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Modular Action on the Massive Algebra

Abstract:

The subject of this thesis is the modular group of automorphisms (Ufn)teR’
m > 0, acting on the massive algebra of local observables 9, (O) having their
support in O C R*. After a compact introduction to micro-local analysis and
the theory of one-parameter groups of automorphisms, which are used exen-
sively throughout the investigation, we are concerned with modular theory and
its consequences in mathematics, e.g., Connes’ cocycle theorem and classifica-
tion of type III factors and Jones’ index theory, as well as in physics, e.g.,
the determination of local von Neumann algebras to be hyperfinite factors of
type 111y, the formulation of thermodynamic equilibrium states for infinite-
dimensional quantum systems (KMS states) and the discovery of modular ac-
tion as geometric transformations. However, our main focus are its applications
in physics, in particular the modular action as Lorentz boosts on the Rindler
wedge, as dilations on the forward light cone and as conformal mappings on the
double cone. Subsequently, their most important implications in local quantum
physics are discussed.

The purpose of this thesis is to shed more light on the transition from the
known massless modular action to the wanted massive one in the case of double
cones. First of all the infinitesimal generator 9,, of the group (Ufn) tep 18 investi-
gated, especially some assumptions on its structure are verified explicitly for the
first time for two concrete examples. Then, two strategies for the calculation of
ol itself are discussed. Some formalisms and results from operator theory and
the method of second quantisation used in this thesis are made available in the
appendix.



Modulare Wirkung auf der Massiven Algebra

Zusammenfassung:

Gegenstand dieser Dissertation ist die modulare Automorphismengruppe
(afn) rers M >0, auf der massiven Algebra der lokale Observablen 9,,(O) mit
Triger in O C R*. Nach einer kompakten Einfiihrung in die mikrolokale Anal-
ysis und die Theorie einparametriger Automorphismengruppen, von denen in
dieser Arbeit ausgiebig Gebrauch gemacht wird, behandeln wir die modulare
Theorie und ihre Konsequenzen sowohl in der Mathematik, z.B. das Kozykel-
Theorem und die Klassifizierung von Faktoren vom Typ /11 von Connes und
die Indextheorie von Jones, als auch in der Physik, als da sind die Bestimmung
der lokalen von Neumann Algebren als hyperfinite Faktoren vom Typ I11;,
die Formulierung von thermodynamischen Zusténden in unendlichdimension-
alen Quantensystemen (KMS-Zustédnde) und die Entdeckung der modularen
Wirkung als geometrische Transformation. Unser Hauptaugenmerk sind je-
doch die physikalischen Anwendungen und hier ganz besonders die modulare
Wirkung als Lorentz-Boosts auf dem Rindler-Keil, als Dilatationen auf dem
Vorwartslichtkegel und als konforme Abbildungen auf dem Doppelkegel. Thre
wichtigsten Folgerungen in der lokalen Quantenphysik werden anschlieend be-
sprochen.

Ziel dieser Arbeit ist es, im Falle des Doppelkegels mehr Licht auf den
Ubergang von der bekannten masselosen modularen Wirkung auf die noch zu
berechnende massive zu werfen. Zunéchst wird der infinitesimale Generator d,,
der Gruppe (thﬂ)teR
seine Struktur zum ersten Mal fiir zwei konkrete Beispiele explizit bestétigt.
Danach diskutieren wir zwei Strategien fiir die Berechnung von o, selbst. Die
in dieser Arbeit verwendeten Formalismen und Resultate aus der Operatorthe-
orie und der zweiten Quantisierungsmethode werden im Anhang zur Verfligung

gestellt.

analysiert, insbesondere werden einige Vermutungen iiber
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Chapter 1

Introduction

Problems worthy of attack
prove their worth by hitting back.

P. H. Grooks

Although the Lagrangian formulation of relativistic quantum mechanics, es-
pecially the perturbation theory, has yielded some spectacular agreement with
experiment, its theoretical structure is not consistent since the singularities and
divergencies appearing there are handled insufficiently leaving the approach in
an unsatisfactory state. For a deeper understanding and a better mastering
of quantum field theory one has reclaimed the very fundamental concepts and
returned to mathematically more rigorous approaches, as there are, above all,
the Lehmann-Symanzik-Zimmermann theory (LSZ) [78], the Wightman theory
[117] and the Haag-Kastler-Araki theory, the so-called algebraic quantum field
theory or local quantum physics [54], emphasising special aspects. While the
LSZ formalism is suited for the calculation of the S-matrix from the time or-
dered correlation functions, the Wightman ansatz reflects the relation between
locality and the spectrum condition. In the Wightman theory one faces, in
contrast to the algebraic formulation, domain problems as a consequence of the
appearence of unbounded operators and one has to restrict the causal structure
by hand. Unfortunately, bounded operators, which are used in local quantum
physics, do not get along with strict locality of states, a disadvantage of local
quantum physics. One expects these three approaches to be more or less phys-
ically equivalent, but the transition from one theory into another is not fully
understood yet.

In algebraic quantum field theory, the setting of this thesis, the main objects
are C*-algebras or von Neumann algebras, to be more precise. Its core is the
assignment to each open subset O C M of a spacetime M a C*-algebra 24(O)
generated by local observables,

O — A(0). (1.1)

Under some physically reasonable conditions this mapping is assumed to contain
in principle all physical information. The quasi-local algebra is defined as the
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C*-inductive limit of the net {A(O)}ocm, and the global algebra of observables
is introduced as its bicommutant 90 := 2A”. The states are represented by
normalised and positive linear functionals,

w: A — C.

The “usual” approach and the algebraic formulation of quantum field theory is
then connected through the GNS representation.

The choice of an algebra is motivated by the facts that, first, the S-matrix
depends only on large classes of fields, the so-called Borchers’ classes, and not
on a special field system from the class, and second, quantum field theories,
i.e., quantum systems with infinitely many degrees of freedom, have a host of
inequivalent irreducible representations describing classes of states for which the
superposition principle is not valid. Algebraic quantum field theory entails the
conceptual separation of the physical system (algebra) and the possible states
of the system (representations).

Last but not least, the algebraic language admits the entry of modular
theory with its powerful tools into quantum field theory. Modular theory or
Tomita-Takesaki theory is the generalisation of the modular function, which
constitutes the difference between the left and right Haar measure, to non-
commutative algebras. Although the prerequisite for this theory is only the
specification of an underlying von Neumann algebra 9t and a cyclic and sepa-
rating vector ) € ‘H or, equivalently, a faithful and normal state w, it provides
a deep insight into the most complex structure of von Neumann algebras. The
main properties of the modular objects are addressed in Tomita’s theorem [104],
i.e., the anti-unitary modular conjugation J relates 9 to its commutant MV,

JMT = 9,

and the positive, selfadjoint modular operator A ensures the existence of an
automorphism group,

ol M — M
Aol (A) :=n1 (Aitww(A)A_it),
for all t € R, where 7, is the cyclic GNS representation of 9t with respect to the
faithful state w. These statements, in particular that a state already determines
the dynamics of a system, have far-reaching consequences in mathematics as
well as in physics.

To start with, Connes shows that modular groups are equivalent up to inner
automorphisms, i.e., two arbitrary groups o, , and 032 with respect to the states
w1 and ws, respectively, are linked via a one-parameter family of unitaries I'y,
the so-called cocycle,

ol (A) =Tyl (AT;, VAeMteR.

w2

This suggests the introduction of the modular spectrum S(9M) := (), SpecA,
by means of which Connes gives a complete classification of factors [29], i.e.,
von Neumann algebras with 9t N9 = C1:



M is of type I or type I, if S(OM) = {1};

M is of type [, if S(IM) = {0,1};

M is of type [11y, if S(M) ={0}U{A\"|0< A< 1,neZ};
o M is of type 111, if S(M) =R,

The next development of paramount transboundary importance is Jones’ clas-
sification of type I1; subfactors [66]. He shows, contrary to everyone’s expec-
tation, that for the (global) index [9t : M| not all positive real numbers are
realised, but

T
RAUSIMRS {4c0825]n€N,n23}U 4, 00].

This result is extended by Kosaki to arbitrary factors [73]. Jones’ index the-
ory on his part connects widely separated areas, such as parts of statistical
mechanics with exactly solvable models, and leads to some groundbreaking de-
velopments, e.g., a new polynomial invariant for knots and links in R3.

The interplay of modular theory and quantum field theory is most naturally
apparent in the algebraic formulation since here the requirements of modular
theory are already fulfilled: an underlying von Neumann algebra 0t(O) is given
and, due to the Reeh-Schlieder theorem, a cyclic and separating vacuum vector.
The first physical application of modular theory is proved by Takesaki who
recognises that the equilibrium dynamics is determined by the modular groups,
since their infinitesimal generator is the thermal Hamiltonian and, due to the

property

(AY 27, (A)Q, AV, (B)Y) = (Jmw(A%)Q, J7,(B*))
= (Mo (B")Qu, mo (A7),

they satisfy the KMS condition, the generalisation of Gibbs’ notion of equilib-
rium to systems with infinitely many degrees of freedom,

w(AJ’ﬂ(B)) = w(BA),

where [ is the inverse of the temperature.

The classification theory is not less important in physics, in fact, the quest
for decomposition of quantum systems has been one of von Neumann’s most
important reasons for the investigation of operator algebras. In local quantum
physics, one is interested in the structure of the von Neumann algebra of local
observables M(QO). The analysis, which has been undertaken by a colloboration
of many persons, discovered 9M(O) as a hyperfinite factor of type I1I;. The
substructure of (), which is of utmost significance for decoding the physical
information contained in the mapping (1.1), is determined only for conformal
local nets with central charge ¢ < 1 yet.

The third main application for modular theory in local quantum physics is
the modular action as a geometric transformation on the local algebra for special
spacetimes. For the local algebra generated by Wightman fields with mass m >
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0 and which are localised in the right wedge, Bisognano and Wichmann identify
the modular action with the Lorentz boosts A and the modular conjugation with
the TCP operator © [10],[11]:

I
~
—~

-
»

8
=

O-%/VR (QD[f]) = Sp[fs], fs(x) : x € WRg, s:= 27t

where R; denotes the spatial rotation around the z'-axis. For massless theories
this result has been transferred via conformal transformations to other space-
time regions. While the role of J remains unchanged, for forward light cones
V. the modular action conicides with dilations as shown by Buchholz [24], and
for double cones D they are conformal transformations as proved by Hislop and
Longo [60]:

Cltzy —e (1 —2y)
S ldazytes(l—ay)
with z,:=24|x| and z_:=2"—|x|, ze€D,seR.

x4(8)

The geometric interpretation of the modular group is of paramount importance
in further applications. The result of Bisognano and Wichmann is not only
closely related to the Unruh effect and the black hole evaporation, actually, in
analogy of the Rindler wedge with a black hole, it implies the Hawking radiation,
but has also made possible the derivation of some most fundamental concepts of
quantum field theory, as there are the proofs of the PCT theorem by Borchers
[14] and of the spin-statistics theorem by Guido and Longo [51], where modular
theory intervenes twice through Jones’ index theory, the construction of the
Poincaré group by Brunetti, Guido and Longo [23], and the introduction of
modular nuclearity condition by Buchholz, D’Antoni and Longo [26], nuclearity
as a tool to single out models with decent phase space properties. Moreover,
Schroer and Wiesbrock’s investigation gives a hint that modular theory plays
a decisive role in the construction of field theories with interaction [96].

As aforementioned, the modular group for massive theories, of,,
only for wedge regions. In fact, the transfer of Bisognano and Wichmann’s
result via conformal mappings to forward light cones and double cones does
not work in massive theories. If one assumes the modular group to act locally,
then, as shown by Trebels [106], the action can be determined as the ones of
Bisognano-Wichmann, Buchholz and Hislop-Longo up to a scaling factor. But
in general the modular action has to be non local and does not act as a geometric
transformation anymore. This is mainly due to the fact that the massive scalar
field is not invariant under conformal transformations.

is known

Since the discovery of Bisognano and Wichmann, there have been many
attempts to derive the massive modular group in the case of double cones,
the most important spacetime regions, but no progress has been made so far.
What should be mentioned are some assumptions on its nature, to be more
precise, on the structure of its infinitesimal generator d,,,, where m denotes the
mass. It is well known that the generators &g of the massless groups are all
ordinary differential operators of order one. Because of the non local action



and a result of Figliolini and Guido, who prove that 4, is depending on m in
the strong generalised sense [42], one assumes that the generator ¢, has to be
of pseudo-differential nature, the generalisation of differential operators. One
expects exactly the following structure,

S = 00 + Or, (1.2)

where 0y constitutes the leading (principal) part of d,,, i.e., it comprises the
term of highest order, namely one. The additional part d, is expected to be a
pseudo-differential operator of order less than one and responsible for the non
local character of the modular group o?,.

The ultimate desire still remains the calculation of the modular group acting
on massive fields localised in the double cone, which would allow for many
applications of not yet foreseeable significance, since the modular group governs
the dynamics of quantum systems.

In this thesis, after an extensive and very detailed overview of the state-of-
the-art of modular theory and its applications in mathematics as well as in local
quantum physics, we will confirm the assumption (1.2) on the structure of the
infinitesimal generator, in fact, we will verify it explicitly for the first time for
two examples of modular groups with non local action, given by Borchers and
Yngvason [119],[17]. Concerning the derivation of ¢! itself, we first discuss the
approach of Figliolini and Guido [42], second determine some properties of the
general massive infinitesimal generator, and third elaborate two approaches of
our own. As an intermediate step, we present a modular group with respect to
the massless vacuum acting on the massive algebra.

The thesis is structured as follows.

In the second chapter we give a compact summary of microlocal analysis,
since this discipline has become more and more important in local quantum
physics. Especially our investigation will make use of the terminology as well
as of some its powerful tools, as there are, for example, the generalisation of
differential operators to pseudo-differential or even Fourier integral operators
and their mapping properties.

Chapter 3 contains the most important facts on one-parameter groups of
automorphisms, the central objects of this thesis, and an introduction to con-
formal transformations.

In chapter 4 we are concerned with modular theory and its state-of the-art
status in mathematics and local quantum physics. While the mathematical
consequences, e.g., the classification theories of Connes and Jones, are given in
a nutshell, the applications in physics are discussed in more detail. We start
with the determination of the type of local algebras 9(O) and the formulation
of equilibrium states (KMS states). Subsequently, the modular action will be
analysed for three spacetime regions, the wedges, the forward light cones and
the double cones. We close this chapter with the most significant concepts
of quantum field theory where modular theory plays a decisive role, as there
are, the Hawking radiation, the PCT theorem, the spin-statistics theorem, the
construction of the Poincaré group and the modular nuclearity condition.
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The main results of our own are comprised in chapter 5. After a short
motivation of our assumption, the very nature of the infinitesimal generator d,,
and some of its properties, we will analyse the ansatz of Figliolini and Guido,
whose investigation of the massive group is based on the second quantisation
formalism. Then, we will present two approaches, first via unitary equivalence
of free local algebras, and second through the cocycle theorem.

We conclude the thesis with a summary and an appendix containing useful
information on operator algebras and free quantum fields.



Chapter 2

Pseudo-Differential Operators

au taraf-e auriz mora.
Water flows towards the waterfall.

A Hazaragi proverb

One of the most fundamental characteristics of physical equations is their
being concerned with local measurements, i.e., they represent the interplay
of physical quantities at the same time and in the same place or at least in
an infinitesimal neighbourhood of a spacetime point. The physical state in a
subset 2 C R? of the configuration space at a particular moment determines
via the physical laws governing the evolution in time the future situation in the
causal shadow Q of Q. However, effects from the outside of € cannot influence
the events in ) instantaneously. By shifting this principle of locality, i.e., the
independence of events in spacelike separated regions, onto the phase space, one
can introduce the principle of micro-locality, i.e., finite velocity of causal effects
via equations governing their propagation. The micro-local analysis dealing
with this subject can be considered as the local analysis in the cotangent bundle,
and it is for two reasons of great help in mathematical physics. First it gives a
more precise treatment of the notion of singular points, and second it provides
an easy treatment of their propagation. In this chapter we follow mainly [76]
and [107]. Beside these books there are the classics [62], [61] and [35].

We want to give some more details of these two advantages. In the theory
of partial differential equations (PDE) it is possible to extract already from the
form of the equation,

Pu=f with
P=Y au(@)D?, a,€C®(Q), D :=(—i)lo,

|laj<m

u, f € D'(Q), QCR"

information about the regularity of the weak (distributional) solution u, i.e., one
is able to analyse quite extensively the singularities of u with the knowledge of
the differential operator P and the inhomogeneity f only. For this purpose one
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has to generalise the notion of the singular support singsupp(u) of u, that is the
set of all points in 2 having no neighbourhood in which u could be described as
a C*°-function, to the so-called wave front set W F(u) of u, see Definition 2.12.
An equivalent characterisation of the wave front set will be given in Proposition.
The wave front set is a subset of the cotangent space 2 x R” of 2 and it provides
beside the singularity itself also the direction of the singular ‘behaviour’ of .
The concept of the wave front set can be introduced in two different ways, via
the local Fourier transformation and the pseudo-differential operators (PsDO).
It is also possible to establish the notion of singularities for PsDOs, and one
gets the so-called micro-support pusupp(P) of the differential operator P. The
wave front set and the micro-support are closely connected via the relation

W F(Pu) C WF(u) N usupp(P),
the more precise form of the ‘micro-locality property’
WF(Pu) CWF(u).

In the theory of PsDOs the elliptic ones, see Definition 2.6, play a special role
since they leave the wave front set of distributions invariant:

(0,&0) € WF(u) <= (20,&) € WF(Pu), (x0,&) € Q2 xR"

Because P is elliptic in (zg,&p) if and only if the principal symbol py of P,
i.e. the leading symbol of P, does not vanish in (z9,&)) and the so-called
bicharacteristic curve

7:R2DI — QxR" with po(y(s)) =0 Vsel

runs through each zero point of pg, one can prove that under particular condi-
tions on pg the singularities of © must propagate along ~:

<E|S el:v(s)e WF(u)> = (VS' cl:v(s) e WF(u)>

In the sequel we give the exact definitions of the concepts mentioned in the
preceding paragraph, focussing on PSDOs.
First of all, let us consider a differential operator with variable coordinates

pz,D) = Y an(z)DS,
|| <m
then one has
1 ~ €& m
o Dyulw) = —p(w. D) [ @)
Rn

(2m)}
1

(2m)2

—— [ pagueee,

Rn
where @ denotes the Fourier transform of u and p(z,¢) := }_ 4 </, @a(2)€*. This
concept of differential operators with variable coordinates can be generalised by
replacing the polynomial p(x, &) with the so-called symbols.
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Definition 2.1 Let m € R and 0 <d < p <1, <1. Then p € C*(R} x Ry)
is said to be a symbol of order m and of type (p,0) if p satisfies the following
condition:

Vo, B € NG+ 3Cap > 0: (|0802p(a,€)] < Cas(1+ J¢)™ 17 o
V(z,€) € R? x Rg>. '

The vector space generated by the symbols is denoted by p6 = ;”6(R" x R™).
Furthermore we introduce the spaces

) ﬂ{s 5‘m€R} and Sﬁ;i—U{S 5‘m€R}

Remark 2.2 It should be mentioned that some authors use a different notion
of symbols p € S;%(K X R?), often referred as Hormander’s version, by de-
manding the variable z to lie in a compact subset K C €2, where €2 is an open
subset of R?. But be aware that Hormander works with both versions, with
the latter definition in [61] and with Definition 2.1 in [62]. The analysis in this
section will be based on Definition 2.1.

The space of all symbols equipped with the semi-norms
) (m+48 «a
plgh, = sup{|a5 O, €)| (1 + ¢[2) " (HIEIpleD
0,8 €NG, o+ Bl <1, (2,6) e R™}

becomes a Fréchet space. In this thesis we have to deal only with symbols of
type (1,0), i.e., we will consider elements of S™ = ST

Definition 2.3 Let m’ e R, 0 < § < p < 1,6 < 1, and adopt the remaining
notation as given above. Then we denote as Sgbgm = Sgbgm (R™) the wvector
space of all p € C* (RZ x R¢ x Ry, x R?,), such that

Vo,o, 3,8 € N§ : 3Chapp > 0: V(z,2',€,€) € RP x R?™:
a o’ ! m+9|8|—p|la
(‘86 a{’ 8585,])(1’,.%/,5,6/)‘ Sca,a/,ﬁ,ﬁl(l + ’5‘2) +l8l=pled
(1 + |£|2 + |£l|2)5|5/|(1 + |£/|2)m/*P|a'|)‘
The elements of the set S;ném/ are called double symbols.

The space S;n(gm/ is also a Fréchet space when equipped with the semi-norms
: +4
pl0), = sup{!ag‘ag, OF0) pla,a! &, &) (1 + [gf) "D
p,0

(1 + |£|2 + |£I|2)_5|5/|(1 + |£/|2)—(m'—0‘0‘/|) . a,o/,ﬁ,ﬁ/ e Ng,
a+a+ B+ F| <L (2,0,6,¢) e R™ .

’ ’
As above we set S"™™ = S

Now we are ready to give the definition of PsDOs.
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Definition 2.4 To each symbol p € 5275 we associate a pseudo-differential op-
erator (PsDO)

P=pX,D,;):SR") — S(R")
u— p(X, Dy)u
with

p(X, Dy)u(z) == /p(mjf)a(g)eixgdg
S LT

for all u € S(R™) and x € R™. The space of PsDOs associated with symbols
from ST is denoted by S7'5(R™). We set

8™ =81, 8% = U {Sm tm € R},
and 8§ := ﬂ {Sm tm e ]R}.

The elements of 8~°° are called regularising.
For the PsDO P € SZ;; we define the formal adjoint P* and the transpose 'P
of P by

(u, P*v) := (Pu,v) and

(u,'Pv) := (Pu,v) Yu,v € S(R"),
respectively. P* and 'P are still elements of SZ?(S.

PsDOs will be of great interest for us insofar as the infinitesimal generator d,,

of the modular group acting on the massive algebras localised in a double cone

is assumed to be of this kind. One expects that the transfer from the massless

algebra, where the infinitesimal generator dg is a differential operator derived by

Hislop and Longo [60], to the massive algebra will conserve dy as the principal

part of §,,, but will also yield an additional part of pseudo-differential nature.
The mapping

oo (R") — 87%5(R™)
p— p(X,D,)

is bijective and its inverse is denoted by o. Each PsDO P is a linear and
continuous mapping P : S(R") — S(R"), i.e., for each | € Ny one can find
constants C; > 0 and !’ € Ny such that

Puls’ < Cilply luls” Vu € SR™), P =p(X, D) € S5,
with
|u|g/) = sup{|g;aD/3 u(z)|| o, 6 € NG, la+ 3] <1}

Since we are concerned with the Klein-Gordon equation in this work, the next
two examples will appear in our analysis of the modular group, especially in
the context of the approach of Figliolini and Guido in Section 5.3.
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Example 2.5 The d’Alembert operator O := 89%0 -3 (9:%1- is a pseudo-
differential operator of order two with symbol po(z, &) = —€2 + >, 2. The
Laplace operator A := 3" | (9:%1- is even an elliptic pseudo-differential operator
of order two with symbol pa(z,&) = — > | €2, see Definition 2.6.

Definition 2.6 The PsDO P is said to be elliptic of order m if for every com-
pact subset K C ), where € is an open region in R™, there exist constants Ci
and R such that

Ip(z, &) = O (L + €)™
for allx € K and || > R.

Compared with other types of PsDOs, the functional calculus of elliptic PsDOs
is better understood, i.e., the quest for the class of all functions f(\) such
that f(P) is still a PsDO. Seeley [98] investigates the special case of complex
powers of elliptic operators on a compact manifold, and his results assure that
the energy operator w = (—A + m?)/2 is a PsDO with symbol p,(z,£) =
(52 + m2)1/2‘

The following notion concerns the expansion of PsDOs and plays an important
role in the construction of PsDOs.

Definition 2.7 Let (m;)ien,, m: € R, be a decreasing sequence with lim;_,oo m; =
—o0, p(z,&) € SZL(S and p;(z,€) € S;?g Vi € Ng. Then p is said to have the
asymptotic expansion Y .o pi(x,§), denoted by p(x,§) ~ Y2 pi(xz,§), if the
following statement is valid:

N-1

p(,§) = Y pi(w,&) €55y YNeEN
1=0

In this case po(z, &) is called the principal symbol of P.

Corollary 2.8 Let (m;)ien, and (pi(x,g))ie
exists a symbol p(z,§) € S;ng such that

No be as aforementioned, then there

p(a,&) ~ > pil,6).
=0

p(x,§) is determined uniquely modulo S~°°.

In the sequel we summarise some properties of PsDOs and of their products.

Theorem 2.9 Let us assume that p(z,§) € S5, q(x,§) € S;”L(;, P:=p(X,D,)
and Q := q(X, D,). Then the following statements are valid:

(i) The product PQ lies in SZfém .
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(ii) PQ is generated by the double symbol

p(x, &) q2', &) = r(x,2',€£,¢) € S;%m ,
i.e., PQ =1r(X,X', Dy, Dy). Then
’(l)

(1) 4 (")
» < max |p|gm , VIeNg.
17 s < ’P‘SMI‘J\S% 0

i+ =l

(i1i) Let r € S;ném/ with (X, Dm) = PQ. Then one has

DI agpxs ) - (—i)l*agq(a’, €).

\a|>0
(iv) For p~> p; and g~ q; one obtains

1 .
T~ Z aa?pl(x’g) : (_Z)‘O{'a(;(b(x/’g/)’
|a|>0
Z‘7.]‘61\10
which means that the asymptotic expansion of the product of PsDOs is
derived from the asymptotic expansions of their factors.

Example 2.10 In Example 2.5 we have seen that the Laplace operator A is
a positive and elliptic operator. Due to the investigation of Seeley on complex
powers of elliptic operators [98], one can apply the functional calculus to A and
show that, since A and —A + m? are positive, its square root and the energy
operator w = (—A + m2)1/ 2 are of pseudo-differential nature, too. Moreover,
the symbol of w can be determined as

po(,€) = (€ +m*)'/?,

and one obtains the identity
of(e) = [(€ +m?) 2@

- / (€ + m?) 2 f(e)ei*ede + / (€ + m?) 2 f(e)e=ede.
[§]<m |§]>m

In order to get a well-defined expansion of the symbol p,(z,&) we adopt the
approach of Lammerzahl [77] and decompose the test function fin for and for
with their support lying in Uy, := {¢ € R3] [¢| < m} and U, := {¢ € R3] |¢| >
m}, respectively. Then we expand the symbol in the first integral with respect
to £ and in the second one with respect to m, i.e.,

2 & 1-3-5---(2k — 3)
2 2y1/2 _ S _1)k+L —2k+1 2k
(& +m*)? =m+ +Z( ) oo e

)

(§2+m2)1/2 = (¢ )1/2 1/2+Z k+11'3'5"'(2k_3) (52)—k+%m

2-4-6---2k

=Y pi(,8), (2.3)
=0
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where the former series converges for |{| < m and the latter one for || > m.
The right-hand side of (2.3) constitutes an asymptotic expansion of the symbol
(€2 + m2)1/2, because the requirements in Definition 2.7 are fulfilled, i.e.,

pi(z, §)€Smi with  m; = —oo,
and p(z,§) — szxﬁ ESngN VN € N.

