed space 7 ® 7.

Proof. Let a € E*, then

Agm(a) = S5Som(a)f2
= Sym(a™)2
— r(pap )0

= pap o1 Zp e; X e;
1/2 _
= ij/ (pap~lej) @ ¢
[e.9]
1/2 —
= > 0”07 (paej) @ ¢
j=1

= N 0P (pacy) @ (p'e))
j=1

= > 0 pa® ) (e @ ¢5)

= (poprHaa) (Y '’ ee

= (pop Hm(a).

=popt | o, since Ay © 4 C w(E*)Q. O
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Proposition 2.3.3. The densely defined linear operator Ag is symmetric,
1.€.
(Aoz,y) = (z,Aoy)
V,y € @(Ao)
Proof. For a basis element e; ® ej, of G, we have
(Dolej@ex),ej@er) = (pipyej @exej @ex)
= pipg ' (ej @ e, e; @ ex)
_ -1
= piPy (€ €5) (ex, er)
= piry!

which is real. In particular, (Apx,z) € R for all x € G. By the remark
following Def. Ag is symmetric. O

Remarks 2.3.4 (The functional calculus of Ap). Note that A defined
above satisfies

Nolej@er) = (p@p 1) (ej ®ex) = pipytej @ ek

Vj,k € N. Since the set {e; ® e;};ren is an orthonormal basis for G,
Ao(ej ®ey) = pjplzlej ® e can be extended in the sense that we can define

F(Do)(ej @ ex) := flpjpy, e @ e
for any function f : R — C. In particular, we define
Af(ej @ ex) == P;-Z,Oljzej ® eg (2.3.3)

Vj,k € N, z € C. This is the so-called functional calculus for Ay (but
simplified to avoid the closure of the unbounded operator Ag).

In general one would take the closure of an operator and show that it is
self-adjoint to be able to have a functional calculus, but here the situation
is simple enough to define the functional calculus more directly.

Proposition 2.3.5 (One-parameter unitary group). The following state-
ments hold:

1. Equation extends uniquely to a unitary operator
A" € B(G)
vt € R.
2. The family {A" : t € R} forms a one-parameter unitary group, i.e.
Ait1 Ait2 _ Ai(ti+H2)

Vi1, to € R, with AV = 15() (the identity operator on G).
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3. For allt € R, A¥Q = Q.

We write A% instead of AY, since it is defined on the whole of G. In the
more complete theory this is the notation used, however there an operator
A is defined as the closure of Ag, although that A is still not defined on the
whole of G.

Proof of Prop[2.3.5 Let {e; : j € N} be an orthonormal basis for 2.

1. Let t € R. Then
(0" op ) e e, (PP Op ") e ®em)
(P 0 p") (" ©p™) ej @ en e @ em)
= (ejRep, e @em),

(Af(ej @er), Af (e @ em)) = (
=

so, by linearity, <A6%,A6ty> = (x,y) for all x,y € J4 © 3. In par-
ticular, ||A¥z|| = ||z|| for all x € % © 4. Thus |AY|| = 1, so A}
extends uniquely to G, since 4 ®.74) is dense in G. Call this extension
A
We also have that (Ait)* = A" since
<ej ® ek, (Ait)* (e; ® ek)> = <Ait(ej R er), e @ ek>
= (pjp;,"ej ® ex, e ® ex)
<€j ® ek, pj_”p?ej @ ek>
= <€j & ek, A_it(ej & ek)> .
It follows that (Ait)* = A~ Then
Ait (Azt)* (ej ® ek) — AitAfit (ej ® ek)
= A" (p;“p?ej ® ek>
= i (p*”p?fej @ ex)
= ¢ X ek,

thus A% (A“)* = 1p(@), and similarly (Ait)* A" = 15()- Hence A
is unitary for each ¢ € R; hence bounded.

2. Suppose t = 0 then A = 15(q) since

Aej ® ex) = plphe; @ e, = € D ey
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Let t1,t2 € R, then

ATA (e; @) = A™ (pﬁtzpk €j®€k>

ito 1t

= P e (pj pkmeJ@ek)

— p}(t1+t2)Plzz(t1+t2)ej ® e
= Ai(t1+t2)(ej ® ex).
Hence Ait1 Atz — Ailti+t2)

3. For all t € R, we have

AltQ = Z V2N (e; ® e))

o
1/2
= ij/ Pétpy ¢j @ ej
=1
= Q.

O]

The unitaries {A¥ : t € R} induce a one-parameter automorphism group:

Proposition 2.3.6 (Modular automorphism group). The following state-
ments hold:

1. For each t € R, the equation
oi(m(a)) = oi¥(n(a)) = Alr(a)A™H (2.3.4)
defines a *-automorphism o, on 7w(A).

2. The family {Jtﬂ :t € R} forms a one-parameter automorphism group
called the modular automorphism group associated with (mw(.A), Q).

3. For allt € R,
(2, 04(7(a))?) = (2, 7(a)Q) = p(a).
Proof. Let a,b e Aand o € R.
1. For all t € R, we have

or(am(a) + 7(b) = o1 (w(aa+ b))
= A'n(aa+b)A~"
= aA%r(a) AT 4 Alr(b)ATH
= aoy(m(a)) + o(m(b)),
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so that oy linear. Now, if oy(7(a)) = o¢(mw (b)) then
A'm(a) AT = Al (b) AT

which implies 7(a) = 7(b), so that a = b; and 7(a) = o, (0_¢(7(a))).
Thus for all t € R, o; is bijective.

Homomorphism property:
ot (m(a)m(b)) = o¢(m(ab))
— (Aitﬂ_(a)A—it) (Aitﬂ_(b)A—it)
= ou(m(a))ow(m(b)).
Also, since (A“)* = A"
ot (m(a)*) = Ar(a)*A™%
= (Aitﬂ(a)A_it)*
= ou(m(a))”.
Hence o is a *-automorphism for all ¢ € R.

. Suppose t = 0 then oo = idp(z) (Where idg(q) is the identity map on
B(G)), since
oo(m(a)) = A%7(a)A® = 7 (a).

Let t1,t5 € R, then
oty (1, (m(a))) = AMoy(m(a))A™"
— Aitl (Aitgﬂ_ a)A*itg) A*Z’tl
— Ai(t1+t2)ﬂ_(a)A7i(t1+t2)
= Ou+t:(m(a)),

and hence oy,01, = 04,+4,- Then {o; : t € R} forms a one-parameter
automorphism group.

. From Prop{2.3.5(3) and Prop|1.8.4(2), we have that

(Q,00(m(a)) Q) = <A_itQ,7r(a)A_itQ>
= (Qm(a)2)
= w(a),

for all t € R.
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In Prop the modular automorphism group {o{’ : t € R} was given
in the cyclic representation (w(A), Q) of (A, ). However, it is possible to
define the modular automorphism group directly on A as well (cf. [8, p.96]).
In the latter case, the *-automorphisms o' : A — A for t € R, are defined
by

of'(a) =71 (Aitﬂ(a)A_it) ,
i.e.
o =rloosom,

and the resulting one-parameter automorphism group {o} : ¢ € R} is ac-
cordingly called the modular automorphism group associated with (A, ).

Theorem 2.3.7. The following statements hold:
1. For each t € R, the equation
of(a)=n"tooiom
defines a *-automorphism of A.

2. The family {o}'} forms a one-parameter automorphism group.
3. For eacht € R, pool = p.
Proof. Let a € A.
1. From Prop.s and [1.8.4)(3), the maps
T A-aA@land 1 A®1 - A
are *-isomorphisms; and from Prop we have that for all t € R
o A1 - A®1

is a *-isomorphism. Since the composition of two (or countably finite)

*_jsomorphisms is itself a *-isomorphism, it follows that 7= ooy o7 is

a *-isomorphism. Hence o' is a *-automorphism for each ¢ € R.

2. Group properties: Suppose ¢ = 0, then off = id 4 since
ob(a) =n" (Aoﬂ(a)Ao) =71 (n(a)) =a.
Let t1,t2 € R, then
[Ufl o ag] (a) = oy, (0,(a))
= oy, (7‘(‘71 (Ait%r(a)A*itQ))
— gl (Ait1 (Aitzﬂ_(a)A—itg) A—itl)
— o1 (Ai(tlthz)ﬂ_(a)Afi(tlthg))

= Ufmz(a)’

thus o}, ,, = o}, oo},. Hence the family of automorphisms {o} : t € R}
forms a one-parameter automorphism group.
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3. By Prop(3) it follows that for all t € R,
[wooil(a) = (Q,7(0}(a))
= (7 (7 YA r(a)AT)) Q)
= (Q, (Aitﬂ'(a)A_it) Q)
(€2, 0¢(m(a))$2)
(€2, (a)$2)
= wla).

Thus the state p is invariant under the modular automorphism group
{ol : t € R}.

O]

Thus we have obtained the first part of Tomita-Takesaki theorem (see,
Theorem M(l)) The modular automorphism group is probably the single
most important object appearing in Tomita-Takesaki theory [28] p.2].

