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Overview of the thesis

This Ph.D. thesis collects a summary of fundamental notions, preceding researches and
the results obtained in the author’s doctoral study on low-dimensional Quantum Field
Theory (QFT), especially on Conformal QFT (CFT). There are various interests in QFT
from physical and mathematical points of view. In particular, low-dimensional CFT is
an intersection of methods from different disciplines in physics and mathematics. In this
thesis, the author concentrates on thermal states and scattering theory of low-dimensional
QFT with operator-algebraic and representation-theoretic techniques.

Although some of results are purely mathematical, the author’s study has its root
in Algebraic approach to QFT. In AQFT, a model of QFT is realized as a net of von
Neumann algebras. Many examples in low-dimensional spacetime can be constructed from
certain representations of infinite dimensional Lie group or Lie algebras. The constructed
nets are analysed through the theory of von Neumann algebras, particularly the subfactor
theory and the Tomita-Takesaki modular theory. Then several problems in physics, e.g. the
structure of charge, classification of thermal states or determination of scattering amplitude
can be stated in terms of nets of von Neumann algebras.

A certain class of representations of the group Diff(S!) of the orientiation preserving
diffeomorphisms of S! is used to construct nets of von Neumann algebras on S*. The circle
S is considered to be the one-point compactification of the real line R, the one-dimensional
spacetime, hence it is important to consider the stabilizer subgroup By of the “point of
infinity” in Diff(S'). The group R naturally acts on By and one can consider positive
energy representations. In Chapter 2, the author investigates both the algebraic property
and the representation theory of the group By. The first and second cohomology groups
and the ideal structure are completely determined. A natural question is whether there
are representations of By which do not extend to Diff(S1). This turns out to be affirmative
and a family of such positive-energy representations is constructed.

A futher study on representations of infinite dimensional Lie algebra is carried out in
Chapter 3. Here the Lie algebra of the smooth maps from R into a simple Lie algebra with
compact support is considered. The author studies positive-energy (projective) representa-
tion with an invariant vector. Such a representation is called a ground state representation,
and related with a physical state with zero temperature. The second cohomology group is
shown to be isomorphic to C and it is shown that there is a one-to-one correspondence be-
tween ground state representations and positive integers in the second cohomology group.
The relation between representations of the loop algebras and the corresponding nets is



discussed.

In Chapter 4, the finite temperature states are investigated. A thermal state on a net
of von Neumann algebras is realized as a state on the quasilocal C*-algebra satisfying the
KMS condition. It is possible to consider representations of nets of von Neumann algebras.
There is a family of nets which are characterinzed by the finiteness of the equivalence classes
of representations and an additional technical condition (completely rational nets). It is
proved that any completely rational net admit only one thermal state at each temperature.
In contrast, for several non completely rational nets, all the thermal states are classified.
For some other nets, a continuous family of thermal states is constructed. Each such state
is connected with a representation of the net.

In Chapter 5, the scattering theory of two-dimensional massless QFT is investigated. As
for CFT, the usual notion of the scattering matrix of particles turns out to be always trivial.
Furthermore, a new method to construct (not necessarily local) nets of von Neumann
algebras is proposed and in fact this construction exhausts the class of two-dimensional
massless QFT which allows a complete interpretation as particles. The interaction and
locality property of these newly constructed exmaples are examined.

Each Chapter except the Introduction contains results of independent studies, hence
can be read separately. At the end of each chapter, important open problems and future
directions are discussed.
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Chapter 1

Introduction

Quantum field theory (QFT) is a physical theory which treats particles with production
and annihilation. Since its birth, QFT has been successful in prediction of high energy
physics in a very high precision. The central theory is called the standard model and it is
considered as a definitive theory in its range of application.

On the other hand, its mathematical foundation is still unsettled and is an active field
of research. In many field of physics, there is a precise corresopondence between physical
concepts and mathematical objects. Just for example, I mention quantum mechanics.
In quantum mechanics, the space of states is represented by a Hilbert space, physical
observables correspond to self-adjoint operators, the time-evolusion of the system is given
by a one-parameter unitary group and the statistical prediction of experiments is described
in terms of the spectral measure of the self-adjoint operator corresponding to the physical
observable to be measured. In QFT, although it has a great number of practical success,
a precise mathematical formulation is still missing.

There have been mathematical approaches to axiomatize QFT. Namely, one defines
quantum field as some mathematical object, formulate certain physical requirements as
axioms and investigate their consequences. In this case, the difficulty appears as the lack
of examples of such axioms. The present status of QFT is summarized as follows: There
is no interacting example of QFT in four-spacetime dimension.

The situation is different in two spacetime dimensions. There is a well-accepted set of
axioms (with certain variations) and a wide variety of examples. Hence it is possible to
study such examples in a mathematically sound way and there have been obtained several
structural consequences as well as classification results of certain classes of models.

There is a subclass of two-dimensional models which, in a certain sense, decompose fur-
ther into a pair of one-dimensional models and each one-dimensional component acquires
a higher spacetime symmetry. Such a two-dimensional model is called a chiral conformal
theory and the higher symmetry is the conformal symmetry. Conversely, from a pair of
one-dimensional models it is possible to construct a two-dimensional model, first simply
by coupling two components, then even interactin models by “twisting” the simple con-
struction. This is one of the main results in this thesis.

Hence the study of two-dimensional models is split into two parts. One is to study

7



8 Chapter 1. Introduction

one-dimensional components. The other is to study how to couple these components. The
present thesis is organized according to this splitting. In the rest of this Introduction,
I present the fundamental notions and give an overview of the problems treated in each
chapter. In Section 1.1, I explain the algebraic approach to QFT used throughout this
thesis. Then in Section 1.2 I present the theory of infinite dimensional Lie groups and
algebras used in connection with QFT. In Chapter 2 and 3, we study in particular the
group of diffeomorphisms of the circle and the loop groups. In Section 1.3, I review the
theory of thermal states in QFT. In Chapter 4, the thermal states in several models are
discussed. It turns out that the variety of thermal states is related with the representation
theory in preceding Chapters. Then in Chapter 5, I address the issue of scattering theory
in two-dimensional spacetime. A general framework is summarized in Section 1.4.
Each Chapter may use different notations and should be read independently.

Publication status of the results

Most of the results I obtained, some in collaboration, are contained in articles submitted
to, accepted to or published in various journals. Chapter 2 is based on [87] published in
International Journal of Mathematics. The materials in Chapter 3 come from [85] pub-
lished in Annals Henri Poincaré. Joint works with Paolo Camassa, Roberto Longo and
Mihdly Weiner on KMS states on conformal nets [20] (accepted to Communications in
Mathematical Physics) [21] (submitted) are explained in Chapter 4. Studies on scattering
theory in Chapter 5 resulted in several works, namely, collaborations with Wojciech Dy-
balski [34] (accepted to Communications in Mathematical Physics) [33] (submitted) and
single-authored papers [86] (accepted to Communications in Mathematical Physics) [84]
(submitted).

1.1 Algebraic approach to Quantum Field Theory

1.1.1 One-dimensional nets of observables

Here we exhibit the mathematical setting which we use to describe physical systems on
one-dimensional spacetime S'. Let J be the set of all open, connected, non-dense, non-
empty subsets of S*. We call elements of J intervals in S'. For an interval I, we denote
by I’ the interior of the complement S*\ I. The group PSL(2,R) acts on S* by the linear
fractional transformations.

A (local) M&bius covariant net is an assignment A to each interval of a von Neu-
mann algebra A(I) on a fixed separable Hilbert space H with the following conditions:

(1) Isotony. If I} C I, then A(ly) C A(1y).

(2) LOC&lity. If Il N ]2 = @, then [.A(Il),A(]Q)] = 0.



1.1 Algebraic approach to Quantum Field Theory 9

(3) Mobius covariance. There exists a strongly continuous unitary representation U
of the Mébius group PSL(2,R) such that for any interval I it holds that

U(g)A(I)U(g)* = A(gl), for g € PSL(2,R).

(4) Positivity of energy. The generator of the one-parameter subgroup of rotations in
the representation U is positive.

(5) Existence of vacuum. There is a unique (up to a phase) unit vector 2 in H which
is invariant under the action of U, and cyclic for \/,., A(I).

It is well-known that, from these conditions, the following properties automatically
follow (see, for example, [41]):

(6) Additivity. If I =, I;, then A(I) =/, A(L;).
(7) Reeh-Schlieder property. The vector € is cyclic and separating for each A(7).
(8) Haag duality. For any interval I it holds that A(I) = A(I).

(9) Bisognano-Wichmann property. The Tomita-Takesaki operator A; of A(I) with
respect to €2 satisfies the following:

U5 (2nt)) = AT™,

where 47 is the one-parameter group in PSL(2,R) which preserves the interval [
(which we call “the dilation associated to I”: in the real line picture 6 : x +— ex if
I =R*: see Section 1.1.2).

(10) Factoriality. Each local algebra A(I) is a type Ill;-factor (unless H is one dimen-
sional).

The Bisognano-Wichmann property is of particular importance in several contexts of
this thesis. This property means that the vacuum state w(-) = (€2,-Q) is a KMS state for
A(I) with respect to d7 (at inverse temperature 27), see below. This will be exploited to
construct a standard KMS state with respect to the spacetime translation in Section 1.3.2.

We say that A is strongly additive if it holds that A(I) = A(l) V A(I3), where I
and I, are intervals obtained by removing an interior point of I.

Let A be a Mobius covariant net on S*. If a unitary operator V' commutes with the
translation unitaries 7'(¢) and it holds that VA(R,)V* C A(Ry), then we say that V
implements a Longo-Witten endomorphism of A. In particular V' preserves 2 up to a
scalar since 2 is the unique invariant vector under 7'(t). Such endomorphisms have been
studied first in [64] and they found a large family of endomorphisms for the U(1)-current
net, its extensions and the free fermion net.
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1.1.2 The restriction of a net to the real line

Although Mé&bius covariant nets are defined on the circle S, it is natural from a physical
point of view to consider a theory on the real line R. We identify R with the punctured
circle S1\ {—1} by the Cayley transform:

1+ t—i
t=1 Z<:>z:—z_,t€]R,z€S1C(C.
t+1

The point —1 € S! is referred to as “the point at infinity” oo when considered in the
real-line picture.

We recall that the Mobius group PSL(2,R) is generated by the following three one-
parameter groups, namely rotations, translations and dilations [63]:

ps(2) = €z, forz€S'cC
t+s, fort € R
ds(t) = €t fort € R,

ol
—~
~
SN—
I

where rotations are defined in the circle picture, on the other hand translations and dila-
tions are defined in the real line picture. Of these, translations and dilations do not move
the point at infinity.

According to this identification, we also restrict a conformal net A to the real line.
Namely, we consider all the finite-length open intervals I € R = S'\ {—1} under the iden-
tification. We still have an isotonic and local net of von Neumann algebras corresponding
to intervals in R, which is covariant under translation, dilation and diffeomorphisms of S*
which preserve —1. It is known that the positivity of energy (the generator of rotations)
is equivalent to the positivity of the generator of translations [93], and the vacuum vector
Q) is invariant under translations and dilations. We denote this restriction to the real line
by .A|R

The terminology of representations easily translates to the real-line picture. Namely, a
representation of A|g is a consistent family {m;};cr of representations of {A(I)};er, and
an endomorphism (respectively an automorphism) is a representation on the same Hilbert
space which maps A(I) into (respectively onto) itself. Note that the family of bounded
(connected) intervals is directed. We shall denote by 2[4 the associated quasi-local algebra,
that is the C*-algebra

91/[ = U]@R.A([)

where the closure is meant in the operator norm topology. By the directedness, any
representation (resp. endomorphism, automorphism) of A|g extends to a representation
(resp. endomorphism, automorphism) of the C*-algebra 24. Translations and dilations
take bounded intervals I € R to bounded intervals, hence these transformations give rise
to automorphisms of 2 4.
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1.1.3 Subnets and extensions

Let B be a Mdbius covariant net on H. Another assignment A of von Neumann algebras
{A(I)}1e5 on H is called a subnet of B if it satisfies isotony, M&bius covariance with
respect to the same U for B and it holds that A(I) C B(I) for every interval [ € J. If
A(I) NB(I) = C1 for an interval I (hence for any interval, by the covariance and the
transitivity of the action of PSL(2,R) on J), we say that the inclusion of nets A C B is
irreducible.

Let us denote by H, the subspace of H generated by {A(I)};ey from Q, and by P, the
orthogonal projection onto H,4. Then it is easy to see that P4 commutes with all A(7)
and U. The assignment {A([)|s, }res with the representation Uls, of PSL(2,R) and the
vacuum §2 is a Mobius covariant net on Hy. Conversely, if a Mobius covariant net A is
unitarily equivalent to such a restriction Algc, of a subnet A of B, then B is called an
extension of Aj. We write simply Ay C B if no confusion arises.

When we have an inclusion of nets A C B, for each interval I there is a canonical
conditional expectation E; : A(I) — B(I) which preserves the vacuum state w thanks
to the Reeh-Schlieder property and Takesaki’s theorem [82, Theorem 1X.4.2]. We define
the index of the inclusion A C B as the index [B(I), A(I)] with respect to this condi-
tional expectation [56], which does not depend on I (again by covariance, or even without
covariance [60]). If the index is finite, the inclusion is irreducible.

1.1.4 Diffeomorphism covariance and Virasoro nets

In the present thesis we will consider a class of nets with a much larger group of symmetry,
which still contains many interesting examples. Let Diff(S!) be the group of orientation-
preserving diffeomorphisms of the circle S'. This group naturally contains PSL(2, R).

A Mobius covariant net A is said to be a conformal net if the representation U extends
to a projective unitary representation of Diff (S') such that for any interval I and = € A([)
it holds that

U(g)AI)U(9)* = A(gl), for g € Diff(S),
U(g)xU(g)" =z, if supp(g) C I,

where supp(g) C I’ means that g acts identically on I. In this case we say that A is
diffeomorphism covariant.

From the second equation above we see that U(g) € A(I) if supp(g) C I by Haag
duality. If we define

Vir(I) = {U(g) : supp(g) C I}",

one can show that Vir is a subnet of A. Such a net is called a Virasoro net. Let us
consider its restriction to the space Hy;,. The representation U of Diff (S 1) restricts to Hys,
as well, and this restriction is irreducible by the Haag duality. In addition, the restriction
of U to PSL(2,R) admits an invariant vector €2 and the rotation still has positive energy.
Such representations have been completely classified by positive numbers ¢, the central
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charge, see for example [24, Appendix A]. It is known that even to the full representation
U on H we can assign the central charge c¢. Since the representation U which makes A
diffeomorphism covariant is unique [26], the value of ¢ is an invariant of A. We say that
the net A has the central charge ¢ (see also Section 1.5.3).

1.1.5 Complete rationality

We now define the class of conformal nets to which our main result applies. Let us consider
the following conditions on a net A. For intervals Iy, I5, we shall write Iy € I if the closure
of I; is contained in the interior of Is.

(a) Split property. For intervals Iy € I, there exists a type I factor F' such that
A(L) C F C A(I).

(b) Strong additivity. For intervals I, Iy, Iy such that I; Ul, C I, I; N Iy = ), and
I'\ (I; U L) consists of one point, it holds that A(I) = A(ly) V A(l3).

(c) Finiteness of p-index. For disjoint intervals I, Iy, I3, I in a clockwise (or counter-
clockwise) order with a dense union in S*, the Jones index of the inclusion A(Iy) V
A(I3) C (A(Iy) V A(1y)) is finite (it does not depend on the choice of intervals [54]
and we call it the p-index of A).

A conformal net A is said to be completely rational if it satisfies the three conditions
above. If A is diffeomorphism covariant, the strong additivity condition (b) follows from
the other two (a) and (c) [65].

An important class of completely rational nets is given by the conformal nets with
¢ < 1, which have been completely classified [52]. Among other examples of completely
rational nets (with ¢ > 1) are SU(N ) loop group nets (Section 1.5.3, [41, 97]). It is known
that complete rationality passes to finite index extensions and finite index subnets [62].
The importance of complete rationality is revealed in representation theory of nets (see
Section 1.1.6).

1.1.6 Representations and sectors of conformal nets

Let A be a conformal net on S'. A representation 7 of A is a family of (normal)
representations m; of algebras A(I) on a common Hilbert space H, with the consistency
condition

7TJ|A([) = my, for I C J.

A representation 7 satisfying {U;m;(A(I))} = C1 is called irreducible. Two repre-
sentations 7,7’ are unitarily equivalent iff there is a unitary operator W such that
Ad(W) o m; = 7} for every interval I. A unitary equivalence class of an irreducible rep-
resentations is called a sector. It is known that any completely rational net admits only
finitely many sectors [54].
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A representation may be given also on the original (vacuum-)Hilbert space. Such a
representation p which preserves each local algebra A(I) is called an endomorphism
of A. Note that this notion of endomorphisms differs from the terminology of localized
endomorphisms of DHR representation theory, in which not all local algebras are preserved.
If each representation of the local algebra is surjective, it is called an automorphism. An
automorphism which preserves the vacuum state is called an inner symmetry. Any inner
symmetry is implemented by a unitary operator and it is in the same sector as the vacuum
representation.

1.1.7 Half-sided modular inclusions

Let N C M be an inclusion of von Neumann algebras. If there is a cyclic and separating
vector € for N, M and M NN, then the inclusion N € M is said to be standard in the
sense of [31]. If o}(N) € N for 7 € Ry where 07" is the modular automorphism of M with
respect to €2, then it is called a +half-sided modular inclusion.

Theorem 1.1.1 ([95, 2]). If (N C M, Q) is a + (respectively — )half-sided modular inclu-
sion, then there is a Mébius covariant net A on S* such that A(R_) = M and A(R_—1) =
N (respectively A(R;,) =M and ARy +1) =N).

If a unitary representation V' of R with positive spectrum satisfies V()2 = Q for
teR, AdV(t)(M) C M fort <0 (respectively t > 0) and AdV (—1)(M) =N (respectively
AdV(1)(M) = N), then V is the representation of the translation group of the Mdbius
covariant net constructed above.

1.1.8 Two-dimensional nets of observables

The two-dimensional Minkowski space R? is represented as a product of two lightlines
R?* =L, x L_, where Ly := {(to,t1) € R? : ;o + t; = 0} are the positive and the negative
lightlines. The fundamental group of spacetime symmetry is the (proper orthochronous)
Poincaré group fPl, which is generated by translations and Lorentz boost.

Let O be the family of open bounded regions in R?. A (local) Poincaré covariant
net A assigns to O € O a von Neumann algebra A(O) on a common separable Hilbert
space H satisfying the following conditions:

(1) Isotony. If Oy C Oy, then A(O;) C A(O3).

(2) Locality. If O; and O, are spacelike separated, then [A(O;), A(Oz)] = 0.
(3) Additivity. If O =, O;, then A(O) =V, A(O;).
(4)

4) Poincaré covariance. There exists a strongly continuous unitary representation U

of the Poincaré group iPTF such that

U(9)A(O)U(g)* = A(gO), for g € P}
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(5) Positivity of energy. The joint spectrum of the translation subgroup in TL in
the representation U is contained in the forward lightcone V, := {(po,p1) € R? :

Po+p1 > 0,p9 —p1 > 0}

(6) Existence of the vacuum. There is a unique (up to a phase) unit vector €2 in H
which is invariant under the action of U, and cyclic for \/, 4 A(O).

From these assumptions, the following properties automatically follow [3].
(7) Reeh-Schlieder property. The vector § is cyclic and separating for each A(O).
(8) Irreducibility. The von Neumann algebra \/, .y A(O) is equal to B(J).

It is sometimes appropriate to extend the definition of a net also to unbounded regions.
Let A be a Poincaré covariant net. For an arbitrary open region O, we define A(O) :=
V peo A(D), where D runs over all bounded regions included in O (this definition coincides
with the original net if O is bounded). Among important unbounded regions are wedges.
The standard left and right wedges are defined as follows:

Wy = {(to,tl) ttg > 1,1t < —tl}
WR = {(tO;tl) . to < tl,to > —tl}

The regions Wy, and Wg are invariant under Lorentz boosts. The causal complement of
Wy, is Wg (and vice versa). All the regions obtained by translations of standard wedges
are still called left- and right- wedges, respectively. Moreover, any double cone is obtained
as the intersection of a left wedge and a right wedge. Let O’ denote the causal complement
of O. Tt holds that W] = Wg, and if D = (W, +a) N (Wg + b) is a double cone, a,b € R?,
then D' = (Wg +a) U (Wp, +b). It is easy to see that Q is still cyclic and separating for
.A(WL) and .A(WR)
Let us introduce some additional assumptions on the structure of nets.

e Haag duality. If O is a wedge or a double cone, then it holds that A(O) = A(0O’).

e Bisognano-Wichmann property. The modular group A% of A(Wg) with respect

. cosht sinht
to Q is equal to U(A(—2xt)), where A(t) = (sinht cosh t) denotes the Lorentz
boost.

Duality for wedges (namely A(W) = A(Wg)) follows from the Bisognano-Wichmann
property (see Proposition 1.1.4). If A is Mobius covariant, then the Bisognano-Wichmann
property is automatic [10], and Haag duality is equivalent to strong additivity [77]. Apart
from MOobius nets, these properties are common even in massive interacting models [59].
Furthermore, starting with A(W7p), it is possible to construct a net which satisfies both
properties [6, 59]. Hence we believe that these additional assumptions are natural and at
some points of the present thesis we assume that the net A satisfies them.
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We identify the circle S* as the one-point compactification of the real line R by the
Cayley transform:
z—1 t—1

' =z =— -,
z+1 t+1

teR, z€S'cC.

The Mé&bius group PSL(2,R) acts on R U {co} by the linear fractional transformations,
hence it acts on R locally (see [10] for local actions). Then the group PSL(2,R) x PSL(2,R)
acts locally on R?, where PSL(2, R) is the universal covering group of PSL(2,R). Note that
the group PSL(2,R) x PSL(2,R) contains translations, Lorentz boosts and dilations, so in
particuar it includes the Poincaré group P|. We refer to [53] for details.

Let A be a Poincaré covariant net. If the representation U of Tl (associated to the

net A) extends to PSL(2,R) x PSL(2,R) such that for any open region O there is a small
neighborhood U of the unit element in PSL(2,R) x PSL(2,R) such that gO C M and it
holds that

U(g)A(O)U(g)" = A(g0O), for g € PSL(2,R) x PSL(2,R),

then we say that A is a Mobius covariant net.

If the net A is Mobius covariant, then it extends to a net on the Einstein cylinder
& := R x S' [53]. On & one can define a natural causal structure which extends the
one on M (see [66]). We take a coordinate system on € used in [77]: Let R x R be the
universal cover of St x S'. The cylinder € is obtained from R x R by identifying points
(a,b) and (a+2m,b—27) € R x R. Any double cone of the form (a,a+ 27) x (b,b+27) C
R x R represents a copy of the Minkowski space. The causal complement of a double cone
(a,c)x (b,d), where 0 < c—a < 27,0 < d—b < 27, is (¢,a+2m) x (d—2m, b) or equivalently
(c—2m,a) x (d,b+2m). If O is a double cone, we denote the causal complement by O’. For
an interval I = (a,b), we denote by I* the interval (b,a + 27) C R and by I~ the interval
(b —2m,a) CR.

Furthermore, it is well-known that, from Mobius covariance, the following properties
automatically follow (see [10]):

e Haag duality in €. For a double cone O in € it holds that A(O) = A(O'), where
O’ is defined in € as above.

¢ Bisognano-Wichmann property in £ For a double cone O in &€, the modular
automorphism group A% of A(O) with respect to the vacuum state w := (,-Q)
equals to U(A?) where A9 is a one-parameter group in PSL(2, R) x PSL(2, R) which
preserves O (see [10] for concrete expressions).

We denote by Diff(R) the group of diffeomorphisms of S' which preserve the point
{—1}. If we identify S*'\{—1} with R, this can be considered as a group of diffeomorphisms
of R 1. The Minkowski space R? can be identified with a double cone in &. The group

!Note that not all diffeomorphisms of R extend to diffeomorphisms of S*, hence the group Diff (R) is not
the group of all the diffeomorphisms of R. However, this notation is common in the context of conformal
field theory.
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Diff(R) x Diff(R) acts on R? and this action extends to & by periodicity. The group
generated by this action of Diff(R) x Diff(R) and the action of PSL(2,R) x PSL(2,R)
(which acts on € through quotient by the relation (7., 7_o,) = (id,id) [53]) is denoted by
Conf(€). Explicitly, Conf(€) is isomorphic to the quotient group of Diff(S') x Diff(S!)
by the normal subgroup generated by (7o, 7_2,), where Diff(S!) is the universal covering
group of Diff(S!) (note that ry, is an element in the center of Diff(S?)).

A Mobius covariant net is said to be conformal if the representation U further extends
to a projective representation of Conf(€) such that

U(g)A(O)U(g)" = A(g0O), for g € Diff(R) x Diff(R),

and if it holds that
U(g)zU(g)" ==

for z € A(O), where O is a double cone and g € Diff(R) x Diff(R) has a support disjoint
from O.

Proposition 1.1.2. If the net A is conformal, the intersection (), A(I x J) contains
representatives of diffeomorphisms of the form g, x id where supp(g.) C I,

Proof. 1f g is a diffeomorphism of the form g, xid and supp(g,) C I, then U(g) commutes
with A(IT x J) for arbitrary J, thus Proposition follows by the Haag duality on €. ]

If it holds that A(O;) VA(Oz) = A(O) where O; and O, are the two components of the
causal complement (in O) of an interior point of a double cone O, we say that A is strongly
additive. This implies the chiral additivity [77], namely that A(I x J;) V A(I X J3) =
A(I x J) if J; and J; are obtained from J by removing an interior point.

Let Ay be two Mobius covariant nets on S' defined on the Hilbert spaces Hy with
the vacuum vectors Q24 and the representations of UL (see Section 1.1.1). We define a
two-dimensional net A as follows: Let Ly := {(fo,t1) € R*: ty £ ¢; = 0} be two lightrays.
For a double cone O of the form [ x J where [ and J I C Ly and J C L_, we set
A(O) = AL (I)®A_(J). For a general open region O C R?, we set A(O) :=\/,, ; A(I x J)
where the union is taken among intervals such that I xJ C O. If we take the vacuum vector
as Q := Q, ®Q_ and define the representation U of PSL(2,R) x PSL(2,R) by U(g+ xg_) :=
U,(g1) x U_(ga), it is easy to see that all the conditions for M&bius covariant net follow
from the corresponding properties of nets on S*. We say that such A is chiral. If A, are
conformal, then the representation U naturally extends to a projective representation of
Diff(S') x Diff(S'). Hence A is a two-dimensional conformal net.

We recall that A(O) is interpreted as the algebra of observables measured in a spacetime
region O. A typical example of a conformal net is constructed in the following way: If
we have a local conformal field ¥, namely an operator-valued distribution, then we define
A(O) as the von Neumann algebra generated by ™) where the support of f is included
in 0. But our framework does not assume the existence of any field. Indeed, there are
examples of conformal nets (on S'; See Section 1.1.1) for which no field description is at
hand [52]. Thus the algebraic approach is more general than the conventional one.
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1.1.9 Conditional expectations in nets of observables

The Bisognano-Wichmann property asserts a relation between the dynamics of the net
and the Tomita-Takesaki modular theory. In the modular theory, one of the fundamental
tools is conditional expectation. We briefly recall here its definition and discuss some
immediate consequences. A condtional expectation from a von Neumann algebra M
onto a subalgebra N is a linear map F : M — N satisfying the following properties:

o E(x)=ux for x € N.
o E(xyz) =aFE(y)z for z,z € N, y € M.
o E(x)*E(x) < E(x*zx) for x € M.
Let us recall the fundamental theorem of Takesaki [82, Theorem 1X.4.2].