Thus we obtain for the energy operator:

2 > .3... — - )
of@) = [ <m+ s +k22<—1>’f“1 o 3)m2’f“5%> Forl€)ede

2.4...9
|€]<m
2
+ [ <<52>1/2+m7<52>—1/2+
|€[>m
3 e 3)<£2>’f*émz’C)fW(s)e”&dg

m_A_i1'3'”(2]{:_3)m—2k+1Ak> for()

( 2m 2-4.--2k
k=2

=: Wnrfm’(x) + Wurfur( )’

where we set fur(€) = Xejem (€) and fur(€) = XjeiomF(€). Via the expan-
sions, converging on |{| < m and |{]| > m,

_ 1 2 > 1-3---(2k—=3) 5.
(£2+m2) 172 _ E 25)13 +Z( 1)k W 6( k)m 2k 1£2k,
k=2

(€ +m?) V2 = ()2 - e 3/2+Z L3 BED) ey

one calculates in the same manner the inverse of the energy operator:

o) = (i R 3)m‘2’“—1M> o)

2-4-.-2k

+ ((—A)W ey

A e

k=2

=: wﬁ;l)fnT( )+wur fur( )
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Thus w,, and wq(t_l) are asymptotic expansions of w and w™!, respectively.

As aforementioned, one of the most important classes of PsDOs are the

elliptic ones.

Definition 2.11 Q' € Sgbp is called left parametriz or right parametriz of Q €
s U
Id—Q'Qe 8 ™ or Id—QQ €8,
respectively. If Q' possesses both properties then it is said to be a parametriz of
Q.

If the conditions given in Definition 2.7 for the asymptotic expansion are ful-
filled, then one can show that the requirement,

inf{\po(x,f)] 0 (2,8) e R™ X S"} >0,

is sufficient for ellipticity. Every elliptic PsDO P € SZ?(; has a parametrix
Qes,

The wave front set, one of the main tools in micro-local analysis which we
mentioned in the beginning of this chapter, can also be characterised in terms
of PsDOs.

Proposition 2.12 Let u € D'(R"), then one has for the wave front set,

WF(u) = ﬂ char(P),
P8l
PueC*>

where
char(P) = char(p) := {(z,€) € R" xR} : po(z,&) =0}

is the so-called characteristic set of the (properly supported, see Definition 2.19)
PsDO P with principal symbol pg.

Since Radzikowski [89] has shown that the so-called Hadamard condition, which
extracts the physical relevant states, is encoded in the wave front set of the
two-point function, the microlocal analysis plays an increasing role in algebraic
quantum field theory. The most important properties of the wave front set is
collected in the following

Theorem 2.13 Let u,v € D'(Q) and Q C R™ an open subset, then the follow-
ing statements hold:

(i) WF(u) is closed in Q x R} and conical in & for all u.
(ii) For the complex-conjugate @ one has:
WF(u)=-WF(u), ie.,
<(x,§) € WF(@) < (x,—€) € WF(u)).
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(iii) For each closed and conical subset A C Q x R} there exists a distribution

u with WF(u) = A.
(iv) WF(u+v) C WF(u) UWF(v).
(v) For the tensor product one has:
WF(u®v) C (WF(u) x WF(v)) U ((supp(u) x {0}) x WF(v))
U (WF(u) x (supp(v) x {0})).

(vi) Let x : Q — Q" with Q,Q C R™ be a diffeomorphism. Then

WF(x"u) = X' WF(u) = { (2,'[Dx(@)]¢) = (x(x),€) € WF(u)},
where
X u(9) = u(det(Dy) ' oxTt), ¢ € DY),
is the so-called pull-back operator.

(vii) The wave front set is related to the conventional notion of singularity in
the following way:

T (WF(u)) = singsupp(u).

It is a well-known fact that the product of distributions is not well-defined in
general and, therefore, the space of distributions D’'(£2),  C R”, is not an asso-
ciative differential algebra. Nevertheless, for a particular class of distributions
the product can be introduced properly.

Definition 2.14 The so-called Fourier product w € D'(Q) of the distributions
u,v € D'(Q), @ C R", is said to exist, if for all x € Q there is always a test
function f € D(Q), identically one in an arbitrary neighbourhood of x, such
that the convolution,

Pule) = s [ P Fon)(e = man
converges absolutely.

The existence of the Fourier product may be verified by a requirement on the
wave front set.

Proposition 2.15 If for u,v € D'(Q2), Q C R", the following condition,
(2,8) € WF(u) = (z,-§) € WF(v),

is satisfied for all x € Q, then the Fourier product u - v exists and is uniquely
defined. Furthermore one has,

WF(u-v) C (WF(u) ® WF(v)) UWF(u) UWF(v),
where

WEF(u)®WF(v) = {(x,£+77)| (z,€) € WF(u),(x,n) € WF(U)}
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Now, we want to introduce Sobolev spaces and list some of their fundamental
properties, because, in Section 5.3 in particular, we will make extensive use of
them.

Definition 2.16 For each s € R the Sobolev space
H*(R") :={ueS'R"): (Dy)°u e Ly(R")},

where (D.)* € 8 is the unique PsDO with reference to the symbol (x,§) —
(1 + |€]?)%/2, equipped with the scalar product

(u,v) : = ((Dg)’u, (Dx>5v)L2(Rn)
= [aiepruei@s,  woe HE),
1s a Hilbert space.

Because of
s<s = HY(R")c HR"), (2.4)

one sets
H®R") :=({H*(R"): s€R} and
H>®[R"):=| J{H*R"): s R},
Due to Sobolev’s lemma on embedding, the inclusion
H*(R") C C¥(R") and
s 200 ([u(@)] < Cos | 0 ey Vo € R, ue H(R))
hold. In particular one obtains H*°(R"™) C C*(R").

Proposition 2.17 Let us assume that P € SZL&. Then:

(i) P is well defined on H*(R™).

(i) P has the following property,

P: H(R") — H*"™(R"), (2.5)
and is continuous. Furthermore,
P(H™™(R") C H ™(R") and
Pe§™ = P(H ™(R")CH>®R") CB(R") CC*R").
Let us consider the following Sobolev spaces defined on the open subsets 2 C R™
and with respect to compact subsets K of €:
H(K) = {u e D(K)},

H Q)= |J HK),
KcQ
H;, () := {u e D'(Q)| pu € H*(R") for p € D(N)}.
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The topology of Hj (£2) is then defined by the semi-norms u — ||@ulls, ¢ €
D(Q), with respect to the scalar product in H*(2). The open sets in H(),
i.e., the topology on HZ(2), can be introduced through open intersections with
H}(K). One may verify the following continuous linear injections with dense
images:
S(R") — H*(R") — H¥(R") — S'(R") for s <s,
D(Q) = H(Q) = Hjp,(Q) — D'(Q),

and the set-theoretical identifications

C(Q) = (| Hibel(Q), D(Q) = H(Q),
£'(Q) =JH (), Dy (Q) = Hibe(O),

where D% (£2) denotes the set of distributions of finite order in €.

Theorem 2.18 Let p > 0, § < 1 and § < p, then any continuous linear
operator P € 875(S2) with P : E'(Q) — D'(Q) defines a continuous map from
H:(Q) onto HP () for arbitrary real numbers m and s.

loc

Definition 2.19 The distributional kernel Kp € D'(R} x R},) of P € 85 is
defined as

(Kp,u x v) := (Pu,v) Yu,v € DR").
A closed set M CR™ x R" is said to be properly supported if
(K xR )NMCR"xR" and
R"xK)NnMCR"xR" VKCR"

hold, where ‘7 symbolises the inclusion of a compact subset. P € 8;”5 is called
properly supported if supp(Kp) has this property.

Due to Schwartz’ kernel theorem, the existence of a unique Kp is ensured. The
PsDO P is properly supported if and only if the following criterion is fulfilled:

VK CR": 3K'C R": Vu € D(R") :
<Supp(u) CK = supp(Pu), supp('Pu) C K/>.
For each P € S;”(S one can always find a decomposition P = Py + P’, where

Py € S;”(S is properly supported and P’ is regularising, i.e., P’ € § . A
properly supported PsDO P can be uniquely extended to a continuous operator

P:D'(R") — D'(R"™).
Beyond this the following three restrictions,
P:&'(R") — &R,
P:C>®R") — C>*(R"), and
P :DR") — D(R"),
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are continuous in their respective domains.

At the beginning we had announced that the wave front set of a distribution
can be characterised with the help of PsDOs.

In a final step we mention the pseudo-locality property in the following

Theorem 2.20 Let P € 8;”5 be given with its distributional kernel Kp €
D'(R™ x R™). Then

singsupp(Kp) C A= {(z,z) : © € R"},

where the singular support of the kernel, singsupp(Kp), is the complement of
the open set on which Kp is smooth. There holdds the so-called pseudo-locality
property:

singsupp(Pu) C singsupp(u),
for all uw € E'(R™) or u € D'(R™), provided P is properly supported.

One may generalise PsDOs by addmitting general phase functions 6(z,€)
in Definition 2.4 instead of the scalar product x& which satisfy the following
conditions:

(i) 6(z,&) is (in general) complex-valued, smooth and homogeneous of degree
one.

(ii) The gradient V,6(z, &) does not vanish on the conic support of the symbol
a(z,§) for € #0.

This leads to so-called Fourier integral operators.

Definition 2.21 To each symbol a € S;’% we associate a Fourier integral op-
erator (FIO)
A=a(X,D;): SR") — S(R")
ur— a(X,Dy)u

with
Au(z) ::/a(:v, )a(€)e @8 de

for alluw € S(R™) and x € R™.

One of the main differences between PsDOs and FIOs is that, while the
distributional kernel of every PsDO is smooth off the diagonal in R™ x R", a
FIO does not have this property in general.

We want to show in the next example [39] that FOIs appear naturally in
concrete problems and are not only of theoretical interest.
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Example 2.22 Let us consider the Cauchy problem for the wave equation

Pu
W—a AUZO, t>07
ou f2 0
0, ot 1 )

where a = const and ug,u; € D(R™). This problem can be transformed via

v(t, &) == /u(t,x)e”fdx
to a Cauchy problem for an ordinary differential equation:

0%v

2|12
— +a v=20, t>0,
o+ a?lé
. Ov
v = Ug, v—ul, t=0.

5
The solution v is given as

sin(at|])

v(t, &) = (&) cos(at(€]) + ﬁl(f)wa

and finally u can be determined as:

ult,z) = 20" { / <a0(§) + #mm(g))e“atlﬁl”@dg

2

which is a sum of two FIOs with real-valued phase function 6(z,§,t) := +at|{|+
z€.
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Chapter 3

One-Parameter Groups,
Conformal Group

Es ist unglaublich, wie unwissend die studirende Jugend
auf Universitdten kommt, wenn ich nur 10 Minuten
rechne oder geometrisire, so schlift 1/4 derselben ein.

G. C. Lichtenberg

All theories in physics comprise a kinematical part which contains the el-
ements of the system, e.g., states and observables, and a dynamical part con-
sisting of physical laws which determine the interaction between the elements.
The states and observables are represented in classical mechanics by points in
a differential manifold and functions defined on the manifold, respectively, in
quantum mechanics by rays in a Hilbert space and linear operators acting on
the space, and in algebraic quantum field theory by positive linear functionals
on a C*-algebra of local observables defined as operator-valued distributions.
The dynamical nature of the theory, i.e., the time development of the system,
as well as symmetries of the theory are formulated in terms of one-parameter
groups of automorphisms, e.g., in classical mechanics one has a group of diffeo-
morphisms, in quantum mechanics a group of unitaries operating on the Hilbert
space, and in quantum field theory a group of automorphisms of the C*-algebra.

In this thesis we will be concerned with the so-called modular group of
automorphisms which will be introduced and investigated in detail in Section
4.1. For this purpose we need some general preparations. First we want to give
an introduction to one-parameter groups and summarise some main features,
which are excerpted mainly from [40] and [20]. In the second subsection we will
address the conformal group and the conformal transformation, as they will
appear throughout our investigation. This is mainly due to the fact that the
modular group of automorphisms acts conformally on the massless algebra.
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3.1 One-Parameter Groups

The starting point for the investigation of one-parameter groups is the quest for
all maps a: G — L(X), where G is a locally compact group, X a Banach space
and « a representation of G in £(X), the space of bounded linear operators on
X, satisfying the functional equation

aa”? =% and of =1 (3.1)

One may formulate the whole theory in a more general setting, namely in terms
of semigroups, but, since we will only deal with the case G = R, we restrict
ourselves to groups.

Definition 3.1 A family (a!)ier of bounded linear operators on a Banach space
X fulfilling the functional equation (3.1) is called a one-parameter group on X.

In physics one usually refers to a dynamical system (X, G, «). We will always
be concerned with C*-dynamical or even W*-dynamical systems because in our
case X will be a C*-algebra or a von Neumann algebra. But, nonetheless, we
will stick to the general formalism. One may require these representations to be
continuous with respect to different topologies. The strongest topology, namely
the uniform topology, is too restrictive, since many one-parameter groups nat-
urally arising in physics are not uniformly continuous. One counter-example is
the group of left translations,

o : R — L(L>(R))
Ee o (f)(s) = £t + ).

For our purposes strong continuity will suffice, i.e., the family (a!);cr should
satisfy the functional equation (3.1), and the orbits,

Ex ' R— X
t— Ex(t) == (X)), (3.2)

are supposed to be continuous for each X € X, where R carries the natural
topology and X the uniform topology. The next theorem justifies the restriction
to strong continuity, in view of the fact that the central object of this thesis,
the modular automorphism group, is (originally) weakly continuous.

Theorem 3.2 The group (a!)ier acting on a Banach space is strongly contin-
wous if and only if it is weakly continuous.

For the analysis of groups on Banach spaces two tools are of great help, namely
the infinitesimal generator and the resolvent. We will make extensive use of the
former one.
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Definition 3.3 Let (al)icr be a strongly continuous group acting on a Banach
space X. Then its infinitesimal generator is defined as

0: X 2D(0) — X,
D(6) := {X € X| &x in (3.2) is differentiable},

d . o X)-X
60X = %gx(o) = lim ————.

The generator is a linear, closed operator, but in general it is not defined on
the whole Banach space.

Theorem 3.4 Fvery strongly continuous group is uniquely determined by its
densely defined infinitesimal generator.

For the domain of the generator one can prove a much stronger statement.

Proposition 3.5 For the generator 0 of a strongly continuous group on a Ba-
nach space X even the space (52, D(8), where 61 := §(8%), is dense in X.

The domain of the closed infinitesimal generator is a dense subspace of X, and
it is even X itself if and only if the group (al);er is uniformly continuous. In
all these cases the group can be formulated with the help of the exponential
function,

b s N 1
o' =e¥ = Z i vVt € R.
=0

This is why the functional equation (3.1) determining the group can be replaced
by the equivalent differential equation

d
—at=da VteR and o'=1.

dt
If the group is strongly continuous, then the exponential series converges only
on a linear subset of D(4), the so-called set of (entire) analytic vectors which is
still a dense subset of X. Consequently, for the analytic vectors X € X we can
describe the one-parameter group as

o
th
o(X)=eX =) G0X  VLER
=0

For strongly continuous semigroups the analytic vectors do not have to consti-
tute even a dense subset; there are examples for which the exponential series
converges for t = 0 and X = 0 only.

For the sake of completeness we give the connection between the group ot
and the resolvent R(\,d) := (A1 — §)~! at X in the resolvent set p(9).

Theorem 3.6 Let § be the infinitesimal generator of the strongly continuous
group (a')ier on the Banach space X satisfying

o] < MeNt, M >1,N €R,



26 One-Parameter Groups, Conformal Group

for allt e R. If A € C such that

. Furthermore, the

exists for all X € X, then A € p(d) and R(A\) = R(\,9)
)}, satisfies

spectral bound of the generator, s(0) := sup{ReA| A € o(
—o0 < 5(6) < wf < oo,

where w§ = inf {w € R| IM,, > 1 : [|a!]] < Mye*t, V¢ > 0} is the growth
bound.

The next task is to take the opposite direction, i.e., to find all the operators
which generate a strongly continuous one-parameter group. To demand the
properties of the infinitesimal generators mentioned above, linearity, closedness,
dense domain and their spectrum lying in some proper left half-plane, is not
sufficient, since one can construct groups fulfilling all these conditions but still
not mapping X into itself. An additional assumption on the resolvent will
extract the correct candidates for real generators.

Theorem 3.7 Let § be a linear operator on a Banach space X and M > 1,
N € R arbitrary constants, then the following statements are equivalent:

(i) & generates a strongly continuous group (al)ier satisfying the growth es-
timate
|af| < MeNt, teR.

(ii) 0 is closed, densely defined and for every A € R, |A\| > N, one has A € p(9)
and
I[(A = MRS < M, WneN.

Theorem 3.8 (Stone) Let § be a densely defined operator on a Hilbert space
H. Then § is the infinitesimal generator of a unitary group (at)ier on H if and
only if it is skew-adjoint, i.e., §* = —4.

Let us consider the abelian Banach algebra X := C°(R") equipped with the
supremum norm || f|| := sup{|f(x)|| z € R"} and a continuously differentiable
vector field F' : R" — R™ which satisfies the estimate sup, ||DF(x)| < oo,
where DF(x) denotes the derivative of F' at € R". F induces a continuous
flow
8, :RxR" — R"
(t,:ﬂ) = Bt(x)’

e, Birs(x) = BifBs(x) and [o(x) = x. Additionally, the flow satisfies the
following differential equation,

0
aﬁt(ﬂ?) = F(Bi(z)),

and we can formulate
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Proposition 3.9 Let X := C’(R") then
ol (f)(x) = f(Bu(2)),  feX xR,

defines a strongly continuous group (a!)ier on X, and its infinitesimal generator
is given by the closure of the differential operator

0f () := (gradf (2 ZF axl

B of
§ F; (Bo(x 895@( ),
D(6) : ZCC( ")

From now on we focus on the one-parameter groups of *-automorphisms of C*-
algebras or von Neumann algebras and use the algebraic setting for this purpose.
The fundamental algebraic tool for the investigation of infinitesimal generators
is the symmetric derivation. The defining characteristics of derivations are
naturally motivated by the main algebraic properties of the groups:

o(A)* = al(A*) and
o' (AB) = o (A)o!(B).
Definition 3.10 A symmetric derivation 6 of a C*-algebra A is a linear op-

erator from a *-subalgebra D(0), the domain of §, into A satisfying, for all
A, B € D(0), the conditions:

(1) 6(A)" = 0(A").
(ii) 6(AB) = 6(A)B + Ad(B).
For the discussion of automorphism groups the notion of spatial derivations

is of great importance, due to the fact that they occur as their infinitesimal
generators.

Definition 3.11 A symmetric derivation § of a C*-algebra A of bounded oper-
ators on a Hilbert space H is called spatial or inner if there exists a symmetric
operator H € A with the properties

6(A) = i[H, 4], AcD(s),
and D(0)D(H) C D(H).
H is said to implement 6.
In the case of a C*-algebra 2 a linear operator § on 2 is the generator of a
uniformly continuous one-parameter group of *-automorphisms of if and only
if it is a symmetric derivation of 2 with D(d) = 2. Then the existence of a

self-adjoint operator H € 7(2)”, where 7 is an arbitrary representation of 2, is
ensured, and the group can be described as

m(a'(A)) = e r(A)e

for all A € A and t € R. If the group o is to be strongly continuous then more
information is needed. We only give one of many possible combinations.
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Theorem 3.12 The densely defined closed linear operator § on a C*-algebra
A is the infinitesimal generator of a strongly continuous one-parameter group
of *-automorphisms if and only if the following conditions hold:

(i) 6 is a symmetric derivation, and its domain is a *-algebra.
(ii) & has a dense set of analytic elements in 2.

(iii) ||(1 + M6)(A)|| > || Al for all A € D(6) and M € R.

If within the framework of von Neumann algebras the second condition is re-
placed by

(i) (14 Mé&)(D(5)) =M for all M € R\{0},

then the above theorem is also valid for arbitrary von Neumann algebras 91.
In this case we know more about the derivations.

Theorem 3.13 Every derivation of a von Neumann algebra is inner.

If two separable C*-algebras 2 and B are connected via a surjective morphism
m: A — B, then for every derivation dgs on 2B one can always find a derivation
dg on A such that

mody =0dpom and ||yl = ||0m]

Definition 3.14 An automorphism « acting on the C*-algebra 2L is said to be
inner, a € Int(2A), if there exists a unitary operator U € A such that

a(A):=UAU!
holds for all elements A € . If the automorphism is not inner then we call

it outer, « € Out(A). The automorphism « is called approximately inner if
a € Int(A).

For one-parameter groups of automorphisms o' the set of all ¢ € R such that o!
is inner establish a subgroup of R, which can be investigated more extensively
through spectral theory.

Each uniformly continuous one-parameter group (al)icr of a separable and
unital C*-algebra 2 can be approximated by inner automorphisms, i.e., there
exists a sequence (af,),en of inner automorphism groups such that

o (4) — oty (A) "= 0

n

uniformly in ¢ on any compact subset of R for all A € 2.
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3.2 Conformal Transformations

The metric g, := diag(1,—1, -1, —1) first describes distances between events
and second defines the causal structure of spacetime, i.e., for each point z it di-
vides the spacetime in timelike, lightlike and spacelike regions. If one drops the
first property and requires only conservation of the causal structure, then one
obtains the highest spacetime symmetry possible, the so-called conformal sym-
metry. The conformal group is also the largest group which preserves the light
cone. The fundamental physical laws are expected to be invariant under the
conformal group, which contains the Poincaré group and the transformations
preserving angles between world lines. The following summary is extracted
from [95] and [43].

Let the pair (M, g) be a semi-Riemannian manifold consisting of a smooth
manifold M and a differentiable tensor field g which maps every point a € M
into a non-degenerate, symmetric, bilinear form on the tangent space T, M,

Ja : TeM x ToM — R

Equivalently, one can describe the bilinear form by means of local coordinates
(x', 22, -+, 2") of M as

ga(X7 Y) = guVXMYlja

0 0
= M— = v
where X =X Boh’ Y =Y D”

€ To(M),
and with the properties

det (g (a)) #0 and (g (a)’ = (guw(a)).

Definition 3.15 Let Y C M and U' C M’ be two open subsets of the semi-
Riemannian manifolds (M, g) and (M’,q"), respectively, then a differentiable
map ¢ : U — U’ is called a conformal transformation if there exists a dif-
ferentiable function Q : U — R4, the so-called conformal factor for ¢, such
that

¢*g'(X,Y) = ¢ (TH(X), T(Y)) = D¢(X,Y),
where T¢ : TU — TU' is the derivation of ¢.

The relation given above can equivalently be described by means of local coor-
dinates as

(¢*9/)uu(a) = g;ﬁ (¢(a))au¢aau¢ﬁ = QQ(a)gw,(a).

From now on we restrict ourselves to local one-parameter groups of isometries

@t =: !X satisfying the differential equation
d 4 ¢ . 0
prid (a) = X¢'(a) with ¢"(a) =a, a€M,

where X is the infinitesimal generator of the group.
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Definition 3.16 The vector field X : RP1 D5 M — R" on M C RP? is said
to be a conformal Killing field if ¢t = e'* is conformal in a neighbourhood of
a=0 forallt € R.

For the tensor field

p p+q
gX,Y)=g"(X,Y) =) XYV - > X'V
=1 i=p+1

and the conformal Killing field X = (X!,..., X") = X", one can always find
a twice differentiable function s : M —— R, which satisfies the so-called con-
formal Killing equation,

8Vgﬂ)\X)\ + augl/)\XA = KGvp-
This fact prompts the next

Definition 3.17 A differentiable function k : M — R is called conformal
Killing factor if there is a conformal Killing field X fulfilling the equation

0y X+ Xy = Kgup. (3.3)

Corollary 3.18 Let A, := gaﬁ(?a@g be a Laplace-Beltrami operator, then the
function Kk : M DU — R is a conformal Killing factor if and only if

(n—2)0,0uk + guAgk =0
holds.

This means that in the case n = 2 the condition for s being a conformal Killing
factor reduces to Ay = 0. In the case of p = 2 and ¢ = 0, the Euclidean plane,
¢ = (u,v) : M — R?Y = C is a holomorphic function on an open subset
M c R?Y with non vanishing derivation D¢ if and only if ¢ is a conformal and
orientation-preserving transformation. Here, the conformal factor is determined
by

0% =l + uz = det(D¢).

The other possibility, p = ¢ = 1, represents the two-dimensional Minkowski
space, and the differentiable function ¢ = (u,v) : M — R on an open,
connected subset M C RY! is conformal if and only if

o u2 > uf/ and
® Uy = Uy, Uy = Uy OF Uy = —Vy, Uy = —Vyp.

The extant case, i.e., p+ q¢ > 2, which will be considered in this thesis, allows
for the conditions

0,0,k =0 for p#v and
0Ok = £(n —2) ' Ayk  for p=v.
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The second equation leads to Ayx = 0 and therefore to 9,0,x = 0. Thus we
conclude 9,0,k = 0 for all p,v <n =p+qand

Ouk(x) = 6“16(561, e a) = ay,

where x € M and a, € R is an arbitrary constant. The solutions of the
differential equation for a conformal Killing factor « are linear functions of the
form

kx) =apx” + X Vo e M,

where A, o, € R are arbitrary constants.

We are now interested in the conformal Killing fields X with reference to
the Killing factor . First of all we can choose k = 0 with the consequence that,
due to the relations

OuXy+0,X,=0 = X" isindependent of z*,
X, +0,X, =0 = 0,X'"=0,

the Killing fields have the following structure,
XM (z) = wha + with wh,c* € R.
Therefore we obtain three different possibilities:

(i) wh = 0,cH # 0 determines the conformal transformation as the translation
dc(x) =2+ C

(i) wy # 0,¢" = 0 leads to ¢p(z) = Az with
A €O(p,q) := {A e R Algrap = gpa},

(iii) wy # 0,c* # 0 is a linear combination of the first two items.

The choice kK = A = const # 0 determines the conformal Killing field X (z) = Az
and consequently the conformal transformation as

iv) the dilation &(z) = e z.
(iv) P(z)

For a non-constant conformal Killing factor x one can verify by straightforward
calculation that the conformal Killing field, defined as

XH(z) = 2(x,b)at — (x, )"
with
(x,b) :== guatb” and be R"\{0},
solves equation (3.3). The associated conformal transformation is the

(v) proper conformal transformation or conformal translation,

at — (z,x)ct

) = T2 + o6
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Contrary to the first four possibilities, the proper conformal transformation has
no extension from M C RP? onto the whole space RP*Y. These transformations
are singular for any point z'# on the hypersurface 1 — 2(z, ¢) + (z,z)(c,¢) = 0,
and for this reason they cannot constitute a global symmetry.

To put it in a nutshell the following statement holds.

Corollary 3.19 The composition of two conformal transformations is again
conformal. Let M C RPY p+q = d > 3, be open, then each conformal
transformation p : M — RPY can be described as a composition of

(i) a translation x'* = z* 4 a*, a € RY,
(ii) an orthogonal transformation ' = Az, A € O(p,q),
(iii) a dilation z'F = Xzt, X € R, and

(iv) a special conformal transformation z'* = 17;;5&&2?;;(070), c e Re.

If we consider an infinitesimal conformal transformation of a point x,
at = a2t + e (z),
with € — 0, then u has to be of the following form:
uf(x) = a + g wr,z’ + bt 4 2ty — myat et (3.4)

In this equation the quantities a*, b and c¢* are arbitrary constants. In the case
of a d-dimensional spacetime u# ()9, is generating a 3(d + 1)(d + 2)- dimen-
sional Lie group, the so-called conformal group, more specifically one obtains
the following infinitesimal generators:

P :=a"d, :  translations (d generators),

M = g“’\wA,,x” O :  Lorentz transformations (@ generators),
D :=bx"0, . dilations (1 generator),

K = (m“cAac)‘ — xAx)‘c“)Bu : special (proper) conformal transformations

(4 generators).