2.4 The modular conjugation

The second of the two operators we determined from Sy is:

Definition 2.4.1 (Pre-modular conjugation). Define an operator .J; as fol-

lows:
Jo = A(1)/250 (2.4.1)
where
AY?  w(F)Q = w(A)Q: 1(a)Q = 7(pH 2ap~ )0
with

F:={aecA:p"2a*p™1/? is bounded},
and p~1/2 is given as in Rem
Proposition 2.4.2. The domain of Jy as given in Eq. is m(F)Q, i.e.
2(Jo) = 7(F)Q,
and 2(Jy) is a dense subspace of G containing 4 © .

Proof. We are required to find all the elements x of the domain of Sy such
that Spz is in the domain 7(F*)Q of A(l)/Q.

Suppose Spm(a)2 = 0. Then by definition 7 (a*)2 = 0, so that a = 0
(by Prop and ker(Sp) = {0}. Thus Sy is injective, and its inverse Sy

exists. Furthermore, since

Sy 1 Som(a)Q = Sy tw(a*)Q = 7(a)L,
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we have that S(;l = Sy. Then

P2(J) = STt (,@(50) ng (Agﬂ))
AQ N (F90)

The denseness of Z(.Jy) follows from an argument similar to the proof of
Prop but with p!/2 and p~1/2 in place of p and p~!. O

Proposition 2.4.3 (Properties of Jy). The following statements hold:

1. The densely defined operator Jy satisfies
Jom(a)Q =7 (pl/Qa*p71/2> Q (2.4.2)
foralla € F.
2. Jy is conjugate linear.
3. The action of Jy on a basis element e; ® ey, of G is given by
Jo(ej @ep) =€, ®e;
for all j,k € N; hence Jy is isometric.

4. Jo extends to an isometric conjugate linear map defined on the entire

G.
Proof. Let {e; ® ey, : j,k € N} be an orthonormal basis for G.
1. Let a € F, then
Jor(a)) = [Aé/ 250} 7(a)9
= AV (a0
- (p1/2a*p_1/2) Q.
2. Since Sy is conjugate linear and Aé/ ? is linear (because Ay is linear),

and the composition of a linear map with a conjugate linear map is
conjugate linear; it then follows that .Jy is conjugate linear.

3. From Eq.(2.2.3) we have that

ej ey =1 (p,:l/2 lej) <ek\) Q, Vi keN,
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so that
Jolej ®ex) = Jom (,01,21/2 lej) <ek]> Q

— (p1/2 (pl:m &) (ek\)*P_l/Q) Q
= 0 (0 len) tesl p712) 1] (i o e el)
=1

o0
—1/2 1/2 —1/2
= S o (02 en) (esl o o) @
=1

_ = —1/2 ( 1/2
= Zéj,l P (/)k ek) ® ey
=1

= ep®ej.

Thus Jy(e; ® ex) = e ® ej. Consider any x = Zj,k‘ ajrpe; ® ey in
6 @ 5 (so only finitely many «; 5, € C\{0}), then
2

1ozl = |D_ ajrlole; ® ex)
j7k

= ) logulllex @ e
ik

= > lajul®
.k

2
= [l="
Thus Jy is isometric and bounded on .773.

4. Since the densely defined isometric conjugate linear operator Jy is
bounded on 4, it can be extended to a uniquely determined conjugate
linear operator defined on the entire G which is itself an isometry.

O
Definition 2.4.4. We denote the conjugate linear extension of Jy by
J=Jqg:G— G,
and it is referred to as the modular conjugation associated with (mw(.A), ).
Theorem 2.4.5. The following statements hold:
1. The modular conjugation J satisfies:
Jr(a)*J(ej ®@e) = (1®a") (e; ® ey)
where a® is the transpose of a € A with respect to the basis {ej 7€

N},
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2. For all x,y € 2,
Jzoy) =y ",

where 2% 1=} N Zjej for all 2 =37, zje;.

3. Forallac A,
Jr(a*)J = 7'(a”),

where 7 is the injective *~homomorphism given in Eq., namely
A= B(G):a—1®a.

4. Forallae A, Jn(A)J =7'(A), ie.
JAR) =104
where A®1:={a®1:a¢€ A} and 1 ® A is similarly defined.
Proof. Let {e; ® ey : j,k € N} be an orthonormal basis for G.

1. For all j,k € N,

[Jm(a)*J](ej @er) = [Jm(a®)](ex @ €;)
= J(a"ep ®e;j)

|
.

I
<

Mg

e ®e;

(aT kel ® e;

(o)
(£
= > ()@

_ e]-@(Z (aT)l’kel>

=1
= € ® (aTek)
= (1®(IT) (ej ®eg).

2. For z,y € A, say v = Y 2

Prop[2.4.3] that

iy xje; and y = 377, ygey, it follows by

oo oo
J(m‘ ® y) = J Z TjYkej X e
7=1 k=1

oo o0

=Z

M

Tiyker ® €;

Il
*}—‘

Il
<,
®?v
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So that
[J(z @yl = lly" @z|| = [ly*[[lz*[| = z[llly]l.

It then follows that J is jointly continuous with respect to x and y.
Thus J(z ®y) =y* @ x* Va,y € .

3. Together, Eq.(1.8.2]) and part (1) of this theorem, give
Jr(a)* J(e; @ ex) =7’ (aT) (ej ®eg)
for all j,k € N, and a € A. From this the required result then follows.

4. By part (3) of this theorem, we have
Jr(a)J = Jr(a*)*J=n' ((a*)T) ,
for all a € A, it then follows that Jn(A)J = 7/(A). Consequently
JAR DT =1 A.
O

Note that ThmJ2.4.5(4) gives the second part of the Tomita-Takesaki
theorem for B(4¢) (see Thm|2.1.1[(2)).

Remarks 2.4.6. The following notation is also used
j(m(a)) = Jn(a)"J, a€ A.
Then
j(r(a)) =7 (a"), Vae A
Note that the above result implies that j(m(a)) commutes with m(a); since
j(r(a))n(a) = a'(a")m(a)
= (l®d)(a®1)
= a®a’
= (a®1)(l®al)

= n(a)r'(al)

= 7(a)j(m(a)).

Moreover,

j(m(A)) = 7'(A).

In a sense j(m(a)) is a mirror image of 7(A), i.e. 1 ® A is a mirror image of
A ® 1, with the two copies commuting with each other.
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Proposition 2.4.7. The modular conjugation J has the following proper-
ties:
J*=J and J* = 1.

Hence J is an anti-unitary operator.

Proof. Since J is an isometry (by Prop2.4.3(4)) and the functional G x G —
C: (z,y) — (Jx, Jy) is sesquilinear (linear in x and conjugate linear in y),
so by the Polarization identity we have

(Jx, Jy) = (x,y) Vx,y € G.
So J*J = 1. We also have
J2(ej @ ep) = J(er @ ej) = e; @ ey,
so that J? = 1. Together, this gives
J=(JJ)J =J,
and so JJ* = JJ = 1; hence J is anti-unitary. O

The operators A" and J on G form the core objects of the Tomita-
Takesaki modular theory. Equivalently, we can consider the operators oy
and j on A as the core elements of the theory. These modular objects are
found in the more general versions of the Tomita-Takesaki theory as well,
but it is much more difficult to obtain them and prove their properties.

2.5 The modular groups on an algebra and its
commutant

Among the motivations for the development of the Tomita-Takesaki theory
was to systematically study how the structure on a given algebra influence
that on its commutant in the case where both algebras have a common cyclic
vector ([20], [I7, Section 9.2]). We illustrate this relationship by looking at a
particular instance, namely, by establishing a relation between the modular
automorphism group defined on an algebra and that on its commutant.

Consider the setup of the previous sections. We note that the require-
ment for a vector to be cyclic for an algebra is equivalent to the same vector
being separating for the algebra’s commutant (see [8, Proposition 2.5.3],
[20, Proposition 2.2]). Since Q is cyclic and separating for 7(.A), it then
follows that © is also cyclic and separating for 7/(A). One can also prove
this directly, as we did for 7(.A).

Analogous to the introduction of modular operator A on G associated
with the algebra 7(A), we can define a corresponding operator A’ associated
with the commutant 7' (A) as follows
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A o= p"" ©p lnor (2.5.1)

(cf. Thm. Note that p and p~! have been swapped, since we are
working with 7/(A) = 1 ® A instead of 7(A) = A ® 1, so we have to switch
the tensor products throughout. Then A’ = A~L since p~1p [= p lp is
the identity operator on J7j.

Through the functional calculus of A’, we can define a one-parameter uni-

tary group {(A")" : ¢t € R} (see Rem and Propl2.3.5). By Prop

these unitaries induce a one-parameter automorphism group
oy(x'(a)) = (A")" ' (a) (&) " (2.5.2)
on 7' (A).
Our goal here is to study the relationship between oy and o7.