Theorem 1.1.3. Let N C M be an inclusion of von Neumann algebras and ¢ be a faithful
normal state on M. Then the following are equivalent:

e N is invariant under the modular automorphism group oy .
e There is a normal conditional expectation E from M onto N such that ¢ = po E.

Furthermore, if the above conditions hold, then the conditional expectation E is imple-
mented by a projection in the following sense: We consider the GNS representation m, and
® be the GNS vector. Let Px be the projection onto the subspace N®. Then it holds that
E(z)® = Pya®. In particular, N = M if and only if Py = 1 (hence E =1id). The modular
automorphism group of v|x is equal to o¥|y.

A Poincaré covariant net A is said to be wedge dual if it holds that A(Wp) = A(W/)(=
A(WR)) (see Section 1.1.8 for Wy, and Wyr). With the help of conditional expectation, it
is easy to deduce that Bisognano-Wichmann property (defined in Section 1.1.8) implies
wedge duality, although this implication has been essentially known [6, 79].

Proposition 1.1.4. If a Poincaré covariant net A satisfies Bisognano- Wichmann property,
then it is wedge dual.

Proof. The modular automorphism group o$ of A(Wy)" is implemented by Ag%, which
is equal to U(A(—2nt)) by Bisognano-Wichmann property. It is obvious that A(Wg) C
A(WL)" and A(WR) is invariant under AdU(A(—2nt)) = AdAG". Hence by Takesaki’s
Theorem 1.1.3, there is a conditional expectation E from A(Wp)" onto A(Wg) which pre-
serves w = (€2,-Q) and it is implemented by the projection onto the subspace A(Wg)SQ.
But by Reeh-Schlieder property it is the whole space I, hence F is the identity map and
we obtain A(Wy) = A(Wg). O
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For a given net A, we can associate the dual net A9 ([3, Section 1.14]), defined by

AY(0g) = () A(O),

O10g

where O L Oy means that O and Oy are causally disjoint. A¢ does not necessarily satisfy
locality nor additivity. Additivity is usually necessary only in proving Reeh-Schlieder
property, so we do not discuss here. We have the following.

Proposition 1.1.5 ([3]). If a Poincaré covariant net A is wedge dual, then A? is local
and Haag dual.

Thus, if we consider the dual net A¢ as a natural extension, Haag duality for a net with
Bisognano-Wichmann property is not a strong requirement.

1.2 Infinite dimensional Lie groups and algebras

1.2.1 2-cocycles and projective representations

A 2-cocycle on a complex Lie algebra b is a bilinear form w : h x h — C which satisfies

W(fﬂ?) = _W(Ua5>7
w([€ ], ¢) +w([n.¢],€) +w([¢,&],m) = 0.

For a given cocycle w, we can define a new Lie algebra H = b @& C with the following
operation,

[(ga a’l)? (777 a2)] = ([57 7’]],&)(5, n))a

and we call it the central extension of f by the cocycle w. It is customary to express this
algebra using a formal central element C' and to define the commutation relation

€+ a1Cn+ axCl = [§,n] +w(&, n)C.

A projective unitary representation 7w with a 2-cocycle w of h assigns to any element &
of b a linear operator 7(§) on a (inner product) linear space V' such that

(& n]) = w(&)m(n) — 7(n)m(&) + w(&,n)-

Such a projective representation 7 can be naturally considered as a (true, non projective)
representation 7 of h by the formula 7(§ 4+ aC) = w(x) + a - 1.
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1.2.2 The loop algebras

We define an infinite-dimensional Lie algebra called loop algebra of the Lie algebra g of a
compact Lie group G:

Lg:={¢:S" — g,smooth},
[€1,&](2) == [&(2), &(2)], 2 € S*.

Lg has the natural topology by the uniform convergence of each derivative and the differ-
ential structure.

For the loop algebra Lg, the complexification (Lg)c can be naturally defined and be
identified with Lgc. It obtains a structure of x-Lie algebra by defining £*(z) := (£(2))*,
where in the right hand side * means the x-operation with respect to the compact form.

Instead of analysing the loop algebras directly, it is customary to consider the polyno-
mial loops &£(z) = Y, &2", where & € gc and only finitely many terms appear in the sum.
Let us denote the polynomial subalgebra by gc. It is easy to see that gc = gc ®c C[t, ¢!]
with the bracket [z @ t*,y @ t!] = [z, y] ® th*L.

The G-invariant 2-cocycle on the algebra Lgc (see Section 1.2) is unique up to a scalar
[75, Proposition 4.2.4].

Theorem 1.2.1. Any G-invariant 2-cocycle on Lgc is proportional to the following one.

wiEm) = o / (€0),/(0)) b,

271
where (-,-) is the unique invariant symmetric form on gc.

At the Lie algebra level, central extensions by proportional cocycles are isomorphic,
hence we identify them and denote the equivalence class by gc.

It is not convenient to treat general representations and decomposition into irreducible
representations. Instead, in the following we consider a special class of irreducible repre-
sentations.

First of all, g¢ has the triangular decomposition

gc=n"dhen,

where b is the Cartan subalgebra of gc. Let {H;} be the basis of h with respect to the
root decomposition and w; € h* such that w;(H;) = d; ;, and & be the highest root.
Following this decomposition of g¢, we can decompose g¢ as follows.

gc = (gc@c (CHleC)ant) @ (h ® CO) @ (g9c ®@c (CtT']oC)@n).
This is the triangular decomposition of g¢. Put b= (h @ CC). We define weights on 6:

v(C) =1, ~(H;) =0,
a]i = w; + (w’i: &)77
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A representation of g¢ is called a lowest weight representation with weight \ € b* if
there is a cyclic vector vy such that

hvg = A(h)vy for h € b,
z vy =0 for ; € gc ®c (C[t] ©C)®dn"
We have the following result [42].

Theorem 1.2.2 (Garland). A lowest weight representation of gc with weight \ admits a

positive-definite contravariant form if and only if X is dominant integral, namely, A\(H;) €
N.

Furthermore, in this case the representation is unitary, and admits the action of S* as
rotation. Moreover, all such representations integrate to positive-energy projective repre-
sentations of the loop group LG (see Section 1.5.2). There is a one-to-one correspondence
between dominant integral condition above and (1.3). Group representations are classified
by the level and the weight satisfying (1.3), so there is a one-to-one correspondence be-
tween lowest weight irreducible representations of g¢ and positive-energy projective unitary
irreducible representations of LG.

1.2.3 The Virasoro algebra

The Witt algebra (we denote it Witt. See also [81]) is the Lie algebra generated by L, for
n € Z with the following commutation relations:

[Lin, L) = (m —n) Ly ip.

The Witt algebra has a central extension with a central element C, unique up to isomor-
phisms, with the following commutation relations:

C
[Lon, Ly = (m —n)Lppin + Em(m2 — 1)
In other words, this corresponds to a 2-cocycle w(Ly,, L,) = 1—12m(m2 — 1)0pm,—pn. This
algebra is called the Virasoro algebra Vir. On Witt and Vir we can define a *-operation
by
(L,)*=L_,,C"=C.

The Witt algebra is a subalgebra of the Lie algebra Vect(S!) of smooth complex func-
tions on the circle S with the following commutation relations:

[f7g]:fg,_f,ga

and the correspondence L, + . Its real part is the Lie algebra of the group of

diffeomorphisms of S'[70]. This algebra is equipped with the smooth topology, namely, a
net of functions f,, converges to f if and only if the k-th derivatives f,gk) converge to f*)
uniformly on S! for all £ > 0. The central extension above extends continuously to this
algebra. As the group Diff (S') is a manifold modelled on Vect(S'), it is equipped with the
induced topology of the smooth topology of Vect(S1).
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1.3 Thermal states in conformal QFT

1.3.1 KMS states on chiral nets: general remarks

In what follows we shall use the “real-line” picture. A linear functional ¥ : %, — C such
that its local restriction 1|4 () is normal for every bounded open interval I € R is said to
be locally normal on 2A4. Let now 1 be a locally normal state on 2, and consider the
associated GNS representation 7, of 24 on the Hilbert space H, with GNS vector V. By
construction, the vector ¥ is cyclic for the algebra m,(A4) and (U, 7y (x)¥) = 9(x) for
every x € Ay.

Lemma 1.3.1. H, s separable.

Proof. Let I € R be a bounded interval. The restriction of my| A(n) to the Hilbert space
7y (A(I))¥ may be viewed as the GNS representation of A(1) coming from the state 1| 4(p).
It follows that my(A(I))V is separable, since (property (10) in Section 1.1.1) the local
algebra A(I) is a type II; factor given on a separable Hilbert space.

Let now I, := (—n,n) € R and Hy,,, = 7y (A(L,))¥ for every n € N. Then, on one
hand, H, , is separable for every n € N; on the other hand, using that every finite length
interval I is contained in some interval I,,, it follows easily that U,H, , is dense in J,.
Thus H,, is separable, as it is the closure of the union of a countable number of separable
Hilbert spaces. O

Corollary 1.3.2. The restriction of my to any local algebra A(I) (I € R) is normal; thus
Ayp(I) = myp(A(l)) is a von Neumann algebra on Hy, and my|aaqy + A(L) = Ap(l) is

actually a unitarily implementable isomorphism between type Il factors.

Proof. The listed facts follow from the last lemma since A([) is a typelll; factor given on
a separable Hilbert space. O

A translation of the real line takes every bounded interval into a bounded interval. Thus
the adjoint action of the strongly continuous one-parameter group of unitaries ¢t — U(7;)
associated to translations, which is originally given for the chiral net A, may be viewed as
a one-parameter group of x-automorphisms of 4. Similarly, we may consider dilations,
too, as a one-parameter group t — AdU(d;) of x-automorphisms of 2A,. We have that

AdU(R)(A(D) = At +1),;  AdU(0)(A(])) = A(€'])
and we have the group relations
(53 O Ty = Test O 55.

Let a; be a one-parameter automorphism group of the C*-algebra (4. A S-KMS state
@ on A, with respect to oy is a state with the following condition: for any x,y € 24 there
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is an analytic function f on the strip 0 < Sz < 3, bounded and continuous on the closure
of the strip, such that

f@t) = p(rau(y)), [ft+iB) = o(a(y)z).

In Chapter 4 we will be interested in states on 2,4 satisfying the S-KMS condition w.r.t.
the one-parameter group t — AdU (7). As a direct consequence of the last recalled group-
relations, ¢ is such a S-KMS state if and only if ¢ o AdU(¢;) is a KMS state with inverse
temperature 3 /e'. Thus it is enough to study KMS states at the fixed inverse temperature
[ =1, which we shall simply call a KMS state.

A KMS state ¢ of A4 wrt. t — AdU(7r) is in particular an invariant state for
t — AdU(r;). Thus, considering the GNS representation =, associated to ¢ on the Hilbert
space H, with GNS vector ®, we have that there exists a unique one-parameter group of
unitaries ¢ — V,,(t) of H, such that

V(1) (2)® = m, (AU (7())) @

forallt € R and x € A4. It is well-known that & is automatically cyclic and separating for
the von Neumann algebra 7,(24)” [83], and that the associated modular group ¢t — A"
actually coincides with ¢ — V,,(¢).

By the general result [83, Theorem 1], a KMS state is automatically locally normal.
Moreover, by [83, Theorem 4.5] every KMS state can be decomposed into primary KMS
states. We recall that a KMS state ¢ is primary iff it cannot be written as a nontrivial
convex combination of other KMS states and that it is equivalent with the property that
m,(A4)" is a factor.

We also recall the KMS version of the well-known Reeh-Schlieder property. Its proof
relies on standard arguments, see e.g. [61, Prop. 3.1].

Lemma 1.3.3. Let ¢ be a KMS state on Ay w.r.t. the one-parameter group t — AdU (1),
and let m, be the associated GNS representation with GNS vector ®. Then ® is cyclic and
separating for w,(A(I)) for every bounded (nonempty, open) interval I € R.

1.3.2 The geometric KMS state

Here we show that every local, diffeomorphism covariant net A admits at least one KMS
state, indeed this state has a geometric origin. The construction of this geometric KMS
state @ge, is essential for our results, hence we include it in the present Chatpter.

The geometric KMS state is constructed using two properties: Bisognano-Wichmann
property (valid also in higher dimensions), which implies that the vacuum state is a KMS
state for the C*-algebra A (R, ) w.r.t. dilations; diffecomorphism covariance, by which it is
(locally) possible to find a map from R to Ry that sends translations to dilations. Such a
map would (globally) be the exponential, which is not a diffeomorphism of R onto R, but
for any given interval we can find a diffeomorphism which coincides with the exponential
map on that interval.
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Proposition 1.3.4. For any conformal net A, there is a canonical injective endomorphism

Exp of the C*-algebra A4 = UI@R‘A(I)”‘” such that
(1) Exp (A (1)) = A (e*)
(2) Exp o AdU(7) = AdU (d24¢) o Exp,

(8) Exp is a C*-algebra isomorphism of A, with A(R,) = UI@R+ A(I)

Proof. For any I € R, choose a map n; € C* (R, R) such that: n;(t) = >, Vt € I;
outside an interval J € R (J has to contain both I and ¢**') 5; is the identity map
ni(t) = t; n;' € C®(R,R). Then n; is a diffeomorphism and has a unitary represen-
tative U (ny) such that AdU (nr) (A (J)) = A (nrJ) and in particular AdU (n;) (A (1)) =
A (e*™). Set Exp|ay = AdU (n;), this is a well-defined endomorphism of UerA(I) (since
AdU (1) lary = AdU (ns) |ay whenever I C J) which can be extended to the norm clo-
sure 204 satisfying (1) and (3). Condition (2) follows from the corresponding relation for
maps of R, ny o 73 = dory 0 17, and the fact that, on every local algebra A (1),

Exp o AdU(7r) = AdU (n;) c AdU (7)) = AdU (ny o) =
= AdU (09,1 0 n7) = AdU (09,) © AdU (n;) = AdU (d25¢) © Exp.

]

Theorem 1.3.5. For any conformal net A, the state pgeo := w o Exp is a primary KMS
state w.r.t. translations.

Proof. By definition, the GNS representation of ¢4, is (unitarily equivalent to) the compo-
sition of the vacuum (identity) representation with Exp: (Exp, Hg, €2). Thus m,,., (Aa)" =
A (R;) which is a factor: ¢4, is a primary state.

The vector Q) is cyclic and separating for A (R,) and by the Bisognano-Wichmann
property the modular group is the group ¢ — U(d2n:) of (rescaled) dilations (dilations
associated to the interval R, C S', i.e. the “true” dilations), therefore AdAY o Exp =
AdU (095t) o Exp = Exp o AdU (7).

Hence, as the modular group w.r.t. {2 is the translation group for the represented net
R 5 I — Exp (A (1)), the vector state 2 is a KMS state w.r.t. translations. O

Remark 1.3.6. Consider the case where A is strongly additive. Then, in the vacuum
representation of A, we have A (€™ oc0) N A (e%b,oo), = A (e*™,e*™), therefore, by
construction, Age, (@, 00)NAgeo (b, 00) = Ageo (a,b), for any a < b < oo, where Ay, = A
is defined as in eq. (4.3) here below.

Pgeo

By the same arguments used in the proof of Theorem 1.3.5, we have the following.

Proposition 1.3.7. There is a one-to-one map between the sets of

o KMS states on A(Ry) = U;eg, A(L) ~ with respect to dilations
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o KMS states on Aq = J;cg A(L)  with respect to translations.

The correspondence is given by ¢ — ¢ o Exp.

By definition, the geometric KMS state gq, of 244 is the KMS state corresponding to
the vacuum state on A(R;) according to the above proposition: @ge, = w o Exp.

1.4 Scattering theory of massless models in two di-
mensions

1.4.1 Scattering theory of waves

Here we summarize the scattering theory of massless two-dimensional models established
in [11]. This theory is stated in terms of Poincaré covariant nets of observables.

Let us denote by T'(a) := U(7(a)) the representative of spacetime translation 7(a)
by a € R?. Furthermore, we denote the lightlike translations by Ty (t) := T((t, £t)).
Let P denote the subgroup of PSL(2,R) generated by (one-dimensional) translations and
dilations. Note that P is simply connected, hence it can be considered as a subgroup of
PSL(2,R). As will be seen in the following, the representation U of PSL(2,R) x PSL(2,R)
restricted to P x P has typically a big multiplicity in Mobius covariant theories. The
subspaces H, = {€ e H: T () =& forallt} and H_ = {£ € H: T (1) = £ for all ¢}
are referred to as the spaces of waves with positive and negative momentum, respectively.
Let PL be the orthogonal projections onto H., respectively.

Let = be a local operator, i.e., an element of A(O) for some O. We set z(a) :=
T(a)xT(a)* for a € R? and consider a family of operators parametrized by T:

ve(hy) = / dt e (£)2((t, £8)),

where hg(t) = |T|°h(|T|75(t — 7)), 0 < e < 1 is a constant, T € R and h is a nonnegative
symmetric smooth function on R such that [dth(t) = 1.

Lemma 1.4.1 ([11] Lemma 1,2,3). Let x be a local operator. Then the limit ®P(z) =

;-lim x4 (hy) exists and it holds that
——00

o ON(2)Q2 = Praf).
° @il(lt)f}(i C Hs.
o AdU(g)®P () = ®(AdU(g)(x)), where g € PL.

Furthermore, the limit ®%(x) depends only on Prx(Q, respectively. We call these limit
operators the “incoming asymptotic fields”. It holds that [P (z), ®™(y)] = 0 for arbitrary
local © and y.

Similarly one defines the “outgoing asymptotic fields” by 3" (x) := S(I—iiorgl x4 (hg)
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Remark 1.4.2. As the asymptotic field is defined as the limit of local operators, it still has
certain local properties. For example, let O, and Oy be two regions such that O, stays
in the future of Oy and x € O,,y € Op. Then it holds that [®P(z),y] = 0, since for a
negative T with sufficiently large absolute value, x4 (hg) lies in the spacelike complement
of y. Similar observations apply also to ®™.

Lemma 1.4.1 captures the dispersionless kinematics of elementary excitations in two-
dimensional massless theories: since ®(z)H, C Hy, by composing two waves travelling
to the right we obtain again a wave travelling to the right. Thus waves are, in general,
composite objects, associated with reducible representations of the Poincaré group. More-
over, it follows that collision states of waves may contain at most two excitations: One
wave with positive momentum and the other with negative momentum.

Let us now construct these collision states: For £, € H, there are sequences of local
operators {z ,} such that 37;_1301? Poxy Q0 = & and Using these sequences let us define

collision states following [11] (see also [34]):

GXE = s lmdN (7, )P (2 )0
out
€+X€, = ST;_I)iglq)g-m(l'ﬁn)(bgm(x*,n)g

i t
We interpret &, 1>1<1§_ (respectively §+O>lé ¢_) as the incoming (respectively outgoing) state
which describes two non-interacting waves &, and ¢_. These asymptotic states have the
following natural properties.

Lemma 1.4.3 ([11] Lemma 4). For the collision states & 1>r<1§, and 14 1>I<177, it holds that
1€ xEmexn=) = (Eromy) - (€-,m-)-

2. U(9)(&x€-) = (U(9)€1)x (U (9)&-) for all g € P,
And analogous formulae hold for outgoing collision states.

Furthermore, we define the spaces of collision states: Namely, we let H™™ (respectively

in ut
H") be the subspace generated by &, X¢_ (respectively €+O>< ¢_). From the Lemma above,
we see that the following map

out in
S €L XE— &L xEL
is an isometry. The operator S : H°* — " is called the scattering operator or the
S-matrix. We say the waves in A are interacting if S is not a constant multiple of
the identity operator on H°". The purpose of these Sections is to show that S = 1 on
FHeu for Mobius covariant nets and to determine H°* = H™ in terms of chiral observables
(see Section 5.2). As a corollary one observes that a Mobius covariant net is chiral if and
only if it is asymptotically complete, i.e. H" = H™ = H. Moreover, we show in

Subsection 5.3.1 that if a net is Poincaré covariant and asymptotically complete, then it is
noninteracting if and only if it is a chiral M&bius covariant net (see Section 1.1.8).
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1.5 Examples of nets on S'

1.5.1 The U(1)-current net and Longo-Witten endomorphisms

We briefly summarize here some facts about the net called the U(1)-current net, or the
(chiral part of) free massless bosonic field. On this model, there has been found a family
of Longo-Witten endomorphisms [64]. We will construct a wedge-local net for each of
these endomorphisms. This model has been studied with the algebraic approach since the
fundamental paper [16]. We refer to [63] for the notations and the facts in the following.

A fundamental ingredient is an irreducible unitary representation of the Mobius group
with the lowest weight 1: Namely, we take the representation of PSL(2,R) of which the
smallest eigenvalue of the rotation subgroup is 1. We call the Hilbert space H!. We
take a specific realization of this representation. Namely, let C*°(S',R) be the space of
real-valued smooth functions on S*!. This space admits a seminorm

1= 2k,

k>0
where fk is the k-th Fourier component of f, and a complex structure

(If)e = —isign(/{:)fk_

Then, by taking the quotient space by the null space with respect to the seminorm, we
obtain the complex Hilbert space H'. We say C*(S',R) C H!. On this space, there acts
PSL(2,R) by naturally extending the action on C*(S* R).

Let us denote H™ := H®™ for a nonnegative integer n. On this space, acts the symmetric
group S,. Let P, be the projection onto the invariant subspace with respect to this action.
We put H? := P,H" and the symmetric Fock space

HY = P,

and this will be the Hilbert space of the U(1)-current net on S'. For £ € H', we denote
by e* a vector of the form %5@)” =10¢D (%5 ® 5) @ ---. Such vectors form a total

set in HZ. The Weyl operator of ¢ is defined by W (£)e? = e~z (&6—(Em gtn,
The Hilbert space H* is naturally included in the unsymmetrized Fock space:

H =PH)" =CoH'o (H K )a--

We denote by P, the projection onto H>. For an operator X; on the one particle space!,
we define the second quantization of X; on H> by

r(X) =PX)"=1eX 6 (X 0X)®

n
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Obviously, I'(X;) restricts to the symmetric Fock space H>. We still write this restriction
by I'(X}) if no confusion arises. For a unitary operator Vi € B(H!) and £ € H!, it holds
that T'(V})e® = €"1¢ and AdL'(V1)(W(€)) = W(V4€). On the one particle space 3!, there
acts the Mobius group PSL(2,R) irreducibly by U;. Then PSL(2,R) acts on H* and on
H* and by I'(Uy(g)), g € PSL(2,R). The representation of the translation subgroup in H*
is denoted by Ty(t) = et with the generator P;.

The U(1)-current net Ay is defined as follows:

Avy(1) :={W(f) : f € C*(S",R) C 3¢, supp(f) € I}

The vector 1 € C = H° C HZ serves as the vacuum vector and T'(U;(+)) implements the
Mobius symmetry. We denote by T the representation of one-dimensional translation of
-AU(l)-

For this model, a large family of endomorphisms has been found by Longo and Witten.

Theorem 1.5.1 ([64], Theorem 3.6). Let ¢ be an inner symmetric function on the upper-
half plane Soo C C: Namely, ¢ is a bounded analytic function of Se with the boundary
value [p(p)] = 1 and p(—p) = ©(p) for p € R. Then T'(p(P)) commutes with T> (in
particular I'(o(Py))Q = Q) and AdT' (¢(Py)) preserves Ayy(Ry). In other words, I'(¢(Fr))

implements a Longo-Witten endomorphism of Ay ).

1.5.2 The loop group nets

In this section, we collect notations and basic results on loop groups and loop algebras.
G represents a simple and simply connected Lie group. Let g be the Lie algebra of G.
Traditionally, infinite-dimensional Lie algebras have been a fundamental tool in conformal
field theory. The representation theory of infinite-dimensional algebras inevitably con-
tains unbounded operators on infinite dimensional vector spaces, and standard notions
as irreducibility and decomposition of representations could be difficult or practically not
appropriate to define in total generality. On the other hand, at the group level the repre-
sentation theory of compact group gives us a strong device for such reduction.

Loop groups
Let us indroduce the loop group LG of G:
LG = {g:S* — G,smooth},
g1+ g2(2) == g1(2) - ga(2), 2 € S™.

It is also possible to define a natural topology on the group LG, and there is a smooth
map from the neighbourhood of the unit element of LG to the neighbourhood of 0 in Lg.
The group operation corresponds to the bracket [70] [75].

A 2-cocycle on a group H with values in T is a map v : H x H — T which satisfies
(see [81, Chapter 3])

v(e,e) =1, ~(f,9)v(fg,h) =~(f,gh)v(g,h),
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where e is the unit element of H. If there is § : H — T such that v(f, g) = %, then
v is said to be coboundary. The set of 2-cocycles forms a group by defining the product
with pointwise multiplication. If one cocycle is a multiple of a coboundary with another
cocycle, these two cocycles are said to be equivalent.

A group LG is called a central extension of LG by T if there is an exact sequence
0—T— LG — LG — 0.

A central extension is said to be split if LG = Tx LG. There is a one-to-one correspondence
between central extensions of LG and equivalence classes of 2-cocycles [81].
The following is fundamental [75, Chapter 4].

Theorem 1.5.2 (Pressley and Segal). If G is simple and simply connected, then there
exists a family of central extensions of LG which are parametrized by positive integers, and
all such extensions come from the central extensions of Lg (see below).

The 2-cocycles of the group appear when we consider projective representations.

Definition 1.5.3. Let H be a Hilbert space. A map w: LG — U(H) is a projective unitary
representation if there is a 2-cocycle v of G such that

m(91)7(g2) = v(91, 92)7 (g1 - g2)-

If we have a projective representation of LG, by definition it also specifies a 2-cocycle of
LG, and this cocycle determines the class of central extensions. We call this class the level
of the representation. We can naturally think that the given projective representation of
LG as a “true” representation, not projective, of the central extension.

Note that the circle S acts on LG by rotation:

go(2) :== g(e™™2).

Definition 1.5.4. A projective unitary representation m of LG is said to have positive
enerqy if there is a unitary representation U of S' on the same Hilbert space with positive
spectrum such that

U®)m(g)U(0)" = m(g)-
Remark 1.5.5. Let us define the action of rotation on the space of 2-cocycles by v4(g1, 92) =

v((g1)—0, (92)—¢). Then any positive energy representation has a 2-cocycle which is invariant
under this action of translation.

The loop group LG contains constant loops. The set of constant loops forms a subgroup
isomorphic to G. A constant loop is of course invariant under rotation, hence it commutes
with the action of rotation. As seen below, the restriction of the central extension to this
subgroup of constant loops splits, hence we may assume that any projective representation
of LG is associated with a true representation of G. By the positivity of energy, U has
a lowest eigenvalue. Since the subgroup of constant loops commutes with U, G acts on
this eigenspace. When the full representation is irreducible, this restriction should be
irreducible.

Now we can state the classification result [75, Chapter 9]
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Theorem 1.5.6 (Pressley and Segal). Any smooth positive-energy projective unitary rep-
resentation of LG is completely reducible. Smooth positive-energy projective unitary irre-
ducible representations of LG can be classified by the level h and the lowest weight \ of G
on the lowest eigenspace of U. Such a representation is possible if and only if

1
_§h||ho¢||2 < )‘(hoz) < 0 (13)

for each positive root v and h,, is the coroot.

All such representations are diffeomorphism covariant: Namely, there is a projective
unitary representation U of Diff(S') such that U(y)m(g)U(y)* = w(g o y~), where the
composition g oy~ is again an element of LG.

In particular, for each level h there are finitely many representations. In terms of CF'T,
a representation with A = 0 corresponds to the vacuum representation. Each representa-
tion of LG with a different level corresponds to a different theory, and different weights
corresponds to different sectors. Finiteness of representations is the source of rationality
of these loop group models.