The generators of the Lorentz transformation can be decomposed in d — 1 gen-
erators for the Lorentz boosts and %(d —1)(d — 2) generators for the rotations.
The commutation relations of these generators read:

[P;u P)=0, [Pa, M;w] = i(gaupu - gozupu)y
[PuvD] = 1By, [Kwpu] :2i(9uvD+MuV)7
(M, Mag] = i(9ps Moo + GraMup = GuaMyp = gusMpa), (3.5)
[M/Jl/a D] =0, [Ka,M;uz] = i(ga“K,, - gal/K,u)a
[D,D]=0, [D,K,|=iK,, [K,K,)=0.
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Because of the local isomorphism between the conformal group Conf (R??) and
the group of pseudo-orthogonal transformations,

Conf(R"?) 2 SO(p +¢,q + 1),
which in our case reads
Conf(R*!) = S0(4,2),

we will, for the sake of technical simplicity, also make use of the so-called
pseudo-orthogonal transformations, which are described in terms of coordinates
£ a=0,1,--- ,d+ 2, of a real space equipped with the metric

o 50{6 ya=0,d+ 2,
9207\ 6as =12, d+1.

The group transformations in the new coordinates have the form
£ s £ = Mge?,
where M is the matrix determined by the equations
gang;‘Mf =gy and detM =1.

Their relation to the Minkowski coordinates are

&
£+

ot = 5_;15“ and (z,z) = gpats” =
with &y = ¢9+2 £ ¢+,

The conformal transformations in Minkowski space have their analogue in the
pseudo-orthogonal coordinates:

(i) Translations correspond to transformations: &# — 'F .= ¢F + £, M.

(ii) Homogeneous Lorentz transformations correspond to pseudo-rotations in
a d-dimensional subspace:

gqulu::Af/LgV’ ,u,V:O,l,"',d—l.

(iii) Dilations correspond to pseudo-rotations in a 2-dimensional subspace:
g gl — ¢ 2ginhr 4 ¢4 cosh T,

g2 gdH2 = 2 cosh 1 4 ¢4 L sinh T

(iv) Special conformal transformations correspond to the transformations of
the type: &1+ M = EH 4 £ _ct.
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The correspondence between the infinitesimal generators J,3 = —Jg, of the
pseudo-orthogonal group and the ones of transformations in Minkowski space
are given by

Pu:J,udJrQ_J,udJrh Muu:Juw
D = Jii2 441, K, =Jdyay2 +Juars

and the commutation relations of J,z can be summarized as
[Jozﬁa JW/(S] = _i(ga'yjﬁé + gﬁ(SJa'y - gﬁﬂ/Ja(S - gaéjﬁfy)-

For our purposes, i.e., the special case of a four-dimensional Minkowski space,
the following quantities will be of greater interest,

o = 0ap ,a=20,5
P “bs a=1,2,3,4.

The two different coordinate systems are linked to each other by the relation
o = (£ + %) e

The variation of the distance between two events under a conformal transfor-
mation is given by a conformal factor N as

(¢} — 25)? = N(z1) " N(a2) "} a1 — 22)%.
It can be calculated for each type of transformations as

1 for translations,
1 for Lorentz transformations,
A1 for dilations,

n~'y' for special conformal transformations,

N:

where 7/, =14 —2(&,¢) + (€4 — €%)(c,¢) and ny = £+ €.

For the analysis of modular automorphism groups in quantum field the-
ory the so-called conformal inversion map will be of great significance, more
precisely, if one wishes to transfer the modular action on the Rindler wedge
Wk = {z| 23 > |2°|} to that on the forward light cone V, := {z € R*| (x,z) >
0 and z° > 0} or the double cone D := (V; —eg)N(V_ +eg), where V_ 1= {x €
R*| (z,2) > 0 and 2° < 0} is the backward light cone. The inversion map is
defined as

p:M—M
Y

(z, )

First, while the inversion map and the Lorentz transformation commute and the
consecutive application of p and the dilation leads to a change of the parameter,

xt — p(zt) =
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i.e.,

the successive application of p and the translation has the proper conformal
transformation as a consequence:

p xt trans  TF
ik

The second interesting feature of the inversion map is that it maps the right
Rindler wedge onto the forward light cone and onto the double cone with radius
one Dy via the equations

p(D1 —ep) =V4 + %0 and

€3
p(D1 +e3) = Wg + 5

Here the canonical orthonormal basis of R* is denoted by {eo, ey, e, eg} .
These two properties are of interest insofar as in a free massless scalar theory
the inversion map can be represented by a vacuum-preserving, unitary operator,

Uyp(a)U; 1 = ﬁw(p(w)) (3.6)
and U, =Q,

on the one-particle Hilbert space, and U, itself through its second quantisation
operator I'(U,), a vacuum-preserving, unitary operator on the Fock space, such
that

where O is an arbitrary double cone.
It is noteworthy that the requirement of vacuum invariance is stronger than
the assumption of conformal symmetry.

Definition 3.20 An equation for a field ¢ is called conformally invariant if
there exists a constant s € R, the so-called conformal weight of the field p, such
that ¢ is a solution with respect to the metric g, if and only if ¢ == Q°p is
a solution with respect to the metric gu, := 2°g,,, where Q is the conformal
factor.
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For the conformal symmetry to hold vacuum invariance under the group of
translations, Lorentz transformations and dilations is sufficient.

Let Up, Up and Uk be the unitary operators induced by translations, dila-
tions and special conformal transformations, respectively, then

Up(a)p(2)Up" (a) = ¢(x + a),
Up(Ne(@)Up'(A) = (Az),
Uk ()p(2)Ug! () = (1 —2cx + CQ(x,x))_ggp <1

UpUp(NU, = Up(A7),
and Ug(c) =U,Up(c)U,.

z — c(z, z) >

—2cx + A(z, )

The latter two relations hold under the assumption that the action of U, is

Upp(x)U, = (z,2) >p(p(x)).

These relations can be transferred to the infinitesimal generators of translations,
Lorentz transformations, dilations and proper conformal transformations,

U,P,U,=K,,
UM, U,=M,,, and
U,DU, = -D,

which means that the generator of the Lorentz transformations commutes and
that of the dilations anti-commutes with the operator U,, respectively. These
relations in particular show that the algebra of the conformal group is invariant
under U,,.



Chapter 4

Modular Theory and
Quantum Field Theory

Tu as voulu de [’algebre,
et tu en auras jusqu’au menton.

J. Verne
Autour de la Lune

In this chapter we give a short introduction to modular theory, which has
been formulated by Tomita but first published by Takesaki [104], and a general
survey of its most innovative applications in mathematics and physics.

While the assumptions for the formulation of modular theory are only the
underlying von Neumann algebra 9t and a cyclic and separating vector €2 in the
representing Hilbert space H, the consequences of its main statement, namely
Tomita’s theorem which relates 91 with its commutant 9V and ensures the
existence of a group of automorphisms ot : M — M, ¢t € R, is immense.

In mathematics, the classification of von Neumann algebras would be hardly
imaginable, in particular Connes’ classification of type I11 factors [29], Jones’
classification of type Il subfactors [66] and it generalisation by Kosaki to arbi-
trary subfactors [73], which will be addressed in the first section. These achieve-
ments again have made possible many developments in mathematics, e.g., the
index theory of Jones yields groundbreaking insights in algebraic topology with
a new polynomial invariant for knots and links in R3.

Since local quantum physics, due to the Reeh-Schlieder Theorem 4.22; from
the outset brings along the conditions for modular theory, both theories are
fitted perfectly to each other as reflected in many results. The very first fruit has
been the generalisation of Gibbs’ equilibrium states to KMS states formulated
by Haag, Hugenholtz and Winnink [53]. Another branch is the determination
of local algebras as hyperfinite factors of type III; by the collaboration of
many authors through a long process, and the classification of conformal local
subfactors by Kawahigashi and Longo [70]. This thesis is mainly concerned
with the third branch, the modular action. The investigation of Bisognano
and Wichmann yield the surprising insight that for wedge regions the modular
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action coincides with Lorentz boosts [10], [11]. An immediate consequence of
this result is the discovery of black hole evaporation, the so-called Hawking
radiation. Buchholz can identify the modular action on forward light cones as
dilations [24], and Hislop and Longo identify it as conformal transformations in
the case of double cones [60]. The consequence of the geometric modular action
for the development of the algebraic quantum field theory is revolutionary,
because it serves to prove some main pillars and indispensable concepts of
quantum field theory. We will mention only the most important ones, as the
investigations on the PCT theorem by Borchers [14], the construction of the
Poincaré group by Brunetti, Guido and Longo [23], the algebraic spin-statistics
theorem by Guido and Longo [51] and the modular nuclearity condition by
Buchholz, D’Antoni and Longo [26].

4.1 Modular Theory in Mathematics

In this section we give a short and straightforward introduction to the Tomita-
Takesaki theory, also called modular theory [104]. Although one can formulate
it in a more general setting, namely in terms of left or right Hilbert algebras
which are identical for isometrical involutions, we will restrict ourselves to what
is absolutely necessary for our aims. We will follow the standard literature, e.g.,
[103], [102], [20] and [68]. Confer also Appendix A for definitions and notations
which are used but are not mentioned here.

The modular theory has also been investigated in the framework of O*-
algebras, i.e., *-algebras of closable operators, see e.g. [64].

Our starting point is a von Neumann algebra 9 acting on a Hilbert space
‘H and 2 € H with a cyclic, i.e., MM is dense in H, and separating vector, i.e.,
AQ = 0 implies A = 0 for A € M. Because cyclicity of Q for 9 is equivalent
to it being separable for the commutant 9, the vector  transports these
two properties from the algebra onto its commutant. Thus the following two
anti-linear operators are well defined:

So:D(Sy) =MQACH—H

AQ — SgAQ = A*Q),
Fy:D(F) =MQCH—H

AQ — FyAQ .= A*Q).

Both operators are closable, and one defines F := Fy = Sp and S = Sy =
Fj. Therefore, the Tomita operator S allows for a unique polar decomposition
into the positive, selfadjoint operator A and the anti-unitary operator J, the
so-called modular operator and modular conjugation with respect to the pair
(9, Q2), respectively:

S = JAYZ,
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One may easily verify the following relations:

A =FS, J=J,
A~ = SF, J? =1,
F=JA 12 A2 = JAV2 .

We are now already in the position to formulate the core of the modular theory.

Theorem 4.1 For the von Neumann algebra M and the associated modular
operator and modular conjugation the relations

JMT =M and AUMATE =9
hold for all t € R.

Definition 4.2 A von Neumann algebra is said to be o-finite if it contains (at
most) countably many pairwise orthogonal projections.

In statistical quantum mechanics and quantum field theory only o-finite von
Neumann algebras appear, which therefore can be represented in a separable
Hilbert space, while von Neumann algeras, which can be represented in a sep-
arable Hilbert space, need not be o-finite in general.

Lemma 4.3 For the von Neumann algebra M acting on the Hilbert space 'H
the following statements are equivalent:

(i) M is o-finite.
(i) There exists a countable subset of H, which is separating for 9.
(iii) There exists a faithful and normal weight on 9.

(iv) M is isomorphic to a von Neumann algebra w(9M) which admits a cyclic
and separating vector.

Given a faithful and normal weight w, one can derive the associated cyclic
representation (H,, 7, §2,) through the GNS construction and the modular
operator for the pair (7, (91), 2, ). The above theorem ensures the existence of

a o-weakly continuous one-parameter group of *-automorphisms, (afd) teR?

ol i M — M
Aol (A) :=x! (Aitﬂw(A)A_it),
the so-called modular automorphism group associated with (ww(zm), Qw). Since
we are concerned with von Neumann algebras, due to Theorem A.12, the mod-
ular group is continuous with respect to the strong topology, too. The modular
group is a powerful and constructive tool for the investigation of von Neumann
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algebras and has made possible many applications in mathematics and theoret-
ical physics. The main linkage between the modular theory and physics is the
following property,

(AY 27, (A)Q, AV, (B)) = (Tmu(A*)Q, J7,(B*))
= (1 (B*)Q, mo(A%)Q,),

the so-called modular condition, which can equivalently be described by means
of the modular group itself,

w(o*(A)a,*(B)) = w(BA)
for all A, B € 9.

As previously mentioned, one-parameter groups of inner automorphisms can
be analysed more elaborately with the help of spectral theory, but since in this
thesis we deal with von Neumann algebras of type I11;, the next statement
rules out this possibility in the present context.

Proposition 4.4 The modular group associated with a faithful normal state on
a von Neumann algebra M is inner if and only if M is semifinite, i.e., if the
decomposition of M has no part of type 111

Because, due to Theorem 3.13, every derivation on a von Neumann algebra is
inner, for the derivation of the infinitesimal generator of the modular group it
is sufficient to know the generator of the modular group.

Theorem 4.5 Let 9 be a von Neumann algebra on a Hilbert space H, Aq the
modular operator with respect to the cyclic and separating vector Q2 € ‘H, and,
with the help of the self-adjoint operator H € M, H) = 0, define the domain

D(6) := {A e M| i[H,A] € M}.
Then the following two conditions are equivalent:
(i) etoMme=*H = M for all t € R.

(ii) D(6)SY is a core for H, and H and A commute strongly, i.e., ATHA™" =
H for allt € R.

One may also ask for the inverse problem in the modular theory, namely
investigate the question, how to characterise all von Neumann algebras 91 which
are isomorphic to a given von Neumann algebra 9t and share with 9 the same
cyclic and separating vector Qgy and modular objects Agy and Joy. Boller and
Wollenberg investigate the case of factors [118], [12]. Let us write for the set of
these factors N F (9, Qon, Aoy, Jon). Their result is as follows:

Theorem 4.6 Let Fy, = E(LQ(]R,dx)), p a faithful, normal and semifinite
state on Fuo, H, the GNS space for (Fuo,p), T, the isomorphism from Fu
onto its GNS representation, F, := m,(Foo) and wop(-) := (Qon, - Qon).

Then a factor M belongs to NF (I, Qon, Aeon, Jom) if there exists a unique oper-
ator U with the properties:
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(i) M= UMU*.

(ii) There are unitaries K € {Agqm@ Ay}, Y1 € MRF,, Yo € MRF , on
H®H, such that
U & ]].p = KY1Y2.

(11i) won @ p1(+) = c(wom @ p1)(K - K*) with ¢ > 0.

One of our approaches for the derivation of the modular group with respect
to the massive algebra of local observables will be to formulate, in a first step,
the modular group on the massive algebra with respect to the ‘wrong’ massless
vacuum state, and then, in a final step, bridge the gap to the modular group
with respect to the ‘right’ massive vacuum state. The modular theory makes
some tools available for this purpose.

Theorem 4.7 For the modular groups o, and ol on the von Neumann al-
gebra M such that respect to the faithful normal states wy and wo the following
statements are equivalent:

t

wy “tnvariant.

(i) wi is o

t

w, “tnvariant.

(ii) wy is o,
(iii) ol and ol commute.

(iv) There exists a unique positive injective operator B affiliated with M1 N
M2 i.e., B commutes with all unitaries from M1 NI~z | with we(A) =
w1(BA) for all A € M.

Lemma 4.8 Let 9 and N be two von Neumann algebras and o : M — N an
isomorphism. If w is a faithful, normal and semifinite state on N, then

t

_ -1 t
Ooa — ¢ 00,0k

holds.

If there exists more than one faithful, normal and semifinite state on 991, it can
be shown that the modular automorphism is unique up to unitaries. Let wq
and wy be two faithful, normal and semifinite states on M and o, and of,, the
corresponding modular groups. Let us consider the faithful and normal weight

o (i 22)] = stertan entm)

on I ® My and the corresponding modular group af), then the unitaries I',

defined as
O Ft L t O ]l
0 0) " %\o o)

connect the two original modular groups. The next theorem is dealing exactly
with this situation, but first we have to introduce the following notions. We
denote by A(D) the set of bounded and holomorphic functions on the domain
D and define

n, = {A €M w(A*4) < co}.
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Theorem 4.9 (Connes’ Cocycle Derivative) Ifw;, ws are two faithful, nor-
mal and semifinite states on M, then there exists a o-strongly continuous one-
parameter family of unitaries (Ft) er N M with the following properties:

(2) F8+t:FSUz1(Ft)7 s,tGR.
(i1) [so), (ng, N nj;2) =1, Nn},.

(iii) For everyx € n, Nny, andy € n,, N}, there exists an element F' € A(D)
such that

F(t) = woy (Ftaful (y)ac) and F(t+1) =uw (acl“taf)l (y))
(w) ol,(A) =Tl (AT, AeM, teR.

The third condition determines the family of unitaries uniquely.

The main statement of this theorem is that two arbitrary modular automor-
phism groups are equivalent up to inner automorphisms. One of our approaches
will be based mainly on the cocycle theorem. The specific problem with its
statement is that it assures the existence of the unitaries only, but fails to give
a method for their construction.

The above theorem still holds true with few adjustments if the faithfulness
is given only for one of the weights. The family of unitaries is called cocycle
derivative of wy with respect to wo and denoted by (D, : Dy, ) := I'y. For two
faithful, normal and semifinite states we have

(Dwy : Dyy)e = (Dayy, - Duy)it, teR.

If an additional third faithful, normal and semifinite state on 9 is given, then
one can establish the chain rule,

(Dw; : D)t = (Dt Dug)t(Duss = D), t€R.

Consequently, the equivalence of two cocycle derivatives of w; with respect to
wo and ws uniquely determines the identity of wo and ws:

(le : Dwg)t = (le : DUJ3)t Vt c R < W2 = W3.

On the other hand, the knowledge of a modular group Jf)l and a family of
unitaries is sufficient for the existence of another faithful, normal and semifinite
state, namely:

Theorem 4.10 For a faithful, normal and semifinite state w1 on M and a o-
strongly continuous one parameter family of unitaries I'y in M, satisfying the
cocycle identity

Fope = FsUful (Ft)7

there exists a second faithful, normal and semifinite state wo on M such that

(Dw2 . le)t = Fta t e R
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In some special cases more information about the cocycle derivative is known
which could lead to its explicit derivation. For the next theorem we will need
the notion of the centralizer of the state w on the von Neumann algebra 9t
defined as

MY = {AeM ol (A)=AforalteR}

Theorem 4.11 (Pedersen, Takesaki) Let wy and wo be two faithful, nor-
mal and semifinite states on the von Neumann algebra 90, then the following
statements are equivalent:

(i) weool, =wy VieR.
(ii) (D, : Dy )t € M2 VE € R.
(74i) (Dyy : Dy, )t € M VE € R.

(iv) {(DWQ : DWl)t}teR s a strongly continuous group of unitary elements of
m.

(v) There exists a positive and self-adjoint operator A affiliated with 9“1,
i.e., A commutes with all unitary elements of IMM¥i, such that wy(B) =
w1(AY2BAY?) holds for all B € M.

One of the most important mathematical applications of the Tomita-Takesaki
theory is the classification of factors. If for a fixed ¢y € R and a particular faith-
ful, normal and semifinite state w its modular group o is inner, then, because
of the cocycle theorem, O'Z), is inner for any faithful, normal and semifinite
weight w’. Thus the modular period group

T(M) := {t € R| o/, is inner}

characterises the von Neumann algebra. Let w be an arbitrary faithful and
semifinite state, then 7'(90) is related to the so-called modular spectrum of 91,

S(M) := (") SpecA,, (4.1)

via the inclusion
In (SM\{0}) C {seR| e =1 VteT(M)]}.

This modular spectrum can be used for the classification.
Theorem 4.12 Let M be a factor. Then the following statements hold:

(i) 9 is of type I or type 11, if S(IM) = {1};

(ii) M is of type 111y, if S(M) = {0,1};

(iii) M is of type I11y, if S(M) = {0} U{A\"|0< A< 1,n€Z};

(iv) M is of type I11;, if S(IM) = R.
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We want to have a closer look at the factors of type I11, in particular at those
of type I11;. While the structure of factors of type I,, is well understood, as
isomorphic to the algebra M, (C) for finite n and to £(I?) for infinite n, the
detailed classification for general factors is not known. There is one special
class of factors for which one can extract more details about their structure.

Definition 4.13 A separable von Neumann algebra O is said to be hyperfinite
or approrimately finite-dimensional, abbreviated AFD, if for any A1, Asg,--- , A,
M and any o-strong neighborhood L of 0 in M there exists a finite-dimensional
*_subalgebra M with

A eM+l, i=1,2-,n.

In the algebraic setting of quantum field theory factors of type 111 play a signif-
icant role, because the algebras of local observables are of this form. Haagerup
has even shown that they are AFD [57].

It should be mentioned, that subalgebras of AFD von Neumann algebras are
not automatically AFD, whereas the W*-inductive limit of increasing sequences
of AFD von Neumann algebras is again AFD.

Because every factor of type [ is approximately finite-dimensional, its struc-
ture could be already analysed. Factors of type I1; are AFD if and only if they
are isomorphic to the infinite tensor product of Ms(C), defined as the inductive
limit

[T #Ms(C) : = lim {M(C), my }
n=1

= lim {M5(C)1 ®min M2(C)2 @min -+ Qmin M2(C)yp, 7 },

where 7, is the isomorphism M>(C),, 3 X — X®1 € M(C)
let

1 ForO<A<1

A A\ | A1/2 A1/2

be a state on Ms(C). Then the von Neumann algebra

Ry = H OLM(C)p,wy}, where wy = H ®wp,
n=1

n=1
is the product state on [[77; My (C),,

w(A1®A2...®]1®]1® ...... ):Hwn(An)’

is an AFD factor of type Iy, and one can prove even more.

Theorem 4.14 Every AFD factor of type 111y is isomorphic to Ry .

€
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Definition 4.15 Let m, and X be the representations of the von Neumann al-
gebra M and the locally compact group G, respectively. Then the von Neumann
algebra generated by mo,(9N) and N(G) with

(ma(A)f)(s) = ag ' (A)f(s) and
(AR f)(s) = f(t's), AeM, feL*G,H), steG,

is called the crossed product of M and o and denoted by M x, G.

For a factor of type 111 the following statement holds.

Theorem 4.16 FEvery separable AFD factor of type 111y is of the form M Z,
where « is an arbitrary ergodic automorphism of an abelian and separable von
Neumann algebra 9.

Theorem 4.17 The following statements hold:
(i) All AFD factors of type I11; are mutually isomorphic.

(it) If My and M, are A_FD factors of type II11y and I11,, 0 < A\,p <1
respectively, then M\@QM,, is an AFD factor of type I11;.

(113) If M is an AFD factor of type 1111, then Aut(9M) = Int(M).

For AFD factors of type I11; we may drop the condition of the state being
semifinite in order to obtain at least an approximately inner modular group,
see Definition 3.14.

Theorem 4.18 If w is an arbitrary faithful normal state on M then, due to
(iii) of Theorem 4.17, the modular group of automorphisms ol, t € R, is ap-
proximately inner.

We close this section with the groundbreaking result of Jones on the struc-
ture of subfactors of type I; [66], which has many innovative applications in
both disciplines, mathematics and physics. Jones’ result is useful particularly
in algebraic quantum field theory as this formulation is based on von Neumann
algebras. Two prominent examples are the classification of conformal local nets
for ¢ < 1 by Kawahigashi and Longo [70] and the investigation of Longo on spin
and statistics [81]. Both subjects will be discussed later, see Theorem 4.28 and
Theorem 4.53, respectively.

Let us consider a factor 9t of type I1; and a subfactor 91 C 9, then the
(global) index of 91 in 9, the so-called Jones index, is defined by means of
the dimension of H relative to 9t and relative to N, dimgy(H) and dimm(H),
respectively, as

RAUSR{EES dimen(H)

= Y dimg L2
dimgn(H) dimen L7(90),

whenever 9 is represented on H with finite commutant 9t'.
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Theorem 4.19 (Jones) Let M be a factor of type Iy and N a subfactor of
M, then for the index of N in M one has:

T
RUERIRS {400525|n€N,n23}U 4, 00].

Moreover, each number in this union of sets is realised as an index for some
subfactor.

This result has been a complete surprise. Since one deals here with continuous-
dimensional objects (von Neumann algebras), everyone had expected the index
to be allowed to take each value from the interval [1, oo].

Kosaki extends Theorem 4.19 to arbitrary factors [73]. He formulates a
generalised version of the index as

Index E := E71(1),
where E is an operator-valued weight from 91 to 91, i.e., a mapping
E: M, — N,

where ﬁ: denotes the extended positive cone of 9, the set of all lower semi-
continuous weights m : M4 , — [0,00]. In the case of type II; factors 90,
[90t : N can be shown to coincide with Index E, for which Kosaki proves the
statement of Theorem 4.19.

4.2 The Algebraic Approach to Quantum Field The-
ory

The usual formulation of quantum field theory is based on the representation
of states as unit rays in a Hilbert space, with observables as operators acting
on them. The algebraic ansatz proceeds in the opposite direction. There, the
starting point are observables as elements of an abstract *-algebra, on which
the states are introduced as normalised, positive and linear functionals. For
more details we refer the reader to the main source [52], but also to [1] and [63].

First one constructs a net of C*-algebras {2A(O)}ocm, the so-called local
algebras, i.e., to each open subset O of the spacetime M a C*-algebra 2A(QO) is
assigned that represents physical quantities to be measured in O,

O — A(0).

Since all physical information is assumed to be encoded in this mapping, its
knowledge allows one in principle to extract all kinds of physical data. The
C*-Algebra A := [J, A(O), i.e., the C*-inductive limit of the net {A(O)}ocm,
is called the quasi-local algebra of observables and the bicommutant 2" of 2 the
global algebra of observables. Two nets of local observables, 2A(O) and A(O),
respectively, are said to be mutually isomorphic if there is an isomorphism
i: A — A with i[A(O0)] = A(O). In addition the net is required to satisfy the
following conditions:
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(i) Isotony: O C Oy = A(0;) C A(O2).

(ii) Locality: [A(O1),2A(02)] = {0} for spacelike separated regions O; and
0.

(i) Additivity: O =JO; = A(0) = (UQ[(OJ)N

(iv) Covariance: There is a strongly continuous unitary representation U(P)
of the Poincare group P with

A(g0) = U(g)A(O)U(9)"", geP. (4.2)

(v) Spectrum condition: SpecU(g) C V;.
(vi) Vacuum sector: There exists a vector Q € H, ||| = 1, such that U(g)$2 =

2, g€ P, and < U Ql((’))) 2 is dense in H.
oM

If M = M is the Minkowski space, then the isometries turn out to be the
Poincaré transformations, and the last condition becomes the Poincaré covari-
ance and cyclicity of the vacuum vector 2. The former four axioms have been
proposed by Haag and Kastler, who were the first to formulate quantum field
theory on Minkowski space in the algebraic framework [54].

A state on the observable algebra 2l is represented by a linear functional w :
20 — C, which is normalised, i.e., w(1) = 1, and positive, i.e. w(A*A) > 0 for
all A € 2. Thus the state takes on the role of the expectation value functional.
Unfortunately, the set of states introduced in this way is too large, and by far
not all of them make sense physically. Even the restriction to quasifree states,
see (4.5) below, is from a physical point of view not sufficient, because there
still exist quasifree states with an unbounded expectation value for the energy-
momentum tensor. One of the main procedures for the extraction of physically
relevant states is the requirement of the Hadamard form proposed by Brehme
and de Witt [31]. A more fruitful equivalent characterisation of Hadamard
states is given by Radzikowski in the context of microlocal analysis [89], namely
in terms of the wave front set of the two-point function, see Proposition 2.12
and (4.4).

The ‘usual’ and the algebraic formulation of quantum field theory can be
connected via the GNS representation.

The Hilbert space H occurring in the last axiom (vii) can be written as
a direct sum of subspaces H;, the so-called coherent subspaces or superselec-
tion sectors. These subspaces are defined as subsets, wherein the superposition
principle is valid without restriction. The local net containing observable fields
determined by the causality assumption is operating only inside these sectors,
whereas the unobservable fields ‘communicate’ between different sectors. They
may be interpreted as charge-carrying fields transporting some kind of quan-
tum quantities from one sector to another. The quasi-equivalent nets of local
observables 2; |4, restricted to the superselection sectors H; still do include all
physically relevant information, and superselection rules are needed only if the
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observable algebra 2 has inequivalent representations on a Hilbert space. For
some investigations of inner symmetries it is more convenient to extend the lo-
cal nets to the so-called field algebra, which in addition to the observable fields
also contains the unobservable ones.