Lemma 2.5.1. Let A and J be the modular operator and modular conjuga-
tion associated with (w(A), ). Then for all z € C,

JA®J = A%
Proof. Let z € C. Then, for a basis element e; ® ej, of G, we have
JAZJ(ej@er) = JA®(ep®e;)
= J (p}fp;izek ® ej>
= Aiz(ej & €k).
This extends by linearity to the whole of G, since A** € B(G) (by Prop 1))
and J € B(G) (by Rem{2.4.4). O

In the case where z is real, say z = ¢ for some t € R, we have that
JA®J = A% So that the modular objects J and A® commute for all ¢t € R.

The map j introduced in Rem[2.4.6] gives a relation between the algebra
7(A) and its commutant 7' (A):

Proposition 2.5.2. The map j : B(G) — B(G) : ¢ — Jc*J is a linear *-
anti-isomorphism such that joj =1, j(r(A)) = 7'(A) and j(7'(A)) = 7(A).

Proof. Let « € C and a,b € A. Then
jlam(a) +m(b)) = j(m(aa+D))
Jr (aa +b)* J
= J(am(a)* +7(b)*)J
j(m(a)) + j(m (b)),

Q
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and

We also have
j(m@(a)m(b)) = j(m(ab))
= Jr(ab)*J
= Jr(b*a*)J
= (Jw(d)*JT) (Jr(a)*J)
= j(m(b)j(m(a)).
If j(r(a)) = j(m(b)) then Jm(a)*J = Jn(b)*J, so that 0 = 7(a* — b*) which
implies that a = b, since 7 is injective by Prop(3). Now suppose that
7'(b) = j(m(a)), then ©'(b) = Jr(a)*J so that Jr'(b)*J = w(a). Thus, j is
a linear *-isomorphism. Furthermore,
(jojm(a) = J(Jn(a)"J)"J
= 7(a)
so that joj=1. By Thm(2), we get
Jj(m(a))(ej@er) = Jn(a)*J(e; @ ey)
= J(a"®1)(er ®ej)
= J((a"er) ®¢j)
= €;® (a%e)”
= € ® (aey)
= 7'(a)(ej ®ex),
and
j(ﬂ’(a))(ej ®ep) = J(1® a*)J(ej & ek)
J (e @ (a*ej))
= (a"e;)" @ ey
= 7T<a)(€j ® ek)7
so j(m(A)) = 7'(A) and j(n'(A)) = 7(A), as required. O

Remarks 2.5.3. For all ¢ € R, the unitaries A and (A/)" satisfy the
relation:

F(A") = (AN®. (2.5.3)
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Indeed,
j (Azt) —_ JAfitJ — Af’it — (A/)it
since for all t € R, A" € B(G) and A’ = A~L.

The relation between the modular automorphism groups on an algebra
and its commutant is given by:

Theorem 2.5.4. Let oy and o} be the modular automorphism groups on
7(A) and 7' (A) respectively, then

jooioj=o0",. (2.5.4)

Proof. From Prop it follows that j ooy 0j = o’ , is a map from 7/(A)
to '(A). If a € A, then by Rem and Prop j(7'(a)) = n(a), so

(jooroj)m'(a) = (jooym (aT)
= j(Altr (a7) A
= J (Aitw (aT) A_it)* J
= JA"z (7)) AT
A" (Jr(a®)*J) A™" (since J and A" commute)
— Al (a)A—
= (A) "7 (a) (A)"
= ol (7'(a)).

O]

In effect going to the commutant leads to a time reversal of the modular
group. This will be discussed from a more physical point of view in Sec[2.6]

2.6 Physical time

In the operator algebraic approach to quantum mechanics (in particular,
to statistical mechanics [I1], [15]), the dynamics are given by an automor-
phism group on the algebra of observables associated to some physical sys-
tem [6],[8], [25]. Thus we can already attach physical meaning to oy, directly
from the general theory, as time evolution.

In this section we show that the modular group can be interpreted as
physical time-evolution in equilibrium statistical mechanics.

In the canonical ensemble of equilibrium statistical mechanics, the state
p is given by

e PE;

C S

(2.6.1)

66



£
ﬁ UNIVERSITEIT VAN PRETORIA
@, UVIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
A4

with 8 = 1/kT the inverse temperature, and F; the energy of the state e;.
Defining the Hamiltonian of the system as the (typically unbounded)
operator H on J# given by

Hej = Eje; (2.6.2)
we can write p = e # /Tr(e BH). Therefore

it it it
A(ej@er) = pjp,e; @ ey
— e—iEj,Bte’iEkﬁtej ® e

e—iHﬁt ® eiH,Bt(ej ® ek);

ie. A = 7Bt @ ¢HP (using the same functional calculus as for A).
Thus, for a € A,

of@) = 7 (A'n(a) ‘“)
— l(Azt< zt)

_ 1 ( e—zHBt zHﬂt) ® 1)
e—zHB anHﬁt,

SO
Jﬁt/ﬂ(a) = tHtge— it (2.6.3)

which is exactly the physical time evolution of a. This gives us a physical
interpretation of the modular group as time-evolution, though reversed and
“stretched” due to the factor —1/3. Combining this with Thm[2.5.2] we see
that J, via j o gy o j, implements time-reversal, though on the commutant
7'(A) = 1® A, since j ooy 0 j gives o’ ,.

We therefore have reasonable physical meanings attached to the modular
group and modular conjugation. In Chapter [4] we are going to argue more
in physical terms for a specific physical system, to gain further insight into
the physical meaning of A ® 1 versus 1 ® A, and consequently .J.

2.7 General remarks

There is a more ad hoc approach to the formulation of Tomita-Takesaki
theory in terms of tensor products based on the results obtained above, but
simpler from a technical point of view. The idea behind this alternative
approach is to simply take

A(ej ® eg) == pg-tp,;itek ®ej, and J(e; ® ey) == e} ® ey,

as the definitions of the linear operator A* and conjugate-linear operator .J
on GG from the outset. Then one verifies that these operators are well-defined
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on the whole of GG, as their definitions only define them on 2 ® 4. Indeed,
since A" is unitary for each ¢t € R, it is a densely defined bounded operator;
thus can be extended to the whole of G. On the other hand, we have that J
is isometric, and thus bounded, hence J can also be extended to the whole
of G. From here onwards, one then builds the theory in exactly the same
way as before.

The disadvantage of this approach lies in that it does not give much
insight into how the theory can be generalized to algebras other than A =
B(s), whereas the previous approach does.

The Tomita-Takesaki Theorem [2.1.1] in the formulation of the theory
given above, is easily proved. In this context, it states that

Jr (A)J =7'(A), (2.7.1)

and

oi(m(A)) = w(A). (2.7.2)

Remarks 2.7.1 (Alternative approach to the functional calculus of Agp).
The idea for the definition of A(l)/ % in Defm is another way of approaching
the functional calculus of Ay. In this approach, A[l)/ % is defined on 0 © I

similar to Eq.(2.3.3)), i.e.

A ej@er) = p?p e @ e

for all 7,k € N. Then, in this case, Jy is also defined on ¢ ® 4.
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Chapter 3

Second approach to
Tomita-Takesaki theory:
Hilbert-Schmidt operators

The approach to Tomita-Takesaki theory we give in this chapter is centered
around the Hilbert space of Hilbert-Schmidt operators By (72 (see Sec[1.3)).
There are two algebras of operators that can be introduced on this Hilbert
space which carry the modular structure. We will make use of the tensor
product approach (of Chap to obtain the Hilbert-Schmidt approach. In
particular, we have that ¢ ® . is unitarily isomorphic to Ba(.5, %) (see
Thm.

The development we make here is based on [1], but distilled as far as the
scope of our project requires.

3.1 Left and right algebras

We start by identifying a special class of operators on Ba(.7). Given a,b €
A = B(5) denote by a V b an operator defined as follows:

aVb:By(H) — Bo(H) : x — axd. (3.1.1)

This operator is well-defined. Note that azb* € By(7) for all a,b € A, z €
By (), this follows from the fact that By () is an ideal in A (by Cor[1.3.6)).
From the associative bilinearity of the product operation it follows that a Vb
is linear.

Denote by 2 the vector space of all linear combinations of operators of
the form a V b on By (7).

Proposition 3.1.1. For any given pair a,b € A, the operator a Vb is a
bounded linear operator on By (7). Moreover,

(aVb)*=a" Vb (3.1.2)
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and
(a1 V bl)(ag V bg) = ajas V b1bs, (3.1.3)
Yai,as,b1,bs € A.

Proof. Let a,ay,a92,b,b1,b0 € A and o € C. Then in view of the above
definitions and Cor

l(aVb)elz = [lazb™:
< lallflzb"(2
< laffio*([llz]l2,

so that a Vb is a bounded linear operator. Using the inner product on By (.7)

and Prop we get

((aVb)z,y),

(2, (aVb)y),
(, ayb®),
Trlz*(ayb®)]
Tr{(a*zb)*y]
(a*xb,y)y

= ((a" Vb )z,y),,

thus (a V b)* = a* V b*. By the associativity of the product operation, we
have that

(o1 V)@ VE)] (2) = an [(az v bo)(2)] B}
= a1 (agxb})b]
= (aja2)x(bibe)*
= [(a1a2) V (b1b2)] (2),

so that (a1 V bl)((fLQ \Y bg) = ajas V b1bs. L]

Corollary 3.1.2. The vector space A of all operators of the form a V b

(a,b € A) is a *-subalgebra of the C*-algebra of all bounded operators on
Bo ().