The loop group nets

For a vacuum representation © (A = 0) at level h of the loop group LG, we define

Agn(l) :={m(y) : suppy C I}"

and we call it the loop group net of GG at level h. All such nets are conformal thanks to the
diffeomorphism covariance of the group representation. It is known that for G = SU(N),
Ag.n is completely rational [97].

1.5.3 The Virasoro nets

There are examples of nets generated by the diffeomorphism symmetry itself (see also
Section 1.1.4). More precisely, we consider the positive-energy (projective) representations
of the group Diff(S'): Namely, 7 is said to be a positive-energy representation if 7 is a
projective representation of Diff (S*) and the one-parameter group of rotation has a positive
generator. Since we consider projective representations, m determines a class of cocycle.
This is called the central charge of 7 and it is parametrized by a real number c¢. The
(central extension of the) group Diff(S') has a subgroup S! of rotations and by positivity
of energy the subgroup has the lowest eigenvalue h > 0. It is known for which values
of ¢ and h there exist irreducible, unitary, positive-energy, projective representations of
Diff(S) [49]. All such representations are classified by ¢ and h. If 7 has h = 0, it is called
a vacuum representation.
For a vacuum representation 7, we construct a net as follows.

Vir(I) := {n(g) : supp(g) C I}".
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This is called the Virasoro net with the central charge c. Virasoro nets have a very different
nature for ¢ < 1 and ¢ > 1. Indeed, for ¢ < 1, it is known that Vir,. is completely rational
[52]. On the other hand, for ¢ > 1, Vir. admits infinitely many sectors and for ¢ > 1, it is
not even strongly additive [18].

The importance of the Virasoro nets lies in the fact that any conformal (diffeomorphism
covariant) net contains a Virasoro net as a subnet. This fact has been exploited in the
classification of the nets with the central charge ¢ < 1 [52]. On the other hand, Vir, with
¢ > 1 can be embedded in the U(1)-current net in a translation-covariant way, and we use
this fact to construct infintely many KMS states on Vir, in Chapter 4.

The group Diff (S?) is an infinite-dimensional Lie group, and its Lie algebra is Vect(S?),
the space of all the smooth vector fields on S* [70]. The algebra Vect(S') includes a
subalgebra of finite trigonometric series called the Vitt algebra. We will study a subalgebra
of Vitt algebra in Chapter 2.



Chapter 2

The stabilizer subgroup of one point
in Diff(S1)

Chapter Introduction

In this Chapter we study a certain subalgebra of the Virasoro algebra. The Virasoro
algebra is a fundamental object in conformal quantum field theory.

The symmetry group of the chiral component of a conformal field theory in 1+1 dimen-
sion is By, the group of all orientation-preserving diffeomorphisms of the real line which
are smooth at the point at infinity (for example, see [81]). Instead of working on R, it
is customary to consider a chiral model on the compactified line S! with the symmetry
group Diff(S?) as we saw in Section 1.1.1. In a quantum theory, we are interested in its
projective representations.

With positivity of the energy, which is a physical requirement, the representation theory
of the central extension of Diff(S!) has been well studied [81]. In any irreducible unitary
projective representation of Diff(S'), the central element acts as a scalar c¢. The (central
extension of the) group Diff(S!) has a subgroup S* of rotations and by positivity of energy
the subgroup has the lowest eigenvalue h > 0. It is known for which values of ¢ and h
there exist irreducible, unitary, positive-energy, projective representations of Diff (S1). All
such representations are classified by ¢ and h.

The Lie algebra of Diff(S?) is the algebra of all the smooth vector fields on S* [70].
It is sometimes convenient to study its polynomial subalgebra, the Witt algebra. The
Witt algebra has a unique central extension [81] called the Virasoro algebra Vir. In a
similar way as above, we can define lowest energy representations of Vir with parameters
¢, h and it is known when these representations are unitary [49]. On the other hand, for
any positive energy, unitary lowest weight representation of Vir there is a corresponding
projective representation of Diff(S1) [43].

In a physical context, conformal field theory in 1+1 dimensional Minkowski space has
the chiral components on two lightlines (see Section 5.4). Thus it is mathematically useful
to study the subgroup By of stabilizers of one point (“the point at infinity”) of Diff(S?).

31
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We can construct nets of von Neumann algebras on R from representations of By, and nets
on R? by tensor product. The theory of local quantum physics are extensively studied
with techniques of von Neumann algebras [46, 7, 51]. In the case of nets on S, the nets
generated by Diff (S') play a key role in the classification of diffeomorphism covariant nets
[52]. This gives a strong motivation for studying the representation theory of By, since for
nets on R the group By should play a similar role to that of Diff(S!) for nets on S?.

Some properties of the restrictions of representations of Diff (S') to By have been stud-
ied. For example, the restriction to By of every irreducible unitary positive energy represen-
tation of Diff(S!) is irreducible [94]. Different values of ¢, h may correspond to equivalent
representations [94]. Unfortunately little is known about representations which are not
restrictions. In this Chapter we address this problem.

The positivity of the energy for Diff(S?!) is usually defined as the boundedness from
below of the generator of the group of rotation (since we consider projective representations,
the generator of a one-parameter subgroup is defined only up to an addition of a real scalar
multiple of the identity). It is well known that this is equivalent to the boundedness from
below of the generator of the group of translations (see [63]). The latter definition is the
one having its origin in physics. Concerning the group By, as it does not include the group
of rotations, the positivity of energy is defined by boundedness from below of the generator
of the group of translations.

In section 2.2, we determine the first and second cohomologies of the Lie algebra XK of
the group By. The first cohomology corresponds to one dimensional representations and
the second cohomology corresponds to central extensions. It will be shown that the only
possible central extension is the natural inclusion into the Virasoro algebra. On the other
hand the first cohomology is one dimensional and does not extend to Vir.

In section 2.3, we determine the ideal structure of Xy and calculate their commutator
subalgebras. It will be shown that all of these ideals can be defined by the vanishing of
certain derivatives at the point at infinity.

In section 2.4, we determine the automorphism group of the central extension X of
XKo. This group turns out to be very small but contains some elements not extending to
automorphisms of the Virasoro algebra.

In section 2.5, we construct several representations of X. Each of these representations
has an analogue of a lowest weight vector and has the universal property. Thanks to the
result of Feigin and Fuks [36], we can completely determine which of these representations
are irreducible.

In section 2.6, we investigate the endomorphism semigroup of K. Compositions of
these endomorphisms with known unitary representations give rise some strange kinds of
representations. Corresponding representations of the group By are studied in section 2.7.

2.1 Preliminaries

We consider a subspace K, of the Witt algebra (see Section 1.2.3) spanned by K,, = L,,— Lo
for n # 0. By a straightforward calculation this subspace is indeed a *-subalgebra with
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the following commutation relations:

—n)Kpin — mK,, +nK,, (m# —n)

(m
(K, K] = { —-mK,, —mK_,, (m=-n) °

We denote Vect(S')y C Vect(S?) the subalgebra of smooth functions which vanish on
6 = 0. This is the Lie algebra of the group By of all the diffeomorphisms of S! which
stabilize § = 0. The algebra X is a *-subalgebra of Vect(S').

We will show that Ky has a unique (up to isomorphisms) central extension which
is a subalgebra of Vir. The central extension is denoted by X and has the following
commutation relations:

K, ] = { —gf(_mn—)ﬁn}?nn: + éj%?[fﬁ) Eﬁiig ‘ (21)

2.2 First and Second cohomologies of K

We will discuss the following cohomology groups of X [81]:
H'(Xy,C) := {¢:Ky— C| ¢ is linear and vanishes on [Kg, Ko].}
73(Xo,C) = {w:XKyx Ky — C| w is bilinear and
for a,b, c € K, satisfies w(a,b) = —w(b, a),
w([a, b], ¢) + w([b, c],a) + w([c,al,b) = 0}
B*(Xy,C) = {w:XKyx Koy — C| there is u s.t w(a,b) = u([a,b]).}
H*(X,,C) = Z*/B>
Elements in the (additive) group H' correspond to one dimensional representations of

XKo. The group H? corresponds to the set of all central extensions of Ky. We call H! and
H? the first and the second cohomology groups of Ky, respectively.

Lemma 2.2.1. [K,, Ko| has codimension one in K.

Proof. Let us define a linear functional ¢ on X, by the following:
o(K,) =n.

As K,,’s form a basis of X, this defines a linear functional. By the commutation relation
above, we have

(for the case m # —n)

= ém )(m +n) —m? + n?
O([Kom, Knl)
(for the case m = —n)

= _m¢(Km) - mgb(K,m)
= —m?—m(—m)

= 0
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Hence this vanishes on the commutator. The linear functional ¢ is nontrivial and the
commutator subalgebra [Xg, Ko| is in the nontrivial kernel of ¢. In particular, [Ko, Ko| is
not equal to K.

To see that the commutator subalgebra of Ky has codimension one, we will show that
all the element of Xy can be obtained as the linear combination of K; and elements of
(Ko, Ko]. Let us note that

(K, K] = Ky —K_,
[y, K1) = 3K, —2K,—K_,
[K_y, K] = —3K_1+2K_,+ K.

So K_1, K5, K_5 can be obtained. For other elements in the basis, we only need to see

(Ko, K] = (n— 1)Ky —nK, + K,
[Kfanfl] = —(TL— 1)K7n71 +nK_, _be
and to use mathematical induction. O

Corollary 2.2.2. H'(X,,C) is one dimensional. In particular, there is a unique (up to
scalar) one dimensional representation of Ko.

Next we will determine the second cohomology group of Kj.

Lemma 2.2.3. The following set forms a basis of the commutator subalgebra of K.
[K’na Kl]) [K—na K—l] fO'I" n > 17 [K—27 K1]7 [K27 K—1]7 [Kh K—l]'

Proof. As we have seen, the commutator subalgebra is the kernel of the functional of
lemma 2.2.1. The last three elements in the set are linearly independent and contained in
the subspace spanned by K_o, K 1, K and Ky. The elements [K,, K] (respectively the
elements [K_,, K_,],) contain I, terms (respectively K_(,11) terms,) hence they are
independent and form the basis of the commutator subalgebra. ]

Theorem 2.2.4. H*(X,,C) is one dimensional.

Proof. Take an element w of Z*(Xo,C). Let wy,, := w(Kp, K,,) for m,n € Z\ {0} be
complex numbers. From the definition of Z2?(X,, C), the following holds:

Wmn = —Wnm
0 = w(ky, [Kn, Kn]) +w(Kn, [Ki, Kn]) + w(Kp, [Kn, Ki)
= (m - n)wl,m—i—n — MW m + nwi,n
+(I = M) Wn gtm — lwng + Mwy (2.2)

—|—(’I7, — l)wm7n+l - nwm,n + lwm,h

where this holds also for the cases [ +m = 0,0m +n = 0, or n + 1 = 0 if we define
Wk, = wo = 0 for k € Z.
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Let a be a linear functional on the commutator subalgebra defined by

a([Ky, Ki]) = wyy forn>1
a([K_p, K4]) = w_p_1forn>1
a([Kg, Ki]) = wos:
a[Kay, K 1]) = wa
a[Ky, K_1]) = wi 1.

This definition is legitimate by lemma 2.2.3.

If we define w},, ,, = Wynn—([Kp, K]), there is a corresponding element w' in Z*(K,, C)
and belongs to the same class in Z2?/B?%(X;). To keep the brief notation, we assume from
the beginning the following:

Wpl =W_p -1 =W_21 =Wz -1 =W-1= 0forn>1

and we will show that wy,, = 0 if m # —n.
Now we set | =2,m = 1,n=—11in (2.2) to get:

0=2wp0—wo1 —wy—1+tw_13—2w_12+w_11— 3w, +wi—1+ 2wy

From this we see that w_; 3 vanishes because by assumption all the other terms are zero.
Similarly if we let [ = =2, m =1,n =1, we have w; _3 = 0.
Furthermore, setting [ > 1,m = 1,n = —1 we get

0=2w—w1—w—1+{—Dw_y11 —lw_y;+w_11— 4+ Dwi—1 +wi—1 + lwiy.

This implies w_; ;41 = 0 by induction for [ > 1. Similarly, letting < —1,m = 1,n = —1
we see wy;—1 = 0 for [ < —1.
Next we use formula (2.2) substituting [ = 1,n = —m to get

0 = 2mwy g — MWy m — Mwi —m + (1 — M)W_mi1 — Wepm,1 + MW_pm

+ (_m - 1)wm,1—m + MW, —m + Wm,1-

Since wy y, = w_1,, = 0, as we have seen above, and by the antisymmetry w_,, ,m, = =W, —m,
we have
(1 —m)w_mi+m + (—m — Dwm1—m = 0.
By assumption, we have w_; 3 = 0. By induction on m, we observe w_, 41 = 0. Similarly
it holds w_y;m—1 = 0.
Finally we fix k € Nand let [ = 1,n =k —m to get

0= (2m — k)wix — mwim + (k — m)wi g—m + (1 = M)Wk—mm+1 — Wk—m.1

+ MWg—m,m + (k - m— ]—)wm,k—m-l—l - (k - m)wm,k—m + Wm,1-
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By assumption, as before, the preceding equation becomes the following:

0 = (1 —m)Wkmmi1 + kWk—mm + (E —m — Dwm k—mi1

(1 = M)Wt 1)—(mt1)mt1 + kwp—mm + (K —m — Dwp (k41)-m (2.3)
If we let k£ =1, the second term vanishes by the observation above and we see
(1 - m)wl—m,m+l — MWm,2—m = 0

Again by induction on m, we see wa_, ., vanishes for all m. Then by induction on k and
using (2.3), we can conclude wy_,,,, vanishes for all & € N;m € Z. Similar argument
applies for k < 0.

Summarizing, if we have an element in Z?(X,,C), we may assume that all the off-
diagonal parts vanish. Letting [ = —m —n in (2.2), we see that there is a possibility of one
(and only) dimensional second cohomology as in the case of Virasoro algebra (see [81]). O

This theorem shows that there is a unique central extension (up to isomorphism) of
Ko. We denote the central extension by X. Fixing a cocycle w € Z%(Xy, C) \ B*(Ky, C)
the algebra X is formally defined as Ky @& C with the commutation relations

[(x,a), (y,0)] := ([z,y],w(x,y)) for v,y € Ky, a,b € C.
Equivalently, in this thesis and in literature, using a formal central element C, one writes:
[z +aC,y + bC| = [x,y] + w(z,y)C.

Proposition 2.2.5. Let us fiz a real number \. On X, there is a *-automorphism A
defined by A(K,) = K, +mAC and A(C) — C.

Proof. Tt is clear that this preserves the *-operation. Since the change by this mapping
is just an addition of a scalar multiple of the central element, this does not change the
commutator. On the other hand, as seen in lemma 2.2.1, the map K,, — n vanishes on the
commutator subalgebra, hence the linear map in question preserves the commutators. [J

Proposition 2.2.6. The *-automorphism in Proposition 2.2.5 does not extend to the Vi-
rasoro algebra unless A = 0.

Proof. Assume the contrary, namely that A extends to Vir. Since K has codimension one
in the Virasoro algebra, we only have to determine where L is mapped. The algebra Vir
is the linear span of K,,’s, C' and Ly, hence A(Lg) takes the following form.

A(Lo) =Y anK, + agLo + bC,
n#0

where a,’s and b are complex numbers and a,,’s vanish except for finitely many n.
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On the other hand, in Vir, we have
[Kn, LQ] = [Ln - Lo, LQ} = nLn = nKn + 7’LLO.

Since in the sum of A(Lg) only finitely many terms appear, let N be the largest integer
with which ay does not vanish. If N > 1, recalling [Ky, Ly] = K7 + Lo, we have

A([Ky, Lo]) = [Ki+iAC,A(Ly)]
= A(Ky) + A(Lo),

which is impossible because the second expression contains Ky.; term but the last ex-
pression does not. Hence N must be less than 2. By the same argument replacing K; by
K5, we have that N must be less than 1. Similarly replacing K7 by K_; or K 5, it can be
shown that A(Lg) must be of the form

A(Lg) = agLg + bC.

We need to note that ag and b must be real as A is a *-automorphism.
Now let us calculate again

[A(Kl), A(Lo)] = [Kl + Z)\C, (Z()LO + b- C]
= a0K1 + CL()L(),

by assumption this must be equal to

A([Ky, Ly]) = A(K; + Ly)
= Ki+agLlo+ (b+1iNC,

which is impossible since b is real, except the case A = 0 (and in this case b= 0,a = 1). O

Remark 2.2.7. When we make compositions of these automorphisms with a representation
of K, we might obtain inequivalent representations of X. However these representations
integrate to equivalent projective unitary representations of the group By, since with these
automorphisms the changes of self-adjoint elements in X are only scalars and the changes

of their exponentials are only phases, therefore equivalent as projective representations of
By.

2.3 Derived subalgebras and groups

2.3.1 A sequence of ideals in X

We will investigate the derived subalgebras of Ky. The derived subalgebra (or the com-
mutator subalgebra) of a Lie algebra is, by definition, the subalgebra generated by all the
commutators of the given Lie algebra.
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The easiest and most important property of the commutator subalgebra is that it is an
ideal. This is clear from the definition. If a Lie algebra is simple, then the commutator
subalgebra must coincide with the Lie algebra itself. This is the case for the Virasoro
algebra.

On the other hand, the algebra Xy and its unique nontrivial central extension X are
not simple. This can be seen from lemma 2.2.1: the commutator subalgebra (which we

denote by fK(()l)) has codimension 1 in X, and it is the kernel of a homomorphism of the
Lie algebra.

Let us denote Vect(S1), the subalgebra of Vect(S!) whose element vanish at 6§ = 0. We
remind that the commutator on Vect(S?) is the following.

[f.gl=fg' =y (2.4)

Now it is easy to see that Vect(S!)y is a subalgebra. Let us recall that we embed X, in
Vect(S')y by the correspondence K, — i(exp(in-) — 1). We clarify the meaning of the
homomorphism ¢ by considering the larger algebra Vect(S1).

Lemma 2.3.1. The homomorphism ¢ : K,, — —n on X, continuously extends to Vect(S')g
and the result is
¢ : Vect(S')y — R
o= 1)
Proof. 1t is easy to see that ¢ and the derivative on 0 coincide. The latter is clearly
continuous on Vect(S') in its smooth topology.

To see that the extension is still a homomorphism of Vect(S!)g, we only have to calculate
the derivative of [f, g] on 6 = 0:

d d / !

E[f’ g9(0) = p (fd' = f'9) .
(f'd+fgd" = f'9—19)(0)
(f"9— fdq") (0)
07

since f and g are elements of Vect(S%),. O

We set ¢ := ¢ and we define similarly,

¢r : Vect(S1)y — R
fo= 1900,
where f*) is the k-th derivative of the function f. Again these maps are continuous in the

topology of smooth vectors.
We show the following.
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Lemma 2.3.2. Let f and g be in Vect(S')g. Suppose ¢r(f) = pm(g) =0 form =1,---k.
Then ¢ ([f.9]) = dm(fg' — f'9) =0 form=1,---2k + 1.

Proof. First we recall the general Leibniz rule:

(F-G)O(0) = 3 4Cu I (6)GE(6),

m=0

where ;,C,,, denotes the choose function #'m), Then, in each term of the m-th derivatives

k—
of [f,g] = f¢’' — f'g where m < 2k, there appears a factor which is a derivative f or g of
order m < k and the term vanishes by assumption. To consider the (2k 4 1)-th derivative,

the only nonvanishing terms are

[f; 9](2k+1)(9) = 2k+10k+1f(k+1)g(k+l) _2k+10kf(k+1)g(k+1)
= 0.

Proposition 2.3.3. The subspace Vect(S'), = {f € Vect(S')o : ¢1(f) = -+ = ou(f) = 0}
is an ideal of Vect(S1)y and it holds that

[Vect (S, Vect(Sh)i] € Vect(S")ar41

Proof. The latter part follows directly from lemma 2.3.2. To show that Vect(S!); is an
ideal, we only have to take f € Vect(S')g and g € Vect(S');, and to calculate derivatives
of [f,g]. By the Leibniz rule above, for m < k, in each term of the m-th derivative of [f, g]
there is a factor which is a derivative of g of order m < k or a derivative f and they must
vanish at 8 = 0 by assumption. ]

Note that if we restrict ¢,, to Ko, it acts like ¢,,,(Ky) = i(ik)™. Defining K = {z €
Ko : ¢p1(z) = -+~ ¢p(x) = 0}, we can see similarly that {K;} are ideals of K, and that
[:Kk,ka] - j(gk_;,_l.

2.3.2 Basis for X,

Our next task is to determine the derived subalgebras of {X;}. For this purpose, it is
appropriate to take a new basis for each Kj.
The following observation is easy.

Lemma 2.3.4. If V is the vector space spanned by a countable basis {By}nez, then
{B, — Bpi1}tnez is a linearly independent set and the vector space spanned by them has
codimension 1 in V.
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We set recursively,

M° = L,— Lo

M, = M,— M,
My*t o= My — My,

where {L,} is the basis of the Witt algebra. By lemma 2.3.4, we have a sequence of
subspaces of Witt. We will see that they coincide with {X,}. For this purpose we need
the combinatorial formula in lemma 2.3.7.

Remark 2.3.5. We use the convention that a polynomial of degree —1 is 0.

Lemma 2.3.6. If k > 0 and if p(x) is a polynomial of x of degree k, then p(x) — p(z + 1)
1s a polynomial of degree k — 1.

Proof. We just have to consider the terms of the highest and the second highest degrees. [

We fix a natural number k. Let us define a sequence of polynomials recursively by

pk('x) = xk7

Pm-1(z) = pm(x) —pm(z+1) for 0 <m < k.

Lemma 2.3.7. We have the explicit formulae for —1 < m < k.

k—m
$—|—l k mOl
=0

Proof. We show this lemma by induction. If m = k, p,,(z) = 2* and the lemma holds.

Let us assume that the formula holds for m. We use the well-known combinatorial fact
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that if 1 <j <4 then ,C;_; +,;C; = ;11C;. Now let us calculate

Pm-1(2) = pm(2) —pm(z+1)

k—m k—m
1=0 1=0
k—m k—m-+1
= @+ DM =D mCi= D @+ A=) o Cra
=0 =1
k—m k—m-+1
= D @+ (DGt Y @+ D=1 G
1=0 =1
= (z+k—m+1)f (=1
k—m

Y (@ 4+ D=1 omCit + 1-mC) + @

= (z+k—m+1) - km+1+2$+l D)l emi1 G + a*

Proposition 2.3.8. For k > 0, as a polynomial of x, it holds

k+1

Z($ + l) ( ) k+1Cl =0.

=0

Proof. 1f we put m = —1 in lemma 2.3.7, we get the left hand side of this formula. On the
other hand, by definition of p_; and by lemma 2.3.6, it must be a polynomial of degree
—1, in other words, it vanishes. ]

We want to apply this formula to the calculation of the functionals ¢. For this purpose
we need formulae for {M*} (which are defined at the beginning of this subsection) in terms

{Ln}-
Proposition 2.3.9. It holds that

k+1

MY = (=1)'%41Ci Lo

=0

Proof. Again we show this by induction. If k¥ = 0, then M? = L,, — L, and this case is
proved.
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Assume it holds MT’f = f;rol (=1)4%41C) Ly 4. Again using the combinatorial formula
Ci—1+:C; =110}y, let us calculate

Mk+1 — Mk: o Mk

n+1
k+1 k+1
= Z(—l)lk+1Can+z - Z(—l)lkHC’anHH
=0 1=0
k+1 k+2
= Z(_l)lk+ICan+l - Z<—1)l 71k+1Cl’fan+l/
=0 =1
k+1 k+2
= Z(_1>lk+lcl[1n+l + Z(_l)lk+1Cl,1Ln+l
=0 =1
k+1

= (=D)L gy + Z(—l)l (6+1C1 + £+1C1-1) Lt + Lo
=1

k42
= Z(_l)lk+2Can+l-
1=0
And this is what we had to prove. [

Corollary 2.3.10. For fired k > 0, {MF|n € Z} is a basis of Xj,.

Proof. We can extend ¢y to the Witt algebra by ¢x(L,) = i(in)* (for k = 0, ¢o(L,) = i
by definition).

Then, it is immediate that we have the following.

j{g = {ZE € Witt : gbg(x) = 0}
Ki = {x e Witt: ¢o(z) = ¢1(x) =+ = ¢p(x) = 0}.
Clearly {¢y} are independent and each K1 has codimension 1 in K.

We will prove the corollary by induction. The set {M?} spans a subspace of Witt with
codimension 1 by lemma 2.3.4 and it is immediate to see that ¢o(M?) = 0. On the other
hand K is the kernel of ¢y and has codimension one in Witt. Hence they must coincide.

Assume that {MF~1} is the basis of Kj_;. Then it is obvious that MF = M*F1—MFE] €
XKi_1. Now, by proposition 2.3.9 and proposition 2.3.7, we see easily that for n € 7Z

k+1
<Z5k(M1’f) = Z(_l)lk+1cz¢k(Ln+l)
1=0
k+1
= Z(_l)lk-i-lcl(n +1)*
1=0
= 0.
This means that M* € XK.

The linear span of {M*}, <z must have codimension 1 by lemma 2.3.4 in Kj,_;, therefore

it must coincide with K, since K has codimension 1 in X;_; by definition. O
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2.3.3 Commutator subalgebras of X

Now we can completely determine all the commutator subalgebras of K. The key fact is
that we can easily calculate the commutator in the basis we have obtained in the previous
section.

Proposition 2.3.11. Let £k > 0 and m,n € Z. It holds that

(M, ME) = (m — n) M2

m-+n
Proof. We prove the proposition by induction. The case for k = 0 is shown as follows.

[Mgw Mg] = [Lm - Lm-f—lv Ln - Ln—i—l]
= (m — n)Lm+n - (m +1-— n)Lm+1+n

—(m —n—1)Linips1 + (M —n) L1t

(m - n) (Lm—i—n - Lm+n+1) - (m - n) (Lm-i-n-l—l - Lm+n+2)
(m — ”)(Mr(;)wn - Mr?@+n+1)
(m — n)MilJrn

Let us assume that the formula holds for k. We calculate

[M:@Ha MS“] = [Mjfz - Mr]jLJrl’ Mf-f - Mr]fﬂ]
= (m— )M — (m+ 1 —n) M2,

—(m—n =DM+ (m—n)M2EL

= (m—m) (M2 = ML) — (ML, — ML)
= (=) (M2 M2, )
— (m— )M,

This completes the induction.
O

Remark 2.3.12. The Witt algebra can be treated as K_; in this context, in the sense that
the formula of the proposition holds for £k = —1.

Theorem 2.3.13. It holds that Kop1q = le({l), where JC,(:) 1s the derived subalgebra of Ky.

Proof. Tt is clear from corollary 2.3.10 and proposition 2.3.11 that the derived subalgebra
of K}, is included in XK1 and the commutators of elements in the basis of K, exhaust
the basis of Kop1. O
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2.3.4 The ideal structure of X,

The basis obtained in the previous subsection is suitable to determine all the ideals of X,.
In fact, we will see that any ideal of Ky must coincide with one of {Kj} or ker ¢; Nker ¢s.

Lemma 2.3.14. IfJ is a nontrivial ideal of Ko, then it includes Ky, for some k.