The net of von Neumann algebras {F(O)}ocm on a Hilbert space H, where
O is a double cone, consists of the so-called local field algebras if they satisfy
the following assumptions:

(i) Irreducibility, i.e., (o F(O) =C1 for all F € F(O).

(ii) There exists a strongly continuous and unitary representation U of the
covering group of Pl in H such that

U(9)§(O)U(g) ™" =§(g0) forall gePl.

The infinitesimal generators P, of the translations fulfill the spectrum
condition, i.e., Spec P, C V.. Furthermore, there exists a Poincaré-
invariant vector 2 € H, the vacuum vector, which is uniquely determined
up to a phase factor.

(iii) There is a strongly continuous, faithful and unitary representation U of a
compact group G, the so-called global gauge group, in H such that

U9)§(O)U(9)~" =5(0), U(g)2=9, and
U(9)U(g) =U(g)U(g) forall geg,g ePl.
(iv) There exists an element g € G with g> = 1 such that for spacelike sepa-

rated regions O and Oz and for elements Fj(f) =Fi(0;) €5(0),1=1,2,
the relations

Qg (Fiz)) = U(g)Fj(Ei)U(g)*1 = :I:Ff) and
[FS), fq - [FE),F@} - [F@,F@} —0 (graded locality) (4.3)
Jr
hold.

i

(v) Additivity: O =U0; = §(0) = <U3((’),)> .

(vi) Haag duality (G-invariant): ( U FO)n U(g)'> =350)NnU(@G).

o0coe

The closure of the union of the local field algebras is called the field algebra,

5 :=J3(00).
@]

The observable fields can now be introduced as gauge-invariant elements of the
field algebra §:

A(0) = {A € §(0)] ay(A) = A for all g € g}
= 3(0)NU(G).
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The opposite direction is also ensured. Via the Doplicher-Roberts reconstruc-
tion procedure one is able to show that the field algebra § together with the
gauge group G are uniquely characterized by the local algebra of observables 21
under physically well-motivated assumptions .

4.2.1 The Free Klein-Gordon Field

In this thesis we are dealing only with the simplest case of a quantum field
theory, i.e., the free scalar field o[f] satisfying the Klein-Gordon equation

@((Dg‘{'mz)f) =0,

where O, := |g|~'/20,9""|g|*/?0, is the d’Alembert operator for which the
Cauchy problem is well-posed [32].

Definition 4.20 The submanifold ¥ of a Lorentz manifold M is said to be
a Cauchy surface, if it owns only spacelike tangent spaces and if each non-
extendible causal curve meets ¥ exactly once.

If M is the Minkowski spacetime M, then every subspace with ¢ = const is a
Cauchy surface. Lorentz manifolds possessing a Cauchy surface 3 are diffeo-
morphic to the manifold R x X.

Theorem 4.21 (Cauchy Problem) Let ¥ be a Cauchy surface and ug,u; €
C3°(X), then there exists a uniquely defined function u € C*°(M) such that

(Dg + m2) u=0, po(u)=muo, p1(u)=mui,
and supp(u) C U U J*E (supp(u;)),
-
where po(u) : C*°(M) — C>*(X) is the restriction operator and p1(u) : C*°(M) —
C>(X) the normal derivation on X.

Therefore, for each test function f € D(M) there exist the advanced and re-
tarded fundamental solutions

Eav/ret : D(M) - 5(/\/1)
with the properties

(Dg + m2) Eav/retf = Eav/ret (Dg + mZ) f = id,
supp(Eqy f) C JT (supp(f)) and  supp(Eretf) € J~ (supp(f))-

Their kernels are distributions on the set of test functions D(M) x D(M) =
D(M x M), defined as

Eav/ret(fa g) = /f(x)(Eav/retg)(x)gl/2d4x-
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The difference E := E,.; — Ey, is an antisymmetric distribution, called the fun-
damental solution or the propagator of the Klein-Gordon equation. It satisfies
the conditions :
(Dg+m2)Ef:E(Dg+m2)f:0, and
supp(Ef) C J* (supp(f)) UJ~ (supp(f)), f € DM).

By means of the field equation and the commutation relations on an arbitrary
Cauchy surface X2,

[p(2), 0(y)] =0,
[‘P(x)aaﬂb(y)] = idx(z,y), and
[Os(x),05p(y)] =0 forallz,y € %,

one obtains the commutation relations on the entire manifold M x M:

[4,0(95), cp(y)] = iE(z,y) for all z,y € M.

For the sake of proper definition of the quantum field as an operator, we have
to continue our formulation of the theory with the smeared-out fields,

ol = [e@r@ats with feDM).

The quantum field will be considered as an operator-valued distribution, i.e.,
as a linear map ¢ : D(M) — L(H). To summarise the above discussion, we
are dealing with a unital *-algebra 2l which is generated by the quantum fields
o[f], f € D(M), and fulfills the following requirements:

(i) The map ¢ : D(M) — L(H) is linear.
(i) @lf]* = lf].

(i) @[ (3g +m?) f] =0.

(v) [¢lf]. elgl] =iE(f.9) Vf.g,€ D(M).

One obtains the desired algebra by dividing the Borchers algebra over D(M),
i.e., the tensor algebra with the particular *-operation f* := f, by the ideal
which is determined by the field equation and the commutation relations. Then
the local algebras 2((O) are generated by the elements [f], f € D(O). Since the
commutation relations do not allow any representation by bounded operators,
one has to obtain a C"*-norm via the Weyl algebra, that is the algebra generated
by the elements e*?lf].

A state on this C*-algebra 2l is determined uniquely by its n-point functions
wp, N €N,

wn(f1, o fo) = w(elfi] - elfal),  fi € DIM), (44)

where w,, is a distribution with respect to each component. Due to the Schwartz
kernel theorem, the n-point functions are well-defined distributions on the entire
manifold M". The relations within the algebra are enforcing the following
properties for the n-point functions:
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(i) In each component they are solutions of the Klein-Gordon equation.
(ii) Because of the commutation relations they satisfy

1 k k41 n
wn(x’...’x 7.%' 7"'7.%')_(,()”(1',"',1' 7.%' gt
1

Bz, e o (@, - gk gR 2 g,
(iii) Normalization: wy = 1, due to w(1) = 1 for general states w.
(iv) Positivity:
ZWHJ F® f;) >0, with fkeD(Mk), k=1,---.n,
and fi@t, - 2b) = fo(@l, -, 2k).
We will be concerned only with quasifree states, whose n-point functions with

odd n vanish, while those with even n are characterised uniquely by their two-
point function A = wo:

W2n(f1,“‘ af2n) :ZHA(fJ(i)’fU(iJrn))’ neN. (45)
o =1
Here the sum extends over all permutations o of {1,--- ,2n} with o(1) < 0(2) <

- < o(n) and o(i) < o(i +n).
We state the properties of the 2-point function in a nutshell:

() A( (2 +m?) £.h) = A(F, (O, +m?) h) =0 Vf.he DM).
(i) A(fh) = A, ).
(iii) ImA(f,h) = 1E(f,h).
(iv) A(f, f) = 0.

4.3 Type of Local Algebras and KMS States

The starting point for the application of modular theory to the algebraic for-
mulation of quantum field theory, i.e., the existence of a cyclic and separating
vector for a von Neumann algebra of local observables, has been established by
Reeh and Schlieder [91]. Their result is a direct consequence of the axioms for
the nets of local observables and reads as follows.

Theorem 4.22 (Reeh-Schlieder) The vacuum vector Q € H is cyclic and
separating for the polynomial algebra PB(O) generated by the operators

A= Z/fi(xl,xg,--- i) e(x1)p( o(x;) Hd Z;

with suppf; C O, provided the causal complement O°¢ of O contains an open
TEGLON.
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Sketch of the Proof: First, one shows the cyclic property of the vector 2. Let
us consider for this purpose the matrix elements,

Flay, o, z0) = (¥, 0(1)e(@2) - 0(20)Q)
= (0, P p(0) T 5 (0) - P (0)02),

where P is an arbitrary polynomial of field operators, which are boundary values
of analytic functions F'(z) defined by

F(z1,29, -+ ,2p) = <¢, P71 p(0)e*24(0) - - - eiPZ"go(O)Q>.
The analyticity domain of F is the tube,
21 =1+, 22 = X2 — X1 A2 0 L 2n = Ty — Tp—1 T+ U,

where the real parts are arbitrary, but all imaginary parts n; are contained
in the forward light cone V;. Now, choose a vector ¢ from the orthogonal
complement of P(O)S2, i.e., ¢ is orthogonal to all vectors ¢(x1)p(z2) - - - ©(x,)2
with z; lying in O. One has F'(z1, 22, ,%,) = 0 inside O and therefore, due
to the edge of the wedge Theorem A.33, F' vanishes for all z in the Minkowski
space. Consequently, 1 has to be orthogonal to the whole Wightman domain.
But since this domain is dense one gets ¢ = 0, i.e., the orthogonal complement
of P(O)N is trivial, and therefore P(O)Q) is a dense subspace of the Hilbert
space ‘H and 2 a cyclic vector.

In order to prove the separability property for €2, let us consider an operator
P such that PQ = 0. For an arbitrary polynomial P € §(O) we obtain
PPQ = 0, and, because of locality, PPQ = 0. But since P(O)Q is a dense
subset of H, P = 0 identically and hence 2 is also a separable vector. For more
details of the proof confer [52].

a

It is worth mentioning that the vacuum vector in the Reeh-Schlieder theorem
can be replaced by an arbitrary element of the Hilbert space with bounded
energy.

4.3.1 Type of Local Algebras

The quest for the type of the local algebra of observables has its root in the
early sixties. Since in quantum theory a factor of type I can be associated to
each system, from the very beginning of algebraic quantum theory the question
arose, how far the Haag-Kastler axioms determine the type of the underlying
von Neumann algebra.

The first result is due to Kadison [69] and Guenin and Misra [49] who prove
that the local algebras cannot be of finite type. Under general assumptions
Borchers shows in [13] that if O; is contained in O then every non-zero projec-
tion of the local algebra 9(O;) is equivalent to 1 in any 2(O).
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Theorem 4.23 (Borchers) For the von Neumann algebras of local observ-
ables M(O;), i = 1,2, the following statements hold:

(i) Let Oy C Og such that there is O3 C (O2(1O}). If E is a projection in
IM(O1), then E is equivalent to its central support in M(O3), mod M(O2).

(i) If O1 +x C Oy for x in some open neighborhood of R?, then the central
support of E in M(O2) belongs to the center of the global algebra.

To get a richer structure one has to add additional assumptions. Araki gives a
more precise characterisation in showing, by explicit calculation, that the von
Neumann algebras associated with free fields are factors of type I11 [3]. Araki
an Woods conjecture in [5] that for local subspaces Spec (46(8 — 1)~%), where
0 is the infinitesimal generator of the modular operator A, contains continuous
parts so that the local algebra is therefore of type I1Iy. For special nonlocal
algebras Stgrmer proves the type 111 structure in [101], and Driessler establishes
the type I11; form in [33]. In an other publication he succeeds in proving the
following sufficient condition for von Neumann algebras to be of type I11 [34].

Theorem 4.24 Let H be a separable Hilbert space and M C L(H) a von Neu-
mann algebra with separating vector Q € H. Let furthermore 91 C 9N be a
subalgebra of infinite type and (ou)nen C Aut(ﬁ(H)) a sequence of transfor-
mations such that

(1) an,(MN) CN VneN,

(i1) w-limoy(A) =w(A)1 VA e N withw € N*,w # 0, and

n—oo

(iti) w-lim[oa,(A),B] =0 VAeNVBeM.

n—0o0

Then M is of type I11.

As an application of this theorem he shows that for dilation-invariant local
systems the local algebra is of type I1I. This conclusion is more precise than
Roberts’ statement which rules out only the type I structure for such algebras
[92].

Hislop and Longo are the first to show the type 111 structure for the mass-
less case [60] by using unitary equivalence of free local algebras, a result of
Eckmann and Frohlich [37]. In the same year Longo generalises their achieve-
ment to the massive case. Haagerup proves the hyperfinite (AFD) property of
the local von Neumann algebras, see Definition 4.13, and the uniqueness of the
hyperfinite factor of type 111y up to W*-isomorphisms [57].

Fredenhagen’s analysis on the type of double cone algebras is based on the
standard algebraic postulates, the Bisognano-Wichmann property, see Theorem
4.37, and the compliance with a scaling property introduced by Haag, Narnhofer
and Stein in [55], which is expected to hold in all renormalizable field theories
with an ultraviolet fixed point [44].
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Definition 4.25 A Wightman field p(x) is said to have a Haag-Narnhofer-
Stein scaling limit if there exists a positive and monotone scaling function N(\),
A >0, such that for allm € N

N (2, p(Azh) - p(Az"))
converges for X\ — 0 to a non vanishing Wightman field.

Fredenhagen chooses a double cone in the corner of the Rindler wedge and
then derives the Connes invariant for the double cone via the known modular
group of automorphisms for the Rindler wedge, which has been calculated by
Bisognano and Wichmann in [10] and [11]. We will give more details of this
investigation later.

Instead of the Bisognano-Wichmann property, see Theorem 4.37, Buchholz,
D’Antoni and Fredenhagen propose in [25] a nuclearity condition introduced
by Buchholz and Wichmann [28], which will also be explained more extensively
later, see (4.10), and obtain the following result for the double cone.

Theorem 4.26 Let the net of local algebras M(O) satisfy the nuclearity con-

R o
dition and consider two double cones D1 C Dy such t@at Dy C Doy, where Dy
denotes the interior of Do. Then there exists a factor M of type I with

M(D;) C M C IM(Dy).
Borchers combines this with Fredenhagen’s result and discovers further struc-

tural properties [16].

Theorem 4.27 Let us assume the net of local algebras IM(O) in the vacuum
sector to satisfy the (Buchholz- Wichmann) nuclearity condition, see (4.10), and
the (Haag-Narnhofer-Stein) scaling property, Definition 4.25. Furthermore, let
M(D) be continuous from the inside, i.e.,

"
gﬁ(D) = <U m(DZ)> with D = UDZ and E - ’Zo)lurl
(N or equivalently from the outside). Then there exists a unique hyperfinite factor
M of type I11y such that
M(D) = M B3(M),
where 3(9M) is the center of M(D).

As already mentioned, in algebraic quantum field theory all physical infor-
mation is encoded in the net structure,

O — MO).

Therefore, the ultimate challenge in the analysis of algebras of local observables
is the determination of their subnet structure. A first and important step has
been taken by Kawahigashi and Longo who give a complete classification of the
discrete series of local conformal nets, i.e., for the case where the central charge
is ¢ < 1 [70].
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Theorem 4.28 An irreducible local conformal net MM with the central charge
¢ < 1 is completely classified by the pair (m, s), where the number of finite-index
conformal subnets can take the values s =1,2,3 andc=1— For any

6
m(m+1) °
m € N the following values for s can be realised:

(i) s =1 for allm € N,
(ii) s =2 if m=1,2 mod 4, and if m = 11,12, and

(iii) s =3 for m = 29,30.

4.3.2 KMS States

Modular theory can also be connected with algebraic quantum field theory by
KMS states, the generalisation of Gibbs states. For a survey we refer the reader
to [21] (confer also [94]).

One of the possible formulations of equilibrium states is the grand canonical
ensemble, where the energy as well as the particle number are variable. Here, an
equilibrium state, the Gibbs state, is represented by a state over £(H) defined
as

Ty (efﬁ(H*uN)A)
wpulA) = Try (e=BH-1N)) 7

where H is the Hamiltonian, N the particle number operator and 3,y € R.
But the assumption in this approach that e #H=#N) he a trace-class operator
is unfortunately not fulfilled in infinite-dimensional systems. However, this
assumption can be circumvented by introducing the time evolution

ol L(H) — L(H)

A O‘t(A) — eit(H—MN)Ae—it(H—MN),

which, as long as H is self-adjoint, always exists and can be used to introduce
the so-called KMS states.

The KMS condition has first been formulated by Kubo [74], Martin and Schwinger
[84], but Haag, Hugenholtz and Winnink [53] are the first to impose it as a cri-
terion for equilibrium states.

Definition 4.29 Let (MM, o) be a W*-dynamical system. A state w : M — C is
called o-KMS state with reference to 8 € R, or (o,3)-KMS state if it satisfies
the KMS condition,

w(AJw(B)) = w(BA),

for all A, B in a norm-dense, o-invariant *-subalgebra of 9.

This definition is equivalent to the requirement that for all A, B € 9 there
exists a function F4 g which is analytic in the strip

D. . {zeClo<Imz< g} if B>0,
Tl {zeClo>Tme > ) if B<0,



56 Modular Theory and Quantum Field Theory

and continuous in the closure ﬁg with

Fap(t) =w(Ac*(B)) and
Fap(t+if) = w(o"(B)A)

for all t € R.

KMS states have received a lot of attention since their introduction and
physical interpretation, in particular due to their formulation through modular
theory. Tomita associates to an arbitrary normal and faithful state w on a
von Neumann algebra an automorphism group o, and Takesaki succeeds in
showing that this state is a KMS state with respect to o?,.

Theorem 4.30 (Takesaki) Let w be a normal state on the von Neumann al-
gebra 9. Then the following statements are equivalent:

(i) w is a faithful state on m,(M), i.e., there exists a projection E € MMM’
with w(1 — E) =0, and w|mg is faithful.

(i) There exists a o-weak and continuous one-parameter *-automorphism group
ol t € R, of M such that w is a (o, 3)-KMS state .

If these conditions are satisfied, then of (E) = E holds for all t € R, and the
restriction of o!, onto ME is the modular automorphism group on ME, uniquely
determined by w.

Corollary 4.31 Let wy be a normal, faithful and semifinite state on the von
Neumann algebra I with center 3(IM), and let wy be a normal semifinite state
on M. Then the following statements are equivalent:

(i) wo satisfies the KMS condition with respect to o, .

(i) Let E,F € 9 be two projections defined as

ME : = {A € M| we(A*A) < 0} and
ME : = {A € M| wa(A*A) =0},

where the closure is meant with respect to the o-strong topology, and

s(we) := E — F, the so-called support of wa. Then one has s(wz) € 3(IM)

and ot,, = dl, | Ms(wa) forallt € R.

(iii) There exists a positive self-adjoint operator A € M affiliated with the
center 3(M) such that wo(B) = wy (AV2BAY?) for all B € M.

Corollary 4.32 Let us assume that w is a normal, faithful and semifinite state
on the von Neumann algebra I of type III and B € R, B # 1, then there is
no normal, faithful, semifinite state on M satisfying the KMS condition with
respect to ol



4.3 Type of Local Algebras and KMS States 57

Over the years the interpretation of KMS states as equilibrium states has gained
additional support. On the one hand one can show that KMS states satisfy
certain stability conditions, and on the other hand one is able to derive them
from some realistic stability criteria. A prominent example from quantum field
theory on curved spacetime, where the KMS property has played an essential
role, is the Hawking effect [58]. The proof in [45] is based on an idealised
detector which is simulated with the help of the KMS condition (see also [93]).

In the investigation of stability properties of KMS states one compares a
general C*-dynamical system (2, 7) with a disturbed system (,7F), where
P = P* € A denotes a small perturbation. Here, the disturbed automorphism
group 77 is generated by the infinitesimal generator,

6+ d0p with 5P(A) = i[P, A] VA € 2,

where 9§ is the infinitesimal generator of the undisturbed automorphism group
7. One distinguishes between two different approaches, the “time-independent”
one of Connes and Araki, which is of advantage for the comparison of 7-KMS
states with 77-KMS states, and the “time-dependent” one of Robinson, which
is easier to use in the case of general states on systems having ergodicity proper-
ties, for example £1(2lp)-asymptotic commutativity, i.e., satisfying the require-
ment o
/ I[A, 0" (B)]|[dt < 0, A, B €2y,

—00
where 2y is a norm-dense subalgebra of 2. We give here only one example of
many stability properties.

Theorem 4.33 Let w be a (o,3)-KMS state over the C*-dynamical or W*-
dynamical system (U, o) with the strong cluster-property

lim w(Ac"(B)) = w(A)w(B) VA,B e 2.

t—+oo
Then
T Ty T,
e [ [ [ (ot )

B Sn—1 . .
:/ dsl---/ dsan(A; o (B);--- ;O’ZSI(B)),
0 0

where wr denotes the truncated state. In particular,

T

Jim w([4,0'(B)])dt =0

for all A, B € 2.

One expects an equilibrium state not only to be stable under small perturba-
tions, but also to be derivable from physically motivated stability assumptions.
One postulates for KMS states the following physically reasonable conditions:
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(i) ol-invariance, i.e., stationarity in time;
(i) ergodicity of (2, o), e.g., asymptotic commutativity;

iii) relative “ urity” of w, e.g., w should be extremal under the at—invariant
p y €8
states;

(iv) stability under perturbations.

These postulates can be shown to lead to the following stability criterion,

/Oo o([A, 0! (B)])dt =0, VA, Beq,

—00

which is a strong indication that the KMS property could be a consequence of
the postulates given above. One may lend weight to these postulates differently.
We give here one version which demands weak cluster properties instead of
L1 (2p)-asymptotic commutativity for the state [19].

Theorem 4.34 (Bratteli, Kishimoto, Robinson) Let (2, 0) be an L1(p)-
asymptotic commutative C*-dynamical system and w a o-invariant state on 2.
Let us further assume the validity of the following two conditions:

(i) Fither

lim w<at1(A1)at2(A2)at3(A3)) — w(ADw(As)w(A) VA, €2,

inf[t; —t,;
%ﬁj“ jl—00

or w s a factor state.

(ii) w satisfies the stability condition,

/00 w([A, 0" (B)])dt = o0 VA, B € .

—00

Then w is an extremal (o, 3)-KMS state with 3 € R.

The aforementioned theorems bound up the notion of stability with KMS
states for £1(2dp)-asymptotic commutative C*-dynamical systems, and one can
therefore justify the interpretation of KMS states as equilibrium states of phys-
ical systems.

Despite of all these properties of the KMS condition for thermal states, one
last desire remains to be fulfilled, namely its relativistic formulation. Ojima
shows that a KMS state cannot be Lorentz-invariant [87], because the KMS
condition implies a distinguished time axis. To be more precise, the reason
for the breakdown of the Lorentz invariance is due to the fact that every au-
tomorphism group of the local algebra 20(Q) leaving the KMS state invariant
can be implemented by a unitary operator which commutes with the modular
operator and the modular conjugation. Therefore, since the time translation
commutes with the modular group of automorphisms but the Lorentz boosts
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do not commute with the time translations, see (3.2), the KMS state cannot be
Lorentz-invariant.

This problem is addressed by Bros and Buchholz [22] who propose the fol-
lowing first version of the KMS condition.

Definition 4.35 A state w : A — C satisfies the so-called relativistic KMS
condition with respect to the automorphism group o at inverse temperature 3 >
0 if and only if for all A, B € 2 there exist a positive timelike vector e € V.,
e? =1, and a function F, which is analytic in the tube T := {z € CY Imz €
Vin(Be+V_)} and continuous at the boundary sets Imz = 0 and Imz = e
with

Fup(z) =w(Ad®(B)) and
Fap(z +ife) = w(o"(B)A)

for all x € RY.

Contrary to Definition 4.29, this definition treats all spacetime coordinates
equally, and therefore any observer moving with constant velocity experiences
a relativistic KMS state as an equilibrium state with a distinguished rest frame
and time axis along e.

4.4 Modular Action

We start with the introduction of the CPT operator which will appear through-
out the following investigation. The CPT operator is defined uniquely as an
anti-unitary operator via the relation

Op(z)0~" = (1) (=i)"p*(—x),
00 =0,

0, ¢ is a Bose field,
n =
1, ¢ is a Fermi field,

where ) € H represents the vacuum vector and m is the number of dotted
spinor indices of ¢, i.e., these spinors transform under the complex conjugation
representation & — @&, where « is the representation of SL(2,C) onto the
complex vector space of covariant spinors, confer [52] for more details. For
our analysis the commutation relation with the representation of the Poincaré
group,

oU(a,a) =U(—a,a)0B,

will be of interest.

Definition 4.36 The net of von Neumann algebra IMM(O) is said to satisfy
wedge duality, if

(MOWR))" = MW),

where WY, denotes the interior of the spacelike complement of Wg.
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The ground-breaking result, proved by Bisognano and Wichmann in [10],
states that, since, due to the Reeh-Schlieder Theorem 4.22, the von Neumann
algebra of (finite-component) Wightman fields on the right Rindler wedge Wg
satisfies the conditions for the modular theory, the resulting modular conjuga-
tion implements a combination of charge conjugation, time and spatial reflec-
tion, while the modular operator implements the Lorentz boosts.

Theorem 4.37 (Bisognano-Wichmann) In the Wightman framework the
modular objects for the von Neumann algebra of observable fields M(Wg) with
reference to the vacuum state are

Jwy =T(OU (Ry(n))), Ay, =T[U(A)],

where Ry denotes the spatial rotation around the x'-azis, and the modular au-
tomorphism group acts geometrically as pure Lorentz transformations:

oy (21f]) = Al elf1AW, = ¢lf,
where  fo(x) = f(As(x)), s:=2mt,

coshs sinhs 0

A e sinhs coshs 0
s 0 0 1
0

0 0

— O O O

Furthermore, the theory fulfills wedge duality.

Sketch of the Proof: First of all the Tomita operator is established as
S :=OU (R (m))U (A(ir)),

by making use of the spectrum condition for the energy-momentum. Since R; is
the spatial rotation around the x!-axis, Ry (7) causes the inversion of the signs
of 2%, i = 2,3. S really being the Tomita operator, is proved by verification of its
properties. To this end Bisognano and Wichmann show that the transformation
law of covariant fields under the action of S is

Se(@')p(a®) - o(z™)Q = o* (z)p* (%) - - " (a0

This property is generalised for all elements A in the polynomial algebra (Wg)
generated by operator-valued distributions with support in the Rindler wedge
Wk to yield

SAQ = A*Q.

Finally, it is shown that the domain B (Wg)S) constitutes a core for the operator
S which is thus uniquely defined. The conditions of the modular theory are
therefore satisfied and one concludes,

Jw = OU(Ry(m)), and A} =U(A(ir)).
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The geometric réle of the modular conjugation is to transform the right
wedge onto the left one, i.e., Jy, MOWr) I, = MWL).

The infinitesimal generator dyy, of the modular group O’%R can directly be
computed as in Proposition 3.9:

Swplf] = 050wy, (P1f1) | oo = 105 5] | 1y (4.6)

with
asfs(x) | s=0 xlamof(x) + xoamlf(x)

It is worth mentioning that the modular group and the modular conjuga-
tion of wedge regions act locally and map local algebras into local ones. This
property will be of importance in proving the PCT theorem.

In a subsequent paper, Bisognano and Wichmann verify these statements
in a more general setting, namely for charged Bose and Fermi fields fulfill-
ing various physically reasonable assumptions, e.g., covariance with respect to
finite-dimensional representations of the proper orthochronous Lorentz group
[11].

Although this theorem is based on a fairly general formalism, the finiteness
of the components of the fields poses a restriction which can be dropped. This
is done by Kuckert [75] using a result of Borchers [14]. Borchers proves that
the spectrum condition only implies the commutation relations between the
modular objects and the translations U(a),

IwrU(a)Jw, = OU (R (7)),
WeU(@) Ay = U(A—s(a)).

Wiesbrock shows that these commutation relations are not only necessary but
even sufficient for the spectrum condition [113].

Unfortunately, a mistake enters the proof of Wiesbrock’s main Theorem
3, Corollary 6 and Corollary 7 in [113], mentioned in [114], which has recently
been remedied by Araki and Zsid6 [7]. They even generalise Wiesbrock’s result,
formulating their statement for normal, semifinite, faithful weights ¢, whereas
Wiesbrock demands ¢ to be bounded.