Recall that the Hilbert spaces 5 @ # and Bo() are unitarily equiv-
alent (by Thm , 1.e. there is a unitary transformation W such that

W@ — Bao(H) :x @y |z) (yl. (3.1.4)
Proposition 3.1.3. For all a,b € A,
W(a®@bW*=aVb,
i.e. W(A® AW* =2, where A is the *~algebra of all bounded operators
on Ba(F) of the form a V b.
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Proof. Let a,b€ A, x € 2 and y € 5. Then

W(a@b)W* (lz) (y)) = Web)(r®y)
= W((az) ® (by))

= lax) (byl.
But, for all u € 57, we have
lax) (by|lu = ax (by, u)
= a(z(y,b"u))
= alz)(y[b*u

so that
|ax) (by| = alz) (y|b" = (a vV b) |z) (yl.
Thus W (a®@b)W* = aVb, since {|z) (y| : v € S,y € H} spans By(H). O
There are two special von Neumann algebras that can be built out of

the algebraic operations given in Prop (cf. Propf2.4.5/(4)):

Proposition 3.1.4. The sets
W={a:=aVl|aecB(H)} (3.1.5)
and
A, ={a,:=1Val|aecB(H)} (3.1.6)
are mutual commutants:
Q) =2A, and (A,) =2 (3.1.7)

Moreover, ; and 2, are von Neumann algebras.

Proof. Since (aVb) € B(B2()), Va,b € A (by Prop[3.1.1)), it follows that
A;, A C B (Ba(H)) as subsets.

For any set Y C B (Ba(H)). Let X := W*Y W, where W is the unitary
transformation in . SoY =WXW*,

For a € B (Ba()), set b:= W*aW. If a € Y, then for all ¢ € X

cb = (WWeW*W)(W*aW)

W* [(WeW™)a| W

W* [a (WeW™*)|W (since WeW™* €Y)
(W*aW) ¢

= bc
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which implies that b € X’. On the other hand, if b € X', then for all c € Y

ca = (WW*eWW™*)(WbW™)
= W[W*eW)b W™
= W[hHW*eW)]W* (since W*ecW €Y)
= (WbW™)ec

= ac

which implies that @ € Y'. So: a € Y’ if and only if b € X', ie. Y/ =
W X'W*. In particular, we have that

W=WAR )W =W (1 A W* =12,
by Prop Similarly, ) = 2. Furthermore, A = A = 2, so that 2,

is a von Neumann algebra; similarly for 2A;. O

3.2 Modular conjugation and modular group

Here we show how the modular conjugation and modular group arise in the
Hilbert-Schmidt version of Tomita-Takesaki theory, using their counterparts
(and corresponding results) in the tensor product approach.

Proposition 3.2.1. Let {e; : j € N} be an orthonormal basis for 7, and
L QA — HRQH e ® ey — ej ® Ep,
where €y, := ey, (but viewed as an element of 7). Then:

1. The map ¢ has a unique unitary extension to the whole of 7 ® I,
which we also denote by .

2. For all x,y € 57,
rey) =y, (3.2.1)

where 2* 1= 3oy Zjej forall 2 =3y zjej. Furthermore, ((zx®y*) =
xRy and F(rRY) =z y*.

Proof. Let {e; : j € N} be an orthonormal basis for JZ.

1. Since {ej®ey, : j, k € N} is an orthonormal basis for 5 ® 7, it follows
that ¢ is well-defined. Clearly, ¢ is linear and invertible. From

le(ej @ en)ll = llej @ exll = llejllllerll =1,
it follows that ¢ is an isometry, and thus unitary. So ¢ has a unitary

extension to the entire 7 ® 7. Call it ¢.
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2. Note that

ue; @ (aek)) = aufej @ ey)
= a(ej ® ék)
e ® (aex)

= € ® (aep)*

= ¢ ® (e
so ¢ “conjugates” the second factor with respect to the orthonormal
basis {e; : j € N}. Then for all z,y € S, say x = > . _yzje; and
Y = > ren Ykek, we have

jeN

z®y) = Z zyr (ej ® éx)
j,keN

= ) (wje)) © (Grer)

4,kEN

= TR (Z Z?k;ek)
keN

= z® (y)

= r® g*

sozy*=1"(z®y) and Lz @y*) = ®y.
O

We define the modular conjugation in the Hilbert-Schmidt setup from J
in Chapter [2] as follows:

Definition 3.2.2. Let Jyg : Bo(S) — Ba(#) be such that
Jus = WiJUo W™, (3.2.2)

where W is the unitary transformation in (3.1.4), and ¢ is given by (3.2.1)).

The operator Jgg has properties similar to the modular conjugation J

(cf. Prop{2.4.7):

Theorem 3.2.3. The operator Jis has the following properties:
1. The operator Jyg is conjugate linear.

2. For all x,y € I,
Jus(lz) (yl) = ly) (2|
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Hence Jgg is anti-unitary. Moreover, we have
JasiJgs = AU, (3.2.3)

Proof. 1. Since W, ¢, ¢* and W* are linear maps, and on the other hand J
is conjugate linear; then Jpg is conjugate linear, since the composition
of a linear map with a conjugate linear map is itself conjugate linear.

2. Let z,y € S, then in view of the above definitions and Thm/2.4.5(2)

Jus(lz) (yl) = Wi (z®@79)
Wid(x ®y*)
Wiy @ z*)
W(y® )

= |y) (zl.

3. We also have that
Jhe = WiJ2UW* = Wuw* W = 1,

and
Jiig = (WiJUW*) = Wi = Jys.

Hence Jyg (like J) is anti-unitary. Furthermore, for all a,b € A and
x,y € I

Jus(aVvb)Jus(|z) (yl) = Jus(aVb)(ly) (x])
)

I
T
~ n «

I
=
8
—
Q
=

= (bva)lz) (yl,

so Jgs(aV b)Jgs = bV a). In particular, JysAiJgs = ;.
O

For the unitary group in this Hilbert-Schmidt approach, we simply define
Al g = WA TW* (Vt € R).

Then the modular group can be obtained as in Sec[2.3]
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3.3 The cyclic and separating vector

In this Hilbert-Schmidt approach to Tomita-Takesaki theory, we obtain the
cyclic and separating vector ® as follows:

¢ = WLQ
= Zpl/g (ej ®e;)

= Zpl/ lej) {e;]
_ Zpl/Q

where P; := |e;) (¢;] (i.e. P; is a projection of .7 onto C1).

Then all the properties that 2 has in Chapter [2] can correspondingly be
obtained for ® (with arguments similar to those in Sec. In particular,
we have that ® is a cyclic and separating vector for 2l;. Since W is unitary
this is straightforward, so we omit the details.
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Chapter 4

Tomita-Takesaki theory and
Landau levels

In this chapter we look at the Landau levels of the dynamical model of a two-
dimensional electron placed in a uniform magnetic field, orthogonal to the
plane which contains the electron and demonstrate how these levels exhibit
a modular structure in the sense of Tomita-Takesaki theory. This allows
us to gain some understanding of the physical meaning of Tomita-Takesaki
theory and the modular objects in a simple setting.

The developments we make in this chapter are based on [I], but we
use the tensor product approach to Tomita-Takesaki theory, instead of the
Hilbert-Schmidt approach as in the paper.

We do not attempt to be mathematically rigorous or complete in this
chapter. In particular, our treatment of unbounded operators that appear
here, are not fully rigorous.

4.1 Review of classical motion in a magnetic field

In this section we give a brief review of the classical motion of a charged
particle in a magnetic field background. Consider a particle of mass m and
charge ¢ with position r that is subjected to a magnetic field B(r). The
force exerted on the particle is given by the Lorentz force

F = gv x B(r)

where v = % is the velocity of the particle. Then, the equation of motion

for the particle in a magnetic field is
dv

m—p =4V X B(r). (4.1.1)
The classical Hamiltonian for the charged particle is
1 2
H=—[p—qA 4.1.2
5, [P = ¢A(r)]", (4.1.2)
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where A(r) is a vector potential related to the magnetic field B(r) by
B(r) =V x A(r).

The choice of gauge is not unique. However, since the dynamical system

which we model manifests a rotational symmetry along the axis through the

center of the trajectory parallel to the z-axis, we shall use symmetric gauge.
For convenience we set

H=H, +H, (4.1.3)

with
Hi = 5 (e —qAe + (py — a4, (419
Hy = 5 (p— A (4.1.5)

When the magnetic field is uniform and its direction is chosen to be along
the z-axis, the equation of motion become the three coupled differential
equations

mi = qBy
my = —qBz
mz = 0.