Proof. Let x be a nontrivial element of J. It has an expansion z = Ejvzl ajMT(l)j and we

may assume a; # 0 for all j. Since J is an ideal of Xy, any commutator with  must be in
J again. In particular,

[MSN"T] = Zaj(nN - n +nN Z b n; +nN7

where each of b; = aj(ny —n;), for j =1,2,--- N — 1, is nonzero, must be an element of J.
Similarly [M} (M z]] = Z 1 0]1\41

nN+nN—1’ nN’ nj+nN+nN_1
peating this procedure, we see that J contains some M! . Then, using the commutation
relation in K;, we see that J contains {M2*1}, 4o, and {M2*3}, 7. This implies that J

includes Ky, 3. O

is also an element of J. Re-

To prove the next lemma, we need to recall that Ky is a subalgebra of smooth vector
fields on S! and all the functionals {¢y}ren have analytic interpretations as in subsection
2.3.1. There, we have identified the real line with the punctured circle, the point at infinity
with the point 8 = 0. The algebra K, is realized as a subalgebra of smooth functions on
the circle vanishing at = 0. Seen as the algebra of functions, their commutation relations

are [z,y] = zy’ — 2'y.

Lemma 2.3.15. Let J be a nontrivial ideal of Ko and let k be the smallest number such
that Ky, is included in I (this exists by lemma 2.3.14). If k > 4, then J = K.

Proof. We will prove this lemma by contradiction. Let us assume that J # X and that
x € I\ Ky. Possible cases are (1) z € Ky (2) x € Ko \ K1 (3) € K1\ Ko. We treat these
cases in this order.

If z € Ky, then there is [ such that 2 <[ < k and z € K;\ K;51. Let us take an element
y from K; \ Ky. Then, since K is an ideal of Ky by the remark after proposition 2.3.3, we
see [z,y] € K; and we calculate the derivatives at § = 0. By the assumption on z and y,
the derivatives vanish up to certain orders and we have the following:

I+1

[ (l+1 Z l+1Ok l+17k+1)(0) _ y(kJrl)(O)x(lJrlfk)(O))

:(),
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I+2
[z, ] (0) = Z 12C (y™® (0)2 27+ (0) — y* D (0)2 279 (0))
k=0
= (11205 — 112C1)y@ (0)2 1 (0)

(I + 2)2(l - 1)3/(2)(0)95““)(0).

The latter cannot be zero by assumption and the fact 2 < [. This means [z,y] is in
K1 \ Kij2. Repeating this procedure, we obtain an element of J in Kj;_; \ Ky. Therefore
J contains Kj_; because by definition J contains K and Kj;_; has codimension 1 in I;_;.
But this contradicts the definition of k and we see that x € X, is impossible.

Next we x € Ko \ K;. Then we can expand z = agM{ + a; M} + y (here we use same
symbols as before to save the number of characters) where y € K, hence aq is nonzero. If
a; # 0 we have [M{,x] = a; M} + [MQ,y]. If a; = 0 we have [M}, z] = agM; + [M?,y].
Therefore at least one of these is in K; \ Ky and we may assume that z € K; \ Ks.

Let us assume that z € K; \ Ko. Here we consider the following two cases, namely
(3-1) ¢3(x) # 0 (3-2) ¢3(x) = 0. If ¢3(x) # 0 and y € Ko \ Ky, then we see that
[z,y] + ¥/ (0)x € Ky \ K3 (and this element is clearly in J). In fact, by a direct calculation
or by the Leibniz rule, we see

(2. 9] + ¥ (0)2)2 (0) = —y/(0)2@(0) +/(0)=2(0)
0,

—y/(0)z(0) + ¢/(0)2®)(0)
—2y/(0)2®)(0) + ¢/ (0)(0)
—y/'(0)2(0).

([, 5] + ¥/ (0)z)® (0)

This implies that there is an element of J in Ky \ K3. By repeating the argument in
the paragraph for the case x € Ko, we see again a contradiction. Hence we must have

By the calculation above, this time [z, y] + y'(0)z € K3, but using ¢3(x) = 0 we see

([, 9]+ y'(0)2) (0) = 2y®(0)2*(0) = 3y/(0)2)(0) + ¢/ (0)V (0)
2y (0)z?(0) — 2¢/(0)z*)(0).

Hence with an appropriate element y this does not vanish. That means [z,y| + 3/(0)z is
an element of K3 \ K,. By the same argument as in the case of x € Ky, we see that this
contradicts the definition of £ and this completes the proof. ]

We state now the final result of this subsection.
Theorem 2.3.16. IfJ is an ideal of Ky, then the possibilities are
e J={0}

o J =Xy for some k >0
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o J = ker ¢; Nker ¢3.

Proof. As before, we can define a number k£ > 0 as the smallest number such that X, is
included in J.

If k=0 or k =1, then there is nothing to do because the former case means J = X
and in the latter case K; has already codimension 1 and J must coincide with it.

Next we consider the case k = 2. Since Xy has codimension 2 in Xy, it holds J = K
or J has an extra element. But the latter case cannot happen because if z € I\ Ky we
can expand x = agM{ + a1 M} + y (the same symbols again, but the coefficients of a
different element) where y € Ky and ay # 0 (since otherwise z € K; and contradicts the
assumption that k = 2). If a; # 0 then [M{, z] = a; M{ + [MQ,y] € K1\ Ky. If a; = 0 then
(MY, x] = agM{ + [M?,y] € K; \ Ko. In both cases they contradict the assumption k = 2.

Let us assume k = 3 and J # K3. We can take an element x € J\ K3 and expand it as

x = agMy + ayMy + a; M3 +y

(same symbols again to different coefficients) where y € K3. By straightforward calcula-
tions we see that:
(MY, 2] = ay M} + 2a, M7 + (MY, %]
[Mf, x] = (ao + ar) My + as(M7 + M3)[M7, y]

(MY, [Mg, x]] = a1 My + 4a; M3 + [M7, [My), y]]

(MY, [M?, z]] = (ag + a1) My + as (M5 — 3M5).
We note that all these elements are in J since it is an ideal. By comparing the first and
third equations, we see

[M(())v I] - [M& [Mga "L‘H = a1<M12 + M22) + 2a2<M12 - 2M32) +z

= 2(ay — ap) M3 + a1 (M7 + 2M3) + 2a9( M} + M3) + 2,
where z is the sum of commutators of y and hence again in K3. Now it is easy to see that
this element is in K3 if and only if a; = as. And this must be in K3, since otherwise it is
in Ky \ K3 and contradicts the assumption that k = 3. Therefore we have a; = as.

Next we consider the difference of the second and fourth equations with a; = as above
and we get
(MY, 2] = [M7, [MY, 2] = (ag + ar) (MY + M3) +
ay(M7 + M3 — M3 — 3M3?) + 2
= ao(M7} + M3)
+a1 (2M? +2M2 — M2 —3M?) + 2
= ao(M}+ M3) + ay (2M3 + 4M3 + 3M3) + 2/,

where 2’ is again an element of X3. As before it is in J. By the assumption k£ = 3 it is

contained in X3, therefore ag = 0. This indicates that an extra element of J must have the
form

= ay (Mg + M§)
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and it is immediate to see this is in ker ¢; M ker ¢3. Since K3 has codimension 1 in this
intersection, J must be equal to ker ¢; N ker ¢3.

By calculating derivatives, we can see that ker ¢; Nker ¢3 is surely an ideal of Vect(S1)
and it is also the case even when restricted to K.

The case k > 4 is already done in lemma 2.3.15. O]

2.3.5 The derived subgroup of B

As mentioned in the introduction, Diff(S!) is the group of smooth, orientation preserving
diffeomorphisms of S*. The group By is the subgroup of Diff(S!') whose elements fix the
point # = 0. Identifying S' and R/27Z, we can think of an element of By as a smooth
function g on R, satisfying g(6+27) = g(0)+2m, g(0) = 0 and ¢’(f) > 0. The last condition
comes from the fact that g has a smooth inverse. On the other hand, a function on R with
the conditions above can be considered as an element of By. And it is easy to see that the
composition operation of the group coincides with the composition of functions. In what
follows we identify the group By with the set of smooth functions with these conditions.

Under this identification, Lie algebra Vect(S') of By is seen as the space of smooth
functions f such that f(0) =0 and f(0 4 27) = f(0).

Proposition 2.3.17. By :={g € By : ¢'(0) = 1} is a subgroup of By.
Proof. By a simple calculation. ]
Proposition 2.3.18. The derived group [Bo, By| is included in B;.

Proof. Take elements g, h from By. It holds that

Llohl0) = L (gonog™on™) (0
¢ (h(g™ (1 (0))

(h7(0)

"(h
x (g7 )
(0) x B'(0) x (g~1)'(0) x (h~1)(0)

= 4'(0)
1,

where the last equality holds since the derivative of the inverse function on the correspond-
ing point is the inverse number. [

We need the following well-known result [88] [69] [35].

Theorem 2.3.19. Diff(R). is a simple group, where Diff(R). is the group of smooth
orientation-preserving diffeomorphisms of R whose supports are compact.

Here, a support of a diffeomorphism means the closure of the set on which the given
diffeomorphisms is not equal to the identity map.
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Corollary 2.3.20. Let B, be the subgroup of By whose elements have supports not con-
taining 0 = 0. Then B, is simple.

Proof. There is a smooth diffeomorphism between R and S* \ {0}, for example, the stere-
ographic projection. This diffeomorphism induces an isomorphism between Diff(R),. and
B.. O

The following is a result similar to the fact [Kq,Ko] = K; which we have proved in
theorem 2.3.13.

Theorem 2.3.21. [By, By] is dense in B;.

Proof. By corollary 2.3.20, By has a simple subgroup B.. The simplicity of B. implies
[Bo, By] includes [B., B.] = B., since any commutator subgroup is normal. Hence we can
freely use compactly supported diffeomorphisms.

Let g be an element of By. By the observation above, there is an element h of [By, By
such that g o h has compact support around 0. In other words, we may assume that ¢ has
a compact support around 0 and we only have to approximate g with elements in [By, By).

By the stereographic projection in corollary 2.3.20, we can consider g as a diffeomor-
phism of R. It is well-known that dilations of R are mapped by this isomorphism to
elements of By. Let d; be the dilation by t. For x € R, it holds

S;togtod(z) = %gl(m).

By assumption ¢’(0) = 1. It easy to see that for ¢ — 0 the functions $¢7'(tz), its first
derivative and higher-order derivatives converge to x, 1 and 0 respectively, uniformly on
each compact set of R. This means % g~ '(tz) approximates the identity map around z = 0.

Let € be a positive number. Let v be a smooth function on R such that it is 1 on [—¢, €]
and 0 on x < —2¢ or x > 2¢. And let us consider the following functions parametrized by

’ ha(w) = 7+ (%g_l(tx) _ g;) (z).

It is easy to see that h;’s are smooth, hy(0) = 0, h;’s are equal to = outside a compact
set and if ¢ is sufficiently small then each of h; has the first derivative which is strictly
larger than 0. Hence we can consider h; as a diffeomorphism of R with a compact support.
From the observation above it is clear that h; and its derivatives converge to x, 1, and 0
uniformly on R, namely h; converge to the identity element in the smooth topology.

An important fact is that h, is equal to g7 (¢-) on [—¢,€]. The map ;' o godyohy
has a compact support which does not contain 0, hence it corresponds to an element of
B.. We denote it by f;.

Now it is evident that (god;'og ™t od)ofi =go(6; og tod, of)isin [By, By
because it is a product of a commutator and a diffeomorphism with compact support. It
is equal to g o hy which converges to g with all its derivatives. This shows [By, By| is dense
in Bjy. O
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Remark 2.3.22. The Lie group Diff (S') is simple [88] [69] [35], but the Lie algebra Vect(S?!)
is not simple. This is easy to see: for example, we only have to consider the subalgebra of
vector fields with compact supports in some fixed proper subinterval of S'. By the com-
mutation relation (2.4) this subalgebra is an ideal. This is closed in the smooth topology,
hence Vect(S') is not even topologically simple.

On the other hand, the Witt algebra is simple. This can be seen by observing that the
linear map [Lyo, -] is diagonalized on the standard basis of Witt with no degeneration and
that we can raise or lower the elements by commutating with L,, or L_,. From this it is
easy to see that any ideal containing nontrivial element must contain Witt.

2.4 The automorphism group of K

In this section we will completely determine the *-automorphism group of X, the unique
central extension of Ky defined in section 2.2. However, this group is not necessarily a
natural object. As we have seen in the introduction, the algebra X, is a subalgebra of
Vect(S1)g, the Lie algebra of vector fields on S' which vanish at # = 0. On this algebra
of vector fields the stabilizer subgroup By of § = 0 of Diff(S') acts as automorphisms, but
when we restrict these actions to Ky, it does not necessarily globally stabilize Ky. In fact,
the group of *-automorphisms turns out to be very small. The situation is similar for the
Virasoro algebra [99].

We will study this problem only for the interest of representation theory. Many things
are known about the representation theory of Virasoro algebra. In particular, all the
irreducible unitary highest weight representations are completely classified [49]. But for
the algebra X the situation is different. Of course we can restrict any unitary representation
of the Virasoro algebra to X to obtain a unitary representation of X. But it is not known
if there are other unitary representations which are not localized at the point at infinity.

On the other hand, if we make a composition of a (known) unitary representation with
an endomorphism of K then we obtain a (possibly new) unitary representation. The result
will show that this method is not productive and, in fact, all the representations obtained
by this method are already known.

The algebra X has a natural decomposition K = K, @K_adCC where K, = span{ K, :
n > 1}, X_ =span{K, : n < —1}. Each of these direct summands is a subalgebra and it
holds X7 = X_.

Lemma 2.4.1. Let K and K' be elements of X. We expand them in the standard basis:

K = a/C+an K, +ap,K,, + - +a,kK,,
K' = boC+ by Kiny + by Ky + -+ 4 by K, -

We assume here that all a,, and by,; but ag and by are not zero and that ny < mng < --- < ny
and my < mg < -+ < my. Suppose the expansion of [K, K'] in the standard basis does
not contain terms K; where i > max{ny, m;}. If we decompose K = K, + K_ + aoC and
K', + K 4+ byC according to the decomposition X = Xy @ X_ @& CC, then K and K', are
proportional.
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Proof. We take a look of the commutation relations (2.1) of XK. It is easy to see that in
K, K] the term with index higher than m and n appears if and only if m and n are
positive. And in such a case, the term K,,,, appears if m # n.

We may assume n; and m; are positive, since otherwise the statement would be trivial.

From the observation above, we see that n, must be equal to m;. Otherwise, the term
Ky, +m, (which is larger than max{ny,m;}) appears in [K, K| and cannot be cancelled,
but this contradicts the assumption that there is no term with index higher than n; and
my in the commutator.

Now K and K’ have the following form:

K = a, K, +a,K,,+ - +a,_ K, ,+a,IK,,,
K' = by Ky +bm, Ky + -+ + by Koy, + by K, -

In the commutator [K, K’|, the terms with the highest indices are now K, ,, , and
K, +m,_, which appear from the commutators of K,, and K,, , or K, ,. If one of nj_,
and m;_1 is still positive, then again by the assumption, the highest term in the commutator
must be cancelled. This implies that again ny_; = my_; and a,, by, , = bm,ay,, ,. This
means that the last two terms of K and K’ are proportional.

Next steps go similarly: we know the last two terms are proportional and their com-
mutator vanishes. Again by considering the terms with highest indices which appear from
the commutator [K, K'|, we see also that the last three terms are proportional. Continuing

this procedure, we can see that all the positive part of K and K’ must be proportional. []

Note that with a completely analogous proof we can show a similar lemma for the
negative parts.

Lemma 2.4.2. If p is a *-endomorphism of X, then there is an element K of X, and
A\ i, v € C such that p(K7) takes the form

p(Ky) = AK + pK* +vC.
Proof. Since p is a *-endomorphism, it holds that p(K_;) = p(K;)* and from (2.1)
[p(K1), p(K1)"] = —p(K7) — p(Kq)"

We can apply lemma 2.4.1 to see that the positive part of p(K) is proportional to the
positive part of p(K;)*. This is the statement of the lemma. O

With an analogous argument we have the following:

Lemma 2.4.3. If p is a *~endomorphism of X, then there is an element K* of X, and
N,/ v € C such that p(Ky) takes the form:

p(Ky) = NK'+ (/K™ +'C.
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By a direct calculation we see that the map 7 defined by
T(K,)=—K_,,7(C)=—-C

is a *-automorphism of K (it extends also to the Virasoro algebra).
It is also immediate that C' is the unique central element up to a scalar. This means
that any automorphism must map CC to CC.

Lemma 2.4.4. If p is a *-automorphism of X, then there are two possibilities.

1. There are elements K, K' of X, and v,v' € C such that p(K;) = K + vC and
p(Ky) =K' +VC.

2. There are elements K, K' of X_ and v,V € C such that p(K,) = K + vC and
p(Ky) =K' +vC.

Proof. By lemma 2.4.2, p(K;) takes the form p(K;) = AK 4+ pK + vC where K € X and
A\ i, v € C. By lemma 2.4.3 we have that p(Ky) = NK' + (/K™ + /. Let us recall that
the following commutation relation holds.

[p(K2), p(K1)"] = 3p(K1) — 2p(K2) — p(K1)*

Note that p(K;)* = iK + AK* + vC.

By considering the composition with 7, we may assume that A # 0 (A = g = 0 is
impossible because it would mean that K is mapped to a central element and p would not
be an automorphism). We show that g = 0. If not, applying lemma 2.4.1 we see that K’
must be proportional to K. But this is impossible because we would have

p(Ky) = MK+ puK*+vC,
p(K))* = [K+ AK*+7C,
p(Ky) = NK+ i/ K*+/C,
p(Ky)* = K+ NK*+1C,

which are linearly dependent. The map p is an automorphism and this is a contradiction.
Similarly we have y/ = 0 applying lemma 2.4.1 to the negative parts of p(K;)* and p(K).
This concludes the lemma. [

Now we can determine all the elements of the *-automorphism group of X. Recall there
is a family A of *-automorphisms parametrized by A € R defined in proposition 2.2.5.

Theorem 2.4.5. If p is a *~automorphism of X, then p = A for some A € R or p=Aor.

Proof. By lemma 2.4.4 and possibly a composition with 7, we may assume that p(K;) =
K +vC and p(K3) = K' + 'C where K and K’ are in K.
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Let us expand K and K’ in the standard basis of X,

N M
K=Y aK,K =Y bK;
j=1

i=1

and assume ay # 0 # byy.
Since p is a *-automorphism, it must hold that

[p(K1), p(K1)"] = —p(K71) — p(K4)7, (2.5)

(o), o)) = —20(Ko) — 2p(Ko)" + (2.6

[p(K2), p(K1)"] = 3p(K1) — 2p(K2) — p(K1)" (2.7)

Considering the terms Ky in the first equation, we see that Zf\il a; = % Simi-
larly, considering the terms K, in the second equation, we obtain Z]Ai1 bj = % On

the other hand, by comparing the terms K_y in the third equation, it turns out that

—Nay Zj\il b; = —an. Since we have the assumption that ay is not zero, this implies
that 2N = M.
The subalgebra X, is generated by K; and K, with the recursive formula
1
Kn—l—l = n—1 ([Kna Kl] +nk, — Kl) .

From this formula we see by induction that the term with the highest index of p(Kj}) is
Kyy. If N was larger than 1, these terms would not span all of X, and p could not be
surjective. Thus N must be 1.

Again, by equation (2.5) and by a direct calculation, we obtain a; = 1, namely:

p(K1) = K1 +1C,
where v is a pure imaginary number. Similarly we have two solution for equation (2.6):

K2 + VQC
Ky) = ’
p( 2> { —%Kl—l-%Kg—l—I/QC.

The second solution does not satisfy equation (2.7). Then again by (2.7) we see 2v; = vs.

We have seen in Proposition 2.2.5 that this p can be extended to a *-automorphism
of K. Since K; and K, are the generators of X as a *-Lie algebra, this determines p
uniquely. O

Corollary 2.4.6. Aut(X) = R x Z,.

Remark 2.4.7. It is also possible to determine the automorphism group of the Virasoro
algebra [99]: it is generated by the extension of 7 and one-parameter subgroup of rotation:

pi(Ly) = €™L,,

It is again isomorphic to R x Z,, but the action of the R part is different.
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2.5 Generalized Verma modules

As we have seen in section 2.2, K has the unique (up to isomorphism) central extension
which is the restriction of Vir. We denote it by K. This section is an attempt to construct
a family of unitary representations of K.

We are going to construct modules Vj4/ . parametrized by three complex numbers
h + il ¢, \, where h,h/ € R and ¢, A\ € C. Every module has a “lowest weight vector”
which satisfies K,v = (h 4+ ih/ + n\)v for n > 1 and Cv = cv. If we restrict to the case
A = 0, this module reduces to the restriction of the Virasoro module to XK.

Recall that X is a *-Lie algebra. A sesquilinear form (-,-) on a module V' is said to
be contravariant if for any v,w € V and z € K it holds (zv,w) = (v, z*w). In addition if
this sesquilinear form is positive definite, then the representation of X on V' is said to be
unitary.

It turns out that for any set of values of h,h’',c, A\ we can construct a corresponding
module. In addition, if ¢ is real, there exists a contravariant sesquilinear form on the
module. Then we arrive at natural problems, for example, when the contravariant form is
unitary, when the representation of X integrates to the (projective unitary) representation
of By and when these representations are inequivalent, etc. The author hopes to return to
these problems in future research.

Here we make some remarks. It is easy to see that these modules are inequivalent
as representations of the Lie algebra K, however, as we saw in the remark 2.2.7 (after
proposition 2.2.6), the imaginary part of A\ does not make difference for the corresponding
projective representation of the group By. In addition, in [94] it has been proved that
there are modules which integrate to equivalent projective representations of the group for
some different values of h. Furthermore, as we will see in section 2.7, there exist true (non
projective) representation of By whose naturally corresponding representations of X are
not lowest weight modules. In the case of Diff(S') there is a one-to-one correspondence
between irreducible unitary positive energy projective representations of the group and
irreducible lowest weight unitary representations of the Virasoro algebra. But for By and
X we cannot expect such a correspondence.

2.5.1 General construction of modules

We start with general notions. Let £y be a Lie algebra, U(Lg) the universal enveloping
algebra of Ly, 1)y a nontrivial linear functional on £, which vanishes on the commutator
subalgebra [Lg, Lo]. In particular, we assume that Ly is not semisimple (otherwise vy
would be trivial). Later £, will be a upper-triangular subalgebra of a Lie algebra.

Lemma 2.5.1. The linear functional 1y extends to a homomorphism of the universal

algebra U(Ly).

Proof. Clearly 1y extends to a homomorphism of the tensor algebra of £,. Now we only
have to recall that U(Ly) is the quotient algebra by the two-sided ideal generated by
elements of the form a ® b — b ® a — [a, b] where a,b € Ly. By assumption, 1)y vanishes on
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these elements, hence on the ideal generated by them. This implies vy is well-defined on

U(Lo). 0

Lemma 2.5.2. Let Jy be the left ideal of U(Ly) (the subspace invariant under the multi-
plication from the left) generated by elements of the form 1y(a) — a for a € Ly.

Then U(Ly)/do is nontrivial if and only if 1y vanishes on [Lo, Lol. In this case Jo =
ker v and the quotient space is one-dimensional.

Proof. 1f 1 vanishes on [Lg, Lo], then by lemma 2.5.1 1)y extends to U(Ly) and Jy is
included in ker ). Since vy is nontrivial, ker ¢y is nontrivial.

On the other hand, if ¥y doesn’t vanish at [Lg, Lo], then take x,y € Ly such that
o[z, y]) # 0. Then it holds that

[(Yo(z) — ), (do(y) — )] = [2,y] € do,
dollz, y]) =[x, 9] € do-

Hence J, contains a nontrivial scalar and generates all.

To complete the proof, we only have to show that Jy D ker vy since the other inclusion
has been done. Therefore it is enough to show that Jy has codimension 1 in U(Lg). This
is a rephrasing of the claim that any element of U(Lg) is equivalent to a scalar modulo Jo.
This is easy to see since any element of U(Ly) is a linear combination of tensor products
a1 ® ag ® -+ - ® a,. By definition there is an element a; ® ay ® -+ ® (a, — Yo(a,)) in Jo,
therefore a1 ® as @ -+ - ® a,, =5, a1 @ a3 ® -+ -  Yy(ay). By repeating this procedure, we
see that every element of U(Lg) is equivalent to a scalar. [

In the following we assume that £ is a *-Lie algebra with a decomposition into Lie
subalgebras £ = N_ & H & N, where (N, )* = N_, (H)* = H, and H is commutative.

Let 9 be a linear functional on H & N, which vanishes on its commutator subalgebra.
In other words, 9 is an element of H'(N, @ 3, C). We will show that for any such ¢ we
have a left module on £. Again let U(L) be the universal enveloping algebra of £. It is
naturally a left module on £.

Proposition 2.5.3. Let J be the left ideal of U(L) generated by elements of the form
W(ly) — Uy, where Iy € H & Ny. The subspace J is a nontrivial submodule on U(L).

Proof. By the theorem of Poincare-Birkhoff-Witt, it holds that U(£L) = UN_) @ U(H) ®
U(N,). By lemma 2.5.2, ker¢ has codimension one in U(H) ® U(N,). It is easy to see
that J takes the form U(N_) ® ker ), hence it is nontrivial. O

For a fixed 1) we define the quotient module V' = U(£)/d. Since U(H) ® U(N,)/ ker )
is one dimensional, the module V' is linearly isomorphic to U(N_) and we identify them.
There is a specified vector v which corresponds to 1 € C C U(N_) and, on v, an element
x of H ® N, acts as zv = ¥ (x)v.
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Example 2.5.4. The Virasoro algebra has the following decomposition:
Vlr:v,@j{@’\?+,

where V, = span{L,, : n > 0} and H = span{ Ly, C'}. It is easy to see that the commutator
subalgebra [H &V, H & V,] is equal to V. According to proposition 2.5.3, we obtain a
module of Vir for any linear functional ) on H &V, vanishing on V. The linear functional
1 is determined by the two values ¢ := ¢(C') and h := ¥(Lg). It is well known that for some
values of ¢ and h we can define inner products on these modules and these representations
integrate to representations of the group Diff (S1) [43].

Ezample 2.5.5. The *-Lie algebra X has the decomposition
K=KidHDXK_,

where X, = span{K,, : n > 0} and H = span{C}. It can be shown that H' (X, & 3, C)
is three dimensional and an element ¢ in H'(X, @ H, C) takes the form

P(C) = c,¥(K,) = h+ih' + A where ¢, \ € C,h,h', € R.

We denote this module on K by Vi en. If ¢ € C, ¢(K,,) = h+ih' € C and A = 0 then
the modules Vj,yip 0 reduce to Verma modules on the Virasoro algebra (see proposition
2.5.9).

Let us return to general cases. From now on we assume that ¢ is self-adjoint on H

(namely, ©(h*) = ¢(h) for h € H). Recall that V is the quotient module U(£)/d as in
the remark after proposition 2.5.3. Our next task is to define a contravariant sesquilinear
form on V. Note that the *-operation extends naturally to U(L).
We define a sesquilinear map on V' x V (= U(N,) x UN,)) into U(L) by
o(Li,L7) = (1) © L, for I, I; € UN) = V.