If additionally some symmetry condition is given, i.e., the associated mod-
ular group should map local nets into local nets again, Borchers’ commutation
relations can be shown to lead to the Bisognano-Wichmann property.

Theorem 4.38 (Kuckert) Let O C R"™ be an arbitrary double cone, then the
following statements hold:

(i) If for every O there exists an open set Mo with
I M(O) Iy, = M(Mo),

then the modular conjugation acts as given in the Bisognano- Wichmann
Theorem 4.37.
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(i) If for every O and allt € R there exists an open set M.y such that
A MO)A; = M(Mp),

then the modular operator acts geometrically as Lorentz boosts given in
the Bisognano- Wichmann Theorem 4.37.

Bisognano and Wichmann deal with local algebras which are generated by a
finite number of Poincaré-covariant Wightman fields and therefore not with the
general case, since there exists an infinite number of quantum fields satisfying
Poincaré covariance. Borchers gives a derivation of the Bisognano and Wich-
mann property in a purely algebraic setting including these fields, too [15]. Let
us consider the so-called characteristic two-plane of the wedge

W(ly,lp) == { Ay + ply + 10, | <0 < X (I, 11) = (I2,11) = 0},

where [; and Iy are two linearly independent lightlike vectors and the vector
[, is perpendicular to /; and l2, and let A; ;, be the Lorentz boost which
leaves W(ly,lp) invariant. Then the elements A € M(W(ly,l5)) such that
U (A, 1,(27mt)) A*Q can be analytically continued into the strip S(—3,0) :=
{a+ib € C| —3 < b < 0} They form a dense set in M(W(I1,l2)), and
there exist elements A and A affiliated with MW(ly, lg))/ = M(W(l2,11)) that
satisfy

AQ = U (A gy (—im))AQ  and  AQ = U (A g, (—im)) A*Q.

Definition 4.39 A Poincaré-covariant theory of local observables in the vac-
uum sector satisfying wedge duality is said to fulfill the reality condition, if for
elements A € Dﬁ(W(ll, lg)) with the aforementioned property one has A* = A,

i.e., U(Allh(—m))A*Q = A*Q.

Borchers then shows the following

Theorem 4.40 (Borchers) In a representation of a Poincaré-covariant the-
ory of local observables with reference to the vacuum state, the Bisognano-
Wichmann property holds for the met if and only if the theory fulfills wedge
duality and the reality condition with respect to the Lorentz transformation.

Borchers’ reality condition implies the assumption of Schroer and Wiesbrock
[97] that the mapping

AQ— U (AMQ (-%)) A*Q, Ae MWy, ly)),

is uniformly bounded. This is the basis of their algebraic proof of the Bisognano-
Wichmann property.

The first algebraic investigation of the Bisognano-Wichmann theorem has
been carried out by Brunetti, Guido and Longo in the case of conformal quan-
tum field theory [23]. Their proof is based on the assumption that the modular
group already acts geometrically on an arbitrary wedge region. In addition to
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that, the split property is assumed to be satisfied by the local net, i.e., for all
standard diamonds Dy C Ds there exists a factor D1 of type I satisfying

M(D1) C N C M(Dy).

Furthermore, they show that conformal theories automatically satisfy essential
duality and PCT symmetry .

In [86] Mund investigates the Bisognano-Wichmann theorem in an algebraic
context for massive theories. He assumes that

e there exist massive particles with their scattering states spanning the
whole Hilbert space,

e within each charge sector the occurring particle masses have to be isolated
eigenvalues of the mass operator,

e the representation of the covering group of the Poincaré group should not
have ‘accidental’ degeneracies, and

e localisation in spacelike cones should be given.

All investigations mentioned so far are concerned with one preferred space-
time region, namely the right Rindler wedge Wpg. The wish to transport the
result of Bisognano and Wichmann to other interesting spacetime regions, like
the light cone Vi and the double cone D, seems obvious. The action of the
modular group was first computed for the forward light cone by Buchholz [24]
and then some years later for the double cone by Hislop and Longo [60]. Unfor-
tunately, these results deal with the massless case only, whereas the Bisognano-
Wichmann theorem is valid for all masses m > 0. In the sequel we first present
the derivation of Hislop and Longo for D; and then proceed to Buchholz’ result
on V4.

Via the rotations in the &' — ¢4-plane,

) = —€*sinp + £ cos g,
Tui(p)€ == { E4p) = €' cos p + &l singp, ¢ € [0, 7],
E(p) = ¢, 1=0,2,3,5,
the wedge Wg can be mapped conformally onto the double cone Dj:
T
Tu <§> Wg = D;.
In z-coordinates the transformation reads
—1
z () = &) (') +E2(9)) T, 1 =0,1,2,3.

The idea now is to transport the known modular action from Wpg onto D;
through the relation

Tos(s)E : =Ty <%) T1o(s) <T41 <g))71§
(
(

3
=4 &4(s) = ¢sinhs + ¢ coshs, s € (0,7,
gz(s):é‘l 1=1,2,3,5,
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where Tig are the Lorentz boosts written as pseudo-rotations in the (¢! — £9)-
plane:

¢0(s) = —€%cosh s + ¢4 sinh s,
Tho(s)§ == < €1(s) = —€"sinh s + ¢ coshs, s € [0,7],

¢'(s) =€, i=2,3,4,5.

The new conformal transformation in the z-space then is:

2(s) = {xj(s) = Vo)™ (" coshs+ 5(1 + (2, 7)) sinh ), (4.7)

(s) = N(s)"'at, i=1,2,3,

1 1
N(s) := 2"sinh s + 5(1 + (z,2)) cosh s + 5(1 — (z,2)).
This can be written in a more compact form as:

Cltay —e (1 —ay)
S ldazytes(l—ay)
with =z, =2+ |x| and =z :=2°—|x|.

x4(8)

If the net structure is respected by the conformal group, i.e., for each g in a
neighborhood N of the identity in the conformal group one has an algebraic
isomorphism ay : M(O) — M(gO), where O is a bounded region, with

agzi)ﬁ((’)l) —>9ﬁ(g(’)1), O CO,gGNn,
and if the vacuum state wy is invariant under the conformal group, i.e.,
wo(agelf]) = wo(elf]),
then the isomorphism a4 can be implemented unitarily:

Uyl f12 = (agelf]) Q.

Both conditions defining conformal invariance of a theory are given in a free
massless field theory, only. Thus we get for the modular objects on the double
cone Dy,

_ —1
Jp, = Ury IwpUr, s and
it _ it 71
ADI — UT41 AWR UT41 .
Finally, one arrives at

Theorem 4.41 (Hislop-Longo) In a free massless quantum field theory the
modular objects for the von Neumann algebra of observable fields 9M(Dy) with
reference to the vacuum state are

Jp, =T (LU,) and AZ* =T[U(s)],
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where Iy is the time reversal operator, U, the conformal ray inversion oper-
ator, defined in (3.6), and s := 2nt. The modular automorphism group acts
geometrically as special conformal transformations:

b, (plf]) = A, elf1ALY = ¢lfdl,
where  fs(x) = ’y(xo,x?’,s)f(xi(— )),
v(2 2%, 8) == 20(14 24 +e7°(1 - z+))_3(1 —z_+ef(1+ z_))_g,

24 = 20 + x3, z_ =0 — 3

The geometric action of the modular conjugation is illustrated in Figure 4.1,
namely Jp, transforms the double cone D; onto the shaded region.

i T

Figure 4.1: Geometric action of Jp,

The infinitesimal generator dp, of the modular group atpl can directly be
computed as in Proposition 3.9. It seems to be a linear combination of the
generator of time translations and that of proper conformal transformations:

511 = sty (P11) | g = @[0£] | o

with

Osfs(@) | _y = 0s7(a®, 2%, )| _ f(@) + 0sf (2(—5)) | _,
( 2!+ Ot (- )|s=08““)f(m)

320 -I- + (29)% +x%) 0,0 -I-IL‘OZ:L'i xz)f(x)

where we have made use of (4.7).



66 Modular Theory and Quantum Field Theory

The forward light cone is another important example for which the modular
objects can be computed. Analogous to the previous case one has the continuous
transformation

(p) = =€ cosp + {*sing,
Tos(p)€ = £2(p) = —Esinp + &' cosp, ¢ € [0, 7],
) =¢', i=1,234,
of the double cone D; onto the forward light cone V,:
™

Tos (§> Dy =V,

+&(s) = e (¢ + ©),
—&(s) =es(¢r =),  selo,7],
£'(s) = ¢, i=0,1,2,3.

Ts54(s)§ - = Tos (%) Toa(s) <T05 <%))_1§
(
(

For conformally invariant theories this mapping is also unitarily implementable,
and one directly obtains the modular objects for V, as
—1
Jv, =UrysJp,Up, , and
AY = Uy AB, Uyt
Theorem 4.42 (Buchholz) In a free massless quantum field theory the mod-
ular objects for the von Neumann algebra of observable fields M(Vy.) with ref-
erence to the vacuum state are
Jv, =D(LI) and Ay, =T[U(e®)],

where I is the space reflection operator and s := 2wt. The modular automor-
phism group acts geometrically as dilations:

ab, (plf]) = AF, Plf1ALY = ol f -]
with  fo(z) == e3* f(e’z).
Thus, the modular conjugation maps the forward light cone onto the backward

light cone, i.e., Jy, M(Vy)Jy, = MV_).
In this case the infinitesimal generator is given by

v, @lf] = 0505, (elf]) | g = ©[0sfs | o]
with
Osfs(x)| _o= (= 3+ aH0pu) f ().

Trebels examines the opposite direction [106]. He starts from a physically
well-defined one-parameter group of unitaries and compares their action with
the known modular action on Wg, V4 and D;. For double cones he can show
that the assumption of local action implies the Hislop-Longo transformation
(4.7) up to a scaling factor.
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Definition 4.43 A unitary transformation V : M(K) — IM(K), where K C
M is open, with V) = Q is called geometric, causal and order-preserving if
there exists an isomorphism g : K — K with the following properties:

(i) v € K = g(),97(z) € K.

(ii) If x, y € K and x — y is spacelike, then so are g(x) — g(y) and g~ '(z) —
-1
9 (W)

(iii) (z —y) € Vi = g(z) —g(y), ¢ () — g7 (y) € V.

(iv) VO(K1)V =M (g(K1)) for all subsets K1 C K.
Geometric and causal one-parameter groups are automatically order preserving.

Theorem 4.44 In the context of a free massless quantum field theory in the
vacuum sector let a subset IC of Minkowski space be given. Let us further assume
that the unitary group Uz has a geometric and causal action g: # lx and that
for all A € M(K) the mapping t — UL AQ has an analytic continuation on the
strip S(0,~) for some v > 0, then the following statements hold:

(i) For K = Wgr ¢ is identical to the action of Bisognano and Wichmann
up to a scaling parameter.

(i) For K =V, g coincides with the dilation up to a scaling parameter.

(iii) For K = Dy ¢ is identical to the Hislop-Longo transformation g(t) =
™D, up to a scaling parameter.

One can fix the scaling parameter to 1 for wedges, forward and backward light
cones with the help of translations which leave it invariant. Due to the absence
of such translations for double cones, the scaling parameter m is only known
to be positive in general. For special cases of quantum field theories it can be
shown that 0 <m < 1.

Fredenhagen [44] compares the result of Bisognano and Wichmann with
that of Hislop and Longo. One expects a relativistic quantum field theory to be
conformally invariant in the short distance limit (because of 1. the importance
of chirality in the standard model and 2. the existence of an ‘ultraviolet fixed
point’, of a scaling limit, is of great significance for quantum field theories in
curved spacetime). If one chooses a double cone D C Wpg which contains the
origin in its closure, one gets

|x|_1(azi(s) —Ay)z—0 as z—0

for x € D. The natural question is, if this coincidence of the two actions in the
neighbourhood of the origin is of general validity.

Proposition 4.45 For each f € L1(R) and A € (0,1) there exists a constant
ct(A) > 0 such that the following statements hold:
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(i) | [dtf()(AR" = AW )AQY? < c;(N(IAQ)* + [A*Q|P) for all A €
IM(A\D), and l

(ii) cf(A) — 0 for A — 0.

The constant cf(X) > 0 depends neither on the details of the theory nor on the
size of D.

Thus the action of the modular group for the double cone o, on M(AD) becomes
approximately geometrical, and it converges to that of the modular group for
the wedge U%R. Therefore the spectra of the modular operators Ay, and
Ap have also to coincide, provided that the theory is asymptotically scaling-
invariant. This information leads to the identification of the type of local von
Neumann algebras.

Proposition 4.46 If w is a faithful, normal state on a von Neumann algebra
M then a necessary and sufficient condition for A € R to be in SpecA,, is that
for each € > 0 there exists an A € M with w(A*A) =1 such that

W(AB) — Aw(BA)| < e(w(B*B) + \w(BB"))?
for all B € M.

Fredenhagen then proves that the above condition is satisfied for all positive
numbers A in a scaling-invariant theory.

Theorem 4.47 Let MM be a von Neumann algebra with M(D) C M C M(Wg).
If a Wightman field theory with a scale-invariant limit is associated to the local
net then the modular spectrum, see (4.1), is S(MM) = R4.

Consequently, due to Theorem 4.12, he obtains the following result.

Corollary 4.48 The von Neumann algebras of local observables are of type
I,

One might get the wrong impression of the modular group always acting
locally, but Yngvason [119] dashes this hope with the construction of a simple
counter-example. In the case of the left and right wedges he constructs a group
of automorphisms which he proves to be the modular group by verifying the
KMS condition.

In the case of the right wedge the group is defined by the unitary operator
Viy,, which acts first on the one-particle Hilbert space H; := £2 (]R", M(p)d,u(p)) ,
as

A e ) 1 .
Vwr(Ne(p) = T E——— e(Ap+, A p—,p),
and then is lifted on to the Fock space by the second quantisation procedure.
Here the function F' is assumed to have some kind of analytic properties by
means of Vyy,. The group reads

e (W (F)) = Vg (72 W () Vi, (€2™),
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with the coordinates p := (p?,--- ,p") and p+ := p° 4 p' and can explicitely be
shown to act non locally in the directions parallel to the edge of the wedges.
Since this pathological behaviour is of interest for our investigation in the sense
that the non local action could give us a hint for the form of the infinitesimal
generator of the modular group acting on the massive algebra, we will analyse
this group in detail in the next chapter.

4.5 More Applications of the Modular Action

In Section 4.3 we have already seen two important applications of modular the-
ory in the algebraic approach to quantum field theory, namely the discussion
on the type of local algebras and the mathematically rigorous formulation of
thermal equilibrium states, the KMS states. Fortunately, these are not the only
fields where modular theory enters the physical arena leading to great break-
throughs. In this section we present the main and prominent consequences of
modular theory in quantum field theory, the Hawking effect, the PCT theorem,
the construction of the Poincaré group, the algebraic spin-statistics theorem and
the modular nuclearity condition. There are many other applications, some of
them still under investigation, which we are not able to incorporate for the sake
of brevity. For more information we refer the reader to [16].

Hawking Radiation and Unruh Effect

Sewell shows in [99] that the Bisognano-Wichmann theorem is closely related
to the Unruh effect and Hawking radiation. In a classical treatment black holes
can only absorb, and consequently their mass increases permanently. But if one
takes into account also quantum field theoretical arguments, then this picture
changes significantly. Hawking proves in [58] that, due to vacuum fluctuations
near the Schwarzschild radius, static and uncharged black holes are not so black,
but rather radiate constantly like black bodies with the temperature
a

T= o (4.8)
where «a is the acceleration. Motivated by this achievement, Unruh finds that a
uniformly accelerated observer feels the Minkowski vacuum like a thermal bath
at the so-called Unruh temperature given above in (4.8) [108].

Now let us imagine, for the sake of simplicity, an observer uniformly accel-
erated in the z'-direction, i.e., his acceleration vector is given as (0, a,0,0)?,
where a is the magnitude of the absolute value of the acceleration. The ob-
server’s worldline is then given by the trajectory of the point

z = (0,a7",0,0)"

under the boosts in z!'-direction, the modular action in the right Rindler wedge
of Theorem 4.37,

coshs sinhs 0 0 0 a"lsinhs

Ag — sinhs coshs 0 0 a ! _ a1 coshs
s 0 0 10 0 0
0 0 0 1 0 0
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Replacing the boost parameter by the proper time 7 = a~!s, we find that the
operator ak, where K is the infinitesimal generator of the Lorentz boosts in
x!-direction, generates time translation in the observer’s rest frame, i.e.,

Agrz(m9) = (70 + 7).

Applying the Bisognano-Wichmann Theorem 4.37, we can compare this oper-
ator with the modular operator of the modular group for the Rindler wedge,
and see that
U(A ) _ eiaTK _ eQﬂitK _ A%
aT - - - R
holds if and only if ar = 27t. Hence we get the Unruh temperature,

1 t a
T =5 =0 =90
where [ is the inverse of the temperature defined through the KMS condition.

The Unruh effect does not explain the Hawking effect in a mathematically
rigorous manner, and therefore we should not expect the Bisognano-Wichmann
theorem to do so. Nevertheless, their close relationship may be justified easily
insofar as the boundary of the Rindler wedge can be interpreted as a simple case
of a horizon, because a signal sent across this boundary will never be responded.

Since the Bisognano-Wichmann theorem is only built upon the general
framework of axiomatic quantum field theory, it ensures the validity of the
Unruh effect for all field theories, in particular for the interacting ones. Un-
ruh investigates only free field theories. On the other hand, the Bisognano-
Wichmann Theorem can hardly be generalised to curved spacetimes, because
it is based on a self-adjoint and semi-bounded Hamiltonian operator whose
existence is not assured in non-stationary spacetimes.

In the same manner, i.e., with the help of the modular operators for dou-
ble cones and forward light cones, one can calculate the Unruh effect for the
diamond and the forward light cone, as done recently by Martinetti and Rov-
elli [85]. Their analysis is mainly based on the known modular actions on the
wedges, Theorem 4.37, light cones, Theorem 4.42, and double cones, Theorem
4.41, and the so-called thermal time hypothesis, which has first been intro-
duced by Connes and Rovelli [30]. This hypothesis says that the physical time
is state-dependent, and when the system is in a state w then time is defined by
the modular group with respect to w. One consequence is that if there exist to
independent definitions of time flow, e.g., thermal and geometrical ones, then
the temperature is defined by their ratio.

Martinetti and Rovelli investigate the case of an observer with finite lifetime
and calculate the diamond’s temperature to be

= a’L
271(\/1 + a?L? — cosh aT) ’

where L is the radius of the diamond’s basis, |zo| + |x| < L. First of all, for
large acceleration a, representing an observer travelling near the boundary of
the diamond and for large L we obtain the temperature

Tp(T) =

T'D (T

a

(1 — )
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This function rapidly approaches infinity at the boundary of the observer’s
proper time, but nearly stays constant for most of his lifetime at the Unruh
temperature. Thus, the observer with finite lifetime % experiences the Unruh
effect for most of his lifetime; however, the situations shortly after his birth and
before his death remain to be discussed.

This investigation is even more striking for an unaccelerated observer, as the

assumption a = 0 leads to a non vanishing temperature which has its maximum

1

ﬁD:E

at 2% = 0. In the case of the forward light cone the temperature is given by

1 _
TV+(T) = %6 aT’
and consequently the temperature at the birth of a uniformly accelerated ob-
server with a # 0 is positive and converges rapidly to zero. An unaccelerated

observer would still feel a non vanishing temperature.

PCT Theorem

Jost gives the first proof of the PCT theorem in 1957 [67]. It took more than
three decades to give an algebraic version of this theorem, i.e., within the frame-
work of the algebra of local observables 9t(O). This is mainly due to Borchers
[14], [18].

The PCT theorem states that the product of space reflection, charge conju-
gation and time reversal is a symmetry. The algebraic proof of this statement
in principle reduces to establishing the existence of the PCT operator ©, which
is determined by the following properties:

(i) The operator © is anti-unitary, and for all bounded regions O C M
O (M(0))O = m(M(-0)),
where g is the cyclic representation with respect to the vacuum state.

(ii) © fulfills the following commutation relation with Poincaré transforma-
tions,

OU(A,a)® = U(A, —a).
(ili) © maps a charge sector into its conjugate sector.

Up to the formulation of the modular theory and its application in algebraic
quantum field theory, the Bisognano-Wichmann Theorem, it seems to have
been impossible to verify the PCT theorem in terms of local algebras. But the
Bisognano-Wichmann Theorem supplies Borchers with a possible candidate for
the PCT operator,

6= JW+U(R1(7T)).

He shows the defining properties of © by clarifying the commutation relation
between the modular automorphism group and the translations in a first step.
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Theorem 4.49 (Borchers) Let 9 be a von Neumann algebra with a cyclic
and separating vector  and U(t), t € R, a one-parameter group fulfilling the
requirements:

(i) Ut)Q2=Q for allt € R.

(i) SpecU(t) C Ry.
(111) Ut)MU(—t) C M for all t € R.
Then the following statements hold:

AitU(S)A—it =U (6—27rt8) ’
and JU(s)J = U(—s).

A converse of this theorem has been proved by Wiesbrock [113], [115], [116].
He starts from a von Neumann subalgebra 91 of 991 satisfying the condition of
+-half sided modular inclusion (or —half sided modular inclusion), i.e., M has
the same cyclic and separating vector {2 and

AINAT C (4.9)

for all ¢ > 0 (¢ < 0). Then he shows that there always exists a one-parameter
group U(t) = et with positive infinitesimal generator H, which leaves
invariant and satisfies

U1)MU(~1) = N,

Apart from yielding the PCT operator, the Bisognano-Wichmann Theorem
ensures the validity of wedge duality, see Definition 4.36, which is required for
the next statement.

Theorem 4.50 (PCT, Borchers) Every Poincaré-covariant quantum field the-
ory of local observables satisfying wedge duality and the reality condition, see
Definition 4.39, is invariant under the PCT operations.

Construction of the Poincaré Group

We have seen that the modular group for wedge regions acts as Lorentz boosts,
and therefore one can pose the question if this fact is sufficient for the con-
struction of a representation of the Poincaré group. If the answer is positive,
then this fact can be used to discriminate the real relativistic, i.e., Poincaré-
covariant, vacuum from all the other cyclic and separating states fulfilling the
Reeh-Schlieder property of Theorem 4.22. This would also mean that all space-
time symmetries are already encoded intrinsically in the net of von Neumann
algebras of local observables.

Borchers shows in [14] that the two-dimensional case, where all wedges are
described by translations of the left or right wedge, can be covered with the help
of Wiesbrock’s construction of the translations [113]!. The higher-dimensional

LConcerning the results of this paper confer the remark on p. 61.
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problem has been solved by Brunetti, Guido and Longo whose proof is built
up on Moore’s theory of central extension of locally compact groups by Polish
groups [23]. They construct a representatlon only of the covering Pl . of the

proper orthochronous Poincaré group P! L

Theorem 4.51 (Brunetti, Guido, Longo) Let the modular group with re-
spect to the cyclic and separating vector 2 act on the von Neumann algebra of
local observables M(O) associated with an open and bounded region O. If the
Bisognano- Wichmann property holds, then there exists a unitary representation
U of 751, determined by the equation

U(AWR(t)) = A%Ra teR,

which preserves the vacuum, UQ = ), satisfies the spectrum condition and is
M(O)-covariant, i.e., the local algebras transform covariantly under U. Fur-
thermore, wedge duality holds.

The invariance of the vector 2 with respect to the representation U of 751
justifies treating €} as the vacuum vector. Consequently, if one restricts the
discussion to this case, then it should be possible to solve the problem for
731_ itself. In a later publication Guido and Longo prove the existence of the
unitary U for the Poincaré group PJTr as a byproduct of their general algebraic
spin-statistics theorem [51].

Borchers succeeds in showing directly from the Bisognano-Wichmann prop-
erty the existence of such a representation for P_T,_ by making use of the modular
intersection property, a concept of Wiesbrock [115], [116].

Definition 4.52 The triple (I, N, QY), where M and N are von Neumann alge-
bras with the same cyclic and separating vector €1, is said to fulfill the £-modular
intersection property if the following two conditions hold:

(i) MNN satisfies the condition of +-half sided modular inclusion (4.9) with
respect to M and N.

(ii) Jon(s — limi—soo AHAG) Jn = s — limy—. 1o AR AR

Borchers continues his presentation with von Neumann algebras 9, ;,where
1 # k and Dﬁ;,k = My, ;, which satisfy the subsequent requirements (apart from
some additional technical ones):

(i) All algebras 9t; ;, have a common cyclic and separating vector €2, and the
triples (9M; 1, M; 4, 2) fulfill the conditions of +-modular intersection and
of —-modular intersection.

(ii) The modular operators A;tijk generate a six-dimensional Lie group.

(ili) There exists an algebra 9t o ) such that the triple (9t 2, M 2, ) sat-
isfies the condition of +-half sided inclusion.
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Using all these assumptions he then shows in [15] that, if 91 ;, 1 <@ < j < 4,
are six von Neumann algebras satisfying the conditions (7) and (#¢) and 9t 2 x
fulfills the condition (7ii), then the corresponding modular groups generate a
continuous representation of the Poincaré group Pl (in four dimensions) which
satisfies the spectrum condition.

Algebraic Spin-Statistics Theorem

Another main supporting pillar of quantum field theory, which can be verified
algebraically with the help of modular theory, is the connection between spin
and statistics, namely that it is not possible to quantise consistently an integer
spin system by Fermi statistics and a half-integer system by Bose statistics.
This has been established by Guido and Longo in [51], starting from the local
field algebra §(O) and assuming the following conditions to hold:

(1) The Reeh-Schlieder property, Theorem 4.22, for spacelike cones.

(2) Normal commutation relations, i.e., there exists a vacuum-preserving, self-
adjoint and unitary operator I', the so-called statistics operator, which
implements an automorphism on every local field algebra F(O), and the
field algebras

F+(0):={F € §(O)|TFT = +F}

satisfy graded locality (4.2).
(3) Modular covariance, i.e., the field algebra fulfills the relation
ALFO)AL =F(Aw(H)0), teR,
for all wedges W and all regions O.

Their proof is based on a former result of Longo [81], [82], who connects the
statistical dimension with the Jones index, see Theorem 4.19. Let us consider
for this purpose an irreducible endomorphism p : 9t — 9 localised in a double
cone O and a unitary element U € 991 such that the endomorphism,

p()=Up()U,

is localised in the spacelike complement of . Then the statistical operator,
defined as

e:=U"p(U),
can be shown to be a unitary element of p?(9) N9 and to fulfill
p(e)ep(e) = ep(e)e.

In the context of Doplicher-Haag-Roberts (DHR) theory, where p represents
superselection sectors, a representation of the permutation group S, can be
introduced for spacetime dimension four via the equation
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which can be classified by the value of the so-called statistical parameter,

1,1 1
Api=(e) = 0,41, =, += +— ...
P QS(E) Oa 9 2, 35 45 9

where ¢ is the left inverse of p. From this Longo derives the index-statistics
relation, i.e., a relation between the Jones index Ind(p) and the DHR statistical
dimension d(p):

d(p) = [A| 7" = Ind(p)"/?.

In a final step the assumption of modular covariance bridges the gap between
the local field algebra §(O) (local net of observables M(Q)) and the statisti-
cal parameter ),, because given this a representation of the Poincaré group
with respect to a covariant irreducible superselection sector p will be uniquely
determined and this uniqueness connects them intrinsically.

Theorem 4.53 (Guido-Longo)

(i) Let F(O) be a local field algebra satisfying the conditions (1), (2) and (3)
given above, then

I'=U(2nr)
holds.

(ii) For an irreducible, modular-covariant local net of observables A(O) on
Minkowski space and an irreducible, covariant and localized endomor-
phism p with finite statistics one has

Up(2m) = sign(Ap),
where U, is the representation of 751 in the sector p.