The solutions to these equations of motion are given by

xz(t) = w0 — Rsin(wpt — b)) (4.1.6)
y(t) = wyo+ Rcos(wpt — b)) (4.1.7)
z(t) = 20+ vost, (4.1.8)

where xg, Yo, 20, R, 0p and vg , are the arbitrary constant parameters which
depend on the initial conditions of the system. The cyclotron frequency is
given by

qB
wBp = ——.

m

Remarks 4.1.1 (Trajectory of the particle). Equations (4.1.6) and (4.1.7)
show that the projection of position of the particle onto the zy-plane exe-
cutes a uniform circular motion, of angular frequency wp and initial phase
6o, on a circle of radius R whose center of orbit is the point Cy = (x¢, yo,0),
which we call the guiding center.

Whereas the projection of the motion onto the z-axis is uniform and
rectilinear. It then follows that the motion that the particle curves in space
is a circular helix whose axis is parallel to the z-axis and goes through the
point Cp.

(4.1.9)
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4.2 The quantum theory

In this section we shall give a quick review of the (non-relativistic) quantum-
mechanical treatment of the motion of a charged particle in a magnetic field
background and the resulting phenomenon of Landau levels. This is a well-
known problem in physics.

The Hamiltonian of the system is described by

o=t (p+qA)?, (4.2.1)

2m
motivated by condensed matter physics, quantum optics, etc.

The energy eigenspectrum of the this Hamiltonian can be found explic-
itly, in fact it is exactly the same as that of the quantum harmonic oscillator.
However, unlike the harmonic oscillator, it turns out that each energy level
does not have a unique state associated to it. Instead there exists a (count-
ably) infinite degeneracy for each eigenvalue (the so-called Landau levels).
Physically, the degeneracy of the Landau levels is explained by the impossi-
bility of quantum-mechanically fixing the origin of the center of the circular
orbits of the charged particles [1].

See the Appendix and the references referred therein for more details
and proofs of the statements we shall make in this section.

The assumption we make is that the charged particle behaves like a
spinless fermion, i.e. we shall ignore the effects due to spin (this is more or
less appropriate for most physically realizable quantum Hall systems [32]),
and the treatment shall also be non-relativistic.

Consider an electron placed in an arbitrary magnetic field described by
the vector potential A(z,y, z). In quantum mechanics, the vector potential
becomes an operator, a function of three observables X,Y,and Z. The
non-relativistic quantum Hamiltonian of the electron can be obtained from

(4.1.2),
1
2m

Heee = — [P+ eA(X,Y, 2)]? = %VZ, (4.2.2)
where V = % [P+ eA(X,Y, Z)] is the operator associated with the velocity
of the electron. The position and momentum observables R and P satisfy
the commutation relations

[X,P,] =[Y,P,) = [Z, P, = ih, (4.2.3)

and the other commutators between the components of R and P are zero.
In the special case of a uniform magnetic field, the commutation relations
between the components of the velocity operator are given by

—ihwp

VeVl = —— (4.2.4)
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Vy, V2l = [V.,Vi] =0. (4.2.5)
The operator Heje., analogous to (4.1.3)), can be written in the form

Heee = Hi + H,| (4.2.6)
where
H = Z(WV24+V2) (4.2.7)
L= (Ve +V, 2.
H = ZV2 (4.2.8)

From the relation 1} it follows that [H J_,H”] = 0, so that we can
apply spectral theory to H) and H|| separately. Then the spectrum of Hejec
consists of the values

Eelee = E1 + B, (4.2.9)

where E/| and E) are the spectral values of H, and H) respectively. The
spectral values of H are of the form E) = %vg, where v, € R is an arbitrary
constant. Thus, the spectrum of H| is continuous: the energy Ej can take
any positive value or zero. The physical interpretation of this result is that
H) describes the kinetic energy of a free particle moving along the z-axis.

In order to determine the spectrum and eigenvectors of H , we introduce
the gauge invariant momentum

I =mV =P +cA, (4.2.10)

which satisfy the relation [II,,II,] = —iehB = —ih?/1%, where g = \/h/eB
is the magnetic length. Next we define the raising and lowering operators

. I U
V2h V2h

with [a,af] = 1. Then the Hamiltonian (4.2.7) can be re-written in terms of
(4.2.11) as

(I, —4IL,), af (I, +4I1,) , (4.2.11)

1
H, = hwp (aTa + 2) , (4.2.12)

which has the form of the Hamiltonian of the one-dimensional harmonic
oscillator. As in the case of the harmonic oscillator, we can construct a
Hilbert space; by first introducing the ground state |0) such that a |0) = 0,
and then building the rest of the Hilbert space by acting with the raising
operator aT,

a'ln) =vn+1n), aln)=+vnln—1) (4.2.13)
where the last equation holds only for n > 0. Analogous to the harmonic
oscillator, it is then deduced that the values of E| are given by

EL(n) = hwg <n + ;) (4.2.14)
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where n is a non-negative integer. From the above results, the spectral
values of the total Hamiltonian Hg.. are of the form:

1 1
Eeiec(n,v,) = hwp <n + 2> + imvz, (4.2.15)
with the corresponding levels referred to as Landau levels. Therefore, in the
presence of a magnetic field, the kinetic energy of the motion along the z-axis
is not quantized, but that of the projection onto the zy-plane is quantized.
The states of higher levels n are constructed from the ground state as

=
Vn!

with the corresponding energy spectral value given by .

We started with a problem of an electron moving in a plane, which has
two degrees of freedom and it is natural to expect that a state of a two-
dimensional system is described by two quantum numbers (one for each
spatial dimension). Instead we ended up writing the original Hamiltonian
in the form of the harmonic oscillator Hamiltonian which has only
one degree of freedom. From this dimensional analysis it follows that the
quantum state of the system, as given by , is underdetermined. How-
ever the spectrum is the correct spectrum of the theory but, unlike
the harmonic oscillator, to each energy level E| there is no unique state
associated to it. Instead there is a countably infinite degeneracy of states.

For a complete description of the quantum state of our dynamical sys-
tem, in the manner similar to the gauge invariant momentum , we
introduce another variable called the pseudo-momentum

10) (4.2.16)

II=P—cA, (4.2.17)

which satisfy the relation [IL,, ﬁy] = ih?/1%. We then can define a new pair
of ladder operators

po B (Hz _ my) Cpf = \gh (Hz n iﬂy) . (4.2.18)
It is this second pair of ladder operators that give rise to the degeneracy of
the Landau levels.

In symmetric gauge, we have that [b,a’] = 0 and [bf, H ] = 0. Therefore
the Hamiltonian H, and the raising operator b’ are compatible variables,
so that they share a common eigenbasis. The second quantum number is
found by introducing a number operator b'b associated with whose
eigenstates |m) satisfy
bTb|m) = m|m) (4.2.19)

with an integer m > 0. The quantum number m, in addition of the Landau
level quantum number n , is necessary to describe the complete state of the
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system. Then the general state of the system is given by the tensor product
of the two Hilbert space vectors

o™ (ph™
In,m) = |n) @ |m) = (\/%% 10,0) , (4.2.20)

which is a generalization of (#.2.16)). The energy of this state is given by the
usual Landau expression (|4.2.14]), which depends on n but not on m.

4.3 Two opposite field directions

The so-called Landau problem is related to the motion of an electron on a
flat zy-plane in the presence on a uniform magnetic field along the z-axis. In
this context, we have two cases depending on the orientation of the magnetic
field.

When the magnetic field is along the positive z-axis, take the vector
potential to be given by

1
AT = 5(_34’ z, O)
so that the magnetic field is
B(r) =V x AT = (0,0,+1).

The classical Hamiltonian (4.1.2)) then becomes

2 2
me e )40
where, to simplify computations and presentation, we have adopted an ap-
propriate convention of units in which all physical constants are taken to be
one. .
On an appropriate dense subspace J# of # = L? (Rz,dz:dy), where
dxdy indicates Lebesgue measure, we introduce the following quantized ob-
servables in place of p, + § and p, — § respectively:

.0y
Q+ = —Z% + 5, (431)
.0

which satisfy the commutation relation [Q4, Py] =il 7+ The corresponding
quantum Hamiltonian is then given by

H'=_(P1+Q%). (4.3.3)

DO | =
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The Hamiltonian H' is the same as that of the one-dimensional quantum
oscillator Hamiltonian, and its eigenvalues are

1
E, = <n+2> ,m=0,1,2,.... (4.3.4)
However, each of these Landau levels is infinitely degenerate, and we denote
the corresponding normalized eigenvectors by
Uom, n=0,1,2,... m=0,1,2, ... (4.3.5)

where n indexes the energy level, and m indexes the degeneracy at each
energy level.

Now, if the uniform magnetic field is aligned along the negative z-axis,
with At = £(y, —,0) and

B =V xA'=(0,0,-1),
the corresponding quantum Hamiltonian would then become
1
HY =2 (P2+@Q2), (4.3.6)

where in place of p,+% and p, —% we have introduced the quantized variables

0 T

.0y
P = —Z% — 5, (438)

respectively, on %, which satisty [Q—, P_] =il .
To solve the eigenvalue problem for H, we make the following observa-
tion:

Proposition 4.3.1. The two sets of operators { Py, Q4+ } mutually commute,
i.€.