On the other hand, we can define a linear form 8 on U(L) using the decomposition
UN_)@U(H)® U(N,), by

B(L-® H® Ly) = 6 (L) (H)U(Ly).
It is easy to see that [ is self-adjoint since 1 is self-adjoint on .
Theorem 2.5.6. o« := 7 is contravariant.
Proof. We have to show that for any L € £ it holds

VL@ Ly, Ly) =~(Ly, L"® Ly).
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As elements of U(L), the we have the following decompositions by the Poincare-
Birkhoff-Witt theorem:

LoLy = Y Ly @H,@Lf
k
(Ly) @ Ly = Y Ly ®Hy L, (2.8)
l

Hk®Lk+®Hk,l®L;l = ZHk,l,m®LZl7m7

where elements in the decompositions are L, L, € U(N_), Hy, Hyy, Hi1m € U(H) and
L, L;l,L;l,m e UN,).
Now we calculate

VL@ Ly, Ly) = v (Z Li(Hy ® Ly, L2>
= Y V(H,@ LB (L) ® L)

By substituting the expression in (2.8) to (Ly)* ® L, , we have
L@ Ly, Ly) = Y w(He® LY (L) )Y (Hia © L))
kel

= Z¢ (L)) ¥(Hpy ® L, © Hy ® L)
kol

By substituting the expression in (2.8) to Hy ® L @ Hy; ® L,;l,

VL@ Ly, Ly) = Y ¥ (L)) (Hem ® L, )

k,l,m

= Z Ly @ Hipom ® L;Lm)

k,l,m

= B ZL;I®Hk,z®L;,®Hk®L§>

k.l

= g Z(Lr;)*@L,:@Hk@L;i)

= B((Ly)®L®Ly).

Similarly, in order to see 8 ((L;)*® L® L) = (L7, (L)* ® Ly) we need the following
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decompositions (we use same notations to save number of letters.).
L'®Ly = Y Ly @H,@Lf
k
(L) ®Ly = Y Ly, ®@Hy®Lf,
l
(Ly) @ He® LY = Y Hppm ® L, 0,

where elements in the decompositions are L, , L,;l € UNN_), Hy,Hyy, Hy 1 € U(H) and
L Ly, Ly € UNG ). Now the final computation goes as follows.

YL, L"®Ly) = v (Ll,ZLk ®Hk®L;>
k

= Y U(H@ LB (L) ® Li)

= > O(H)ULY (L)) (He) b (L)
k,l

= N 0 (L) ® He ® L) (He (L)
k,l

= N U(Ham) (L ) O (Hi (L)

k,l,m

In the next step (and only here) we need the self-adjointness of 1) on H. Continuing,

YL L@ L) = > (Hiam)) (L) (Hi ) (L)

k,l,m

= B> (Lim) ® (Hem) © Hy ® L;l>
k,l,m

= B(D (L)@ (Hy) ® Ly, ® Hiy @ LZz)
k,l

= B D (L) e H) ® (L) ® L1>
= B((Ly)*®Lely).

This completes the proof. ]

In the case of Vir, ¢ = ¢(C') and h = 1(Lo) must be real for the sesquilinear form to
be defined. For such v it has been completely determined when the sesquilinear forms are
positive definite thanks to the Kac determinant formula [49].
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In the case of K, the only condition for the existence of sesquilinear form is that
¥(C) € R. Hence there are additional parameters ' € R, A\ € C for generalized Verma
modules Vj44p/ . on XK.

2.5.2 Irreducibility of generalized Verma modules on X

In this section, we completely determine for which values of h +ih’, ¢, A the corresponding
generalized Verma modules on X are irreducible. The proof heavily relies on the result
of Feigin and Fuks [36] which has determined when the Verma modules on the Virasoro
algebra are irreducible. To utilize their result, we extend the generalized Verma modules
on X to (non-unitary) representations of the Virasoro algebra.

Let Vitin cn be a generalized Verma module on K and v be the corresponding lowest
weight vector such that

K,v= (h+ih' +n\)v for n > 1 and Cv = cw. (2.9)

First we observe that

K,— K,—n\,C— C,

where [ is the identity operator on Vi 2, extends by linearity to a well-defined (non *-)
representation (on the same space V. inrinn) of K (the proof is the same as that of propo-
sition 2.2.5). On the other hand, it is straightforward to see that this new representation
is equivalent to Vj,iin co. Irreducibility of a representation of an algebra is not changed
even if we add the identity operator to the set of operators. Therefore the irreducibility
of Vitin ex is equivalent to that of Vi .0 and we may restrict the consideration to the
latter case. We denote it Vi, pips c.

Lemma 2.5.7. For any w € Vjyip o there is N € N such that K,,uw = K,w for m,n > N.

Proof. The module V), . is spanned by vectors K, - - - K, v. We will show the lemma by
induction with respect to k. If w = v, the lowest weight vector, then the lemma obviously
holds with N = 1, hence the case k = 0 is done.

Assume that the lemma holds for w and put lim,, K,,w = w’ (here lim has nothing to
do with any topology, but simply means that “the equality holds for sufficiently large m”).
We will show that it also holds for K, w. Let us calculate

K,K2w = ([Kp, K, + K,K;)w
= ((m—n)Kyin —mK,, +nk, + K, K,,) w,

and for sufficiently large m this is equal to
(m —n)w —muw' +nK,w+ K,w' = —nw' + nK,w + K,uw'

and this does not depends on m. O
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Let us define Dw = lim,, K, w. Then, it is clear that D is a linear operator on Vi ¢

and it holds Dv = (h + ih/)v.
Lemma 2.5.8. The following commutation relation holds:

(D, K,| =n(K, — D). (2.10)
Proof. We only need to calculate

(DK, — K, D)w = 1i77{LH(KmKn — K, K)w
= linEn ((m —n)Kpyn — mEK,, + nk,)w
= n(K, — D)w.
O
The relation (2.10) can be rewritten as [K,, — D, —D] = n(K,, — D).

Proposition 2.5.9. The representation of K on Viiin co extends to a representation of
Vir. This extension is the Verma module with —h — ih/, c.

Proof. We take a correspondence Ly +— —D, L, — K, — D,C — C. Now we know all the
commutation relations between D and K, the confirmation that this correspondence is a
representation is straightforward.

It is clear that the lowest weight vector is v and —Dv = (—h—ih')v, (K,, — D)v = 0 for
n > 0, Cv = cv. We only have to show that all the vectors of the form (K, — D) --- (K, —
D)v, where n; < --- < my, are linearly independent. But this is clear from the fact that
these vectors are eigenvectors of D and the fact that {K,, --- K, v} are independent by
definition. The former fact is shown by a straightforward induction. ]

Here we remark that this extension of the representation does not change the irre-
ducibility. If the module on X is irreducible, then clearly it is irreducible as a module on
Vir. On the other hand the operator D above is defined as the limit of K,’s, hence if the
module on X is reducible then it is still reducible as a module on Vir.

The following theorem is due to Feigin and Fuks [36].

Theorem 2.5.10. For h,c € C, the Verma module V}, . on the Virasoro algebra is reducible
if and only if there are natural numbers «, 5 such that

D, 5(h,c) = (h + i(oﬁ —1)(c— 13)%((16 - 1))

X (h + 2—14(62 —1)(c— 13)%(@,@ — 1))

(a® = pB%)? _
e =0,

The application of this to our case is now straightforward.

Corollary 2.5.11. For h,h' € R, ¢, X\ € C, the generalized Verma module Vi, yips e on K
is reducible if and only if there are natural numbers «, 8 such that

(I)aﬁ(—h - ih/, C) =0.
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2.6 Endomorphisms of X

This section is devoted to the study of *-endomorphisms of the algebra K. As in the case
of automorphisms, endomorphisms of K are not natural objects, but they are interesting
from the viewpoint of representations. We remarked before that any composition of a *-
endomorphism and unitary representation provides a unitary representation. In this way,
we obtain a strange kind of representations of K. We will also have a rough classification
of endomorphisms.

It is well known (for example, see [65][94]) that the following maps are endomorphisms
of the Virasoro algebra and they restrict to X:

1 C 1
57’(LN> - ;Lrn + ﬂ (T - ;) )
6, (C) =rC,

for any integer r € Z.

We have another type of *-endomorphisms of X parametrized by a complex number
a. In the next section we will see that these endomorphisms are related to some unitary
representation of Diff(St),.

Proposition 2.6.1. Let a € C and K be an element of X which satisfies [K, K*| =
—K — K*. Define

n’+n n®—n n®—n
ou(Kyn) = ( 5ot — o — 5 >K

N n®>+n +n2—n_ n®+n K
a a—
2 2 2 ’

0,(C) = 0.

Then o, extends to a *-endomorphism of K by linearity.

Remark 2.6.2. Examples of K in this proposition are K = Ky, —K_1, _%KQ + %Kl. Since
the image of C' is 0, o, extends also to a *~homomorphism of X, into K. Therefore, the
kernel of o, is the direct sum of ker o, as a homomorphism of Ky and C - C.

Proof. 1t is clear that o, preserves the *-operation. We only have to confirm that it
preserves commutation relations and this is done by straightforward calculations. However,
we will exhibit a clearer procedure.

Let us put § = 3a+ @ — 1. The definition of o, can be rewritten as

ool K) = <”22_ "5 (n? - 2n)a) K

+ <n22—n6 — (n? —2n)a—n> K*.
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If we put 7, = ”22_” — (n? — 2n)a, this takes the form o,(K,) = v, K + (7, —n)K*. Now
it is easy to see that

[0a(Kn), 0a(K_p)] = [1a K + (70 — n) K™, (%0 — n) K + 7 K]
= (=l + | — n|*)(K + K*)
= —n(2Rey, —n)(K + K7)
= —n(0a(Kn) +0a(K_p)).

Next we calculate a general commutator, for m # —n,

[0a(Kin), 0a(K)]

- (m (”22_”5— (n? —2n)a—n) “n (m22_mﬁ— (m? —2m)a))

(K + K*)
= (g — a) (m*n — mn?)(K + K*)

On the other hand,

(m = 1)00(Kmin) = moa(Kpn) + noq(K,)
= ((m = Wi = M+ 170 = (= )+ 1) + i = )

= Ega) (m*n —mn?)(K + K*)

and this completes the proof. O

Proposition 2.6.3. Let us assume that K + K* # 0. If « € & + iR, then ker(o,) is
K@ C-C (see section 2.3.1). Otherwise, ker(oy,) is Ko & C - C.

Proof. As we have noted in the remark 2.6.2, first we think o, as a homomorphism of XK.
By direct calculations, we have (see section 2.3.2),

p(M?) = (=(n+1Da—na+n)K+(—(n+1a—na+n+1)K*,

p(M,) = (a+a@—1)(K+K),

p(M3) = 0.
The kernel of o, must be one of ideals in theorem 2.3.16. From this it is clear that ker(o,,)
contains Xy and contains X if and only if Rea = %

By the remark 2.6.2, the kernel of o, as a *-endomorphism is X; & C-C or Ky C- C,
respectively. [

We have a partial classification of endomorphisms of XK.



62 Chapter 2. The stabilizer subgroup of one point in Diff(S?)

Proposition 2.6.4. If p is a nontrivial *-endomorphism of K, then the possibilities are:

1. p = o, with appropriate K and o € % + 1R. In this case, ker(p) = K1 & C-C and
p(Ky) =aK + (o — 1)K*.

2. p = o, with appropriate K and o ¢ % +iR. In this case, ker(p) = Ky @ C - C and
p(Ky) = aK + (o — 1)K*.
3. p(K1) =N a;K; + agC € Ky ®CC, p(Ky) = 2N K +byC € K @ CC, where

)

Zﬁ\; a; = Z?ivl b; = % In this case, ker(p) = {0}.

4. p(Kl) = Zz_zlfN aiKi + aoc e K_ D CC, p(KQ) = ZZ_:lQN szz + bOC € gch S5, (CC,
where Y v a; =3 bi = —~. In this case, ker(p) = {0}.

5. p(K,) =inAC for some X\ € R.

Proof. By lemma 2.4.2 and 2.4.3, it takes the form p(K;) = AK + puK* + vC, p(K,) =
NK'+ /K™ 4+ V' C, where K and K’ are elements of K,. Also by lemma 2.4.1 with the
commutation relation of Ky and K_;, K and K" must be proportional.

If both of A and p are nonzero, then also K and K’ must be proportional. By the
commutation relation of K; and K_; we see that some scalar multiple of K plus a central
element (we call it temporarily K) satisfies [K, K*] = —K — K*. Hence from the beginning
we may assume [K, K*| = —K — K*+kC for some k € C. Then again by the commutation
relation, 4 = A — 1. Similarly, it holds ¢/ = X' — 2. By the commutation relation of K5 and
K_i we see N = 3\ + X — 1. Then this is exactly the case (1) or (2). It depends on the
value of A whether it is (1) or (2).

Let one of A and u be zero. By composing an automorphism 7, we may assume p = 0
and we will show that we have the case (3). By the same argument of the beginning
of theorem 2.4.5, p(K,) takes the form p(K,) = S0 a;K; + aoC, p(K3) = 2351 b;K; +
byC' and Zf\il a4 =% = 21251 b;. Any finite set of p(K;)’s is linearly independent (by
considering the highest or lowest terms of p(K;) in the standard basis of ) and we see
ker(p) — {0}.

If A = p =0, by the commutation relations 2.1, p(K3) must be mapped to a central
element. By the same argument as that of 2.2.1, p is of the form p(K,) = inAC. O

Let p be the Lie algebra of the group generated by translations and dilations in Diff (S?).
This algebra has a basis {7, D} with the relation [D,T] = T [63][57]. Its complexification
(which we denote again p) is a *-Lie algebra with the *-operation D* = —D,T* = —T. By
setting K = —D + 4T, we have [K, K*] = —-K — K*.

Lemma 2.6.5. Any unitary representation ¢’ of p produces a representation ¢ of Ko (or
a representation of K with the central charge ¢ =0).

Proof. 1t suffices to set




2.7 Some unitary representations of B 63

We see that ¢ preserves the commutation relations by the same computations in the proof
of proposition 2.6.1 with a = 1. O

Remark 2.6.6. Any composition of a *-endomorphism and a unitary representation of X
is again a unitary representation. As we shall see in the next section, a composition of an
endomorphism of type (1) or (2) in proposition 2.6.4 and a lowest weight representation
gives rise to a strange representation (in the sense that they are “localized at the point at
infinity”). On the other hand, a composition of the type (3) endomorphism and a lowest
weight representation contains at least one lowest weight vector in the sense of subsection
2.5.2, equation (2.9) which is the lowest weight vector of the original representation, and
the value of h + ik’ is changed to +(h + k). If we start with the restriction to X of a
unitary representation of Vir, representations with “complex energy” (namely, A’ # 0) do
not arise in this way.

2.7 Some unitary representations of B

In this section we will construct true (not projective) unitary representations of By. Sym-
metries in physics are in general described by unitary projective representations of a group
[81]. From this point of view, one dimensional true representations are trivial, since they
are equivalent to the trivial representations as projective representations. Nevertheless, we
here exhibit a construction of a one dimensional representation. The author believes that
this reveals the big difference between Diff (S?) and By. In fact, Diff (S?) does not admit
any positive energy true representation (see [81]). This difference comes mainly from the
fact that Diff(S') is simple but By is not simple.
We identify By with a space of functions on R as in section 2.3.5.

Proposition 2.7.1. For any A € R the map

QOZBO — Sl
f — exp(irlog f'(0))

is a (one-dimensional) unitary representation of By.

Proof. Recall that By is the group of orientation preserving, 0-stabilizing diffeomorphisms
of S'. By the identification with the function space, the derivative of any element is
everywhere (in particular at § = 0) positive, hence the map is properly defined.

By the formula

(f ©9)'(0) = f'(0) - 4'(0),

we see the map ¢ above is multiplicative. ]

Remark 2.7.2. This ¢ is obviously irreducible and does not extend to Diff(S'). In fact,
@ is the integration of the one-dimensional representation of corollary 2.2.2. If g € By is
localized on some closed interval which does not include 0, then ¢(g) = 1. In this sense, ¢
is “localized at the point at infinity”.
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Next we need a general lemma.

Lemma 2.7.3. Let G be a group, H a normal subgroup of G and m the quotient map
G — G/H. Let F be a subgroup of G such that F N H = {e} and n(F) = G/H. Then
G/H and F are isomorphic by a canonical isomorphism v such that vy o w|p = id. If ¢ is
a representation of F', it extends to a representation ¢ := po~yom of G.

Let Bo ={g € By: f'(0) =1, f”(0) = 0}. It is easy to see that By is a normal subgroup
of By.

Let G = By, H = By and F = P be the subgroup generated by dilations and transla-
tions. It is obvious that any element of F' can be written as a product of a dilation and
a translation. The derivative of a dilation at point 0 is always 1, whereas a nontrivial
translation has a derivative different from 1 at 0. From this, the intersection of F' and H
must be pure dilations. But then, any element of this intersection must have a vanishing
second derivative at 0. This implies that the intersection is trivial.

By a similar consideration, it is not difficult to see that w(P) = 7(By). By the previous
lemma, the unitary irreducible representation of F' = P extends to a unitary irreducible
representation of By having B, in the kernel.

Also this representation is “localized at the point at infinity”, since if a diffeomorphism
is localized in a closed interval which does not contain 0, then it is an element of By and
hence mapped to the identity operator.

Summing up, we have the following.

Theorem 2.7.4. Any unitary representation ¢ of P canonically extends to a representation
@ of By which s localized at the point at infinity.

We describe the relation between this representation and the endomorphism of X con-
structed in section 2.6. The group P admits a unique irreducible positive energy (which
means that the generator of translation is positive) true (not projective) representation
[63]. This representation can be considered as the integration of several lowest weight rep-
resentations of the Lie algebra p of P. In the following, we fix such a representation of p
and extend it to K. The representation space of p is a dense subspace of the representation
space of P and it is the core of any generator of one-parameter subgroup of P (see [63]).
Through ¢, any one-parameter subgroup g¢; of By is first mapped to P by v o 7 and then
represented as a one-parameter group of unitary operators. Hence any unbounded operator
appearing here is in the representation of p explained above and there arise no problems
of domains or self-adjointness.

Proposition 2.7.5. Let ¢ be a unitary representation of the Lie group P, ¢’ be the cor-
responding representation of the Lie algebra p and ¢} be the extension to K in proposition
2.6.5, then ¢} integrates to ¢ in the theorem 2.7.4.

Proof. The quotient group By/Bs is isomorphic to R, x R with the group operation:

(leXZ) : (YhYYQ) = (X1}/17X1}/2 + }/12X2)7 for X17}/1 S R+7X27}/2 S R.
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The isomorphism p is given by f +— (f'(0), f”(0)).
It’s Lie algebra has the structure R & R with

(1, 22), (Y1, 42)] = (0, 22y1 — 21y2)] for 1, 29,41, 92 € R.

If ¢° is a one-parameter subgroup in By with generator v, then the corresponding element
in the algebra is p'(v) = (v/(0),v”(0)), where p' is the derivative of p.

The generator of the one-parameter subgroup of dilations D,(0) is 3 (K — K7)(0) =:
dy() = sin@ and the generator of translations T(0) is —5 (K1 + K7) =: t1(0) = 1 — cos 6.
Thus p'(di) = (1,0) and p'(t;) = (0,1). Similarly, the generator 1 (K, — K;;)(6) =: d,,(6) =
sinnf is mapped to (n,0) and —%(K, + K}) =: t,(6) = 1 — cosnf is mapped to (0,7%). In
short, it holds that p/(d,) = np'(dy), p'(t,) = n?p'(t1). Hence these relations hold also for
the derivative of @, namely @'(d,,) = n@'(dy), @' (t,) = n*@'(t1).

On the other hand, for ¢} we have

o (50 - K1) = 00 = £

o (~50 4 KD) = (0 + £

o (50— 1) = 50— ) =it (51060 - 1)),
o (—5r+ K)) = =Tt 4 1) =l (504 K.

From this it is clear that ¢} and ¢’ are equivalent, since by definition ¢;(d;) = ¢'(d;) and
p1(t) = &'(t) 0

As remarked before, there is a unique irreducible positive energy representation of P.
By the proposition above, it extends to an irreducible positive energy true representation
of Bo.

2.8 Open problems

Construction and classification

A natural problem in the representation theory of a group is of course to construct and
classify positive-energy representations. In particular, the generalized Verma modules we
constructed here have a large family of candidates of such representations.

The group By implements the diffeomorphism symmetry of conformal nets and the
Virasoro net can be embedded in such nets, hence the representations of such larger nets
could be used to construct new representations of By.
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Further subalgebras

In this Chapter we considered the group By, the group of diffeomorphisms of S! which
preserves the point at infinity. It is also natural to consider the group of the diffeomor-
phisms of R with compact support. On this group, R acts as translation and it is possible
to define the notion of positivity of energy. The representation theory of this group would
be interesting. As seen from an analogy with Chapter 3, such a representation is related
with thermal states of the Virasoro nets.



Chapter 3

Ground state representations of loop
algebras

Chapter Introduction

For a compact connected Lie group G, the group of smooth maps from the circle S* to G
is called the loop group LG of G. Loop groups have been a subject of extensive research
both from purely mathematical and physical viewpoints ([75], [91], [97], [41], [89], [29]).
On the one hand, the representation theory of LG has a particularly simple structure. If
we consider positive energy projective representations (defined below), and if G is simply
connected, then such representations behave very much like ones of compact groups. They
are completely reducible, irreducible representations are classified by their “lowest weights”,
and irreducible representations are realized as the spaces of complex line bundles on the
group by analogy with Borel-Weyl theory [75]. On the other hand, any such representation
can be considered as a charged sector of a conformal field theory.

It is a natural variant to think about the group of maps from the real line R into
G. The natural group of covariance is now the translation group. Since S is a one-point
compactification of R, we consider this group as a subgroup of LG. Then one would expect
that there should arise several representations which do not extend to LG. This problem
has been open for a long time [75].

The main objective of this Chapter is to show the contrary at the level of Lie algebra
with the assumption of existence of an invariant vector: Namely, if a (projective) unitary
representation of .#gc (the Lie subalgebra of Lgc of Schwartz class elements, defined
below) is covariant with respect to translation and admits a cyclic vector invariant under
translation, then it extends to a representation of Lgc. Then even a complete classification
of such representations with a “ground state vector” follows due to the classification for
Lgc by Garland [42] or at group level by Pressley and Segal [75].

Besides the interest from a purely representation-theoretic context, the study of positive
energy representations with an invariant vector for translation is motivated by physics, in
particular by chiral conformal field theory.

67
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In the setting of algebraic quantum field theory, a chiral component of a conformal field
theory is a net of von Neumann algebras on the circle (see Section 1.1.1). To construct
examples of such nets, we can utilize positive energy representations of loop groups, and
in fact these examples have played a key role in the classification of certain conformal field
theories [52], [96].

For a certain class of representations of nets, a sophisticated theory has been established
by Doplicher-Haag-Roberts (for its adaptation to chiral CFT, see Section 1.1.6 and [41]).
The DHR theory is concerned with representations which are localized in some interval,
i.e., unitarily equivalent to the original (vacuum) representations outside the interval of
localization. These representations are considered to describe the states with finite charge.

On the other hand, in a physical context we are sometimes interested in a larger class
of representations. A typical case occurs in the study of thermal equilibrium states. A
thermal equilibrium state is invariant with time, thus in the context of one-dimensional
chiral theory it is invariant under translation. By physical intuition, we would say that
a state with a finite amount of charge cannot be invariant under translation. Then we
should consider a more general class of representations. As explained later, an invariant
state for translation whose GNS representation has positive-energy can be considered as
an equilibrium state with temperature zero. Physicists call it a ground state.

Nets of von Neumann algebras generated by representations of loop groups are known to
be completely rational (Section 1.1.5 and [55, 97]). This complete rationality implies that
the net has only finitely many inequivalent irreducible DHR representations. Physically it
means only finite amount of charge is possible in such a model. Then one would guess that
any completely rational net has only equilibrium states without charge. We will prove a
result on representations of the Lie algebras of loop groups which strongly supports this
point of view, namely, we will show that any ground state representation of the loop algebra
(in a certain sense clarified below) is the vacuum representation.

Similar lines of research will be conducted also for equilibrium states with finite tem-
perature in Chapter 4, in which the we show that if a conformal net is completely rational
then it admits the unique KMS state.

John E. Roberts has proved that for a general dilation-covariant net of observables
there is a unique dilation-invariant state, the vacuum [80]. This in particular tells us that
a ground state different from the vacuum cannot be dilation-invariant (although this never
excludes the existence of other ground states). In fact, the composition of a ground state
on the Virasoro nets with dilation is used to produce different ground states [86]. A similar
technique is used in Chapter 4 to obtain continuously many different KMS states.

At the end of the introduction, I would like to note that the above result on KMS
states has been proved with the techniques of operator algebras, in particular subfactors,
and utilizes relationships between several nets. On the other hand, the present result on
the uniqueness of ground states for loop algebras relies only on elementary facts on Lie
algebras and gives a direct proof.

Unfortunately, the present result does not imply directly the uniqueness of ground
state of nets of von Neumann algebras. There are still difficulties in the differentiability of
given representations and extension to “Schwartz class” algebra. These problems will be
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discussed in Section 3.4.

In Section 3.1 we introduce the main object of this Chapter, the algebra .’g. In Section
3.2 we prove that translation-invariant 2-cocycle on .#g is essentially unique up to scalar.
In Section 3.3 we prove that ground states on .#’g can be classified only by the cocycle.
In Section 3.4 we discuss the physical meaning of ground states and possible implications
to the representation theory of conformal nets of von Neumann algebras. Section 3.5
summarizes open problems.

3.1 Preliminaries on the Schwartz class algebra .#g

As noted in the introduction, we will consider an analogous problem on infinite dimensional
Lie algebras defined through the real line R, instead of S!. We identify the circle S! as the
one-point compactification of the real line R by the Cayley transform:

1+z t—1

t=1 = z=— teR, z€8'cC.
1—=2 t+1

Here we denote by G a compact simple simply connected Lie group and by g its Lie
algebra. The Lie algebra g is finite dimensional, hence for a map from R into g we can
define the rapidly decreasing property. As one of the simplest formulations, we take the
following: Let n be the dimension of g. By fixing a basis in g, we can consider any map
¢ : R — g as the n-tuple of real-valued functions. Then we say £ is rapidly decreasing
if each component of ¢ is rapidly decreasing. Of course this definition does not depend
on the chosen basis. It is also straightforward to define a tempered distribution on .#g.
A linear functional ¢ is said to be tempered if each restriction of ¢ to the subspaces of
elements having nonzero value only on i-th component is a tempered distribution. Again
this definition is independent of the choice of basis.

The main object of this Chapter is the following.

g :={£: R — g,smooth, rapidly decreasing},
[€,n](t) := [£(t), n(t)], t € R

namely, the algebra of Schwartz class elements. Under the identification of the punctured
circle and the real line, it is easy to see that this algebra is a closed subalgebra of Lg.
It is easy to see that as linear spaces g = g ® . and the Lie algebra operation is
[z ® fy®g]=[z,y]® fg.

The compact group G acts on g by the adjoint action, hence also on Lg by the pointwise
application. This action is smooth [75, Section 3.2]. Since .#g is a closed subalgebra of
Lg, the restricted action of G on g is also smooth. It is obvious that .#g is invariant
under G.

We are interested in positive-energy, unitary, projective representations. Recall that for
Lg we considered the subalgebra of polynomial loops and all these notions are defined in
purely algebraic terms. For .#’g we cannot take such an appropriate subalgebra. Instead,
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we need to formulate all these properties of representations with analytic terms from the
beginning. Let H be a Hilbert space. Note this time that R acts on .¥’g by translation:

§a(t) :=£(t —a).

Again it is straightforward to define the complexification of .’g and it is identified with
Zgc. The x-operation is naturally defined.

Definition 3.1.1. A projective unitary representation m with a 2-cocycle w of #gc assigns
to any element & of L gc a (possibly unbounded) linear operator (&) on H such that there
is a common dense domain V C H for all {m(&) : £ € Fgc} and on V it holds that

m([§;n))v = (7(§)7(n) — w(n)7(§) +w(&,n)) v,
(m(&)v1,v2) = (1, T(7)va).

A projective unitary representation of #gc is said to have positive energy if there is a
unitary representation U of R with positive spectrum such that U(a)mw(§)U(a)* = w(&,).

A projective unitary representation of gc is said to be smooth if for each vy, ve in the
common domain V' the linear form (-vy,ve) is tempered.