In the same paper [51] Guido and Longo also give a proof of the PCT theorem
within the formalism of local field algebras. For this purpose they consider the
intersection

310) = (] SW),

W>D0O

which fulfills the Reeh-Schlieder property, locality and duality for convex, causally
complete regions.

Theorem 4.54 (Guido-Longo) Let F(O) be a local field algebra satisfying
the conditions (1), (2) and (3) given above, then there exists an anti-unitary
operator © implementing the PCT symmetry on the local field algebra F4(O):

034 (0)6 = F4(-0).
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Modular Nuclearity Condition

The axioms for the nets of local algebras do not yet implement one of the main
concepts of high energy physics, namely the concept of particles. This problem
is closely connected with the properties of the phase space volume associated
with physical states of bounded energy which are localised in spacetime. In the
algebraic formulation of quantum field theory there are several proposals how
this volume should depend on the energy and localisation in order to allow for
a particle interpretation.

Haag and Swieca were the first to give a characterisation of theories with
a particle interpretation [56]. They have been motivated by the fact that in
quantum mechanics, due to the uncertainty relation, only finitely many quan-
tum states fit in to a bounded subset of phase space. Therefore, they formulate a
compactness criterion for states in a phase space volume associated with energy-
damped local excitations of the vacuum state. To be more precise, for given
B > 0 and bounded spacetime regions O they consider special maps defined as

Op0 : AO) — H
A B50(A) = e PHAQ,

where H is the Hamiltonian and Q € H the vacuum vector. They claim that
in theories allowing for a particle interpretation the following condition holds
true:

Compactness condition (Haag-Swieca): The maps ©g o are compact in
the norm topology for all 5 > 0 and any bounded spacetime region O.

Fredenhagen and Hertel [46] start from global states of limited energy and
consider their restriction to local algebras. For each real number 8 > 0 they
first choose a subset of the space of normal linear functionals Sy on B(H),

Sp = {w € Sy| ePH yePH ¢ SN},

which is a Banach space of functionals of limited energy when equipped with the
norm ||wl|g == [|e*wePH||. Localisation in configuration space is introduced by
restriction of these functionals to the local algebras 2(O) C B(H). The map to
be considered in this ansatz is defined as

H,@,(’) . Sg — 91(0)*
w = IIg o(w) = wlyo),
and one postulates for quantum field theories with decent properties:

Compactness condition (Fredenhagen-Hertel): The maps Ilg o are
compact for all § > 0 and any bounded spacetime region O in the norm
topology.

In contradistinction to the approach of Haag and Swieca, the order of energy
damping and localisation in configuration space is closer to the algebraic for-
mulation and can be applied to all superselection sectors.
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Buchholz and Wichmann were the first to introduce a quantitative descrip-
tion of the phase space in quantum field theory in terms of a nuclearity criterion.
This does not only state the qualitative property of compactness of the phase
space volume, but also requires a certain dependence on the available energy
and localisation region [28]. They investigate the map

GO0 : A0O) — H
A B50(A) :=e P AQ

and formulate their condition in terms of the notion of nuclearity.

Definition 4.55 Let X and )Y be Banach spaces. Then the linear operator
O : X — Y is said to be nuclear if there exist a sequence of continuous linear
functionals w; € X* and a sequence of vectors Y; € B such that

O(X) =Y wi(X)Y; forall XeX,
=1

(o]
with Z lwill - | Yi]| < oo.
i=1

Given this one defines the nuclearity index of © as

v(©) = inf {Z [Jows]| - HKH} :
i=1

where the infimum extends over all decompositions of © complying with the
above properties.

Nuclearity condition (Buchholz-Wichmann): The maps O3 ¢ are
nuclear for all 8 > 0 and any bounded spacetime region O, and their
nuclearity index vg o(©) is bounded by

vg.0(0) < e, (4.10)
where 7 is the spatial radius of O and ¢ and n are constants.

This formulation of the nuclearity condition is not completely local, since
it makes use of the global Hamiltonian as well as of the global vacuum state.
Exactly at this point the modular theory, to be more precise the Bisognano-
Wichmann Theorem, plays a decisive role. Buchholz, D’Antoni and Longo give
a local nuclearity condition in terms of the modular operator [26], local in the
sense that only information about the restriction of the vacuum state wq to the
local algebras 2(O) is needed. Moreover, this nuclearity condition is applicable
to theories on any spacetime manifold, because the vacuum can be replaced
by an arbitrary dense set of vectors. The idea for a modular formulation is
that the Hamiltonian can be naturally connected with the modular operator
Ay, = U(A(277),0) corresponding to the local algebra A(W;) on the wedge-
shaped region

W; = {z € M| |20 < 2! +7}



78 Modular Theory and Quantum Field Theory

and the vacuum vector {2, where U is the representation of the Poincaré group
on the Hilbert space H. In fact, one may prove the following relation:

e~ sSn2mTH 40 — U (A(Fiv),0) Va (iv)U (1, F[1 — cos 2mv]T) AQ

with
Vi (u) == U (1, F1) U (A(£u), 0)U (1, F7) "

forall 0 <wv < i and all operators
Ae QL(WR + [1 — cos 27Tv]z> ﬂQl( —Wg + [1 — cos 271'2}]1),

where 7 denotes the spacelike vector, whose components are all zero apart from
1_
7 =71>0.
Now let O and O, O1 C Os, be two arbitrary bounded regions of Minkowski
space with Oy C W, N (=W, ), and consider the map

E(’)l,(’)Q : Q[((91) —H
A B, 0,(4) = (14 86%) A0,

where Ap, is the modular operator associated with the local algebra 2(O2) and
the vacuum vector 2. N(e) is called the e-content of the map Zp, 0,, if for a
given € > 0 N(e) is the maximal number of elements A; € 2 (O1), the unit ball
of A(01), i =1,--- ,N(e), such that ||Ep, 0,(A; — A;)|| > € for all i # j. The
map Zp, 0, is compact if and only if its e-content N (e) is finite for all € > 0.

Definition 4.56 Let €, N(€) and Ep, 0, be as aforementioned, then one de-
fines, if existent, the order q of the map Ep, 0, as

) Inln N(e)
q = limsup ————.
eNo Ine

With these notations we are now ready to formulate the local nuclearity crite-
rion:

Modular nuclearity condition (Buchholz-D’Antoni-Longo): The maps
Z0,,0, have to be of arbitrary small order if the inner distance between Oy
and Oy is sufficiently large.

The next task is to combine the compactness requirement of Fredenhagen
and Hertel with the notion of p-nuclearity, a generalisation of the nuclearity
given in Definition 4.55, in order to give a more precise description of the size
of the phase space in quantum field theory.

Definition 4.57 Let X and )Y be Banach spaces. Then the linear operator
O : X — Y is said to be p-nuclear, where 0 < p < 12, if there exist a sequence

2The upper bound was mentioned in [41] and will be discussed in the next page.



4.5 More Applications of the Modular Action 79

of continuous, linear functionals w; € X* and a sequence of vectors Y; € B such
that

OX) =Y wi(X)Y; forall XeX
=1

o
with Y [Jwill? - [V;]]P < 0.
i=1
Combinations of such functional and vectors are called p-nuclear decompositions
of ©. Furthermore, one defines the p-nuclearity index of © as

o] 1/p
vp(0):=  inf (Z [Jows [P - HYzII”> , (4.11)
i=1

p—nucl.decom.
where the infimum extends over all p-nuclear decompositions of ©.

Buchholz and Porrmann examine this problem and give the strongest of all
phase space conditions, which is satisfied by the free field theory of massive and
massless particles in four spacetime dimensions [27].

Nuclearity condition (Buchholz-Porrmann): The maps I3 ¢ are
p-nuclear for all sufficiently large 8 > 0 and any bounded spacetime region O.

To put it in a nutshell, one verifies the following diagram showing the relations
between the different nuclearity and compactness conditions:

Buchholz-Porrmann = Buchholz-Wichmann

l l

Fredenhagen-Hertel — Haag-Swieca

where the arrows denote real implications. In this diagram neither an additional
relation can be added, nor any of the existing ones can be reversed.

In a recent paper Fewster, Ojima and Porrmann, in the context of their
investigation of a possible equivalence relation between nuclearity criteria and
quantum energy inequalities, which restrict the violation of the classical energy
conditions to the amount compatible with the uncertainty relations of quantum
theory, mention the occurrence of two inconsistencies [41]. First, one should be
aware of the different definitions of p-nuclearity for p > 1 given by mathemati-
cians, e.g. [65], and physicists, which may provoke confusion.

Their second concern is of greater importance for the whole concept, since
they can show that the p-nuclearity index (4.11) vanishes for any p > 1. In
order to save the Definition 4.57, they suggest to further restrict the set of
admissible p-nuclear decompositions. One could demand, for example, linear
independence of the vectors (Y;);en of the sequence, which still does not suffice.
In the special case of Hilbert spaces one could also restrict attention to p-nuclear
decompositions in terms of orthonormal bases.
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Chapter 5

Modular Group on the
Massive Algebra

Beweisen muss ich den Kas’
sonst ist die Arbeit unserios.

F. Wille

We have seen in the previous chapter how the knowledge of the modular

group has led to a variety of most important applications. Modular theory in
general seems to become more and more a powerful tool for diverse problems
and the natural formalism by which local quatum physics may be formulated.
But the potential of modular theory will not be exhausted fully as long as the
modular group of, acting on the massive algebras 9,,(O) is not determined.
With of, one would obtain a deeper and easier accessible understanding of the
dynamics of quantum systems.
Due to the result of Trebels, see Theorem 4.44, ol has to act non-locally on
M, (O), otherwise it would coincide with of up to a scaling factor. Thus, exam-
ples of modular automorphism groups acting non-locally may serve as a testing
ground for the aforementioned assumptions on their infinitesimal generators d,,,
namely, they have to be of the form (1.2).

Assumption on the massive generator 5.1 The massive infinitesimal gen-
erator &,, has the following structure:

Om = 60 + Op, (5.1)
where &g is the massless generator, satisfying the following properties:
(i) the known massless generator &g is the principal term in dp,;
(ii) 0y is a PsDO;

(iii) the order of 0, is less than 1.
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The first part of our investigation begins with the motivation of these as-
sumptions. In Section 2, we will then verify these assumptions for the first time
explicitly for two concrete examples of modular groups with non local action.
The first example is due to Yngvason from his analysis of essential duality [119],
and the second one is given by Borchers and Yngvason in the context of the
formulation of modular groups with respect to general KMS states [17]. In the
subsequent Section we discuss the ansatz of Figliolini and Guido who treat the
modular operator and its continuity properties in the second quantisation for-
malism [42]. The last two Sections contain two approaches of our own. The first
one is based on the unitary equivalence of free local algebras and the second
one relies on the cocycle theorem of Connes, Theorem 4.9.

5.1 Why a Pseudo-Differential Operator?

The assumption that the infinitesimal generator &, of the modular group of,
acting on the massive algebra 9, (D), where D is a double cone, is a pseudo-
differential operator, is mentioned explicitly first by Schroer and Wiesbrock [97].
However, the authors restrict themselves to a few remarks on their strategy
how to calculate 6,,,. This strategy supposes an intermediate step, namely the
computation of the modular group meo on M., (D) with respect to the ‘wrong’
massless vacuum vector €2g. They claim, without giving a proof, to have shown
this to lead to a pseudo-differential operator for the infinitesimal generator
dm,0, whose principal symbol is identical to the infinitesimal generator dp, a
differential operator of first order, derived by Hislop and Longo for the massless
algebra My(D) with respect to Qp, see Theorem 4.41. Furthermore, they state
that its action “on a smaller massive subalgebra inside the original one is not
describable in terms of the previous subgroup”, and “the geometrical aspect of
the action is wrecked by the breakdown of Huygens principle, which leads to a
nonlocal reshuffling inside D but is still local in the sense of keeping the inside
and its causal complement apart” [97]. They propose to derive, in a final step,
the modular group o!, and its generator d,, with respect to the ‘right” massive
vacuum vector 2, via Connes’ cocycle theorem,
0 (A) = Ty, o (ALY,

for all A € M,,,(D), where I'y is the o-strongly continuous family of unitaries
defined in Theorem 4.9. Schroer and Wiesbrock assume that this procedure
will not change the pseudo-differential nature of the infinitesimal generator.

0m Has to Be Timelike

It is well known that, due to the theorem of Noether, a conservation law is the
consequence of a continuous symmetry group, and in our special case symmetry
under time translations, i.e., the existence of a time-independent Hamiltonian,
leads to the conservation of energy. The physically well-motivated demand of
such a conservation condition determines the causal property of the Killing
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vector field X*, or in our case of the infinitesimal generator d,,, see [72], [111]
and [100] .

In general relativity, i.e., in a Riemannian spacetime, the stress-energy tensor
satisfies the local conservation law

., =0, (5.2)
where the semicolon denotes the covariant derivative,

Al = 0, A" —T",, AP with

PR 0 0 0
r vp = 59 8.%'Vgp)\ + %91/)\ + %gup .

But in general no genuine integral analogue can be found, because of the absence
of a Gauss law for tensor fields of order greater than 1. In the case of a spacetime
with a Killing vector field X* one derives

(XMTW);V = Xy TH + X, T, = 0.
The first addend vanishes since X, is anti-symmetric and T is symmetric,
while the second one is 0 due to equation (5.2). Now we have a new situation,
as the term on the left-hand side is a vector and the Gauss law may be applied
to this relation. Finally, one obtains a conserved quantity,

T := / T X, (— det guy)l/Zd?’x.
20=const

The interpretation of T' as the energy is physically meaningful, only if the vec-
tor field X# is timelike, i.e., X, X# < 0. Thus, the energy of a gravitational
system can be defined properly when a timelike vector field exists, and then it
is automatically conserved.

In our case this means in particular that, if the infinitesimal generator &,, is
not timelike, then one would be able to find scalar fields, defined with respect
to X*#, whose energy would not be bounded from below [71].

Conformal Invariance of the Klein-Gordon Equation

We begin by justifying the requirement of the infinitesimal generator of the
modular group for the massive algebra to be a pseudo-differential operator. To
this end we discuss the Klein-Gordon equation, in particular its maximal local
symimetry.

The invariance under a maximal symmetry operator @, see [48] and [47],
means that, if ¢ is a solution of the Klein-Gordon equation, then so is the
transformed scalar field Q:

(O+m?)p(x) = Lo(z) =0 = (0+m?)Qp(z) = 0.

We are concerned here with linear differential operators of first order, which can
be interpreted as generators of continuous transformation groups. If we express
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the symmetry operator by @ := A*P,+ B, where A* and B are complex-valued
functions and P, is the infinitesimal generator of translations, see Table 3.2,
then the implication given above is equivalent to the existence of a complex-
valued function ag such that

(Q, L] = agL.

The set of all symmetry operators for the Klein-Gordon equation forms a com-
plex Lie algebra, since along with the symmetry operators Q1 and Q)2 also their
linear combinations and their commutators are symmetry operators. This so-
called invariance algebra can be finite-dimensional or infinite-dimensional.

Writing the symmetry operator in terms of the anti-commutator [A, B]; :=

AB + BA,
1 " . 1 B
Q=3 RJ. +C with C:= 4" B+ B,
we obtain

[%[A“, Py +C, L] —agl

[[0" A", Py, P], + [0"C, R, =

DO | —

1 .
1 [[aQ,P“]+,Pﬂ]+ + %[(Won,PH]JF —m?ag.

The operators on both sides are equivalent, if the coeflicients of the same anti-
commutators fulfill the following conditions:

1
VA + M AY = 59““0@,
o'C = 0"aq, and m?ag = 0. (5.3)

From now on we have to distinguish between two different possibilities. The
first one is the massless case, namely the invariance algebra of the massless
Klein-Gordon equation, and we conclude that the general solution of the first
two equations is

AP = ut(z) = o + g wy,z’ + dat + 2t e — zya e,

confer equation (3.4). Thus the maximal invariance algebra of the massless
Klein-Gordon equation is the whole conformal algebra generated by the trans-
lations, Lorentz transformations, dilations and the special conformal transfor-
mations.

Due to the implication g = 0 in (5.1), the second case, that is the massive
Klein-Gordon equation, leads to the conditions

"AF + o AY =0 and OMC =0.

The general solution of these equations is a linear combination of the infinites-
imal generators of the translations and of the Lorentz transformations. There-
fore, the massive Klein-Gordon equation is only Poincaré-covariant.
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In the next Sections we will derive a group of automorphisms on the massive
algebra 91, with respect to the massless vacuum state. The existence of the
automorphism group on M, for the massive vacuum state is then ensured by
the cocycle theorem of Connes. Since Figliolini and Guido, see Theorem 5.9,
have shown continuity with respect to the strong toplogy of the mapping

the generator §,, of the massive group has to contain in a certain sense the
massless one dg, which is a differential operator of order one as derived by Hislop
and Longo [60], as a special case, namely in the case m = 0. But, as discussed
above, 6,, cannot be maximally symmetric like dg, because the massive Klein-
Gordon equation is not conformally invariant. The ‘additional term’ in §,, seems
to be responsible for the breakdown of conformal symmetry and, therefore,
cannot be a differential operator. This circumstance is a hint for its pseudo-
differential or even Fourier integral nature. In fact, this conjecture is confirmed
by at least two examples due to Yngvason and Borchers, which will be discussed
in the next Section in detail. The non-local action of these modular groups is
reflected by their infinitesimal generators, which can be shown explicitly to be
pseudo-differential and Fourier integral operators.

5.2 Modular Groups with Nonlocal Action

Before we try to calculate the modular automorphism group o?,,

investigate the Assumption 5.1 on its infinitesimal generator d,,, which is ob-
viously not known in general. As aforementioned, the modular groups to be
considered as constructive examples for our purpose are such with nonlocal ac-
tion. To the best of our knowledge, there exist only two concrete examples for
such modular groups in the literature. The first modular automorphism group
is given by Yngvason in the context of his investigation on essential duality
[119], and the second one is introduced by Borchers and Yngvason who formu-
late modular groups in a more general setting, namely with respect to arbitrary
KMS states instead of the vacuum state [17].

we want to

Yngvason’s Counter-example

In a Poincaré covariant Wightman framework, Bisognano and Wichmann iden-
tify the modular groups with the Lorentz boosts and, furthermore, show that
wedge duality holds. Yngvason investigates the validity of these two properties
for local nets [119]. He can give explicit examples for fields violating essential
duality, an implication of wedge duality and major assumption in the superse-
lection theory, or Lorentz covariance. We take one of his concrete examples as
an opportunity to analyse the infinitesimal generator of a modular group with
nonlocal action.

He starts with a Hermitian Wightman field ¢ which transforms covariantly un-
der spacetime translations, but not necessarily under Lorentz transformations.
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A general two-point function, satisfying positivity, translation covariance, spec-
trum condition and locality, is of the following form in the Fourier space,

wap) = 3 Mi(p)di(p).
=1

where M; is a polynomial, which is positive on the support of du;(p) in Vi,
i=1,---,n, the positive, Lorentz-invariant measure. For the sake of simplicity
let us consider a two-point function consisting of only one term,

wa(p) = M (p)du(p),

whose polynomial factorises as
M(p) =: F(p)F(=p) and F(p)" = F(-p),

where F'(p) (in general no polynomial) is analytic in a certain sense and has no
zeros in the right wedge characterised by x4+ > 0 and x_ < 0. The existence of
such polynomials is ensured by the following example,

with

F(p) = (pp+m*)? +ip' = (pp+m*) 2+ S(ps +p-), (5.4)
where we have used the notation p := (p?,--- ,p") and px := p’ £ p!. One
obtains the generalised free field ¢y, (), where ¢, is the free field of mass m,
by setting du(p) = ©(p°)d((p,p)m — m?) and M(p) := (p°)?. For A > 0 one
can now define the unitary operator ¥}y, (A) on the Fock space F, first on the
one-particle space H; := L (]R", M(p)d,u(p)) by

F(_)‘p-i-a _Ailp—7 _p)
F(—p+, ) _ﬁ)

Ve (N e(p) = e(Ap4, A 'p_, p)

for ¢ € Hy, and then by canonical extension (second quantisation) to F. One
then introduces a one-parameter group of automorphisms on the von Neumann
algebra 9M(Wpg) over H generated by the Weyl operators W(f) := erelf];

e (W () = Vivg (e )W (f)Vavg (e2™). (5.5)

Yngvason identifies this group with the modular group with respect to the
vacuum state on MM(Wg) by proving, due to Theorem 4.30, the validity of the
KMS condition, namely, he proves that the function

F(t) = (@ oy, (W)W (9)2)
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where f and g are test functions with support in R, has an analytic con-
tinuation from the real axis into the half strip {t +is] 0 <s<1,t,s€ R}
with

linﬁ F(is) = (Q,W(g)W (f)Q).

s—
But the operator Vyy, (A) maps the Fourier transform f of f with suppf C Wg
into

: (P +m?)'2 — 5(py — A" p-)

f)\(p) = VWR(A)f(p) = (ﬁﬁ‘i‘ m2)1/2 — %(p+ _p_) fv(Aer,)\ilp*aﬁ)’

which is not analytic in p and therefore cannot be the Fourier transform of a
function with compact support in the Z-direction, & := (22,--- ,2") . Conse-
quently, W(fy) cannot be an element of any wedge algebra unless the wedge is
a translate of W or the left wedge Wy, := {& € M| |2°] < —z3}. The operator
W (fy) is still localised only in the x°, z'-directions in the sense that it is an
element of M(Wpg + a) N M(Wg + b)’ for some a,b € Wp.

Correspondingly one derives for the left wedge Wy,

(Ap+7 )\_1])7’]3)
F(erap*’ﬁ)

By comparing the modular conjugation of the two wedges,

Vv, (Vp(p) 1= = O A ).

Fp 7p—7_f) AN
I e(p) = Pty =) and
F —p 7_]9—715 A
Ty (Ne(p) = ;(pj = ) o(psspes—)",

one recognises that wedge duality, i.e., MWg) = MONVL), is satisfied if and
only if F'(p) = F'(—p) holds on the support of du. This condition is violated by
our example mentioned above.

One may ask if the non-local behaviour of this example is reflected in some
way by the infinitesimal generator of the group (5.5). First, we derive the
generator for the modular group,

F(=Apy,—X"'p_,—p)
F(_era —P-, _ﬁ)
= F()\,p+,p_,ﬁ)g0()\p+,)\_1]?_,]5),

Ay o(p) = e\, A, p)

where A = e 2™ as

Wi (p) = A0 (0)]
= atF()\vp+7p—7ﬁ)|t:O(p(p+7p—7ﬁ) + 815%0()\])4‘7 Ailp_’ﬁ)b:o

2
= ~ a - 76_ F - y 75_A
{F(_p+7_p_7_p) (P+0p, — P=0p_ ) F(—ps, —p—, —P)

—2mp40p, +2mp_0)_ }so(m,p,ﬁ)-
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For our example (5.4) we obtain:

in(—p+ +p-) } )
1) = - — 27 a + s 76 B D,
WR%D(p) { (ﬁﬁ + m2)1/2 _ %(p+ + pi) D+ D+ D Sp(p+ p p)
—2imp! 0 ) )
- {(ﬁﬁ+ m2)1/2 —jp0 A (p"Opr +p'0y0) (P4, P D)-

While the second term can be identified with the Bisognano-Wichmann in-
finitesimal generator (4.6), the first term containing the mass m is a PsDO of
order zero. This additional part has to comprise the non local character of the
modular group A%R. To put it in a nutshell, we have verified the Assumption
5.1 with

—2impt

Oy 1= .
T )

Borchers-Yngvason’s Counter-example

In [17] Borchers and Yngvason give other examples for modular automorphism
groups which act non locally on the wedges, light cones and double cones.
Whereas all investigations given so far have been concerned with modular
groups with respect to the vacuum state, Borchers and Yngvason formulate
the automorphism groups by means of KMS states.

They start with a general C*-dynamical system (2, a!), an al-invariant sub-
algebra B, i.e., o'(B) C B, and an («a, 3)-KMS state w. Due to the analyticity
property of KMS states,  is separating, and also cyclic for 9 := 7, ()" and
M = 71,(B)", if one assumes | J,cp &' (B) to be dense in 2 in the norm topology.
Hence, the existence of the modular objects is ensured and one may determine
the action of the modular automorphism group. Their main theorem reads as
follows.

t

Theorem 5.2 (Borchers-Yngvason) Let T(t) := e be the unitary group
implementing the automrphism group o and N(t) := T(t)N, then one has:

FNOALT =NV (1)),

where

VT (t) = % log <1 + e 2T (e%t/ﬁ - 1))

for all t, T € R satisfying
1+4e 277 (627”/6 — 1) > 0.
Furthermore,

AGIMAGT C M and N = () ARMAG”

7>0

hold for all 7 > 0.
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This result is then applied to quasi-local algebras 20(O) and B := A(Oy),
where Og is invariant under half-sided translations in ¢-direction. The authors
restrict themselves to two-dimensional theories which factorise in the light cone
variables z := 204+ x! and x_ := 20 — 2!, In these cases one may first establish
the modular group on the algebra 9MM(R;.) as

Ai_:i)ﬁ([xi, oo[)A:LiT = M([V} (z4), o0,
where
I/i(l':t) = % log <1 + e 2t (ezmi/ﬁ — 1))
for all t, x4 € R satisfying
1+ e 2 (e2me+/0 — 1) > 0. (5.6)

In the same manner one introduces the modular group on the algebra M(R_)
as

AT — oo, 24 ]) AT = M| e, (o)
with
Vi (zy) = —vH(—ay)
for all ¢t,z4+ € R fulfilling
14 e¥ (e7 2o/ 1) > 0. (5.7)

Now, one can express the algebra for the two-dimensional space I, x I_ C R?
via the tensor product

ML, x L) = M(L) @ ML),
in particular, one obtains for the examples of our interest:

MOWr) = MR-) @ M(R),
MVy) =MRy) @ MR4), and
M(O) = M(I_) @ M(L.).

The corresponding modular groups with respect to a factorising KMS state
w ® w are given as:

A, =A" @AY,
AY =AY @AY, and
AS =A% @AY

Thus, Theorem 5.2 can be applied and one gets as a corollary
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Theorem 5.3 (Borchers-Yngvason) For the forward light cone one has
AV, ol fIAGT = o[, f]  with
(W, f) -y ay) = f(V4 (xo), Vi (),
for allt € R and x4 € R satisfying (5.6) for x = x4.
Analoguously, one has for the right wedge
WPl 1AW = e[V, f]  with
(Ao )(or24) = £ (), (24)),

for allt € R and x4 € R satisfying (5.7) and (5.6) for x = z_ and © = x4,
respectively.

14

For more concrete calculations Borchers and Yngvason investigate the Weyl
algebra of free Bose fields generated by elements W (f), f € D(R), with

Wf]* = W[-f] and
W[fIWg) = e KUI2W(f + g,

and

K(f.g) = / QU F(—p)a(p)dp.

where Q(p?) is a non-negative polynomial. They introduce for each scaling
dimension n € N and interval I C R the algebra 9t(") (1) which is generated by
the Weyl operators W(™[f] corresponding to Q(p?) = p**. While the algebra
is known to be independent of n for unbounded I, for bounded intervals one
only has the inclusion

om0 (1) ¢ m™ (1), (5.8)

whenever m > n. Thus the modular operators A, and A_ corresponding to
the positive real axis and the negative one, respectively, are independent of n.

Theorem 5.4 (Borchers-Yngvason) Letw be a quasi-free KMS state on the
Weyl algebra 9O (Ry) and 7 the corresponding cyclic representation, then one
has:

AL (WO AL = (WO ),

with

(2O ) () 1= (Vo (22)) = f ( 7 \og e G 1)}) :

2

and suppf C R4.
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Because of
W =w© [Z'Nf(n)]’
one may transform the action of the modular group to the case n > 0,
Ala(WO)AT" = ALr (WO [im f]) AL
= (WO [ Vi)
= (WO ).
and obtains the following result.