[Q—HQ—] = [P—HQ—] = [Q—HP—] = [P+7P—] =0, (439)
consequently [HT, HY] = 0.
Proof. Let ¢p €  be arbitrary, then
[QJra Q*]@Z}(l’v y) = [Q+Q* - Q*QJr]q/}(x’ y)

gl
i)
[ ) 2
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Then [Q4, Q-] = 0. The other commutation relations in (4.3.9)) are proved
in a similar way.

O

Since the Hamiltonians H' and H* are compatible observables, we can
choose the eigenvectors W,,,, of H' in such a way that they are also the
eigenvectors of HV satisfying

1
H'v,, = (m n 2) W, (4.3.10)

So that HT lifts the degeneracy of H* and vice versa.

4.4 The two algebras and J

In Tomita-Takesaki theory we saw that a central role is played by the two
algebras A® 1 and 1® A, which are connected via the modular conjugation
J (see Sec[2.4).

We want to give a physical interpretation of the two algebras A ® 1 and
1® A, and consequently add further insight to our discussion in Sections[2.5
and [2.6] to allow us to gain better understanding of the physical meaning of
J.

We argue heuristically as follows: Represent A as

A = L*(R,dz) ® L*(R, dy),
with elementary tensors of the form f ® g given by

(f@g)(x,y) = f(z)g(y). (4.4.1)

Therefore (4 and Py, as well as Q— and P_, are in effect defined on this
tensor product Hilbert space .

We note from and , versus ([4.3.7)) and (4.3.8), that going
from the field in the positive z-direction (i.e. (4.3.1) and (4.3.2))) to the field
in the negative z-direction (i.e. (4.3.7) and (4.3.8))), amounts to swapping z
and y. But, as seen in above, swapping = and y, in effect means the
factors in the Hilbert space tensor product are being swapped.

If we extend this idea to our two algebras A®1 and 1®.4, we start to see
that these two algebras are associated to the two field directions respectively.

Since J(-)J takes us from A® 1 to 1 ® A, we conclude that J can be
interpreted as reflecting the magnetic field in the xy-plane, i.e. from positive
to negative z-direction. This is consistent with our interpretation of J in
Sec[2.0] as time-reversal. A simple way to see this is to think of a magnetic
field generated by a current in a solenoid: reversing time, reverses the current
and consequently the magnetic field.
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In the next section we study the swapping of the tensor product some-
what more precisely, by also using ideas from our Hilbert-Schmidt approach
to Tomita-Takesaki theory in Chapter

4.5 The Wigner transformation

Here we intend to make the swapping in the tensor product, in relation
to A® 1 versus 1 ® A in the previous section, somewhat more precise.
The discussion is nevertheless still in some ways heuristic, as we work with
unbounded operators, rather than directly with A® 1 and 1 ® A.

Consider the usual position and momentum operators ¢ and P on the
Hilbert space .# = L?(R), in Schrédinger representation, which satisfy the
commutation relation [@Q, P] =il . Let {¢,}22, be the orthonormal basis
of 7 consisting of the eigenvectors of the harmonic oscillator Hamiltonian,
Hose = 5 (P24 Q?), ie.

1
Hoscpn = <n+ 2) ¢n, n=0,1,2,.., (451)
where the ¢,, are the Hermite functions
1 1 _ .-
On(x) = i gnp© T2h, (2), (4.5.2)

with the h,, being the Hermite polynomials,

am 2
ho(z) = (—1)"=—e . 4.5.
(2) = (-1 e (45.3)
Then, by Thm the following set of vectors
Onl = |on) (1], n,1=0,1,2,... (4.5.4)

forms an orthonormal basis for the Hilbert space By (.7) of Hilbert-Schmidt
operators.

Definition 4.5.1. Consider the unitary operator U(z,y) on 2# = L*(R)
given by
[U(x,y)®] (&) = 206 —y), (4.5.5)

where z,7,£ € R, ® € #, with U(z,y) = e “@@+¥P) Using the operator
U(z,y) we define a map, known as the Wigner transformation, given by
W : Bo(H#) — H# = L*(R?, dxdy);

1
V2
where X € By(5€), and z,y € R.

WX) (z,y) =

Tr (U(z,y)*X), (4.5.6)
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Note that if X7, X9 € Bo(4), then

) WX (z,yWXa(z,y)dzdy = (X1,X2),
R
= <X17X2>Bg(jio)’

so that the Wigner transformation W is unitary.

Now we get to the main goal of this section, namely to show that swap-
ping the factors in the tensor product corresponds to reversing the magnetic
field.

Proposition 4.5.2. Consider the unitary operator
U=Wi: QA — B ().

Then the following relations hold:

Qely, 1 _ (Q

u<P®1>u 1 = (PI), (4.5.7)
12Q\, 1 _ (P

u<1®P>u b= <Q) (4.5.8)
HOSC®1 — HT

u<1®Hosc>u L= <H¢) (4.5.9)

and

Udn @ dm) = Wnm. (4.5.10)

This means that the W, form a basis for L? (RQ,dxdy).

Proof. (The proof we give here is based on the one outlined in [2].) We shall
only prove the first two relations in , since the other two in
follow in an exactly similar manner. Whereas, the relations in are a
direct consequence of (4.5.7) and (4.5.8). Let ¢, € 5 be such that they
are both in the domains of the operators ) and P, and are differentiable
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and vanish at infinity. Then ¢ ® ¢ € 5 ® 5 and

U(p @ P))(x,y)

ii- 8-

\ 51- ﬁ%ﬁ% Bl -

\ﬁ
= 7\ﬁ
Then, with the help of Q¢(&)
0
ox

Wie) (4l (=,

Y)

TriU(z,y)" |9) (W]

M8 I

(U(x,y) (Pn, ¢>%ﬁ ®n,s ¢>,;/f

(o))

n=0
Uz, y), 6)

[e=]

)d§

\ /\ﬂ

/ —ix(§=y/24(& — y)|p(€)dE

/ z(§— y/2

y)P(&)ds.

= £6(¢) and

= t(€-y/2) — i€ — y/2)€i$(§—y/2)’
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we get

UQ @ 1) (¢ @ P)](x,y)
= U@ )(z,y)
= WQle) Wz, y)

1 *
- mTT[U(ZU,y) Qo) (]

= 7= U,9),Q0)

_ (_a@ )[ o / S(E9I2(E — o (€)de
_ <_Z§+ )[ (6® ¥))(@:1),

and extending by linearity of appropriate domains, we get

UQ® 1%)2,[_1 = _Zﬁg + % = Q+.
Next,
UP @ 1r)(¢©P)l(2,y)
= [U(Po) @ ¢](z,y)
1
= m( (z,y)h, Pa) 4
- = / wEvID €~y Po(€)de
_ L eiw(E—y/2) —_ —12
= vI2y(E —y) < 85) P(€)dE.
Now we observe that
i [FETITE= 0] = D ITE= 00

. o\ —
L eneur) (w) E—90(e)
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and

i [EIIRE 0] = acCIITE= o(e)

e (i) e o)

+ dEYgE —y) (—zi) $(£)-

So that together, with the help of 3%1#(5 —y) = —a%w(f —v), we have

e ram) ("ag) 56 = _ng [eeu25E = ja(e)|
_ xeiw(&yﬂ)m(ﬁ(ﬁ)
(e (8) BE—1)8(0)
_ _Z-Efg[mﬁ WG =)o (€)]
— 2 EVDY(E —y)p(€)

) ) .

- (igs 5 ) e goce)
0

= g [TETaE - wote)]

N <_@~8y - 2) e EIUE = o (6).

Therefore, noting that ¢(§), ¥ () — 0 as & — +oo, we get

UPs@ @y = = / (— 5~ “;) e TEVDYE — y)p(&)de.
Thus,
UP o L6l = (~ig - 5 ) Mo v]E),

and again, extending by linearity on appropriate domains we get

UP @ LU = i —
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Thus we have demonstrated the first two relations in (4.5.7). Moreover,
1
UHose ® Lp)U ™ = U |S(P*+ Q%) @ 1| U

1 1
= §U(P2 X 15;{))“71 + 5“(@2 ® 1%”)1/{71
1

= UIPRLe)(Pe L) U™!

+ %u [(Q® 1) (Q® LU
P o LU 5 Qe LU

(Pf+0Q7)

and the other relation in (4.5.9)) follows in a similar way. Finally, from (4.5.5)
and (4.5.0)), it is established that

O

We conclude this section by giving a heuristic analysis of the algebraic
structures related to the operators {Q+, Py}, as well as outline how the
modular structure of Tomita-Takesaki theory arise in the case of the electron
in a uniform magnetic field.