Remark 3.1.2. Let us make some remarks. By the same reason as in Remark 1.5.5, we can
define an action of translation on the space of 2-cocycles on . g¢ and for a positive energy
representation the cocycle is invariant under translation.

If we have a representation of a group, it is natural to ask if this representation produces
a representation of the Lie algebra by an appropriate derivation. And for LG the answer
is yes. We can prove the existence of a common domain by utilizing finite dimensional
subgroups in LG with common elements ([91, Section 1.8] or [24, Appendix]). We can
define a corresponding group for .#'g, but it is not clear if such a common domain exists
for a representation of .#g. We will discuss on this problem in the final section.

There is also a problem on the smoothness of the representations. As explained in the
final section, in the algebraic approach to CFT it is natural to consider the subalgebra of
< gc with compact support. On the other hand, for the moment we know the proof of
uniqueness of ground state representations only for Schwartz class algebra. For the present
proof it is essential since we exploit the Fourier transforms. Unfortunately we don’t know
to what extent it is natural to assume the continuity to the Schwartz class.

3.2 Uniqueness of translation invariant 2-cocycle

As we have seen in Remark 3.1.2, for a positive-energy representation the cocycle is al-
ways translation-invariant. Then we will restrict the consideration to translation-invariant
cocycles. In this section, we will show that the Lie algebra .#g¢ has the unique translation-
covariant central extension. First of all, we can define an action of G on the space of cocycles
by

(gw)(&,m) == w(g™, 97 ).

We show that we can restrict the consideration to G-invariant cocycles.
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Lemma 3.2.1. Any 2-cocycle w on .Lgc is local, namely, if £ and n have disjoint supports,
then w(&,n) = 0.

Proof. Let us take x,y,z € gc and f,g,h € Z(R). Then by the Jacobi identity (1.2),

0 = wlz® f,y®g,2@h)+w(y®g,z20h, 2 f)+w(z@h,x fl,y ®g)
= w([z,y]|® fg,z@h) +w([y, 2] ® gh,z R f) + w([z,2] @ hf,y X g).

Here, let the supports of f and g be disjoint and compact, and h be a function such that
h(t) =1 on supp(f) and h(t) = 0 on supp(g). Then the equality above transforms into

w(lz, 2] ® f,y®g) =0.

Since gc is simple, [z, ] spans the whole Lie algebra gc and the lemma is proved by noting
that these elements span elements with compact support. ]

Lemma 3.2.2. Any translation-invariant continuous 2-cocycle w on . gc is equivalent up
to coboundary to a G-invariant cocycle.

Proof. We see that gw —w is coboundary for any g € G. Since G is connected, we can take
a smooth path « such that a(0) = e and «(1) = ¢g. Then by the fundamental theorem of
analysis it holds that

gw(fﬁ)_"d(g,"?) = 04<1)W(5777)_04<0>W(f>77)
= [ GeteT g O

For the moment, let us assume that £ and 1 have compact supports. Then there are
elements 0(t) with support compact such that

<,
dt

(g = [0(t), a7 (1)E], %Ofl(t)n = [0(t), 0™ (t)n].

In fact, it is enough to take an element of the form z ® f, where z = a~!(¢) and f(t) =1
on supp(§) U supp(7).

Let Zgc be the subalgebra of .#gc of elements with compact support. We define
v Pgc — C by 1(€) = w(a ()€, 6(t)), where §(t) depends on & as above. And this
is well defined because w is local by Lemma 3.2.1 and the variation of §(¢) outside the
support of ¢ does not change 7. Then =, is translation-invariant since §(t) is defined
in a translation-invariant way and w is translation-invariant by assumption. And 7, is
continuous since w is continuous by assumption and 0(¢) is defined locally as an element
in Zgc and w is local. Then Zgc¢ is the finite direct sum of test function spaces as a
topological linear space, hence any translation-invariant continuous linear functional on
this space is of the form

/R B(E(s))ds,
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where 1) is a linear functional on g¢. Now it is obvious that 7, extends to . g¢ by continuity.
As above, let £, n be elements with compact support. By the continuity of w and the
Jacobi identity (1.2) we see that

;%a%aVﬂé,a%ﬂn) = w([6(t), a” ()], o (1)) +wl(a ™ (B)E, [6(t), o (t)n))
= —w([a M1)€, a7 ()], 6(t))
= —w(a ()€ ], (1))
= —n(l& ).

S

Now this equation extends to .#gc since w,~y,a™! are continuous. In short, we have

gw(E,n) — w(En) = - / (€, )t

which shows that the difference between two cocycles is a linear functional of [£, 7], thus
it is a coboundary.
Finally, obviously the averaged cocycle

/ gwdg
G

is a G-invariant cocycle. And the difference

[ g =g

is a coboundary since the integrand is a coboundary. ]
Then we can show that the translation-invariant 2-cocycle on .#gc is essentially unique.

Theorem 3.2.3. If a translation-invariant continuous 2-cocycle w is G-invariant, then
w(&,m) is proportional to the following one.

/ L eyt

21

Proof. We fix Schwartz class functions f, g € #(R). We define a bilinear form on g¢

wrg(z,y) =wl@® f,y®g), =,y € gc.

Obviously, wy 4 is G-invariant. Then, since G is simple, it is known that (see, for example,
[75, Chapter 2]) any G-invariant bilinear form on gc is proportional to the Killing form. The
factor depends on f and g obviously in a linear way. Hence we find wy 4(z,y) = (z,y)v(f, 9),
where (f, g) is a bilinear form on . (R).
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Applying the Jacobi identity (1.2) to three elements * ® f,y ® g,z ® h, we see the
following.

0 = wlzefly®gl,z20h)+w(ly®g,2@h,r® f) +w(z@h,r® fl,y®g)
= Wz, y]® fg,20h) +w(ly, 2] ® gh,z® f) + w([z, 7] @ hf,y ® g)
= ([z,y],2)7(fg, h) + [y, 2], )7 (gh, f) + ([z, =], )7 (h ], 9).

By the invariance of the Killing form, we have —([z,y],2) = (y, [z, z]) and ([y, z],z) =
—(z, [y, z]). By the symmetry of the Killing form, it holds that

0= ([z,y],2) (v(fg,h) +v(gh, f) +v(hf, g)).

Then by choosing appropriate z,y, 2 we see

v(fg,h) +~(gh, f) +~(hf, g) = 0. (3.1)

Let f and g be functions with disjoint supports supp(f) N supp(g) = 0, and let h be
a function such that h(t) = 1 on supp(f) and h(t) = 0 on supp(g). By (3.1), we have
v(0,h) + (0, f) +v(f,9) = v(f,g) = 0. Namely, if the supports of f and g are disjoint,
then v(f, g) = 0. We call this property the locality of .

Now we fix a smooth function f with a compact support supp(f) C [-5,%]. For k € Z,

let e; be a smooth function with a compact support such that on [—§, ] it holds that
ex(t) = e it
Let g be some function in .(R). By the locality of v, the value of v(f,g) does not

depend on the form of g outside the support of f. Then again by the Jacobi identity for
v we see Y(fex, er) +y(ert1, f) +v(fer, ex) = 0 or equivalently,

Y(fsert1) = v(few, er) +y(fer, ex),

because values of functions outside the support of f do not affect the value of 4. Repeating
this equality replacing f by fe; and k by k — 1, we have

Y(fsert1) = v(few,er) +v(fer er) +v(fez, ex1).

It is easy to see that v(f,eq) = 0. By induction it holds for £ > 1 that

7(f7 ek) = k’Y(fek—lvel)' (32)

A similar argument holds also for k£ < 0.
We define ¢(f) := v(f,e1). By the translation-invariance of v, we see that ¢(f) =
o[ e f(t)dt for some constant ¢, € C. Then by the equality (3.2) we have

V(f ex) :Ca/kemgtkf(t)dt.
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Then for a smooth function g with support in [—$, §], by considering its Fourier expansion

2wtk
g(t) = e

a g, it holds that

Ca Ol

([, 9)

- 21

/yavawt

But the interval [—§, %] is in reality arbitrary, then c,a does not depend on a and this
equality holds for any compact support functions. Then by the continuity of v it holds

also for Schwartz class functions. O

We take the following as the standard normalization.

wi(En) = —— [ (e(t). 7 (b)t.
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We say that a positive-energy representation has level c if its cocycle is cw;.

3.3 Uniqueness of ground state representations

First of all, let us specify the class of representation in which we are interested.

Definition 3.3.1. If a smooth positive-energy unitary projective representation m of % gc
on the common domain V- C H has a unique vector Q0 (up to scalar) such that Q is invariant
under the unitary implementation U of the translation and V is algebraically generated by
Q, then m is said to be a ground state representation.

Throughout this section, 7 is a ground state representation of .#gc on H, with a
common domain V', ) is the ground state vector, and U is the one-parameter group of
unitary operators which implements the translation.

Note that any vacuum representation of Lgc is a ground state representation. Any
vacuum representation of Lgc with a different value of the cocycle corresponds to a dif-
ferent conformal field theory. We will show the uniqueness of ground state for a CF'T. In
other words, any ground state representation of .’g¢ with a fixed cocycle is the vacuum
representation.

Note also that we assume from the beginning that the ground state vector €2 is cyclic
and unique. Since we need to treat unbounded operators, it is not convenient to discuss
decomposition of representations. We will return to this point in the final section.

Let us start with several observations similar to the classical argument in [40], which is
originally given by Liischer and Mack in their unpublished article. Let E be the spectral
measure associated with U. If g is a smooth bounded function on R, we denote by g(U)
the functional calculus associated with F, defined by

Ula) = /eﬂ’rpadE(p) for a € R,

MUwz/ﬁ@ME@)
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Lemma 3.3.2. If the Fourier transform f of f € % has support in R, then it holds for
any x € gc that (z @ f)Q =

Proof. Recall that the Fourier transform is a homeomorphism of the space of Schwartz
class functions .. This holds also true for .#gc, since it is just the space of Schwartz
class functions with several components. So we can define a Fourier transform é of an
element £ € gc as an element in .“gc with the Fourier transformed functions in each
component. To keep the notation simple, let us define 7 the Fourier transform of 7, namely
#(€) = (8).

The action of translation on .#gc is as follows: £,(t) = £(t — a). In Fourier transform,
it becomes

mmzfem%@ﬂwhwﬂm&»

We introduce an obvious notation g&(t) := g(t)&(t) where g is a smooth function on R and
€ € Sge. Then letting e,(p) := 2™ we can write the relation above as g, = e_,g. Let
U be the unitary operators implementing translation. By the invariance of {2, we can write
this as follows.

U(a)m ()2 = U(a)m(6)U(a)"Q = m(£.)Q = F(e-aé)0

Now let z and f be as in the statement and let g be a function in .% such that its
Fourier transform has §(p) = 1 on supp(f) and has support in [~2, 2], where S is some

2072
positive number. The restriction of § to [—§ ‘g] can be expanded into a Fourier series

27
i2wkp
g S gSk-
EZ

Recall that the convergence of the Fourier series is smooth (uniform on [—%, 2] for each
derivative). If p is in the interval [— then it holds that

2’5]

f) = F)ap) = f(p) (Z ex(p)gs k) > fw Jex (P)gsik
kEZ kez
and the convergence in the last series is still smooth on [—%, %], since f is a smooth function

with a compact support in this interval, so the Leibniz rule shows the convergence. Then,
looking at only the left and right hand sides we see that the equality above holds on the
whole real line, simply because f (p) = 0 outside the interval [— The convergence is
still smooth.

Since 7 is an operator valued distribution, so is 7, which is weakly continuous with
respect to the smooth topology on .#gc. Then we find

Tz ® ) = f)

7i(x
€z

2’5]

€rg
S
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On the other hand, as a function on the whole real line R, the series

2mkp
E € 9 gsk

kEZ

is uniformly convergent, since it is uniformly convergent on an interval [— because

272]

it is the Fourier expansion of ¢, and uniformly convergent also on any translation of the
interval [—%, %] since the series is obviously a function with a period S. It holds that
—i2wkp i2mkp
ZG S gsk = ZG S 9S,—k;
kEZ keZ

and it is also uniformly convergent. Let gg be the function which has the series above as
the Fourier transform. Then the series of operators , ., U (%) gs—k = gs(U) is strongly
convergent. Applying this equality to the vector 7(z ® f){2 we have

ss@rlew )0 = S0 () asnte o N0

since € is invariant under translation and U implements it. Then by replacing k by —k we
can write it as follows.

gs(U)m(z® f)Q = ZQS,M <x®f_§> Q
kez
= ng,kfr (x®e§f) Q
keZ
= #2®§f)0
= #(z® O
= m(z® f)Q

If we let S tend to oo, gs(U) tends to an operator §(U), where § has the Fourier
transform g(—p). Now recall that the condition on g is that its Fourier transform ¢ has
compact support and is equal to 1 on the support of f. Then § is equal to 1 on —supp( f)
and for such g it holds g(U)n(z ® f)Q2 = w(x ® f). Then the support of spectral measure
of the vector m(z ® f)Q with respect to U must be contained in —supp(f).

In particular, if supp( f) is compactly supported in R, , then the spectral measure of
m(x ® ) is compactly supported in R_, hence it is equal to 0 because of the positivity
of the energy. Any function with support in R, is smoothly approximated by a function
compactly supported in R, so the continuity of 7 as an operator valued distribution
completes the lemma. [
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Let us define (&) := (w(£), Q). By definition 2 is unique for ground state represen-
tations, hence 1 is an invariant for this class of representations.

Lemma 3.3.3. (&) depends only on £(0) € gc.

Proof. We fix x € g¢ and consider the restriction

Y, S — C
fr=d@ef).

It is obvious that v, is invariant under translation. Hence it has the form ¢, (f) = C, f (0),
where C; is a constant depending on z. The linear functional ¢ can be reconstructed by
such restrictions, hence 1) itself depends only on £(0). O

Lemma 3.3.4. Let {{,} be a sequence of elements in S gc such that
e cach én has a compact support.
o forp >0, &u(p) = &m(p) for anyn,m € N.

e for p < 0, the norm of én(p) € gc with respect to the Killing form is uniformly
bounded and the Lebesque measure of supp(&,) NR_ tends to 0.

Then 7(&,)82 is convergent to (m(&,)82, Q).

Proof. By the proof of Lemma 3.3.2, 7(£,)S2 is contained in x_ .z (U)H. The intersec-
tion of these spaces is clearly the one-dimensional space C(2. To see the convergence, we
have to estimate the following.

||7T(§m - gn)QHQ = <7T(€m - gn)*ﬂ-(fm - fn)Qa Q>
= (m(&m — &)T(Em — &)™ QL Q) + ([(Em — &)™, T(Em — &0)]2, ).

The first term vanishes by Lemma 3.3.2.
We can transform the second term using the commutation relation and obtain

(m([(Em = &)™ 6m — &al) 2, Q) — w((Em — &n)™ Em — &n)-

Let us estimate the first term of this difference. By Lemma 3.3.3, it is enough to estimate
the value at 0 of the Fourier transform of [(&,, — &.)*,&m — &,]. By the assumption, the
Fourier transform of &, — &, is also bounded and the measure of its support tends to 0 as
m,n tend to co. In general we have

i 7)(0) = / 7 (), A(—p)ldp.

If we apply this to n = &, —&,, the integral is bounded by (the square of the double of) the
uniform bound of {&,,}, the norm of the commutator of gc and the measure of the support
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of ém — én Then this tends to 0. By continuity of 7, this term tends to 0. For the second
term, we know the concrete form of the cocycle w and in the Fourier transform it takes

* & . /:k o~ /\* ~
w(n®,n) = %/Z%pm (=p), 0(p))dt, = c/p<77 (=p), 7(p))dt
then by a similar reasoning the corresponding term converges to 0.
Now that we know that the concerned sequence converges to a scalar multiple of €, it
is enough to determine the coefficient (7(£,)2,€2). By Lemma 3.3.3 this is determined by
€(0) and by the assumption this is constant. O

Lemma 3.3.5. Let {{,} be a sequence of elements in #gc. Assume that components of
én are uniformly bounded and convergent to a bounded function and the Lebesque measure
of the support of én/ — én is monotonically decreasing to 0. Then for any n € Lgc, the
commutator [£,,m] is smoothly convergent to an element in . gc.

Proof. 1t is enough to consider the case where &, = * ® f,,7 = y ® g, since the general
case is a finite linear combination of such elements and the convergence of the commutator
follows immediately. In this case, the commutator is expressed with the Fourier transform
as follows.

Enrl®) = [.4] ® / F(8)d(p — 5)ds.

The convergence in the smooth topology is defined as the uniform convergence of the
following functions.

—=(m)

Pl @) = [r,4] ® / £ (p — s)ds.

Since the function in the integrand is uniformly bounded, and the measure of the support
&v — &, 1s decreasing to 0, the integral is convergent uniformly. ]

Lemma 3.3.6. The representation m is characterized by 1 and the level c. Namely, any
two representations which correspond to the same functional 1 and the same level ¢ are
unitarily equivalent.

Proof. We will show that the n-point function (7(&;)7(&2) - - 7(£,)82, Q2) is determined by
1 and ¢ for any n. Since € is cyclic for 7, this implies that any inner product of the form
(m(&) - (&) m(my) - - T(Nm)Y) is determined by 1 and c. If two representations 7y, o
have the same ¢ and ¢, then the map

(1) - T (§n) 2 > ma(&1) - - ma(6n) 2

is a unitary map intertwining the two representations since by the definition of ground
state representation these vectors span the dense common domain V. Furthermore, by the
continuity of 7, we may assume that {ék} have compact supports.

We show that for n > 2, the n-point function is reduced to (n—1)-point functions. Then
an induction about n completes the proof. Let us decompose & into two parts & = &, +&-



3.3 Uniqueness of ground state representations 79

such that ér has support in R;. By the Lemma 3.3.2 we know that 7(£,)Q2 = 0. In the
n-point function, we can take 7(£.) to the right using the commutation relation and
annihilate it letting it act on €2, so that the n-point function will be reduced to the sum of
(n — 1)-point functions and _ part. Explicitly,

(m()m(&2) - - 7(£n)Q, ) =

This is equal to the following since 7 is a projective representation.

(r(&)m(&) T Q) = (1€ )m(&) -+ m(6)92,Q)
+) (&) ([ &) — w(Ee, &) - ()R, Q).

Now, let f. be a smooth function such that f.(p) =1 for p > €, f.(p) = 0 for p < 0 and
0 < |f.| <1for0<p< e Letus make a decomposition of &, such that & (p) = f.(p)€(p)
and & = &1 — &ey

On the one hand, &, satisfies the assumption of Lemma 3.3.5, hence by letting e
tend to 0, all the brackets above are convergent to images of some elements in .“gc,
hence there appear images by 7 and scalar multiples of ¢ which depends only on the Lie
algebra structure. On the other hand, £ satisfies the assumption of Lemma 3.3.4 and
(& )Q = m(&_)*Q is convergent to (& ) (which does not depend on €). This reduces

every term in the n-point function to (n — 1)-point functions, ¢ and c. O

We have seen that i) and c characterize the representation 7. Finally we show that 1
is not necessary and 7 is determined only by c.

Theorem 3.3.7. For any ground state representation, 1 = 0, thus (w(£)Q, Q) = 0 for any
f € yg(c.

Proof. We will show this by contradiction. To be precise, we assume that ¢ # 0 and we
show that representation is not unitary.

By definition it is easy to see that 1 is self-adjoint. Let £ € gc. As we have seen
in Lemma 3.3.3, ¢(§) is determined only by £(0). Let us define v : gc — C such that
$(€) = volE(0)).

By the assumption, there is an element x from g¢ such that ¢y(z) # 0. Since 1) is
self-adjoint, so is 1y and we may assume that x is self-adjoint and 1g(x) € R. Then there
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is a Cartan subalgebra which contains x. Let us consider the root decomposition of g¢ with
respect to this Cartan subalgebra. Let a be an element in the root system W, and let sl(a)
be the subalgebra of gc isomorphic to sly(C) associated to a. We define put E,, F,,, H,
the elements in sl(«) corresponding to

= (50 ) = (0 5)m=(3 ).

We may assume there is a root a such that 1y(H,) # 0, since the Cartan subalgebra is
spanned by {H,}acw.

As the first case, we assume ¢o(F,) > 0. It holds that [E,, F,] = H, and E! = F,.
Let us take a smooth real function f € #(R) with supp(f) C R_. We will find a vector
in H with negative norm. In fact, it holds that

I7(Ba ® QU = (7(Ea® £)Q7(Ea ® £)Q)
= (r(Fa@ f),m(Ea ® )2, Q)

— ((Fu B0 19 - (Fo Ea) e [ TS (O
— wo(—Ha) [ 1f0)dp — P B [ 67w

Then if we take a function f such that f has support sufficiently near to 0 but nonzero,
then the norm must be negative.
If ¥o(H,) < 0, we only have to consider the norm of 7(F, ® f)S2. O

Corollary 3.3.8. All the ground states on .#gc are completely classified by ¢ and such a
representation is possible if and only if c € N.

Proof. We have seen in Lemma 3.3.6 that ground states on .’g¢ are completely classified
by ¢ and ¢, on the other hand Lemma 3.3.7 tells us that only the case ¢ = 0 is possible.

For Lgc we know that lowest weight representations with invariant vector with respect
to the Mobius group Mob are completely classified by ¢ and the only possible values of ¢
are positive integers. What remains to prove is that every ground state representation of
< gc extends to Lge. This is done by the repetition of the argument by [18, Section 4]. In
fact, we know that a ground state representation 7 is determined by the value of ¢, and the
cocycle w is invariant under dilation. Also the positive and negative parts decomposition
in the proof of Lemma 3.3.6 is not affected by dilation. Then it is straightforward to
check that there is a unitary representation of dilation under which €2 is invariant and 7 is
covariant. By analogy with the Liischer-Mack theorem, all n-point functions extend to the
circle S! and turn out to be invariant under Méb. Then by the reconstruction theorem,
we obtain the representation of Lgc.

It is known that in this case the level ¢ must be a positive integer by Theorem 1.2.2
(due to [42]) or [75]. O
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3.4 Ground states of conformal nets

3.4.1 Ground state representations of Lie algebras and conformal
nets

The main result in the previous section is the uniqueness of ground state on the Schwartz
class subalgebra .#gc of Lgc. Here we explain its (possible) physical implication. In
our context, examples of conformal nets are given in terms of vacuum representations of
loop groups (see Section 1.5.2; or for example [41]). Explicitly, let LG be the loop group
of a certain simple simply connected Lie group GG. We take a positive-energy vacuum
representation 7 of LG at certain level k. Then we set

Acr(l) :==A{m(g) : supp(g) C 1}".

Isotony is obvious from the definition. Locality comes from the locality of cocycle. Each
such vacuum representation is covariant under the diffeomorphism group Diff(S1), in par-
ticular under Mob. Positivity of energy is readily seen. The lowest eigenvector of rotation
behaves as the vacuum vector.

A conformal net is considered as a mathematical realization of a physical model. Several
physical states are realized as states on the quasilocal C*-algebra

mlh'

IeR

We denote it simply by 2. On this C*-algebra, the group of translations acts as one-
parameter automorphism 7.

Among all states on 2, states which represent thermal equilibrium are of particular
interest. The property of thermal equilibrium is characterized by the following KMS con-
dition [9].

Definition 3.4.1. A state p on a C*-algebra A is called a B-KMS state (with respect to
a one-parameter automorphism group T) if for each pair x,y € A there is an analytic
function f(z) on 0 <Imz < B and continuous on 0 < Imz < 8 such that it holds fort € R

f(t) =pan(y), [(t+iB) = e(n(y)z).
Here, % 15 interpreted as the temperature of the state of equilibrium.

As easily seen, when the temperature goes to 0, 5 goes to the infinity and the domain
of analyticity approaches to the half-plane. We simply take the following definition, and
consider it as an equilibrium state with temperature zero.

Definition 3.4.2. A state ¢ on a C*-algebra 2 is called a ground state with respect to T
if for each pair x,y € A there is an analytic function f(z) on 0 < Imz and continuous on
0 < Imz such that it holds for t € R

f(t) = p(z7i(y)).
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In general, if ¢ is invariant under translation, the action of translation is implemented
canonically by a one-parameter group of unitary operators in its GNS representation. It is
known that this condition is characterized by its property in the GNS representation [9].

Theorem 3.4.3. A translation-invariant state ¢ on 2 is a ground state if and only if the
generator of translation in the GNS representation has positive spectrum.

No direct and obvious way to classify ground states on general conformal nets is at hand,
but the case of loop group nets seems rather hopeful. Let m be a vacuum representation
of loop group LG, ¢ be a ground state on Ag and 7, be the GNS representation with
respect to . Let us call temporarily ZG the subgroup of LG with elements compactly
supported in R, with the identification of R as a part of S'. Since Ag  is generated by local
operators, for any group element ¢ € LG with support in R we have 7(§) € Ag, hence
the composition 7, o7 is a representation of ZG, covariant under translation implemented
by one-parameter unitary group with positive generator, containing a translation-invariant
vector. Then to classify all ground state representations of Ag y, it is enough to classify
ground state representations of ZG.

Hence the result of this Chapter can be considered as a first step towards the clas-
sification of ground states of loop groups. The remaining steps should be roughly the
following.

e To show that every ground state representation of ZG is differentiable and induces
a representation of Zg.

e To show that every ground state representation of Zg can be extended to .#g.

Combining it with the uniqueness result of this Chapter we would see the uniqueness of
ground state on Ag k.

Unfortunately, I am not aware of any concrete strategy to these points. Recently a
general theory about differentiability of representations of infinite dimensional groups was
established by Neeb [71]. Detailed analysis for ground state representations could lead to
general differentiability. For the second point, invariance of the ground state vector could
imply the extension of operator valued distribution, in analogy of the case of distribution.

3.4.2 Irreducibility and factoriality of representations

In Section 3.3 we have classified representations of . g¢ with a cyclic ground state vector.
We need to justify that the assumption of cyclicity is not essential. In fact we would like to
show that any ground state representation should be decomposed into representations with
cyclic ground state vector. This is a bit problematic at the level of Lie algebras, because
operators are unbounded, hence not defined on the whole space. We would have to take
care of commutation of unbounded operators, density of domain, existence of eigenvalues,
etc. Instead, we content ourselves with considering the decomposition problem at the level
of conformal net.

Here we just restate some well-known results, mainly taken from standard textbooks.
The first two results come from [3, 1.2.3 Corollary and 1.2.7 Corollary, respectively].
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Theorem 3.4.4. A ground state representation with a unique ground state vector is irre-

ducible.

Theorem 3.4.5. Let m be a ground state representation. If \/;_p w(A(I)) is a factor then
necessarily it is B(H). In this case the ground state vector is unique.

We remark that in the book [3], the statements are given for “vacuum representations”
of two or higher dimensional Poincaré covariant nets of von Neumann algebras. In reality
in the proofs of these results, covariance with respect to Lorentz transformations is not
used, and adaptation to the one-dimensional case is straightforward.

For the following we refer the book [9, Section 5.3.3].

Theorem 3.4.6. The following are equivalent.
1. The set of ground states is simplex.

2. If the von Neumann algebra generated by the GNS representation of a ground state
is a factor, then it is B(X).

Then, a general ground state can be decomposed uniquely into extremal states (see
[8, Theorem 4.1.15]). Any extremal states has a factorial representation (in fact, if the
GNS representation is not factorial then a nontrivial central projection commutes with the
representatives of translation [3, Theorem 1.1.1], thus the GNS vector decomposes into two
ground state vectors), hence by the previous theorem it has a unique cyclic ground state
vector.

Thanks to these general results, we can reduce a general ground state into a convex
combination of pure ground states. A pure ground state has a unique ground state vector
in its GNS representation. To classify ground states it is enough to find all pure ground
states. Then it is natural to restrict also the study of Lie algebra representations to the
case with a unique cyclic ground state vector.