Theorem 5.5 (Borchers-Yngvason) Letw be a quasi-free KMS state on the
Weyl algebra () (Ry), n > 0, and 7 the corresponding cyclic representation,
then the action of ad Aﬁf reads as follows:

Alr (W) AT = (W W™ £)),

= [ [ [

and £ is the n-th derivative of the test function f with suppf C R,.

where

The modular action on the negative axis is formulated as aforementioned, i.e.,

ni(o) is defined via the transformation v* (z4).

Borchers and Yngvason show that the modular group acts locally only in
the case n = 0. While the action on the field operator, which can be regained
from the Weyl operators

n 7 ) () f(z)dx
7T(W( )m) —. ot [P (@) f(2)d
through functional derivation, is
Aff(p(o) (xi)Ajrit = Oy, Vi(xi)cp(o) (Vfr(xi)),

for n = 1 one gets an additional term, e.g., at the origin

i —1 —27 2m T >
AL (0)AT" = oM (0) - T t/o o (x)da.

In the case of double cones, namely where we are dealing with bounded intervals
I C Ry, fields of higher scaling dimension ap("), n > 1, are in general localised
only in the algebra M (I1) after the modular action, due to the inclusion
(5.8), but no longer in the original subalgebra M (IL).

To be more precise, due to Theorem 5.3, for the modular action on the
forward light cone we obtain:

A POLA1AV = ¢ [ 7] with
(ng}io)f)(ﬂff wy) = [V (), v (2y).
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Written in terms of the originial spacetime coordinates the transformated co-
ordinates,

¥ = %(Vi(um) +vf(z)) and
= %(yfr(amr) — v (z2)) (5.9)

of 20 and z!, respectively, are

= % log { [1 + 6_2“(62”“/5 — 1)] [1 +e” ( mz-[B _ 1)] },

B 14+ 6—27rt( 2rxy /B _ 1)
- log
4 14 e=2rt(e2me-/8 — 1)

Close to the apex of V., one obtains the known case § = 0, i.e., dilations with
the light cone coordinates z; and x_ scaled by the factor e,

In the case of the right wedge the same arguments lead to the following
modular action:

A%R (0)[f]A i go(o) [nwo)f] with
(nwi>f><x_,x+> = (v (zo), v (24).

The transformed coordinates are:
20 _ ﬁ log 1+ e 27 (627rm+/5 _ 1)
A 1+ e2mt (6—27rx7/6 _ 1) ’

— /3 — 4T T Us —ZaTTT —
7' = Zlog {[L4+ €72 (20— 1)] [L+ €2 (720~ 1)}

Here, near the edge of the the wedge, the action may be identified with the case
8 = o0, i.e., with Lorentz boosts where the light cone coordinates z; and z_
are scaled by the factors e=2™ and e?™, respectively.

Also in this case, we are interested in the infinitesimal generator 6(™ of the
modular automorphism group acting on wedges, forward light cones and double
cones, since we expect to see this non local behaviour in the pseudo-differential
structure of 8. The generator corresponding to the positive real axis in the
case of n =0 is

5(0) (0) [f] =0, Azt (0) [f]A
_ S0(0) [815773—(0) f]

—ut
+ ‘t:O
li=o:
with
@5 ) @),y = Of (W (32) [, = =B(1 = e 2™/9) ., f (o),
while the counterpart with respect to the negative real axis reads
50Of]: = aA% GO [ f1A
_ S0(0) [&mt_v(o) f]

—zt‘
— 1t=0

=0
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with

@O 1) (22)],_y = S (V- (22))] g = —B(1 = ¥™%/%),, f(as).

In terms of the original spacetime coordinates the infinitesimal generators have
the following form:

1) - 2t v,
T (e 6727r:v_/6)(9x1} F(20, 21, (5.10)
51(/(3,)}2!)"(3: ,561) = g{(e_%“/ﬁ + e2me-/B _ 2)(910

G D FCAN DS (5.11)
The generator for an arbitrary n > 0 is given in the next

Theorem 5.6 The infinitesimal generator of the modular group acting on the
algebra MM (R, is for n > 0

8\ flas) = 00V flaw) + 67 f(ag), (5.12)
where
o fla) = 2”/ (zg(z—g)ﬁ)nﬂs) elraEr2mi/ e, (5.13)

The counterpart for M™ (R_) for n > 0 reads

0 f(as) = 8"V flag) + 677 f(as) (5.14)
with
(n,r) — _ (Zg) Zl‘i(f—Qﬂi/ﬁ)
5 flas) = —2n / T rm o & (5.15)

Proof: By induction one obtains for the positive real axis:

T4 x! z™
8 fag) = 0 / / . / O D) (g ggn L !
0 0 0
z+ pxl z™
_ / / o 8tf(n+1) (Vi(.%’nJrl))dl'nJrl R
0 0 0 t=0
o Jo 0 a
8n+1 8 V n e dml
/0 /0 /0 t + |t 0

_ / / . 8;‘;;11f(m"+1)5$n+1 8t”i(xn+1) ‘t:O
0 0 0

dxn+1 . dl’l

t=0

= 60 flas) — 60T flas).
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Due to the fact that suppf C Ry, we get for the additional term
5(n+1 T)f _ 27‘(’/ / / Z§ n+1f z:vi e 727r:ri /Bdfd ntl L gt
o™ (e+2mi/)
=on [ L et
(is = %)™

The expression for the generator 5(_n+1,7")

the same way.

corresponding to R_ is calculated in

a

What we have shown is that the infinitesimal generators 5311) and 5(_n) with
scaling dimension n > 1 are no longer differential operators but Fourier integral
operators instead, see Definition 2.21. To be more precise, the generators do
have the following structure:

= 5{ +Z<5(’“’ =6 + 41"

(0)

Whereas the principal symbol 65" is still a differential operator of order one, the
(n)

additional part 0} ; is a Fourier integral operator of order zero with complex-
valued symbol

n

(n) (i¢)"
ay (&) = —_—
=+, ( ) ; (Z§ + %r)k‘

and a complex-valued phase function

ai(xi’g) = T4 <£:l: %) ’

)

which is independent of n. In Hérmander’s terminology, see Remark 2.2, 6(n
is a PsDO of order zero with the symbol,

- (Zf)k —2nx+ /0
P r( +,8) =) e TP
- Z (ic 7 )"

The generators with respect to the spacetime coordinates can be computed
via the equations (5.9). We denote them by 51(/(22 - 58:% and 5(Dn7 .- Thus,
Assumption 5.1 is proved with

0)  5(0) ¢(0)
dg = 5WR7 5\47 0p  and
(n) (n) (n)
67' = 5WR T 6V+,7’" 5D,T

for all n € N.
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5.3 The Approach of Figliolini and Guido

The analysis of Figliolini and Guido [42] is based on the second quantisation
formalism for free time-zero fields over a one-particle Hilbert space. Confer for
a short introduction Appendix B. They consider the modular operator as the
second quantisation of an operator A, i.e.,

A =dl(A),

for which they give an explicit expression. This procedure preserves properties
like self-adjointness, positivity and unitarity, but not, for example, bounded-
ness. Now consider a real-valued and closed subset K C H, denoted by K Cr H,
such that the vacuum 2 is cyclic and separating for the von Neumann algebra
MK) = {W(f)| f € IC}” which is generated by the Weyl operators W (f) .
In this case one can start with modular theory and define the modular objects
S,J and A in the usual way.

Eckmann and Osterwalder [38] give important insight into the interplay of
modular theory with quantum field theory of Bose fields and perform explicit
calculations of fundamental quantities using their

Theorem 5.7 If K is cyclic and separating for IM(K), then the Tomita operator
S is the second quantisation dU'(S) of the closed, densely defined and conjugate-
linear operator S over H defined by

S K +ik — K +iK
f+ig— f—ig.

Furthermore, for the polar decomposition S = JAY? of S, one has

J=dI'(J) and A =dI'(A).

The investigation of Figliolini and Guido relies on the statements of this theorem
and the results of Araki [2], and of Leyland, Roberts and Testard [79].

Now let us consider a double cone D C R* whose basis O C R3 is contained
in the time-zero hyperplane. Then we can associate with O the von Neumann
algebra

M(O) := {W(h)| h € Kpn(0)}
with K (0) == {wp /2 f —iwk?g| f,9 € D(O)},

where the energy operator wy, is given as

(wmf)~ (p) = /(—A + m2)1/2f(x)e*ipxd3x
= (p2 + mz)l/Qf(p)
for m > 0. The operator w,, is anti-local, which means

suppf C O and supp(wf)CcO = f=0. (5.16)
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The investigation of Figliolini and Guido [42] is mainly based on ‘local’ Sobolev
spaces,

=20

llwm

H,/2(0) = £2(0) N Dlwin' ) :
in terms of which they reformulate
Kn(0) = wyi!PH 32(0) — iwy*HL % (0).
For bounded regions O C R? and a > —% they show
H7,(0) = H§(0),

i.e., it is about the same vector spaces with equivalent norms. On these Sobolev
spaces the important operator A, is defined for o = £1 as

Ay :HO?(0) D Fp — H72(0), Ay = Poot” | i1o o0
and F, = w—a(H—a/Q(O) + H—G/Q(OC)) N I_IU/Q((/))7

where we have skipped the indices m and R. F, is dense in H?/2(O), and the
indicator function P, is given by

P, - HY2(R?) 5 (H7?(0) + H/?(0°)) — H%(R?)
I 1 on H?0),
7710 on H2(0°),

where O°¢ represents the causal complement of O. It can be shown that A, is
a densely defined and closed operator with the property

(A,) = A_,.

Now, Figliolini and Guido introduce an isommetric isomorphism between the
domain of § and a direct sum of Sobolev spaces via the unitary operator

T:H2(0) e H/2(0) — D(9)
T = 271/2(0)71/2 @ —iw1/2),

and they identify herewith S with the operator diag(C,C), since this isomor-
phism maps the invariant elements with respect to diag(C, C') onto the invariant
ones of S. With this correspondence Figliolini and Guido give an explicit for-
mula for the infinitesimal generator A,, of the modular operator with respect
to the mass m > 0.

Theorem 5.8 Let B be the self-adjoint operator defined as
B:H2(0)®HY?(0) D F_y)y ® Fy s — H?(0) o HY?(0)

(0 Ay
=L, )

then for m >0

1¢ Spec,(B) and T*A,T=——. (5.17)
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Consequently, 1 is also not contained in the point spectrum of A,,, but one
can show that, since A, and therefore B are unbounded, 1 has to be in the
spectrum of A,,. This means that the von Neumann algebra D(O) is the
unique hyperfinite factor of type I11;.

The next result of Figliolini and Guido will also be of importance for us.

Theorem 5.9 Let §,, be given as aforementioned. Then:

(i) The function m — A,, is continuous in the strong generalised sense.

(i) The function m — A% is strongly continuous, uniformly for every t in
any finite interval.

(iii) The function m +— A is strongly continuous, uniformly for every t in
any finite interval.

Although with Theorem 5.8 Figliolini and Guido seem to give an explicit
expression for the massive generator, its real nature is not apparent. Even if one
tries to calculate the special case m = 0 directly via (5.17) in order to confirm
the results of Bisognano and Wichmann, Theorem 4.37, Buchholz, Theorem
4.42, and Hislop and Longo, Theorem 4.41, one faces some obstacles. Also the
verification of Theorem 5.8 by use of the known modular operators for m = 0,
i.e., by insertion of the known massless modular operators acting on the Cauchy
data into equation (5.17), is not free of difficulties.

As mentioned above, see (5.16), the energy operator w reshuffles the support
of the test functions also into the causal complement of O, what is then corrected
by the characteristic operator P,. Because of this anti-local property of w, the
term

A Ay = P+1W70|H—1/2(0)P*IWJ‘H1/2(O)’

can hardly be further analysed directly, as long as one is not able to completely
determine this reshuffling procedure. This lack of knowledge termitates the idea
to approach the problem with the use of asymptotic expansions of w and w™?!,
see Example 2.10,

wf<x>=<<—A>1/2+— 1/2+Z I A)k*ém%)f(x),

where f is a test function.
It is more probable that Theorem 5.8 could contribute to the determination
of the order of the infinitesimal generator, since the analysis of Figliolini and
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Guido is realised by means of Sobolev spaces and, for pseudo-differential op-
erators, the order is linked up with the mapping property via Equation (2.4),
namely via the implication:

s<s = HY(R") c H*R").

This relation could lead to an upper bound for the order and, if the upper
bound is less than one, confirm the assertion of the infinitesimal generator for
the massless theory being the leading part.

5.4 Unitary Equivalence of Free Local Algebras

In [37] Eckmann and Frohlich prove the unitary equivalence of local algebras
M, (O) = M(O, m), where O is a bounded open subset of R, in the quasifree
representation for m > 0. Their proof is based on the strategy that two rep-
resentations of the CCR are isomorphic if the number operators from one of
them can be described by means of the state which implements the other rep-
resentation. In the sequel we want to summarize their result. Let R¢ be the
configuration space and H := L?(R?,dx) the Hilbert space of the one-particle
wave functions. Furthermore we denote by

F(H) = P LR, de)®™,  with L*R?dx)®:=C,

m=0

the symmetric Fock space over H and the vacuum vector by Qg := (1,0,0,---) €
H.

The creation and annihilation operators A*(f) and A(g), f,g9 € H, satisfy the
canonical commutation relations (CCR),

[A(f), A*(g)] = fgz—/f
[A(F), A(9)] = [A*(), A*(g)] =0,

and

AH) =0 VfeH.

Eckmann and Frohlich are considering the Fourier transform of multiplication
by (k% +m?)Y/2 on £L2(R?, dk),

i () = / (62 + m2)V2) (& — ) f (y)dy

for all m > 0. Then p is a real, positive and self-adjoint operator on H, and,
for some dense set D, C L2 (R% dk), it fulfills the following inclusions:

real
D(i'?) 2 D(p) == Dy +iDy, and D(u~?) 2 D(p).
Further on they restrict themselves to the time-zero formulation, i.e.,

eulf] =272 (A" (u™2f) + A(u2))), (5.18)
mulf] = 272 (AT (w2 ) + A2 )



5.4 Unitary Equivalence of Free Local Algebras 99

for f € D). These fields satisfy the Weyl relations,

cionlflgimuls] — oi(/.9)2 gimuld] gionlf]

For a bounded open region @ C R% a complex *-algebra

o

Mm,(0) = {ei“’“[f], ei”“[f]\ f € Dy,suppf C (’)} (5.19)

is constructed along with the von Neumann algebra 9t,(O) as its weak closure
in F(H).

Since von Neumann algebras with respect to different masses are to be com-
pared, Eckmann and Frohlich examine two different operators ,ufl and puy L
which satisfy the following statements for D := D + D with a dense subset
D C L2 (R4, dk):

real
D(u?) 2 DU, *D, D(pg'?) 2 DU VD,
Dy ?) DDU,uH/zD D(uy '?) 2 DU D,

The *-algebras M, (0), i = 1,2, are defined via (5.19) by replacing D,, with
D. The Bogoliubov transformation (3 := (5, 5_) is introduced as

1, - .
B =5 (1 V2 ).

If all conditions given above are fulfilled, then the mapping
(A7, 4) — (A5, Ap)
with
Al = A"(B4 f) + A(B-f),
Ag = A"(B-f) + A(B+[),
defines another one for the fields

(‘Pm [f], Ty [9]) = ((Pug [f], T o [9])7

via the relations (5.18) to get herewith an invertible homomorphism

78 My, (Rd) — M, (Rd)- (5.20)
One obtains the explicit form

Ol f] = 272 (Al 2 1+ Agluy P 1))

—9- 1/2(A*[ﬁ —1/2 ]+ A[B M_l/Qf]-i-A*[ﬁ _1/2f]+14[ﬁ+/f1/2f])
= 2" 1/2(A*[(ﬂ++ﬂ PR ALB + Bom )

(A*[

_9- 1/2 A* N2_1/2 —i—A[ —1/2f])_
(5.21)
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For irreducible representations, 73 according to (5.20) is unitarily implementable
on F if and only if 3 is a Hilbert-Schmidt operator.

The main result of Eckmann and Frohlich, namely the unitary equivalence of
von Neumann algebras of local observables 9,,., i = 1,2, is stated in the fol-
lowing

i

Theorem 5.10 Let
pif @)= [ (02 +md)2) @ - s, i=12 (522)
then the factors M, (O) and M,,,(O) are unitarily equivalent for bounded open
regions O C R% with piecewise smooth boundaries
(i) in d = 2,3 space dimensions if m; =0 for one u;, and
(ii) in d =1 space dimensions if m; # 0 for both i =1,2.

We want to make use of this unitary equivalence of local algebras for the
description of the massive fields by means of the massless ones in order to reduce
the modular action in the massive to the known massless case.

Corollary 5.11 For the massive op[f] € My (O), m > 0, and massless free
scalar fields polf] € Mo(O), where O is a bounded open region in R3, the
following statement holds:

emlf1 = @olf] + o[ frest] (5.23)
r[3/2 sin (r|x —
with  frest(X) = —47?/ <(r2 L—’m2)1/4 - 7“) ‘(X’_ y’y‘) f(y)drdy.

Proof: First, we choose in (5.22) operators po and g, with the masses m =0
and m > 0, respectively, and obtain for the product ,ué/ 2/1;11/ 2( f):

1/2 ~
no 22 (f) = / (ﬁw) (x —y)f(y)dy
K|/ ~
:/ e B el

|k|1/2 ~
:/ et BC S RG] B0

1/2 ~
560+ [ (ﬂm - 1) (x—3)f )y

k|1/2 ‘
= f(x)+ / <<1<2|+|W - 1) e YD) £ (y) dkdy

=:K(k)

=: f(x) + fr(x).
(5.24)
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Since K (k) and therefore K (x—y) are invariant under rotations we are allowed
to simplify the right-hand side by choosing special coordinates (0,0, |x — y|)t,

k|1/2 » "
Srest(x) :/ ((WL‘W - 1) e~ MO0 £ (y) dkdy. (5.25)

Passing to spherical coordinates yields,

frest(X) = —/ (HL — 1) e_ir<< Zzzs?nzg:i )( \xgy\ )>

2 + m2)1/4
-2 cos O f (y)drdedfdy
|"ﬂ|1/2 —irsin0|x—y|,.2
= m —1]e r*cos O f(y)drdpdddy

ot |7,,|3/2 e—irsinf|x—y]| 3
-7/ K( A T ) Ty | Sy
2

|’I“|3/2 6—ir|x—y| _ eir\x—y\
((r? Fai ) T ey W

3/2 sin (r|x —
- n ( I ) U= 1y yiray

T2+m2 14 x —y|

L sin (r|x — y|) .
~ i [ Ry (v,

where
I

R(r) := W

T

Because of relation (5.21) we conclude:
omlf] =272 (A7 1)+ Al 2 )
=27 (W PP P e A P ) (5:26)
= ol * 3 (P)],

where we set @o[f] := ¢u, [f] and o [f] := @u,[f]. We complete the proof of the
statement with the help of Theorem 5.10 and the relations (5.24) and (5.26),

Pm [f] = %o [f(X)] + ©o [frest(x)]'

a

Thus the term @[ frest] represents the difference between the massless and
massive algebra.
Evidently, the next step would be to derive the action of §,, on the massive
algebra via the action of dy on the massless algebra, i.e. via equation (5.23).
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But this strategy cannot be applied since the test functions f and f,css do not
have the same support. In general, the support of f..s; does not have to lie
in the same double cone as that of f. Also here, the reshuffling procedure
cannot be specified further, what would be necessary for the the final step of
this analysis.

In the cases where this non locality would not occur, the massive infinitesi-
mal generator reads

5m = 50 + 6rest
with

(r|x —y|cos (r|x — y|) —sin (r[x — y|))

Orestf(x) ::/R(T) P .
~yo(1+x%) f(y)drdy.

Under the assumption of d,.s¢ being a pseudo-differential operator, the symbol
of the infinitesimal generator has to be of the following form:

p(x,y,r) = R(r)e 01 4 x?).

<7°\X — y|cos (r|x — y|) — sin (r[x — y\))
x —yl? '

One identifies p(x,y,r) as a classical symbol with a singularity at the point
X=y.

5.5 Cocycle-Theorem

One may use the unitary equivalence relation between the massive algebra
M,,(O) and the massless algebra M(O) for the investigation of another ap-
proach. The idea is to formulate the modular automorphism group for the
massive von Neumann algebra o7,  with reference to the ‘wrong’ massless vac-
uum vector {2y in an intermediate step. This strategy is allowed insofar as, due
to the unitary equivalence, 2 is cyclic and separating for the massive algebra,
too, and consequently one can formulate the modular objects in this case.

As a well-known fact the massive free scalar field ¢, € M, (O) can be
described by means of the A,,(x —y) := E(x,y) and the Cauchy data ¢((0,y)
and 9x0(0,),

Pm(t,x) = / (At x —y)¢0(0,y) + An(t,x — y)po(0,y))dy,

where @9 € My(O). The modular group o7, 5 acts on the smeared-out field
according to:
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o7, oemlf] = 0 ( [ [8utx=3)300.3) + Aot x = D)o(0.y)] f(x)dde>

= / <Am(ta X = Y)SbO (V*T(O? Y))
+ OBt x = ¥)p0 (v (0,3)) ) f (v () dydx,

where o) denotes the modular group in Theorem 4.41, which has been derived
by Hislop and Longo for the massless algebra and double cones. Also for the def-
inition of 4, = (2% 23,7) and v_,(x) consult Theorem 4.41.The infinitesimal
generator 4y, of o, ¢ is then given by the derivative at the point 7 = 0.

0.7l = [0 (Antx—y)0 (v (0.5)
+ A (t,x = y)po (v—- (0, y)))'ny(v_T(w)) }dydx
= / (Am(tx —y)0-¢0(v—7(0,y))
+ At x = ¥)0r0(v£(0,) ) f (v-r(2)) dyx
+ [ (Anttx=y)0(v-r(0.9)
+ Anlt,x = )00 (v-5(0,%)) )95 (1) f (v-r()) dydx
+ [ (Anttx=y)o(v-r(0.9)

+ A (t,x = y)eo (v~ (0, y)))%&f(v—r(x))dydx
(5.27)

Let us have a closer look on the first addend on the right-hand side of equation
(5.27),

a7—615900 (V*T(O? Y)) = 8252900 (V*T(O’ y)) aTV*T(O’ Y)

3
+ 3" 0,00 (v-(0,5)) -0, y)
=1
= (A =m?)po(v--(0,y))0-v_-(0,y)
3
+ Z 63/1'8’5900 (V—T(Ov y)) 67”—7(07 y),

=1
Or o (V—T(07 y)) = Oipo (V—T(()? y))a’FV—T(Ov y)

3
+ Z 0 i P0 (V*T(O? y))aTyfT(07Y)

i=1
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By plugging this into (5.27) at the origin 7 = 0 we get,
5m,0‘10m [f] = 870':71,090771 [f] |T:0

= / {Am(ta x—y) [(A —m?®)po(0,y) + 23: 9y 0 (0, y)] Orv_-(0,y)]__,

1=1
3
+ An(tx =)D 0,00(0.9)0r—(0,)],_, } £ (@)dydx
1=0
+ / {Am(t’ X = y)atSDO(O’ Y) (528)

+ Am(ta X = Y)SDO(Oa Y)}ar%‘Tzof(l")dde
+ / {Am(t’x - y)QD.O(O’ Y)
+ At x = ¥)00(0,¥) b0, f (v (@)], )y,

:/{Am(t,x—y) [(A—m2)¢o(0,y)+

3
> 0,00(0,5) + o(0, y)Bt] f(z)

i=1
+An(tx—y [Z i00(0,y) +soo(0y)3]}
F)(1 +x2)dydsx.
where we have used the relations

hm *y(x 22, 7) =limv_, () =1,

7—0
1
Orv_r(x )‘7-:0 = _5(1 +x ) + (xO)Q,
and 8TV_T(X)|T:0 = xz'.

To put it in a nutshell we have shown

Theorem 5.12 Let M,,,(O) be the von Neumann algebra generated by the mas-
sive free scalar field @, [f], then 6,0 given in (5.28) is the infinitesimal gen-
erator of the modular automorphism group oy, o on M., (O) with respect to the
massless vacuum vector .

Now one hopes to bridge the gap between the ‘wrong’ massless vacuum
and the massive vacuum via the cocycle theorem. For this purpose we have to
thoroughly investigate the proof of Connes’ Theorem 4.9.

First of all, we define a new faithful, semifinite and normal state on 91, :=
M., @ Mo with reference to the massive and massless states on 9, by

An A\ A A\
P <A21 A22> o (wm @ w()) <A21 A22> T wm(All) + WO(AQQ).
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Because of the properties of p mentioned above, we may introduce the cor-
responding modular objects. One finds that the representation space can be
expressed as a direct sum of mutually orthogonal subspaces,

Hp — me,wm ©® me,wo @ Hwo,wm S HWOMO’

with
Moy 1= ((nwm N Y®en) + Np},
Hesn wo = ((u o M) @ 612) + N }
Heowm = ((nwm Nnk,) ®ean) + Np},
Heowo i= ((nw0 Nnk,) ® exn) + Np},

where N, := {4 € M,| p(A*A)
My | win(A*A) < 00}, Ny, 1= {A

eMm
(10 L 00 (0 0
€11 ‘= 0 0/’ €12 ‘= : 1 0/ €22 = 0 1

are the matrix units. The brackets ‘[ - |” denote the closure in the Hilbert space
H,. The von Neumann algebra 91, inherits its involution from 9. Since we
are concerned with states, not weights, the sets simplify to n,, = n,, = M,,.
Furthermore, because p is faithful, we obtain N, = {0}. For the domain of the
*-operation on has,

0} is a left ideal of My, n,,, = {4 €
m| wo(A*A) < 0o} and

D* = (D* N Hupwom) D (D N Heso) D (D N Hasgom ) @ (D* N Hevg o)
which determines the Tomita operator as

S(D* N Hupwm) = D N Hisp s
S(D* N Hupwo) = DN Hesgrom»
S(D* N Hugwm) = D" N Mooy w0
S(D* N Hugwo) = D* N Hesg o

Written in a more compact form, we obtain for the Tomita operator the follow-
ing matrix:

Si1 0 0 0
g_ 0 0 Sy O
0 S3 O 0

0 0 0 Su

Its adjoint is given by

Fi1 O 0 0

_ 0 0 Fys O

F= 0 F3 O 01’
0 0 0 Fu
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where the components are fixed as
F11 = Sikl, Fgg = S§27 F32 = 553 and F44 = 544.
Finally, via polar decomposition
S=JAV? = A",
which is equivalent to
S = J11A}{2 = Al_ll/QJn,
Sz = J23A;15§2 = A§21/2J23,
Sao = gy’ = Agy* s,
Sy = J44A4114/12 = AZ41/2 Ja4,

we arrive at the modular conjugation and, most important for us, the modular
operator:

Jll 0 0 0 An 0 0 0
1 0 0 Joyg O _ 0 Ay 0 0
T=10 s 0 of ™ 2= 0 0 Ay o0
0 0 0 Jy 0 0 0 Ay
Let 9, act on the Hilbert space H, then one can find linear maps
E:n,, DA—EA) eH and
niny, 2 A n(A) € H
such that for all Agy € My, Am, B € 1y, and Ag, By € ny,
Agn(Ao) = n(AgmAo), wo(A5Bo) = (n(Ao),n(Bo)],

and H = [ﬁ(ﬂwm)] = [n(”wo)]-

The form of the representation space with respect to p is reduced to

Hy,=H®oHOHDH,
and the representation itself to:

- <A11 A12> _ [ Axn Az O 0
P\A21 A 0 0 A Ap

Since the modular automorphism group on 91, should leave the representation
space invariant, i.e.,

‘7; (”P(mp)) = Ait”p(mp)A_it = mp(My),
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we conclude
it —it it —it it —it it —it
ZHAHAH = A§3A11A33 y Z11A12A22 = A§3A12A44 y
it —it it —it it —it it —it
A22A21A11 = A44A21A33 y 22A22A22 = 44A22A44 .