In the formulation of the Tomita-Takesaki theory in terms of tensor
products (Sec[2.2), the modular structure is carried by the algebras m(A) =
A®1 and 7/(4) = 1 ® A, where the m, 7’ are given in Prop[l1.8.3 and
A = B(s). Equivalently, the modular structure is carried by the algebras
2, and 2; in the Hilbert-Schmidt operator formulation of Tomita-Takesaki
theory of Chapter

Even though, strictly mathematically speaking, @ ® 1 is not an element
of the algebra m(A), since it is not bounded, but because Q ® 1 has the
general form of elements in m(A) we will associate it with 7(A). In the
same manner we associate 1 ® @ with 7/(A). Analogously, P® 1 and 1 ® P
are associated with 7(A4) and 7’'(A) respectively. For a more complete and
mathematically rigorous treatment, one would first have to show that the
operators () and P are self-adjoint in order to be able to apply the spectral
theorem.

We note that the two set of operators, {Q+, P+} and {Q_, P_}, generate
(see [], [2], [3]) two algebras A, and A_ respectively, with U (AU~ = A,
and U’ (AU~ = A_. Since m(A) and 7'(A) are mutual commutants, then
so are 4 and 2_. Thus in physical terms, the two commuting algebras 2(
and 2A_ correspond to the two directions of the magnetic field.
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Epilogue

Generally, the theories that model physical systems, are made up of two
major elements [8, §3.1], [25] §2.1.2]:

1. a kinematical structure describing the instantaneous states and ob-
servables of the system, and

2. a dynamical rule describing the change of the states and observables
in time.

In the operator algebraic approach to quantum mechanics, the kinemati-
cal structure is given by a von Neumann algebra 2l associated to a collection
of physically measurable quantities (observables) of some physical system
at hand. In practice, each observable corresponds to some measurement
apparatus whose outputs are properties of the system. A ruler, a clock, or
a particle detector located in some region in space, are examples of such an
apparatus.

In this mathematical framework, the observables are self-adjoint ele-
ments of 2 with possible measurement results for an observable a being
characterized by its spectrum o(a). A state w associates to an observable a
a real number w(a) obtained by averaging the results of measurements of a
for the system prepared to be in the state w. The states are identified with
positive normalized linear functionals on %I.

As in classical mechanics, the dynamical description of a quantum sys-
tem is given by a one-parameter group of automorphisms on the underlying
kinematical structure, representing the flow of the system in time.

In this dissertation we only considered the von Neumann algebra B(7¢)
with 7 separable, which is fine for many applications involving only finitely
many degrees of freedom. But for infinitely many degrees of freedom it turns
out that more general von Neumann algebras are required (see for example
[14]). In those cases one would correspondingly need a more general version
of Tomita-Takesaki theory than the one we have developed.

There is indeed an extended version of Tomita-Takesaki theory, which
includes the theory developed in Chapters [2] and [3| as a special case. One
considers the more general situation of a von Neumann algebra 2 (not nec-
essarily B(.)) with a faithful normal state w. The development of Tomita-
Takesaki theory in this situation is completely analogous to that of Chapter
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except for the treatment of the technical details involved, which are much
more difficult (see, for example [17, p.625], [30, Chap. VI]).

The GNS construction applied to the pair (2, w) yields (J2,, 7, ),
where 7, is a faithful representation of 2, and 5%, is the representation
Hilbert space. We then have that m,(2) is a von Neumann algebra with a
cyclic and separating vector (), such that w = wq,_ o m,.

As before, the Tomita operator S is introduced via the *-operation, and
through whose polar decomposition one proves the existence of a conjugate-
linear isometry J : 4, — J€,, and a positive self-adjoint (in general un-
bounded, but densely-defined and invertible) operator A on 7, associated
to €. Moreover, we have

JAV27(a)Qy, = 7(a)*Qy and JATY271(a)' Q= 7(a)*

for a € A, o' € A, where ' is the commutant of 2.

The modular conjugation defines a *-anti-isomorphism j : 24 — 2" : a —
Ja*J. The functional calculus of the modular operator A gives a unitary
group A" (¢ € R), which in turn induces a one-parameter automorphism
group {o; : t € R}, where

o1(a) = A, (a) A~
for all ¢ € R. The state w is invariant under the modular group oy, i.e.
w(ot(a)) = w(a) Va € At € R.

Then, with considerable difficulties, one shows that the Tomita-Takesaki
theorem holds in this situation, i.e. Jm,(2A)J = 7, (2A) and A¥r, (A)A~H =
7. (2A) (t € R).

The faithful normal states on von Neumann algebras play a central role in
the theory. However, not every von Neumann algebra has a faithful normal
state (see [0 1.3], or [I7), p.639]) So, the theory described above is applicable
only in the case where a von Neumann algebra has a faithful normal state.

The Tomita-Takesaki theory can be extended even further by introducing
and using the concept of weights in place of states (see, for example [6], 1.3]
or [17, §9.2]). When generalized in this way, Tomita-Takesaki theory applies
to all von Neumann algebras, and becomes a powerful tool.

Since the development of the theory, it has made appearances in many
and varied physical theories. In its inception it was tied to developments in
equilibrium statistical mechanics, in particular to the so-called KMS bound-
ary condition which is an important analytical relation between the state w
and the automorphism group {oy : t € R} [11], [15].

Some of the physical theories in which Tomita-Takesaki theory features
are:

1. Landau levels, and related construction of vector coherent states [I],
[2], and [3].
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2. Quantum field theory [6], [14], [25], [29], [34].
3. Quantum gravity and black holes [5], [23].

4. Quantum information and entanglement [35].
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Appendix A

Landau quantization

In this appendix we give a more complete review than Sec. of the quan-
tum mechanical treatment of a free electron in a magnetic field background
and the resulting phenomenon of Landau levels, for more details the reader
may refer to [9, Ev ], [I3, Chap. 2] [19, §110-111] and [32, 1.4].

The treatment here is however still not fully rigorous, in particular with
respect to unbounded operators and their domains. Most of the operators
discussed here are indeed unbounded. Our approach to spectral theory is
also heuristic, for example we refer to eigenvalues and eigenvectors even for
operators with continuous spectra. These “eigenvectors” are to be under-
stood as distributions like Dirac §’s and are typically not in the Hilbert
space.

In non-relativistic theory, a magnetic field can be regarded only as an
external field. The magnetic interactions between moving charged particles
are a relativistic effect, and a consistently relativistic theory is needed if
they are to be taken into account [19].

Since electrons do not only possess a charge but also a spin, which is
a purely quantum mechanical effect, in the presence of a magnetic field B
there is a Zeeman splitting of each level into two spin branches separated
by the energy difference

AzE =2upB,

where up = eh/2m is the Bohr magneton. However, in order to simplify the
following presentation of the quantum-mechanical treatment and the kinetic
energy quantization of an electron in a perpendicular magnetic field, we will
neglect this effect associated with the spin degree of freedom. Formally, this
amounts to modeling the electron as a spinless fermion (this is more or less
appropriate for most physically realizable quantum Hall systems [32]) [13].

Consider an electron placed in an arbitrary magnetic field described by
the vector potential A(z,y, z). In quantum mechanics, the vector potential
becomes an operator, a function of three observables X, Y, and Z.
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The non-relativistic quantum Hamiltonian of the electron can be ob-

tained from (4.1.2)),

Huee = — [P+ eA(X,Y, Z)%. (A.0.1)

1
2m
The operator V associated with the velocity of the electron is given by
1
m

V= —[P+cA(X,Y, 7)), (A.0.2)

which enables H,j.. to be rewritten as
H,ppo — %VQ. (A.0.3)

The position and momentum observables R and P satisfy the commu-
tation relations

X, P, = [Y,P,)] = [Z,P.] = ih, (A.0.4)

and the other commutators between the components of R and P are zero.
We also note that any two components of P commute. However, two distinct
components of V do not commute (see [9], or [19, §110-111]):

ieh
ieh
ieh
[Vz*a Vx] = WBQP (AO?)

In the special case of a uniform magnetic field, the above commutation
relations become

Ve, V] = _if:fB (A.0.8)
Vy, V2] = [V.,Va] =0. (A.0.9)

The operator Heje., analogous to (4.1.3]), can be written in the form

Helec — Hl + H|| (AOlO)
where
H = ZW2+v2) (A.0.11)
2 r v
H = %v}. (A.0.12)
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From the relation (A.0.9)), it follows that
[Hy, Hy] =0, (A.0.13)

so that we can look for a basis of eigenvectors common to both H, (with
eigenvalues F/|) and H| (eigenvalues E)); these will be eigenvectors of the
total Hamiltonian Hj.. with the eigenvalues

Eogee=FE | + EH (A014)

From (A.0.12), we observe that the eigenvectors of V, are also eigen-
vectors of H||. Since Z and V; are two self-adjoint operators satisfying the
relation

ih

4,V = —, A.0.15

PARREL (4.0.15)
the spectrum of V, includes all real numbers. Therefore, the eigenvalues of
H) are of the form:

m

B = 5”2 (A.0.16)
where v, € R is an arbitrary constant. Thus, the spectrum of H is con-
tinuous: the energy Ej can take any positive value or zero. The physical
interpretation of this result is that H) describes the kinetic energy of a free
particle moving along the z-axis.