3.5 Open problems

Ground states on conformal nets

It is desired to prove the uniqueness of (or to classify) the ground state representation
of of the Lie group of .#g¢. This is motivated from the algebraic approach to QFT, in
particular the study of thermal states, as explained in the previous Section. Such a proof,
however, would be plagued by the problem of domains of unbounded operators. Instead,
a more direct approach based on operator-algebraic approach would be hopeful. Indeed,
we will prove the uniqueness of thermal states with finite temperature of all completely
rational models in Chapter 4.
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More on positive-energy representations

In this Chapter we studied positive-energy representations with a ground state vector.
A positive energy representation without a ground state representation is considered to
represent a more general physical state. From the mathematical side, all the positive-energy
representations of LG and Lg have been classified, hence one would expect a similar results
also for #gc. It is even an open problem where there is a positive-energy representation
of .”g¢ which does not extend to Lg.



Chapter 4

KMS states on conformal nets

Chapter Introduction

Although Quantum Field Theory is primarily designed to study finitely many particle
states, the thermal aspects in QFT are of crucial importance for various reasons and
one naturally aims at a general analysis of the thermal behavior starting from the basic
properties shared by any QFT. As is known, at infinite volume the thermal equilibrium
states are characterized by the Kubo-Martin-Schwinger condition (see [46]), in other words
KMS states are Gibbs states for infinite volume systems. In this Chapter we carry out
a general study of thermal states in CFT (conformal QFT), more precisely of the locally
normal KMS states with respect to the translation one-parameter group.

Our first observation is that there always exists a canonical KMS state, that is con-
structed by a geometric procedure (Section 1.3.2). Indeed the restriction of the vacuum
state to the von Neumann algebra associated with the positive real line is KMS with re-
spect to the (rescaled) dilation group (Bisognano-Wichmann property [10, 41]); now the
exponential map intertwines translations with dilations and one can use it to pull back the
vacuum state and define the geometric KMS state w.r.t. translations.

One may ask whether this geometric KMS state is the only one or there are other
locally normal KMS states (different phases, in physical terms). Indeed in general there
are many KMS states.

In this Chapter we first concentrate on the case where the net A is a completely rational.
We show that there exists exactly one locally normal KMS state ¢ with respect to the
translation group AdU(7), the geometric state. As we shall see, the proof of this result is
obtained in several steps by a crucial use of the thermal completion net and an inductive
extension procedure. This is in accordance with the previous result which showed the
uniqueness of ground state (which is considered as a state with zero temperature) on loop
algebras in Chapter 3.

Our results extends to the case of a local conformal net A of von Neumann algebras on
the two-dimensional Minkowski spacetime. We shall show that, if A is completely rational,
there exists a unique KMS state w.r.t. the time-translation one-parameter group. Also in

85
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this case the KMS state has a geometric origin.

Then we shall study the set of KMS states for local conformal nets that are not rational.
In contrast to completely rational case, we shall see that there are non-rational nets with
continuously many KMS states.

We shall focus our attention to two important models. The first one is the free field, i.e.
the net generated by the U(1)-current. In this model we manage to classify KMS states.
We shall show that the primary (locally normal) KMS states of the U(1)-current net are
in one-to-one correspondence with real numbers ¢ € R. As we shall see, each state ¢?
is uniquely and explicitly determined by its value on the Weyl operators. The geometric
KMS state is ¢ge0 = ¢ and any other primary KMS state is obtained by composition of
the geometric one with the automorphisms 7, of the net (see Section 4.7.2): ¢? = Pge0 ©Yq-

The second model we study is the Virasoro net Vir., the net generated by the stress-
energy tensor with a given central charge c¢. This net is fundamental and is contained
in any local conformal net [52]. If ¢ is in the discrete series, thus ¢ < 1, the net Vir, is
completely rational, so there exists a unique KMS state by the previous Sections of this
Chapter. In the case ¢ = 1 we are able to classify all KMS states. The primary (locally
normal) KMS states of the Vir; net w.r.t. translations are in one-to-one correspondence
with positive real numbers |¢| € RT; each state ©l9l is uniquely determined by its value on
the stress-energy tensor

P = (g %) [ rae

The geometric KMS state corresponds to ¢ = 0, because it is the restriction of the geometric
KMS state on the U(1)-current net, and the corresponding value of the ‘energy density’
12’%2 + % is the lowest in the set of the KMS states. However we construct these KMS
states by composing the geometric state with automorphisms on the larger U(1)-current
net.

We mention that, as a tool here, we adapt the Araki-Haag-Kastler-Takesaki theorem
[1] to locally normal system with the help of split property. We show that, if we have an
inclusion of split nets with a conditional expectation, then any extremal invariant state on
the smaller net extends to the larger net.

Finally we consider the case ¢ > 1. In this case we produce a continuous family which
is probably exhaustive. While we leave the problem of the completeness of this family,
we mention that the formulae on polynomials of fields should be useful. There is a set
of primary (locally normal) KMS states of the Vir. net with ¢ > 1 w.r.t. translations
in one-to-one correspondence with positive real numbers |g| € R*; each state !9 can be
evaluated on the stress-energy tensor

P = (gt %) [ ras

and the geometric KMS state corresponds to ¢ = %\/ % and energy density % It is

even possible to evaluate ¢l9 on polynomials of the stress-energy tensor and these values
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are already determined by the value above on T'(f), hence by the number |g|. This should
give an important information for the complete classification.

4.1 Preliminaries for the uniqueness results

4.1.1 Pimsner-Popa inequality and normality

We discuss here some properties of finite-index expectation needed in this Chapter, cf. [48]
for related facts.
Suppose N C M is an inclusion of von Neumann algebras and £ : M — N is an

expectation. Let
E=F,+FE;

be the (unique) decomposition of F into the sum of a normal and a singular M — N positive
map (with E, standing for the normal part and E for the singular part). As is known,
one of the equivalent definitions of singularity is that for any P nonzero ortho-projection
there is a nonzero subprojection Q < P such that F (Q) = 0.

Lemma 4.1.1. E,,(AX) = AE,(X) and E,(XA) = E,(X)A for all A€ N and X € M.

Proof. Let T,S € N with TS = ST = 1 and ®(-) := T - T*. Then ®'(-) = S - 5* and
both ® and ®~! are faithful positive normal maps. It follows that ® o E,, o ®~! is a normal
positive map and it is also clear that ® o £, o ®~! is a positive map. We shall now show
that this latter one is actually a singular map.

It is rather evident that if E, o ®~! is singular then so is ® o E, 0 ®~!. Solet P €¢ M
be a nonzero ortho-projection. Then ®~1(P) = SPS* is a nonzero positive operator so its
spectral projection () associated to the interval [a/2, a] where a = ||SPS*|| is nonzero and
we have that SPS* > (a/2)Q. By singularity of F, there exists a nonzero subprojection
Qo < Q, Qo # 0 such that E(Qp) = 0. Then T'QyT™ is a nonzero positive operator so
again we shall consider its spectral projection R associated to the interval [b/2,b] where
b= |TQoT™*||. Again, it is nonzero and we have that ®(Qy) = TQoT* > (b/2)R. Putting
together the inequalities, we have

2 22

R<F0(Q) < - 8(Q) < 52 0(27(P)

4

~ab

and it is easy to see that if for two ortho-projections P, P, the inequality P, < tP, holds
for some t > 0, then actually P, < P,. So we have that R is a nonzero subprojection of P,
and since E, o ®~! is a positive map, by the listed inequality we also have that

E,0® ' (R) < %E 0 ® HP(Qy)) = %ES(QO) =0.

Thus Es 0 ®~! — and hence ® o £, 0 ® 1, too — are indeed singular. However,

PoB, 0P ' +PoE, 0P '=PoEod '=F
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since TE(SXS*)T* = TSE(X)S*T* = E(X) for all X € M and S € N. Hence, by the
uniqueness of the decomposition, we have that ® o E, 0 ® ! = E, and ®o £, 0 d"! = E,
or, equivalently, ® o E,, = F,, o ®. So we have that

TE(X)T* = E,(TXT*) (4.1)

for all X € M. Now let A € N be a strictly positive element (i.e. 0 ¢ Sp(A) C R+). Then
T := Aand T := 1+iA are invertible elements in N with bounded inverse and so equation
(4.1) can be applied for both. After a straightforward calculation we obtain that for all
XeM

[A, En(X)] = En([A, X]),

where [Y, Z] = Y Z — ZY is the commutator. On the other hand, replacing ThyT =1+A
and repeating the previous argument we also find that for all X € M

{A, En(X)} = En({A, X}),

where {Y,Z} = YZ + ZY is the anti-commutator. So actually we have shown that E,
commutes with both taking commutators and taking anti-commutators with an arbitrary
strictly positive operator A € N. Then the claimed bimodule property follows, since the
linear span of strictly positive elements is dense in N and E,, is normal. O

Let now F': M — N be a positive map satisfying a Pimsner-Popa type inequality [73];
i.e. we suppose that there exists a A > 0 such that

F(X*X) > AX*X

for all X € M. Now consider the decomposition F' = F,, + F§ into the sum of a normal and
a singular positive maps. F,, must be faithful. Indeed, an easy argument relying on the
normality of Fj, shows that, if there is a positive nonzero element which is annihilated by
F,,, then there is also a nonzero ortho-projection P which is annihilated by F),. However,
there is a subprojection @) < P, () # 0 such that on this subprojection also Fj is zero.
Thus F(Q) = F,.(Q) + Fs(Q) = 0 in contradiction with the assumed inequality. Actually
we can say much more.

Lemma 4.1.2. The normal part F,, of F satisfies the Pimsner-Popa inequality with the
same constant \.

Proof. By assumption we know that K := F — \-id is a positive map. Our goal is to show
that K := F, — \id = K — F, is also a positive map. Since K is evidently normal, it is
enough to show that if P € M is an ortho-projection then f((P) > 0. So let P € M be an
ortho-projection and

§:={QeMQ’=Q=0Q",Q<PKQ) >0}

Now 8 can be viewed as a partially ordered set (with the ordering given by the operator
ordering) and, if {Q,} is a chain in 8, then — by the normality of K — @ := V,Q,, is still
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an element of 8. Hence, by an application of the Zorn lemma, there is a maximal element
in §; say ) € 8 is such an element.

If @ = P, we have finished. So assume by contradiction that P — ) is nonzero.
Then there exists a nonzero subprojection R < P — @ such that Fy(R) = 0. Hence
K(R) = K(R) — F,(R) = K(R) and

K(Q+R)=K(Q) + K(R) = K(Q) + K(R) > K(Q) + AR >0,
implying that ) + R € 8 in contradiction with the maximality of (). [

Let us return now to discussing expectations £ : M — N (non necessarily normal),
with normal-singular decomposition £ = F,, + E.

Theorem 4.1.3. Suppose E satisfies the Pimsner-Popa inequality with constant A > 0.
Then Z := E,(1) is a strictly positive and hence invertible element in the center of N and
E = Z'E, is a normal expectation from M to N satisfying the Pimsner-Popa inequality
with the same constant A\ > 0.

Proof. By Lemma 4.1.1 we have that
AZ = AE,(1)=E,(A)=E,(1)A=ZA

for all A € N, showing that Z is indeed a central element.

We may estimate Z from above by considering that 1 = E(1) = E, (1) + Es(1) =
Z 4+ E4(1) and the fact that F is a positive map. From below, we may apply our previous
lemma. Putting them together, we have

A< Z=1-E(1)<1.

One of the inequalities shows that Z~! is bounded, whereas the other shows that Z=! > 1
and so Z~'E,, still satisfies the Pimsner-Popa inequality with the same \. The rest of the
statement — namely that Z 1E, is a normal expectation — follows easily from the facts so
far established in this Section. O

Now it turns out that the normal part is in fact the expectation itself. The argument
here is due to Kenny De Commer.

Corollary 4.1.4. If a conditional expectation E : M — N satisfies the Pimsner-Popa
inequality with the constant A > 0, then any conditional expectation I : M — N is normal.

Proof. As we have seen in Theorem 4.1.3, there is a normal conditional expectation E :
M — N which satisfies the Pimsner-Popa inequality with the same constant A. Let us
suppose that there is another conditional expectation F'. To show that F'is normal, it is
enough to see that for a bounded increasing net {z,} of positive elements in M it holds
that lim, F(z,) = F(lim, z,) in o-weak topology. In fact, by replacing x, with x — x,, it
is equivalent to show that if z,, is decreasing to 0, then F(limz,) = F(0) = 0.
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By the Pimsner-Popa inequality for E, we have z, < AflE(ma). We apply F' to the
both sides to obtain

F(za) < F(N'E(24)) = A F(E(2a)) = A E(xa),

since the image of E is contained in N and F is an expectation M — N. The normality of
E implies that the right-hand side tends to 0, so does the left-hand side. This proves the
normality of F. ]

4.1.2 Irreducible inclusion of factors

Here we collect some observations on irreducible subfactors with a conditional expectation.
Throughout this Section, N C M is an irreducible inclusion of factors, E is the unique
conditional expectation from M onto N, ¢ is a faithful normal state on N and ¢ = ¢ o E.

Lemma 4.1.5. If a is an automorphism of M which preserves N and the restriction to N
preserves @, then o commutes with the modular automorphism group oy .

Proof. Since « preserves N, a o E' o a™! is a conditional expectation from M onto N. By

the irreducibility such a conditional expectation is unique, hence a o E o a™! = E, or
ao FF = FEoa. We claim that o preserves ¢. Indeed, we have

From this it follows that o commutes with Jf (see, for example, [82, chapter VIII, Cor.
1.4]). ]

We insert a purely group-theoretic observation.

Lemma 4.1.6. Let G be a group and m : R — G be a group-homomorphism. If there exists
n € N such that for any t € R it holds that w(t)"™ = e for some m; < n where e is the unit
element in G, then 7(t) = e, in other words m is trivial.

Proof. Let us assume the contrary, namely that there were a t such that 7(¢) # e. Then
7(5) # e, since otherwise 7(t) = m(£4)™ = e. But by assumption there exists m, < n such
that

7T(n(n_1)..t.mt...2.1) :W<%>mt=€,

where m; means the omission of m; in the product. This is a contradiction because the
n(n—1)---my---2-1-th power of the left hand side is 7(t) # e. O

Lemma 4.1.7. Let the inclusion N C M have finite index. If {c.} is one-parameter group
of automorphisms of M which preserve N and if it holds that cy|x = o}, then oy = o} .
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Proof. By Lemma 4.1.5, a, commutes with Jf . Hence B, == a_; 0 af is again a one-
parameter group of automorphisms of M, preserving N, and its restriction to N is trivial
by assumption.

We claim that the one-parameter automorphism {f,;} is inner. Once we know this,
the lemma follows since the implementing unitary operators should be in the relative
commutant, which is trivial for an irreducible inclusion.

Suppose the contrary, namely that there were a t € R such that 3, is outer. Let 7 be
the natural homomorphism Aut(M) — Out(M).

We show that the order of 7(f;) is smaller than the index [M,N]. Indeed, if 7(f;)
has order p > [M,N], then v : Z, — Aut(M), v(n) := B, is an outer action of Z, on
M. If 7(B;) has infinite order, then y(n) := f,; is an outer action of Z. In any case, the
subfactor B” C B has the index larger than [M,N]. But this is a contradiction, since we
have N C M” C M and the index of M? C M has to be smaller than or equal to [M,N].

Having seen that the order of any element 7(3;) is smaller than or equal to [M, N}, we
infer that 7(f;) is the unit element in Out(M) by Lemma 4.1.6, which means 3, is inner
for each . [

Finally we put a simple remark on a group of automorphisms of irreducible inclusion
N C M with finite index.

Lemma 4.1.8. Let G be the group of automorphisms of M which act identically on N.
Then |G| < [M,N]. In particular, if {B:} is a continuous family of such automorphisms,
then it is constant.

Proof. Note that any nontrivial element in G is outer. In fact, if it were inner, it would
be implemented by an unitary U € M which commutes with N, hence by the assumed
irreducibility of N C M it must be scalar. By considering the inclusion N € M% C M we
see that the order of G cannot exceed the index of N C M. The second statement follows
immediately. [

4.1.3 KMS condition on locally normal systems

In the present Chapter we consider KMS states on the quasilocal algebra of conformal nets
with respect to translations or dilations. The typical systems, treated e.g. in [9, Section
5.3.1], are C*- or a W*-dynamical systems, but they are not directly applicable to our
case. Indeed, the algebra concerned is the quasilocal C*-algebra generated by local von
Neumann algebras; on the other hand, the automorphisms concerned are translations or
dilations, which are not norm-continuous. Although the modification is rather straightfor-
ward, for the readers’ convenience we give a variation of the standard results in [9] in a
form applicable to conformal nets.

Let My C My C -+ C M, C --- be a growing sequence of von Neumann algebras and
M be the “quasilocal algebra” |, MnH'”. We consider a state ¢ on 991 which is normal
and faithful on each M,,, i.e. “locally normal and locally faithful”. (When we state some
property with the adverb “locally”, we mean that the property holds if restricted to each
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local algebra M,,). Let ¢" be the modular automorphism of M,, with respect to p. We
assume that, for each k, of'(My) C My, for sufficiently small ¢ irrespective of n > k.
We assume also that ¢” converges to some one-parameter automorphism o pointwise *-
strongly, o, is a locally normal map for each t and ¢ — o, is strongly continuous. Let us
call such a dynamical system a locally normal system. From these definitions, it is easy

to see that o preserves .

Definition 4.1.9. Suppose that M is a C* (or a W*) algebra, o is a norm (resp. o-weakly)
continuous one-parameter group of automorphisms and v is a state (resp. a normal state)
on M. If for any x,y € M and any function g on R which is the Fourier transform of a
compactly supported function it holds that

/mwwmmtha/mmwmwmwMMa

then we say that v satisfies the smeared KMS condition with respect to o.

In each case, C*-dynamical system or W*-dynamical system, the usual KMS condition
is equivalent to the smeared condition [9]. We use the same term for a locally normal
system as well.

Lemma 4.1.10. The state o satisfies the smeared KMS condition with respect to o.

Proof. For each x,y € M, ¢ satisfies the smeared condition with respect to ¢" where
n > k. Namely, it holds that

[ sstaottnar = [ gte+ietortei

We assumed that, for a fixed ¢, 0}'(y) converges strongly to o;(y). Then the condition for
o follows by the Lebegues’ dominated convergence theorem.
A general element in 9t can be approximated from {M,} by norm. ]

We fix an element y € M,, and define the analytic elements

Yo = / Jt(y)\/g exp (-?) dt. (4.2)

s.t. y. — y *-strongly for ¢ — 0. These are well-defined as elements of 9. Indeed, if we
truncate the integral to a compact interval, then the integrand lies in some local algebra
and the integral defines a local element. Such truncated integrals converge in norm because
of the Gaussian factor, hence define an element of the C*-algebra.

Lemma 4.1.11. For any locally normal state v, 1¥(o4(y.)) continues to an entire function

of t.
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Proof. By the assumed local normality of v, for a truncated integral, the integral and
1 commute. The full integral is approximated by norm, hence the full integral and
commute as well. Namely, for z € C, we have

o ([owZew (-5 Y ar= [t Few (-5 )

The right hand side is analytic and the left hand side is equal to ¥(c,(y.)) when z is
real. [

Lemma 4.1.12. For x,y € M,,, there is an analytic function f such that

f@) = e(xoi(y.)), f(t +iB) = p(ou(y:)).

Proof. We define f by the first equation. We saw that f is entire in Lemma 4.1.11. By
Lemma 4.1.10, for any g, g € &, it holds that

[ st +ietoturerin = [ ooy -
=/g(t)f(t)dt= /g(t+i6)f(t+iﬂ)dt.

Since g is arbitrary under the condition above, we obtain the second equation. ]

Lemma 4.1.13. For z,y € M, the sequence @(xo(y.)) (respectively ¢(oy(y-)x)) con-
verges to o(xo(y)) (respectively p(o(y)x)) uniformly on t.

Proof. We just prove the first, since the second is analogous by the assumed *-strong
convergence of the modular automorphisms. Note that, by the Schwarz inequality and by
the invariance of ¢ with respect to o, we have

lo(za(ye = y)II* < ela*x)e (4 — y) (- — ).
hence the uniformity is not a problem once we show the convergence of the right hand side.
By hypothesis, there is a 6 > 0 s.t. o04(M,) C M,y for |t| < §. Let us define
g- by the truncation of the integral in (4.2) to the subset [—d,d] C R. It follows that
Ue € Mui1, |9:]] < |ly|| and, as the norm difference ||g. — y.|| tends to 0, it is enough
to show the convergence of the right hand side with the local elements 7. in place of
Ye. The restriction of ¢ to M, is normal and can be approximated in norm by linear
combinations of weakly continuous functionals of the form (£, -n) with a pair of vectors
&,n. Since ((y — )&, (y — g-)n) is convergent to 0 and the sequence g. is bounded the
desired convergence follows. ]

Proposition 4.1.14. The state ¢ satisfies the KMS condition with respect to o.

Proof. As we saw in Lemma 4.1.12, the KMS condition is satisfied for any pair x, y. where
z,y € M,,. As ¢ tends to 0, the analytic function ¢(zo(y.)) tends to ¢(zot(y)) uniformly
on the strip by Lemma 4.1.13 and by the three-line theorem. The limit function connects
o(zoy(y:)) and ¢(oy(y-)x). Any pair of elements in 9t can be approximated in norm by
elements in M,,, hence the same reasoning completes the proof. O
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4.1.4 Remarks on local diffeomorphisms

We consider diffeomorphisms of R. We say simply a sequence of diffeomorphisms {7, }
converges smoothly to a diffeomorphism 7 when {n,} and all their derivatives converge
to 1 uniformly on each compact set. Recall that any diffeomorphism is a smooth (C*)
function R — R with strictly positive derivative.

Lemma 4.1.15. For each interval I, there is a diffeomorphism T, with compact support
which coincides with translation 75 on I.

Proof. We may assume s = 1. There is a smooth non-negative function with a compact
support whose value is strictly less than 1. By dilating this function, we may assume that
its integral over R is 1. By considering its indefinite integral, we obtain a smooth non-
negative function which is 0 on R_ and 1 on some half-line R, + a, a > 0, with derivative
strictly less than 1. Similarly we obtain a smooth non-negative function which is 1 on R_
and 0 on R, + a with derivative strictly larger than —1. By translating and multiplying
these functions, we obtain a non-negative function with compact support with derivative
larger than —1 which is 1 on /. The desired diffeomorphism is the function represented by
this function added by the identity function id(t) = t. ]

Lemma 4.1.16. If a sequence of diffeomorphismsn, of R converges smoothly to translation
7,5, then for any interval I there is an interval I D I and a smoothly convergent sequence
of diffeomorphisms 1, with support in I which coincides with M, on I (hence converges
smoothly on I to s).

Proof. Note that n, o 7_, converges smoothly to the identity map id. Let g, be functions
which represent 1, o 7_s. And h be a function with a compact support such that h(t) =1
on I. Let us define

gn(t) = (gn(t) — D)A(L) + 1.
Since {g,} converges to id smoothly, for sufficiently large n their derivatives are strictly
positive and define diffeomorphisms 7,,. The function g, coincides with g, on I by the
definition of h. Let 75 be the local diffeomorphism constructed in Lemma 4.1.15. The
composition 7, := 1), o Ts gives the required sequence. O

By the exponential map (or by an analogous proof) we obtain the corresponding con-
struction for dilation.

Lemma 4.1.17. If a sequence of diffeomorphisms n, of R converges smoothly to dilation
8, then for any interval I € Ry there is an interval I > I and a smoothly convergent
sequence of diffeomorphisms 7, with support in I which coincides with n, on I (hence
converges smoothly on I to ds).

We apply these to the case of dilations of intervals. The standard dilation (restricted
to R, ) is the map d; : Ry > ¢ — et € R. A dilation 6! of an interval I is defined by
(n")~to sl on!, where x! is a linear fractional transformation which maps I to R,. This is
well-defined, since any other such linear fractional transformation is a composition of the
x! and a standard dilation.
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Lemma 4.1.18. If [ C L, C --- C I, C --- C Ry is an increasing sequence of intervals
with \J,, I, = Ry, then for any fized s, {6I"} smoothly converge to ;.

Proof. Let us put I,, = (a,,b,), hence a, — 0 and b, — oo. We take the fractional linear
transformations as follows:

t—a,

_ but + ay,
X" (t) = — (™) M) = =——.

t+1

Then we can calculate the dilation of I,, concretely:

b, (t — - es(t —ap) + an(l — -
es(t —ay) +b, —t 1_1_%
From this expression it is easy to see that dI»(¢) converge smoothly to d,(t) = €°t, since

the numerator tends smoothly to et and the denominator tends to 1 smoothly. ]
We summarize these remarks to obtain the following.

Proposition 4.1.19. For each s and I € R, thereis a I € R, and a smoothly convergent

sequence of diffeomorphisms ni* with support in I which converge to 8 and coincide with
5 on 1.

4.2 The thermal completion and the role of relative
commutants

Let ¢ be a locally normal state on the quasi-local algebra 20, associated to a conformal
net (A, U) and 7, be the GNS representation with respect to ¢. For an I C R we shall set

ApI) ={ U m (A(I))}". (4.3)

I>IeR

Note that, when [ is a finite length (open) interval, A,(I) is simply the image of A([)
under the representation 7,; however, A, is defined even for infinite length intervals.

Recall that representatives of local diffeomorphisms are contained in A (see Section
1.1.4). Similarly as above, to simplify notations, for a diffecomorphism 7 : R — R localized
in some finite length interval / € R we shall set U,(n) := m,(U(n)). The following basic
properties can be easily checked.

e A, is local and isotonous: [Ay(I1), Aus(12)] = 0 whenever [y NI, = ) and A, (I;) C
A, (I2) whenever I; C Is.

o U,(n)AL(K)Uy(n)* = Ay(n(K)) for every diffeomorphism 7 localized in some finite
length interval and for every K C R.
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o If A is strongly additive, then so is A,: we have that A, (r,t) V Ay(t,s) = Ay(r,s)
forallr <t <s,rts e RU{£oo}.

e Assuming that A is strongly additive, if A,(R) = 7,(24)" is a factor, then so are
the algebras A, (t + Ry), Ay (t + R_) (t € R), too (notice that A,(Ry) NAL(R,) C
ApRY NALR,Y = (A, (R) VAL (R,)) = A, (R)).

Suppose ¢ is a primary KMS state on 24 w.r.t. the translations ¢ — AdU(7;) and 7, is
the GNS representation associated to ¢ with GNS vector ®. Then one can easily find that
(®,A,(Ry) C Ay(R)) is a standard half-sided modular inclusion (see Section 1.1.7, [95, 2])
and, by the last listed property, it is actually an inclusion of factors. In this situation, there
exists a unique (possibly not “fully” diffeomorphism covariant) Mébius covariant, strongly
additive net (A, U,) such that

° (A]@(g)(I) = & for every Mobius transformation g,
o A (Ry) = A, (R) and A, (1 +Ry) = A (Ry).

The net (fl(p, U¢) is called the thermal completion of A w.r.t. to the primary KMS state
¢ and it was previously studied in [61]!. One has that

Ag(e™, ™) = Al(t, s) (4.4)

where
AL(t,s) = Ay(t,00) N Ay(s,00)  (t <s, t,s € RU{xoo}).