The identification of Aq; and Ay with A, =~ and A, respectively, yields the
following expressions for the modular automorphism groups,

ol (A) = AGANT €My ol () = Al AA €
Tlrgm (A) = AH AN € My, 0Ly (A) = AL AN € My,

for all A € 9M,,,. Finally, we can write down the form of the modular group
with respect to p explicitly:

t | (An Amﬂ (03 (A1) o, wo(A12)>
= " w . 5.29
i |:<A21 Az Ol wn (A1) ol (As2) (5.29)

As already mentioned, the unitary cocycle appearing in Connes’ Theorem is

defined by
0 Ft L O‘t 0 ]]_
0 0/ "7|\0 0/’

and therefore one has its explicit structure

Ft = O-fum,wo(]]-)
for all t € R.
Thus, the modular automorphism group with respect to the massive vacuum
on the massive algebra is determined up to a cocycle, i.e., up to a perturbation
term.
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Chapter 6

Summary and Outlook

Laf$ uns das Leben geniefien,
solange wir es nicht begreifen.

K. Tucholsky

In this thesis, the interplay between modular theory and quantum field the-
ory has been investigated extensively. It has been shown that modular theory
not only is an excellent tool for the description of quantum field theory, espe-
cially for its most fundamental pillars like the PCT theorem, the spin-statistics
theorem, and the concept of particles, but also discloses totally new and concep-
tually groundbreaking insights, for example the classification of quantum sys-
tems as hyperfinite factors of type 111y, the formulation of equilibrium states,
the KMS states, and, last but not least, the introduction of the modular action
as a geometric transformation. It has also been proven that another increas-
ingly important mathematical discipline, namely micro-local analysis, apart
from Radzikowki’s characterisation of Hadamard states by wave front sets, en-
ters quantum field theory a second time via the determination of the infinitesi-
mal generator of modular groups with non local action as a pseudo-differential
operator.

The well-known Assumption 5.1 on the qualitative structure of the infinites-
imal generator of modular groups acting non locally has been confirmed explic-
itly for the first time in two concrete examples. The first example, given by Yn-
gvason [119], is concerned with the algebra of massive Hermitian fields defined
on the left or right wedges and transforming covariantly under translations, but
not in general under Lorentz boosts. The second one, formulated by Borchers
and Yngvason [17], introduces modular automorphism groups for the wedges,
forward light cones, and double cones with respect not only to the vacuum state
but also to general KMS states, which turn out to act locally only in the limit
B=T71 = o0, ie., in the limit of ground states. One may pose the question if
an automorphism group acting non locally on the von Neumann algebra always
implies a pseudo-differential form for its infinitesimal generator.

The ansatz of Figliolini and Guido [42] for the derivation of the modular
operator in the case of m > 0 has been discussed, and the conceptual and
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technical difficulties occurring there have been explored. Even the verification
of the known results in the massless case can hardly be mastered as long as
one is not able to determine the reshuffling property of the operators on which
their analysis is based. It is possible, that the analysis of Figliolini and Guido
could contribute to the identification of the order of the massive infinitesimal
generator through the mapping property of the operator B, defined in Theorem
5.8, and the implication (2.4) for Sobolev spaces,

s<s = HY(R") c H*R").

Furthermore, two new approaches to the calculation of the modular auto-
morphism group (O',tn) ‘R have been investigated. The first one, the ansatz via
the unitary equivalence of local algebras, is shown to lead to non-local transfor-
mations, an obstacle which has been faced many times in various settings and
which leads to uncontrollable domain problems. The second one gives a partial
result, namely an automorphism group on the massive algebra, but with respect
to the ‘wrong’ massless vacuum state (an,o)teR’ The desire to bridge the gap
to our main target (O',tn) R the modular automorphism group with reference
to the ‘right’ massive vacuum, via Connes’ cocycle theorem remains unaccom-
plished, since this theorem is not constructive, but only ensures the existence
of the cocycle. The perturbation formalism, which is used in the analysis of the
interplay between KMS states and stability criteria, could provide assistance
with this problem.

One may replace in future investigations the two-point function of the mas-
sice vacuum,

NI @ / O(")5(p* — m2)ePdp,

by the modified version, proposed in [36],

m2
HE(x) == Al (x) — log <M_> m2h(m?2?),
with Hl(z) = Af (),

where > 0 is a new fixed mass parameter and h is an analytic function such
that H},(z) is smooth in m > 0. This ansatz is based on the idea that, since the
second term comprises all logarithmic singularities, the new two-point function
could be more compatible with conformal transformations.



Appendix A

C*-Algebras, States,
Representations

Was auch immer geschieht:
Nie diirft ihr so tief sinken, von dem Kakao,
durch den man euch zieht, auch noch zu trinken!

E. Kastner

In this chapter we want to give in a nutshell the basic terminology and
some concepts of operator algebras which is used throughout this thesis. In
the sequel we present in the following a number of definitions and statements
collected mainly from [103], [20] and [102] without giving their proofs.

Definition A.1 A C*-algebra A is a Banach*-algebra, i.e., A is a Banach
algebra with involution and ||A*|| = ||A||, such that ||A*A| = ||A||? for all
A e . A is said to be simple, if the only closed ideals are {0} and A itself.

Theorem A.2 Let 2 be an abelian and unital C*-algebra, then there exists a
compact Hausdorff space X such that 2 is (isometrically) isomorphic to C(X).
In the case of a non-unital C*-algebra, A is (isometrically) isomorphic to Co(X),
if X is locally compact. In both cases the space X is uniquely determined up to
homomorphisms.

Definition A.3 A C*-algebra M is called W*-algebra, if it is the dual space of
some Banach space.

If one is concerned with operator algebras, then it is usual to call W*-algebras
von Neumann algebras. Sakai has proved that the abstract characterisation of
von Neumann algebras given above is equivalent to the more usual definition:
Let H be a Hilbert space and £(H) the algebra of linear bounded operators

A H—H
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equipped with the norm

[Al == sup [[A¢] < oo.
v, [wll<1

Define the commutant 2’ of 2 as the algebra
A :={XeL(H): XA=AX, Aec}
with the properties
ACA =AW =) = ...

m/:m///:m(&?) :91(7) ——
where A1) .= (Q[("))’_

Then one verifies the following

Theorem A.4 (Sakai) Every *-algebra 9 C L(H) is a von Neumann algebra
if and only if M = M".

Examples A.5

(i) L(H) is not only a von Neumann algebra, but even a factor since L(H) =
C1.

(ii) The C*-algebra of compact operators LC(H) on H cannot be a von Neu-
mann algebra, because LC(H)” = (C1) = L(H) # LC(H).

For further discussions on von Neumann algebras, additional topologies
apart from the uniform topology are needed. For the sake of completeness,
we introduce the most important ones although we will not make use of all of
them explicitly.

Definition A.6 On L(H) we distinguish between the locally convex operator
topologies defined by the following sets of seminorms:

(i) o-weak: Py, (w,)(A) = |2 (un, Avy)| for all up, v, € H
with 32 ([[unl|* + [lva|?) < 0.
(11) weak: py(A) = |(u, Av)| for all u,v € H.
(1ii) strong: p,(A) = ||Au|| for all u € H.
(iv) o-strong: p(,,)(A) == Y| Auy | for all u, € H with Y |luy||* < co.
(v) *-strong: A — py(A) + pu(A*) for all u € H.

1
3
(vi) o*-strong: A — {ZHAUNHQ + ZHA*unH2} for all u, € H

n
with Y |lug||? < oo.
n
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For our purposes the o-weak and o-strong topologies will be of particular
interest, because the modular group of automorphisms is contiuous with respect
to them. If we denote by “<” the relation “finer than”, then the following dia-
gram shows the relation between the various topologies:

uniform < o*-strong < o-strong < o-weak
A\ A\ A
*-strong < strong < weak

The o*-strong, o-strong and o-weak topologies allow for the same contin-
uous linear functionals. This statement remains true if one drops the o-. The
main difference between the *-strong and the o*-strong topology is the fact that
the involution A — A* is only *-strongly continuous.

With the help of these topologies we formulate the next

Theorem A.7 (Bicommutant -) Let 2 C L(H) be a nondegenerate *-algebra,
i.e., [AH] :={AE| A € A, € H} = H, then the following statements are equiv-

alent:

(1) A =2A".

(ii) A is weakly closed.
(i1i) A is strongly closed.
(iv) A is *-strongly closed.
(v) A is o-weakly closed.
(vi) A is o-strongly closed.
(vit) A is o*-strongly closed.

Therefore, a von Neumann algebra is a weakly closed C*-subalgebra of L(H).
The bicommutant theorem also states that the closure of the *-algebra is inde-
pendent of the choice of a particular topology. An immediate consequence is
the next

Corollary A.8 (von Neumann density -) The nondegenerate *-algebra of

operators A on H is weakly, strongly, *-strongly, o-weakly, o-strongly and o*-
strongly dense in A" .

This statement can be tightened to a stronger version.

Theorem A.9 (Kaplanskys density -) The unit ball of the *-algebra of op-
erators A on H is o*-strongly dense in the unit ball of the weak closure of .

Definition A.10 Let 2A,B be C*-algebras, then a linear map ¢ : A — B is
called a *-homomorphism if



114 C*-Algebras, States, Representations

(i) $(AB) = ¢(A)p(B), and
(ii) $(A") = (6(4))”
hold for all A, B € 2.

The notions mono-, epi-, iso-, endo- and automorphism are introduced in the
usual manner. We want to keep hold of some fundamental properties of *-
homomorphisms ¢ in the following

Lemma A.11 Let®d and B be C*-algebras and ¢ : A — B a *-homomorphism.
Then the following statements are valid:

(i) ¢ preserves positivity: A > 0= ¢(A) > 0.

(ii) ¢ is continuous, and |¢(A)|| < ||A|| for all A € A, thus ¢ can only decrease
the norm.

(11i) ¢ is a *-isomorphism if and only if ker ¢ := {A € A : ¢(A) =0} = {0}.

(iv) A *-isomorphism is automatically isometrical, i.e., norm preserving: ||¢p(A)| =
A|| for all A € 2.

(iv) The image () of a C*-algebra A is again a C*-algebra.

In the case of von Neumann algebras we may state stricter properties of *-
homomorphism.

Theorem A.12 *-homomorphisms ¢ : M — N between von Neumann alge-
bras M and N are o-weakly and o-strongly continuous.

Definition A.13 A representation of a C*-algebra 2 is a pair (H,7), consist-
ing of a complex Hilbert space H and a *-homomorphism m : A — L(H),
and it is said to be faithful if ™ is a *-isomorphism, and nondegenerate if
{veH: 7n(Av =0, A € A} = {0}. A subspace F C H is called invari-
ant under w(2A) if m(A)F C F for all A € A. Whenever {0} and H are the only
invariant and closed subspaces, we call the representation (H,m) irreducible,
otherwise reducible. Two representations (Hi,m1) and (Ha,m2) are said to be
unitarily equivalent if there exists a unitary operator U : H1 — Ho such that
mo(A) = Um (A)U* for all A € A. If the two Hilbert spaces are connected via a
*-isomorphism instead, then we call w1 and o quasi-equivalent.

Corollary A.14 The representation (H, ) of a C*-algebra U is faithful if and
only if one of the following (equivalent) conditions is satisfied:

(i) kerm = {0}.
(i) [l=(A)] = A vAeL
(iii) T(A) >0 VA€,
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Each representation (H, ) of a C*-algebra 2 defines a faithful representation
of the quotient algebra 2, := 2/ ker m. The representation of a simple algebra
is always faithful.

Definition A.15 Let M be a von Neumann algebra on a Hilbert space H, then
a subspace H' C 'H is said to be separating for M if and only if AE =0 implies
A=0forall AcMand & € H'.

Definition A.16 A cyclic representation is a triple (H,m, ), where (H,n) is
a representation of A and Q € H is a cyclic vector for m in H, i.e., {m(A)Q :
A € AU} is dense in H.

Corollary A.17 For a von Neumann algebra 9 on a Hilbert space 'H and
K CH the following statements are equivalent:

(i) K is cyclic for M.
(i1) K is separating for M.

If the vector €2 € H is cyclic and separating for the von Neumann algebra I,
then it has these properties also for its commutant 9. Every nondegener-
ate representation of a C*-algebra can be described as a direct sum of cyclic
sub-representations. Therefore, the discussion of such representations can be
restricted to the investigation of the cyclic ones.

Definition A.18 Let A be a unital C*-algebra and w : A — C a linear func-
tional on A, then w is said to be

(i) hermitian, if w(A*) = w(A) VAeA.
(ii) positive, if w(A) >0 VAeA A>0.
(iii) a weight, if w is positive.
(iv) a state, if w is positive and normalized, i.e., w(1) = 1.

(v) a faithful state if w is a state and w(A) > 0 for all A € 24, the set of
positive elements of A.

(vi) a trace, if w(AB) =w(BA) VA,B e

(vii) a vector state, if w(A) = wq(A) = (Q,7(A)Q) for a non-degenerate
representation (H, ) of A and some vector Q € H with ||| = 1.

In the case of an abelian C*-algebra 2, w is a pure state if and only if w(AB) =
w(A)w(B) holds for all A,B € A. If 2A does not possess a unit 1, then the
norm property (iv) is replaced by the condition [lw|| := sup {|w(A)|| A €
2and A =1} =1.
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Definition A.19 If9M is a von Neumann algebra, w a positive linear functional
on M and w(l.u.b.o(Aq)) = Lu.b.o(w(Aq)) holds for all increasing bounded nets
(Ay) in M, where T.u.b.” denotes the least upper bound, then w is said to be
normal.

Theorem A.20 Let the von Neumann algebra 9N operate on the Hilbert space
H and let w be a state on M, then the next statements are equivalent:

(i) w is normal.
(ii) w is o-weakly continuous.

(iii) There exists a density matrix p, i.e., a positive trace-class operator on H
with Tr(p) = 1, satisfying w(A) = Tr(pA) for all A € 2.

Definition A.21 A trace w on a von Neumann algebra N is said to be semifi-
nite, if the set
Vi={AeM|w(d) < oo}

is dense in M. A von Neumann algebra I is called semifinite, if there exists a
faithful, normal and semifinite weight on M.

Theorem A.22 The commutant MM of a semifinite von Neumann algebra I
on a separable Hilbert space is also semifinite.

Definition A.23 Let us consider an involutive Banach algebra 2, then P € 2
is called a projection if P2 = P and P* = P. Two projections P,Q € M, where
M is a von Neumann algebra, are said to be equivalent, abbreviated by P ~ Q,
if there exists a W € MM, such that W*W = P and WW* = Q. The projection
P is said to be finite if Q@ < P and Q@ ~ P imply Q = P, otherwise it is called
infinite. If there is no nonzero finite projection Q < P, QQ € I, then P is called
purely infinite. If ZP # 0 s infinite for every central projection Z € I, i.e.,
for every projection on M N M, then P is called properly infinite. P is said
to be abelian, if PMP is a commutative subalgebra of M. Two projections Py
and Py are said to be centrally orthogonal, if the smallest central projections
Zp, and Zp, majorizing Py and Py, respectively, are orthogonal.

Every projection P € 9t can be uniquely described as the sum of two
centrally orthogonal projections Pj, P, € 9, such that P; is finite and P is
properly infinite. Since the set spanned by the projections is dense in the von
Neumann algebra 1, the property of the projections can be used to characterise
their algebras.

Definition A.24 A von Neumann algebra M is called finite, infinite, properly
infinite or purely infinite if the identity projection 1 possesses these properties.
The von Neumann algebra is said to be of
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Type 1, if every monzero central projection in M majorises a nonzero
abelian projection in IN.
Type 11, if M has no nonzero abelian projection and every nonzero central

projection in M majorises a nonzero finite projection in IN.
Type IIy, if M is of type I and finite.
Type 11, if M is of type II and has no nonzero central finite projection.
Type 111, if M is purely infinite.
L

If M is of type I, 11 or II1, then so is its commutant 9 and contrariwise. For
von Neumann algebras of type II; and Il this statement is in general not
valid. The aforementioned characterisation allows one to decompose all von
Neumann algebras completely in terms of these different types.

Theorem A.25 FEvery von Neumann algebra 9 is uniquely decomposable into
the direct sum

M =My & M, ©Mrr, © Mypg

A von Neumann algebra is semifinite if and only if the type III part in the
former equation is vanishing.

Definition A.26 A von Neumann algebra 9 is called a factor, if it possesses
a trivial center, i.e., 3(9M) = MN M = C1.

Definition A.27 A state w on a C*-algebra A is said to be a factor state
or primary state, if m,(2A)"
representation.

1s a factor, where w, is the corresponding cyclic

A factor is either of type I,II,I1,, or III. The table below illustrates the
resulting type of the tensor product MMRN of two von Neumann algebras I
and .

MM | I, I. I, Il III
I | Lom I I, Il III
Io | Io I. Il II. IIT
I, | I, 1L, II, II. III
Iy | Il II. Il II. IIT
II1 | 111 11 111 III IIT

Definition A.28 A state w is said to be pure, if the only positive linear func-
tionals majorised by w are of the form Aw with 0 < X < 1.
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Pure states are extremal points of the set of states Eg on 2, which means that
a pure state w is not describable as a convex linear combination

w=Aw; + (1 —=XNwy, 0<A<I,

of different states wi and ws.

To each arbitrary nondegenerate representation of a C*-algebra and a vector
2 € H with ||Q|| = 1 one can assign a state, the so-called vector state. The
construction in the opposite direction is ensured by the next

Theorem A.29 For an arbitrary state w on a C*-algebra A there exists a (up
to unitary equivalence) unique cyclic representation (Hy, 7w, Q) of A, the so-
called canonical cyclic representation of A with respect to w, such that

w(A) = (Qu, T (A) )
holds for all A € 2.

The next theorem ensures that every C*-algebra can be represented by a C*-
subalgebra of £(H) leading to the so-called GNS construction.

Theorem A.30 (GNS-; Gelfand, Naimark, Segal) For every C*-algebra 2
there exists a Hilbert space H, such that A is *-isomorphic to a C*-subalgebra

of L(H).

Corollary A.31 Let w be a state on the unital C*-algebra, then the following
two statements are equivalent:

(i) The state w is pure.

(ii) The cyclic representation (Hy, Ty, Q) with respect to w is irreducible.

Corollary A.32 For a representation (H,n,Q2) of a C*-algebra A the next two
conditions are equivalent:

(i) (H,m, ) is irreducible.
(ii) () is a factor.

Thus, each pure state is factorial, and, contrariwise, a factorial state is pure
if it is normal, i.e., if it admits, due to Theorem A.20, a cyclic vector in the
representation space.

The following theorem from the theory of n-dimensional complex-valued
functions is used in the proof of the Reeh-Schlieder Theorem 4.22.

Theorem A.33 (Edge of the wedge) Let K := {z € C| |z| < 1} be the unit
ball in C, C C R"™ an open convezx cone with C N (—C) # 0, and G := {z =
a+ibeK|be C,ac R"} Cc C™. If the in G complex-valued, holomorphic
function f with limcsy—o f(a + ib) existing for all open subsets U := {x €
R™| |z| < r} C R"™, where the limit is independent of the chosen sequence,
then f is analytically continuable into an open region G U Gy, where Gqg :=
Useu {7z € C| |z — | < 0 dist(xz,0U), 0 < 0 < 1} is a complex neighbourhood
of U and 0 is independent of x,r, U and f.



Appendix B

Free Quantum Fields

Let H,, be the mass hyperboloid in R?* consisting of those p € R* which satisfy
the equation p-p—m? = 0, m > 0, where H := L?(H,,,dS),,) is the Hilbert space
of square integrable functions on H,, with respect to the invariant Lebesgue
measure df),,, and define the symmetric Fock space F(H) over H as

FH) = EPH®:" with HO:":=QH, HO:=C,
k=1

n=0
where H®s" is the so-called n-particle subspace of F(H) and ), denotes the
symmetric tensor product. With the help of the second quantisation defined by
dF(A) =AR1® - 91+1R4R1® - ®l+ - +1®---®1® A4

on Dy NH®:", where D is the domain of A and

Dy = {Wn)neN € Fo(H)| ¢ € ®D for each n},

k=1
Fo(H) := {(¥n)nen € F(H)| b =0 for all but finitely many n},

one introduces the Segal operator

1 *
pslf] = E(A[f] +A(f]),

where A*[f] is the creation operator and

Al © - @¢Pn) = VN + L{f,91) (2 @ - @ ),
Ny :=nyp Vip € HOs™,
are the so-called annihilation operator and the number operator, respectively.

Let I'(U), where U is a unitary operator on the Hilbert space, be the unitary
operator on the Fock space, defined as

L(U) = Q1 U on H®™ for n >0,
U) = 1 on HEO.
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A continuous unitary groups €4 on H is then generated by the second quan-

tisation dI'(A) and one has the identity:
T(eft4) = tl(4).
Furthermore, the following statements hold:

(i) Self-adjointness: pg|f]is essentially self-adjoint on the set of finite particle
vectors Fo := {1 € F(H)| @™ = 0 for all but finitely many n} for each
femH.

(ii) Cyeclicity of the vacuum: g := (1,0,0,---) is in the domain of all finite

products @s[f1] - s[fa] and the set {@g[f1] - ws[fu]Q| Vf € HVn €
N} is dense in F(H).

(iii) Commutation relations: For every ¢ € Fy and f,g € H one has

(eslfleslgl — eslgles(f]) = ilm(f, g)xv, and
W ([ +g) i= etesli+ol = e=dmalgy (1w (g).

(iv) Continuity: f, — f, f, fn € H, implies

W(fa)o — W(f) and  egsfald — @s[fl
for all ¢ € F,(H), ¢ € Fo and n € N.

(v) For each unitary operator U on H, I'(U) : D(¢s[f]) — D(es|Uf]), and
every ¢ € D(pg[U f]) the relation

D(@)esfILW) % = ps[U flv

holds.

With the aid of the Segal operator we can now introduce the canonical free
scalar field and the canonical conjugate momentum of mass m > 0,

emlf] = ¢lEf] = ps[Ef],
Tm[f] = m[nEf] = eslipEf],
with Ef(z) = \/%f/(;), = (p 4+ m?)'2,

and in terms of the creation and annihilation operators,

pulf] = = (4[] + A[ES),

Sl

mlf] = —= (A" [LEf] + AuEf]).

&l

The fundamental characteristics of the free scalar field and of the conjugate
momentum are inherited from the Segal operator:
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(a) (i) The field ¢,,[f] is essentially self-adjoint on Fy for all f € H.
(ii) {gom || fe H} is a commuting family of self-adjoint operators.
(iii) Qo € H is cyclic for {on[f]| f € H}.
(IV) fn — f7 f7 fn S Ha 1mphes
eiSOm[fn],l/} - ei*"mmib and  ¢m [fnh; — Pm [f]l/;
for all 1) € Fy(H), ¥ € Fy and n € N.

(b) The properties given in (a) hold also for the conjugate momentum 7,,[f].

(c) For all f,g € H one has

[emlfl, mmlg)] = i(f, )y Vi € Fo and

eiﬁom [f] eiﬂ’m 9] — ei(fvg)'H eiﬂm 9] eiﬁom [f] .

Although not relativistically invariant, the framework of free fields and their
conjugate momentum at particular fixed times has turned out to be fruitful.
One deals here with the mappings

SRY) 3 f — 6t —to) f(x) € S(R?).

In this thesis we will be confronted several times with the so-called time-zero
fields, i.e., maps defined by

SR> frp[d®)f(x)] and SR?) > f x[6(t)f(x)].

Transferring the scalar field and its conjugate momentum from the Fock space
F(L*(Hp,, dS4y)) to that based on the configuration space F(£*(R?, dk)), one
gets the following form:

(A*[ TREEf+ AluTV2ES)),

(A*[ V2E[ + Al Ef)).

ol S
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Notation

x = (z!,--- ,2")

§ = ( 17 ’ 7§n)

o' = (ag, - ,an)

|al = N0

a! =11 oy

o _

0% = (9/0z")*r ... (9/0z™)*n

Ds — (—1)llog

cl(Q) vector space of [-times continuously differentiable
functions on 2

C(Q) = C%(Q) continuous functions on §

C>(Q) =N{C'(Q)] | € No}

B(R™) = {f € C®(R")| Vo € N§ : sup{|D*f(z)||z € R"} < o0}

E(Q) =C>*(Q)

D(©) — ()

E'(Q) dual space of £(Q)

D'(Q) dual space of D()

S'(R™) dual space of D(R™)

(u, P) Application of the distribution u on ¢ € X (X € {£(Q),D(2),S(R")})

(u, ) — (s, 3)

singsupp(u) singular support of u

U Fourier transform of u

os(R™) = ST vector space of (Kumano-go’s) symbols of order m € R
and of type (p, )
Se° =U{S™ meR}
ST =n{S™ meR}
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Free Quantum Fields

Shs(R™) = 875
Sm

SOO

S—OO
P=p(X,D,)
A=a(X,D,)
S;f}m (R™) S;f}m
Sm,m’

p(X, X", Dy, Dy)
HS(Rn) — HS
H*OO

HOO

X(u)

pTr(p) = pT'r(P)

vector space of (Kumano-go’s) pseudo-differential operators
(PsDO) of order m € R and of type (p,0)

= 8707?1
=U{8" meR}
=n{8" meR}

PsDO generated by the symbol p € 7
FIO generated by the symbol a € S;”5

vector space of (Kumano-go’s) double symbols
of order (m,m’) and of type (p, )

sgqu/

PsDO generated by the double symbol p € ng(gm/

Sobolev space

U{H*| seR}

({H®| seR}

of (zo, §0) € R™ x R}2

set of the ‘direction with singular property’ of u € &’

wave front set of u € D’

micro-support of the symbol p or the PsDO P, respectively

( 0 xl 2 x3)

(xl z? 563)

= 2% £ |x|

pseudo-orthogonal coordinates a =0,1,2,---
= &dt+2 = Eat1

conformal transformation

differentiable manifold

four-dimensional Minkowski space

Cauchy surface

= {x € M| the vector z — y is spacelike for all y € (9}
causal complement of O C M

:= {& € M| |2°] < 2'} right Rindler wedge

= {z e M| 2% < —z'} left Rindler wedge
={reM|z-z>0and x > 0} forward light cone

= {x EM|z-x>0and 2’ < 0} backward light cone
=V, NV_ double cone

= (V4 —eg) N (V- + eg) double cone with radius one
set of wedges, light cones, double cones

d+2
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Hilbert sapce

set of bounded operators on H

C*-algebras

von Neumann algebras

C*-algebra of local observables localised in O € M
von Neumann algebra of local observables localised in O € M
local algebra of fields with mass m

field algebra

van Vleck-Morette determinant

geodesic distance between x and y in M
n-point-function, f; € D(M)

=wa(f,9)

Hilbert space

set of bounded linear operators on H

set of states on A

set of KMS-states on 24

one-parameter groups of automorphisms

vacuum vector

cyclic representation with respect to w

vacuum state with respect to 9,,, m >0

Tomita oerator, modular conjugation, modular operator
= A" AA-" modular group of automorphisms on 9t
modular group on 9M,,(O) with respect to wy

with respect to the mass m > 0

modular group of automorphisms with respect to

the faithful, normal and semifinite (vacuum) state wp,
Connes’ cocycle

C*-dynamical system

derivation

= limy_¢ (7'(A) — A) infinitesimal generator of 7

infinitesimal generator of of

infinitesimal generator of o}, ,

infinitesimal generators of translations, Lorentz transformations,
dilations, (special) conformal transformations

perturbation, P = P* € 2

PCT operator
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