To determine the eigenvalues of H |, set

A~ m A~ m
_ V =, —V A.0.1
hwp v 5 hwp ;m ( 0 7)

where wp > 0 since the electron is negatively charged. Then, by (A.0.8)),
their commutation relation is

A A m .
(@, 5] = hTBM’ Vyl =i. (A.0.18)
Inverting (A.0.17) and substituting into (A.0.11)), the Hamiltonian H, be-
comes
hw
H = B(Q2 + 52). (A.0.19)

Then H | assumes the form of the one-dimensional harmonic oscillator, with
Q and S playing the roles of the position and momentum operators respec-
tively. From this it can be deduced that the values of F/| are given by

1
EJ_:th(n—i-*

) (A.0.20)
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where n is a non-negative integer. From the above results, the eigenvalues
of the total Hamiltonian H.. are of the form:

E(n,v,) = hwp (n + ;) + %mvg, (A.0.21)
with the corresponding levels referred to as Landau levels. Therefore, in
the presence of a magnetic field, the kinetic energy of the motion along
the z-axis is not quantized, but that of the projection onto the xy-plane is
quantized. For the remainder of this chapter we shall only be concerned
with the projection motion of the electron onto the zy-plane.

From the above calculation, involving the passage of the Hamiltonian H |
from (A.0.11) into (A.0.19) there is something disconcerting. We started
with a problem of an electron moving in a plane, which has two degrees
of freedom. But we ended up writing the original Hamiltonian in terms
of the harmonic oscillator which has only one degree of freedom. It then
follows from the above dimensional analysis that quantum system is under-
determined. However the spectrum is the correct spectrum of the
theory but, unlike the harmonic oscillator, to each energy level E| there
is no unique state associated to it. Instead there is a countably infinite
degeneracy of states.

In order to further analyze the Hamiltonian H | we use the
standard quantum-mechanical method, the canonical quantization. The mo-
mentum gets replaced by its gauge invariant form

II=mV =P + €A, (A.0.22)
and its components do not commute

., II,) = [Pr+eAs, Py+eAy]
= e([vaAy]_[Py’Aw])

(a4
= o (Gl + Gtipl - Grr - S0

(084, 0A,
- e <3w Oy >
—ieh (V x A),
= —iehB
ih?
A

where in the last equality we used the expression for the magnetic length

o
B=\eB
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We introduce new variables using the pair of conjugate operators II, and
IT,. These are the ladder operators, analogous to those used in the quantum-
mechanical treatment of the harmonic oscillator,

I

a = —F—— _413
- V2h V2R

From the commutation relation for II, it then follows that the lowering
and raising operators satisfy [a,a!] = 1. Inverting the expressions (A.0.23)
yields

(I, —ill,), af (TT,, + T1,) . (A.0.23)

h
V2

Then the Hamiltonian becomes

n (af —a). (A.0.24)

II, = = a
iv2lp

(aT + a)v H?J

hwp A A m
Hi = =2(Q+8)=5(Vi+V))

2
Lo 2
R foa? - (o — ot F g2
= 5 {a +a'a+aa' +a°—(a'" —a'a—aa' +a”)
dmly
h2
= 2ml%(aTa+aaT)

i (o+3)
= — |ad'a+
ml% 2
hw 1

Then the eigenvalues and eigenvectors of H,, as in the case of the one-
dimensional harmonic oscillator, are those of the number operator a'a, with
afa|n) = n|n). The ladder operators act on these states in the usual manner

[l

a''|ny =vn+1|n), aln)=+nln—1) (A.0.25)

where the last equation holds only for n > 0. The action of a on the ground
state |0) gives 0, i.e. a|0) = 0. The states of higher levels n are constructed
from the ground state as

=0 1o (2026
n) = .0.
vn!

with the corresponding energy eigenvalue given by (A.0.20). As a conse-
quence of the dimensional analysis argument given earlier, it is natural to
expect that a state of a two-dimensional system is described by two quantum
numbers (one for each spatial dimension). Then (A.0.26) is not sufficient
to uniquely specify any state of the system. For a complete description of

97



ITHI YA PRETORIA

£
ﬁ UNIVERSITEIT VAN PRETORIA
@, UVIVERSITY OF PRETORIA
YUNIBE
A4

the quantum state, in the similar manner as the gauge invariant momentum

(A.0.22)), we introduce another variable called the pseudo-momentum
II=P—cA, (A.0.27)

which satisfy the relation [ﬁx, ﬁy] = ’l%z In symmetric gauge, all the mixed
commutators between the componen‘% of the gauge-invariant momentum
and pseudo-momentum are zero.

The momentum P and the vector potential A can be expressed in terms

of IT and IT as 1 ]
P=_(II+I), A=_—
2 ( + ) ? 28
Using the pseudo-momentum, similar to the gauge-invariant momentum,
we introduce a new pair of ladder operators

(I1 — 1I). (A.0.28)

lp (= = lp (5 | .=
b:———7<H —wHﬁ),bT:———7<H +mHﬁ>. A.0.29
ﬂh T Y \/§h T Y ( )
It is this second pair of ladder operators that give rise to the degeneracy of
the Landau levels. In symmetric gauge, simple calculations show that

[b,a’] = 0 and [b, H,] = 0. (A.0.30)

Thus the Hamiltonian H | and the raising operator b are compatible vari-
ables, so that they share a common eigenbasis. The second quantum num-
ber is found by introducing a number operator b'b associated with
whose eigenstates satisfy

bTb|m) = m |m) (A.0.31)

with an integer m > 0. The quantum number m, in addition of the Landau
level quantum number n , is necessary to describe the complete state of the
system. Then the general state of the system is given by the tensor product
of the two Hilbert space vectors
(ah)" (1™
|n,m) = |n) ® |m) N |0,0), (A.0.32)

which is a generalization of . The energy of this state is given by
the usual Landau expression , which depends on n but not on m.

To conclude our discussion of the quantum state of the system of a free
electron in a magnetic field background we quantify the degeneracy of the
Landau levels.

From the general solution of the classical equations of motion and

(4.1.7)), with the help of (A.0.22)), we get

Y IT
Xo = X(t)+ Rcos(wpt —fp) =X —— =X - —% (A.0.33)
wp mwp
. X 1T,
Yo = Y(t) — Rsin(wpt —0y)) =Y +—=Y + (A.0.34)
wB mwpg
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where the coordinates labeling the guiding-center of the orbit Cy = (X, Yp)
are thought of as quantum operators.
In symmetric gauge A = g(—y, x,0), we have

B 1 - =~
eA = %(_y7x70) = i(H - H)?
so that

1 ~

X = (1, -1, (A.0.35)

1 ~

Y = ——((II, —1I1,). A.0.36

(1L, — TL,) (4.0.36)

A comparison of Eqns. (A.0.33} |A.0.34)) and Eqns. (A.0.35} [A.0.36) allows

us to identify
IT IT
-2 Yy ==, A.0.37
eB’ " eB ( )
Thus in symmetric gauge the components of the pseudo-momentum are,
apart from a factor to a momentum into position, the components of the
guiding-center which are constants of motion. That is, under time evolution

we have

X =

ihXo = [Xo,H, ] =0, ihYp=[Yp,H ] =0. (A.0.38)

Therefore, the operators X, Yy commute with the Hamiltonian H,. Fur-
thermore, the commutation relation between the components of the pseudo-
momentum induce the commutation

(X0, Yy] = il% (A.0.39)

between the components of the guiding-center. The lack of commutativity
is the magnetic length (% = h/eB. The physical consequences of the Heisen-
berg uncertainty principle are not modified by the presence of a magnetic
field, and in this case it implies that we cannot localize states in both X
and Y coordinates simultaneously. In general, the uncertainty is given by

AXAYy = 2nl%. (A.0.40)

Using Eqns. (A.0.29) and (A.0.37) we can express the components of

the guiding-center in terms of the ladder operators b, b', yields

Xo = il\%(zﬂ —b), Y= \%(b* +b). (A.0.41)

In the state |n, m), the average value of the guiding-center operator is

(Co) = (n,m|Cy|n,m) = 0. (A.0.42)
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On the other hand we have that
(ICol) = 1 (V2Tb+ 1) = 1pv/2m +1, (A.0.43)

since
Col [n,m) = /X3 + Y |n,m)

- \lg [_(bT —b)* + (b — b)ﬂ Y nym)

= IpVblb+bbl |n,m)
= IpV2btb+1|n,m)
= IpV2m+1|n,m).

Thus, in the quantum state |n,m), the guiding-center is situated within a
circle of radius {g/2m + 1.

To quantify the number of quantum states accommodated within a disk
of radius R4z, let M denote the quantum state with maximal m-quantum
number. With the assumption that R,... = [gv2M + 1, we have that
the number of states within the disk A = 7l%(2M + 1) is then (in the
thermodynamic limit M >> 1)

A A eBA

= . (A.0.44)

N = XX%a7; — 22, 27h
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