Note that A,(t,s) C Ai(t, s) and, by Remark 1.3.6, if A is strongly additive and ¢ is the
geometric KMS state, this inclusion is actually an equality:

Ao (t,8) = Ageo(t, 8). (4.5)

geo

Theorem 4.2.1. Let A be a conformal net satisfying the split property, ¢ a primary KMS
state on Ay with GNS representation w,, and assume that

Ag(t,s) = AL(t, s) (4.6)

for somet < s, t,s € R. Then A is strongly additive and ¢ is of the form ¢ = Pgeo © ¢
where Qge, 15 the geometric KMS state and o € Aut(RA4) such that

o afA(l)) =A(I) forallI €R
e o AdU(r) = AdU(1y) o c for all t € R.

In particular, in this case the thermal completion and the original net in the vacuum
representation, as Mobius covariant nets, are unitarily equivalent.

!The notion of thermal completion was proposed in [24] based on heuristic considerations.
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Proof. By (local) diffeomorphism covariance, if the assumption regarding the relative com-
mutant holds for a particular ¢ < s, ¢,s € R, then it holds for all such pairs. So fix
t <ty < ts, t1,ts,t3 € R; then by the strong additivity of the thermal completion we have
that

Aty ) V Ay(ta, ts) = A (€2 e2m2) v A (272 e2™3) = A (e¥™1 e2™3) = A (1, t3).

Since 7,1 = my|a(r) is a unitarily implementable isomorphism for any finite length interval
I € R, the above equation shows that A is strongly additive. A similar argument shows
that the split property of A implies the split property of the thermal completion.
Consider the GNS representations 7, and e, and the thermal completions fl‘p and
flwgeo associated to ¢ and @ge,, respectively. By (4.4), (4.5) and point (1) of Prop. 1.3.4,
the thermal completion given by the geometric KMS state is equivalent to the (strongly
additive) dual of the original net in the vacuum representation, so, in our case, simply to

the original net (which is already strongly additive):

~

Ageo (2™, €°™) = .Ageo(t, s) = Ageolt, s) = A(e*™, ™).
Fix a nonempty, finite length open interval I € R. Since both 7,; and 7, ; are
unitarily implementable, there exists a unitary V' such that

-1

Ad(V”AW([) = Tgeo,I © 7T%I

and one has that for all t,s € T

VA (™, ™)V = VAL, )V = VAL, s)V* =
= 7r90g6071(‘A(t7 S)) = ‘ASﬁgeo (t7 8) = ‘Ad (t7 S) = Aﬂﬁgeo (627”:’ 627T8)'

geo
Thus, by [92, Thm. 5.1], it follows that two thermal completions are equivalent: there
exists a unitary operator W such that Wfl¢(a,b)W* = Awgeo(a,b) for all a,b € R and
WU, (g)W* = (L,geo (g) for all M&bius transformations g. (Note that this latter fact implies
that Ad(WW) also connects the respective vacuum states of the two thermal completions.)
Then, using that both Aigeo (I) = Ay, (I) and A%(I) = A,(I), one sees that the automor-
phism of A(I)

ay =m0 o AdW*) om,

— "'geo,l

is well-defined (i.e. W*A,(I)W = A, (I)) for every I € R. Moreover, it is also clear
that oy = ak] A(ry whenever I C K, hence that it defines an automorphism « of 2[4 which
preserves every local algebra A([), I € R.

The fact that Ad(WV) connects the relevant representations of the Mébius group shows
that o commutes with the one-parameter group of translations ¢t — AdU(7;). Moreover,
since Ad(TV) also connects the vacuum states of the two thermal completions, one can also
easily verify that e, 0 o = . O
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As will be shown by examples later in this Chapter, without the assumption of the
previous theorem the inclusion Ay (t, s) C A%(t, s) = A, (t, 00)NA, (s, 00)" is not necessarily
an equality. We shall now investigate the completely rational case.

Lemma 4.2.2. Let m, be the GNS representation of a primary KMS state ¢ on A,4. If A
is completely rational, then A,(t,s) C Ai(t, s) is a finite index irreducible inclusion.

Proof. We noted at the beginning of this section some basic properties of A,,. In particular,
the strong additivity of A implies the strong additivity of A, hence A, (t,00) = A, (t,s)V
A, (s,00) and the relative commutant of the inclusion in question is simply the center of
Ay (t,00). On the other hand, when our KMS state is primary, the algebra A, (t,00) is a
factor. So our inclusion is indeed irreducible:

Ai(t, $) N AL(t,5) = (Au(t,00) NAL(s,00)) NAL(t, ) =
= Ay(t,00) N (Ay(s,00) VA,(t,s)) = Ayu(t, 00) NA(t, 00) = CL.

Let now n,m € N with 0 < n < m. Since locally 7, is a unitarily implementable isomor-
phism, the index of the inclusion

Nun = Ay(t, ) VA (s +n,5 +m) CAy(t,s +m) NAL(s, 8 +n) = My, (4.7)

is simply the so called p-index uy4 of the completely rational net A. Now it is clear that,
as m increases, both sides of (4.7) increase, whereas, as n increases, both sides of (4.7)
decrease. So let us set

N = {UpnsnNom s My = {UpnsnMm}’, and in turn
No= Ny, M= M,

Fixing the value of n and considering the sequence of inclusions m — (Nym C M),
by [64, Prop. 3] we have that there is an expectation E, : M, — N, satisfying the
Pimsner-Popa inequality with constant 1/u. Note that even without a priori assuming the
normality of E,,, this implies that the index of N,, C M,, is less or equal to pu; see Section
4.1.1. Then in turn, considering the sequence n — (N,, C M,,), we find that the index of
the inclusion N C M is also smaller or equal to pu.

Now it is rather straightforward that N,, = A,(t, s) V.A,(s+n,00). Moreover, we have
NpAy(s+n,00) = C1 since the intersection in question is clearly in the center of the factor
Ay (R) = 7,(A4)". It is not obvious whether the order of the operations “V” and “N” can
be inverted:

N = M (Aot 8) V Ag(s +n,00)) = Au(t, s) V ( Ny Ag(s +n,00)) = Ag(t, s).

We shall now show that using the split property the above equation can be justified. Indeed,
by the split property, there exists a pair of Hilbert spaces H; and H, and a unitary operator
W such that

WA,(t, s)W* C B(H;) @ Cly,, and WALt —1,s+ 1)W* C Cly, ® B(Hy).
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In particular, WA, (t, s)IW* = X ® Cly, for some X C B(H;). Now, if n > 1, then by
locality the algebras A, (s 4+ n,00) and A,(t — 1,5+ 1) commute and hence

W‘ASO(S +n, OO)W* C (Cﬂg{l ® B(}Cg)

implying that WA, (s +n,00)W* = 13, ® R, for some R,, C B(H,). Since it holds that
NpAy(s +n,00) = CL, we have that N,R,, = Cly, and

W (N )W* = M (WN, W) = N (K @ Ry) = K @ (MNeRy) = K @ Ly, = WAL, 5)W

which justifies that N = N, N,, = A,(t,s). By a similar argument, again relying on the
split property, we can also show that M,, = A,(t,00) N A,(s,s +n)" and hence that

M = N,M, = Ag(t,00) N Ag(s, 00) = AL(t, s)
which concludes our proof. ]

Theorem 4.2.3. Let m, be the GNS representation of a primary KMS state ¢ on 4.
If A is completely rational, then the thermal completion (./ALP, U@), as a Mobius covariant
net, is conformal and unitarily equivalent to an irreducible local extension of the original
net (A,U). Moreover, this extension is trivial (i.e. coincides with the original net in the
vacuum representation) if and only if Ag(t,s) = A,(t,s) for some (and hence for all)
t<s,t,seR.

Proof. First note that by strong additivity, for all » € (¢, s), we have that

AL(t, ) N AG(r,s) = (Ap(t, 00) N AL(r, 5)) N A(s,00) =
= Ay (t,00) N (Ay(r, s) V Ay(s,00)) = Ay(t,00) N Ay(r,00) = AL(t, 7). (4.8)

Similarly, we have that A% (t, s) NA(t,7) = A%(r, s), too. Now consider the faithful normal
state Pgeo © E on AL(t,s), where E : AL(t,s) — Ay(t,s) is the (unique) faithful normal
expectation whose existence is guaranteed by Lemma 4.2.2 and the state @ge, on A, (2, s)
is defined by the formula
Pgeo () 1= Pgeo(m, " (7)),

Vo € A,(t,s). Note that the above formula indeed well-defines a faithful normal state
since 7, is locally an isomorphism. Being a faithful normal state on Ai(sl, S9), it gives
rise to a one-parameter group of modular automorphisms ¢ — &;. By construction, ¢t — 7,
preserves A, (s1, s2) and on this subalgebra it acts like its modular group associated to the
state Pgeo-

Locally, both 7, and mee, (the GNS representations associated to ¢ and @ge,, respec-
tively) are isomorphisms and the algebras mye,(A(s,r)) are local algebras of the thermal

completion net Ap . Hence, by the Bisognano-Wichmann property, it follows that

Pgeo

6t('A<p(Slar)) :'Acp(slaft(T)) and 5t(-A<p(r7 52)) :‘Acp(ft(r)vSQ)'
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Note that the actual formula of the function f; : (s, s2) — (s1, s2) could be easily worked
out (we would then also need to take account of the fact that, when passing to the thermal
completion net, one needs to perform a re-parametrization). However, in what follows, we
shall not need a concrete formula for f;, so for simplicity of the discussion we leave the
expression in this abstract form. Note further that, by eq. (4.8), our previous formula
holds for the dual algebras, too:

&t(fli(sl,r)) = Ai(sl,ft(r)) and &t(ﬂi(r, S9)) = .Ai(ft(T),SQ). (4.9)

Let now ® be the GNS vector given by the state ¢ in its GNS representation m,. Since
AL (s1,52) is a local algebra of the thermal completion net pr and @ is the vacuum-vector
of this net, the modular group of unitaries ¢ — AZ associated to (®,A%(s1,s2)) also acts
in a “geometrical manner” on AZ(sy, ) and we have that

Agﬂi(sl, A" = Ai(sl, fi(r)). (4.10)

Consider the inclusion of factors A%(t,ro) C A%(t,s) for some fixed t < 7o < s. It
becomes a standard half-sided modular inclusion of factors both when it is considered
with the state ¢ given by the vector ® and with the state ¢y, 0 £. Indeed, it has been
already shown that is is a half-sided modular inclusion. Standardness with respect to
® follows from the Reeh-Schlieder property for KMS states (see Section 1.3.1). As for
Pgeo © B, let @ be the GNS vector in the GNS representation n’. The subspace gen-
erated by 7'(A,(t,s)) and @ is equivalent to the representation space with respect to
©geo, hence it holds that 7/(A,(t, 7)) = 7' (Ay(ro,s))P’ again by the Reeh-Schlieder
property. Note that 7/(A%(t,70))P = 7' (AL(t,70) V Ay (ro, 5)) ', since AL(t, o) commutes
with A, (1o, s) and 7/(Ay(ro, s))® is already included in 7/(AL(t,10))®. By strong addi-
tivity of A, Aff,(t, r0) V Ay(ro, s) includes A, (t, s), in particular the representatives of local
diffeomorphisms supported in (¢, s). Therefore it holds that A%(t,70) V. Ay (ro, s) = AL(t, s)
and this implies the cyclicity of ® for Ai(t, r9). The cyclicity for Ai (ro,t) can be proved
analogously.

Thus we can construct two Mdbius covariant nets. Of course, the one constructed with
¢ simply gives back the thermal completion A,. The other one, constructed with the
help of Pge, 0 F, is easily seen to be a local extension of the net obtained by the inclusion
(Pgeos Ay (t,m0) C Ay(t,s)) which in turn is equivalent to the thermal completion obtained
with @ge, and hence with the original net A (in the vacuum representation).

However, as we have seen their modular actions in equations (4.9) (4.10), both con-
structed nets will have AZ(t, r) as the local algebra corresponding to the interval (e*™, €*™)
for all » € [t,s]. Furthermore, it turns out that the extension of A is split. Indeed, we
have already observed in Lemma 4.2.2 that the inclusion is irreducible and of finite index,
and the original net A is completely rational by assumption. Then by [62] a finite index
extension is split as well. Hence the two strongly additive split nets coincide on all inter-
vals (2™, e¥™2) with t < ry,7y < s, and thus by an application of [92, Thm. 5.1] they
are equivalent. At this point we can infer that the extension A? is conformal. Indeed, it
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includes A as a subnet, in particular its Virasoro subnet, hence there is a representation of
Diff(S*). Local representatives of Diff(S*) supported in (, s) act covariantly on A%(t, ).
Any interval in S' can be obtained from (,s) and an action of M&bius group, any local
diffeomorphism acts covariantly. The group Diff(S?) is generated by local diffeomorphisms,
hence diffeomorphism covariance holds.

We have obtained that the thermal completion constructed with ¢ is a local extension
of the original net (in the vacuum representation). If AZ(t,s) = A,(t, s), then of course
the extension is trivial. On the other hand, a completely rational net cannot be equivalent
to a nontrivial extension of itself since we have the formula [54, Prop. 24] relating the
p-indices of the net and of the extension to the index of the extension. ]

A Mobius covariant net for which the only irreducible local extension is the trivial one
(i.e. itself) is said to be a maximal net. Putting together the two presented theorems, the
following conclusion can be drawn.

Corollary 4.2.4. Let A be a conformal net and @ a primary KMS state on its quasi-local
algebra Ay w.r.t. the translations t — AdU(ry). If A is completely rational and maximal,
then there exists an automorphism « € Aut(y) satisfying

e a(A)I)=A() foralll €R
e aoAdU(r) = AdU(m) o for allt € R
such that ¢ = Pgeo © 0 Where Pgeo 15 the geometric KMS state.

4.3 Uniqueness results

4.3.1 Maximal completely rational nets

As seen in Section 4.2, any KMS state ¢ on a completely rational maximal net is a com-
position of the geometric KMS state ¢ge, and an automorphism o € Aut(2,) such that
aoAdU(r) = AdU(m) o for all t € R and a(A(])) = A(I) for all I € R. From now on,
we simply call such @ an automorphism of the net A|g commuting with translations.
Here we study these automorphisms.

As noted in the introduction, among many examples, completely rational nets are of
particular interest. A completely rational net admits only finitely many sectors [54]. In this
subsection we will show the uniqueness of KMS state in cases where the net is completely
rational and maximal with respect to extension. To obtain the uniqueness, we need to
connect automorphisms on R and sectors (on S by definition). Proposition 4.3.6 will
demonstrate that there is a nice correspondence between them.

Let us begin with simple observations on automorphisms which commute with rotations
or translations.

Proposition 4.3.1. Let o1 and o3 be two automorphisms of the net A commuting with
rotations. If they are in the same sector, namely if there is a unitary operator W which
intertwines o, and o9, then actually Ad(W) is an inner symmetry.
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Proof. By the definition of inner symmetry, we have just to prove that the vacuum vector
(2 is invarian for W.

For any local element x of A it holds that Woy(2)W* = o9(z). Since oy is an automor-
phism and surjective, this is equivalent to Ad(W)(z) = 090, *(z). By assumption o and
o9 commute with rotations, so does Ad(W).

Let Ly be the generator of rotations. The observation above implies that Ad(WV) o
Ad(e*to) = Ad(e™) o Ad(W), for t € R, or, by setting L := W*LoW, that Ad(e™ o) =
Ad(e®0). Since the net is irreducible in the vacuum representation, this in turn shows
that €0 is a scalar multiple of ¢?Lo. Let us denote the scalar by ().

It is immediate that ¢ — A(t¢) is a continuous homomorphism from the group R to the
group of complex numbers of modulus 1. Thus it follows that L{, = W*LW = Lo+ ¢
where A(t) = €. On the other hand, by the positivity of energy, the spectrum of L
is bounded below. But Ly and Ly must have the same spectrum since they are unitarily
equivalent, hence € must be 0. Namely, W commutes with Ly. This implies in particular
that W preserves €2, an eigenvector of Ly with multiplicity one. ]

Proposition 4.3.2. If an automorphism a of A|g preserves the vacuum state w, then a
commutes with any diffeomorphism and it preserves also the geometric KMS state.

Proof. The second part of the statement follows immediately from the first part, since the
geometric state is a “composition of the vacuum with diffeomorphism”, as seen from the
construction in Section 1.3.2.

To show the first part, we observe that a; is implemented by a unitary operator W,
since it preserves the vector state w and this implementation does not depend on the
interval I, by the Reeh-Schlieder property. Since, for any I C R, A(I) is preserved by
Ad(W), sois A(I") (= A(I)" by the Haag duality), where I’ is the complementary interval
on S'. Any interval on S is either of the form I or I’ with I C R. By [26, Corollary 5.8],
W commutes with all the diffeomorphisms. ]

By an analogous proof as Proposition 4.3.1, we easily obtain the following proposition
for the net on the real line R.

Proposition 4.3.3. Let oy and ay be two automorphisms of the net A|lg commuting with
translations. If they are unitarily equivalent, then the unitary operator W which intertwines
a1 and as implements an inner symmetry.

The following lemmas will serve to connect different KMS states and inequivalent au-
tomorphisms.

Lemma 4.3.4. If a locally normal state ¢ on Alg is invariant under dilation AdU(Js)
with some s € R\ {0}, then v is equal to the vacuum state w.

Proof. 1t is obvious that v is invariant under d,,;,n € Z. Hence we may assume that s > 0.
Let us consider intervals It = [T, T]. As noted in [92, Lemma 4.1], the norm-difference
of restrictions |4 (1), w|a(r,) tends to 0 when T decreases to 0. On the other hand, 1 and
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w are invariant under AdU(d,s) by assumption and definition respectively. Therefore the
norm-difference on A(e™1) is the same as on A([) by the invariance. Namely,

[¥lacry = wlam || = || © AU Bns)lagr, o) = w 0 AdU (606)ar, oy || =

- HWA(I(MT) - W|A(1€,MT)H — 0,

which shows that the two states are the same state when restricted to Ip. As T is arbitrary,
they are the same. ]

Lemma 4.3.5. Let « be an automorphism of Algr commuting with translations. Let us
denote the “dilated” automorphism AdU(ds) o o AdU(6_s) by as. If o does not preserve
the vacuum state w, then the automorphisms of the family {o}ser, are mutually unitarily
mequivalent.

Proof. By assumption w o « is different from w. Thus Lemma 4.3.4 implies that the states
of the family {w o a o AdU(6;!)}ser are mutually different. We recall that w is invariant
under dilations, hence this family is the same as the family {w o a;}scr.

It is immediate that all the automorphisms {a;}ser commute with translations. Then,
by Proposition 4.3.3, any two of such automorphisms are unitarily equivalent if and only
if they are conjugate by an inner symmetry. If there were such a pair of automorphisms,
then their compositions with the vacuum state w would be equal, but this contradicts the
observation in the first paragraph. ]

Next we construct a correspondence from automorphisms on A|g to automorphic sectors

of A.

Proposition 4.3.6. For any automorphism « on Alg which commutes with translations,
there corresponds an automorphism o, of A which commutes with rotations. The images
Oa, and 04, are unitarily equivalent if and only if aq and oy are unitarily equivalent.

Proof. Recall that the real line R is identified with a subset of S! as explained in Section
1.1.1. First we fix an open interval I, whose closure does not contain the point at infinity
and has the length 27 in the real line picture. Note that S'\{co} is naturally diffeomorphic
to an interval Iy of length 27. Indeed, there is a diffeomorphism from S* \ {cc} onto Iy
which preserves the lengths in the circle picture of S*\ {oo} with respect to the lengths in
the real-line picture of Iy. Let us call this diffeomorphism 7y. Let p be a point in ST\ {oo}.
If s, >0 (or s, < 0) is small enough so that for any 0 < s’ <'s, (or 0 > s’ > s,,) it holds
that py(p) € S1\ {oo}, then it is easy to see that 1y o py(p) = 7 0 no(p)-

We have to define an automorphism o, through a. Let us take an interval I C S'. We
can choose a rotation p, such that ps(7) is inside S*\ {oo}. It is again easy to see that there
is a diffeomorphism 7 of S which coincides with 1y on p,(I). The desired automorphism

is defined by

O, = (Ad(U(ps))) ™" 0 (Ad(U(n))) ™" 0 w0 Ad(U(n)) o Ad(U(ps)).
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Since « preserves each algebra A(l) on any interval I, this is an automorphism. We must
check that this definition does not depend on s and 7 and that o, ; satisfy the consistency
condition w.r.t. inclusions of intervals.

Let us fix s which satisfies the condition that ps(I) does not touch the point at infinity.
A different choice of n under the condition that n coincides with 1y on ps(I) does not
matter at all. Indeed, let ' be another diffeomorphism which complies with the condition.
Then ! o 1’ does not move points in ps(7); in other words, the support of 7! o7’ is
in the complement of ps(/). Since U is a projective unitary representation, it holds that
U)=c-UmU(mnton'), where c is a scalar with modulus 1, hence the adjoint actions
of U(n') and U(n) on A(ps(I)) are the same by the locality of the net.

We consider next different choices s; < sg of rotations. A rotation of 27 is just the
identity, thus we may assume that sy < 27 and that, for any s; < s < so, the interval
ps(I) never contains oco. Then, for any point p of I and for any 0 < t < s — 59, it holds
that 19 o p; 0 ps,(p) = 7 © Mo © ps, (p). The adjoint action of a diffeomorphism on A(I) is
determined by the action of the diffeomorphism on I (by a similar argument to that in the
previous paragraph), so it holds that

Ad(U(n)) o Ad(U ()| agps, (1) = Ad(U (7)) 0 Ad(U (1)) | a(ps, (1))-

By assumption o commutes with Ad(U(7;)) for any ¢, hence, putting ¢t = sy — s1, we have
on A(I)

Ad(U(ps,)) ™" 0 Ad(U(n)) ™" 0 avo Ad(U(n)) o Ad(U(ps,))

Ad(U(ps,)) " 0 Ad(U(p)) " 0 Ad(U ()" 0 a0 Ad(U(n)) © Ad(U(pr)) © Ad(U (ps,))
= Ad(U(ps,)) " 0 Ad(U(n)) ™" 0 Ad(U(7)) ™" 0 a0 Ad(U (7)) Ad(U (1) 0 Ad(U(ps,))
= Ad(U(ps,))"" 0 Ad(U(n)) ™" 0 w0 Ad(U () Ad(U ps,))-

This completes the proof of well-definedness of o, ;.

Let us check the consistency w.r.t. inclusions of intervals. If I C J, then the n and
ps chosen for the larger interval J still work also for I and their action on [ is just a
restriction.

To confirm that o, commutes with rotations, let us fix an interval I. Let us choose 1
and s as above. If ¢ is small enough so that p;(ps(I)) does not touch oo, then a similar
calculation as above shows that Ad(U(p;)) commutes with o, ;. By repeating a small
rotation we obtain arbitrary rotations. We just have to check that the set of allowed ¢t
above, for py(I) (s' € R), depends on the length of I and not on the position of py(I).
Indeed, for any s’, we can choose s so that ps (ps(I)) is at the same fixed distance from co.

Automorphisms on S! commuting with rotations (respectively on R commuting with
translations) are unitarily equivalent if and only if they are conjugated by an inner sym-
metry by Proposition 4.3.1 (respectively Proposition 4.3.3). An inner symmetry commutes
with any diffeomorphism, on the other hand the correspondence o — o, is constructed with
composition with diffeomorphisms. From this it is immediate to see the last statement. [

Let us conclude this subsection with a uniqueness result for maximal rational nets.
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Theorem 4.3.7. If a net A is completely rational and mazximal, then it admits a unique
KMS state, the geometric state Pgeo.

Proof. We have seen in Cor. 4.2.4 that any primary KMS state ¢ on such a net is a compo-
sition of the geometric state with an automorphism o commuting with translations. Let us
assume that ¢ were different from the geometric state. Then by Proposition 4.3.2, o must
change the vacuum state w. Then Lemma 4.3.5 would imply that all the automorphisms
{as} are mutually unitarily inequivalent. From these automorphisms we could construct
mutually inequivalent sectors by Proposition 4.3.6. This contradicts with the finiteness of
the number of sectors in a completely rational net. Thus if a KMS state ¢ is primary, then
it is the geometric state.

An arbitrary KMS state is a convex combination of primary KMS states [83], hence in
this case the geometric state itself. ]

4.3.2 General completely rational nets

Here we show the uniqueness of KMS state for general completely rational nets. In the
previous section we have proved that any maximal completely rational net admits only the
geometric state. One would naturally expect that, if one has an inclusion of nets with finite
index, then every KMS state on the smaller net should extend to the larger net, thereafter
the uniqueness would follow from the uniqueness for maximal nets. Unfortunately I am
not aware of such a general statement. Instead, we will see that if we have a KMS state
then its thermal completion admits some KMS state. We repeat this procedure and arrive
at the maximal net, where any KMS state is geometric, and find that the initial state was
in fact geometric as well.

Extension trick

Let A be a completely rational net and ¢ be a KMS state on A. In this case, as we saw
in Theorem 4.2.3, the thermal completion jL@ of A with respect to ¢ is identified with an
extension of the net A. The objective here is to construct another KMS state on fl@.

By Lemma 4.2.2 and eq. 4.4, A,(a,b) C A¢(62”a,62“b) is an irreducible finite index
inclusion for each interval (a,b); therefore, there is a unique conditional expectation

Eagy : Ap(e¥™,e¥™) — A,(a,b).
It is easy to see that this is a consistent family w.r.t. inclusions of intervals. We denote

A ‘ |

|
simply by E' the map defined on the closed union {J;cr, Ae() . Let us define the state

Ow=woExpom, 'oF (4.11)

————ill
on User, Ap(f) . We will show that @ is a KMS state with respect to dilations. We

collected general remarks in Sections 4.1.2 and 4.1.3.
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First of all, we recall that the original net A in the vacuum representation is diffeo-
morphism covariant. Even in the GNS representation m, with respect to ¢, as explained
at the beginning of Section 4.2, local diffeomorphisms act covariantly on each intervals,
implemented by U,: Uy, (n)A,(I)Uy(n)* = Ay(n(I)). Since the extended net A% is defined
as the relative commutant A%(a,b) := A,(a,00) N A,(b,00)’, local diffeomorphisms U,
respect the structure of intervals:

Uy (n)AL(a,b)Uy(n)* = A%(n(a),n(b)).

In particular, if a diffeomorphism 7 preserves an interval of finite length I, then it acts on
AZ(I) as an automorphism.

On the original net A, we know that the modular automorphism of A(7) with respect
to the vacuum w acts as the dilation associated to I = (a,b). On A(I) such dilation
can be implemented by local diffeomorphisms 7;. In fact, the dilation preserves I, hence
it is enough to modify this outside I so that the support is compact. If we restrict © =
woExpoT, 'oF to Ay(a,b), where Exp is defined in Prop. 1.3.4, the modular automorphism
is

(mp 0 Exp™) 0 AdU(55"") o (Exp o "),

where 0P is the dilation associated to (€2™,e?™). Take diffeomorphisms 7, with the

condition specified above and notice that, although exp and log are diffeomorphisms only
locally, log on; o exp are global diffeomorphisms. It holds on A, (a,b) that

(my 0 Exp o AdU((5prI) o(Expo 77;1) = (1,0 Exp ') o AdU(n,) o (Exp o 7;1) =
= m, 0 AdU (log on, o exp) o 7r;1 = AdU,(log on; o exp).

By Lemma 4.1.7, we see that Ad(U,(log on, o exp)) is the modular automorphism of A, (1)
with respect to &. Let us assume that there is a sequence of local diffeomorphisms ¢/

supported in R, whose actions on [, := [%,n] are dilation by e'. The adjoint action

Ad(U,(log o(/" o exp)) of diffeomorphisms on a local algebra flw(e%“, e?™) is determined

by the action of (/* on (e*", ™), hence we can consider the limit of these adjoint actions
and we denote it by o;.

On the other hand, translation on A (a, b) is implemented by unitaries V,(¢) in this GNS
representation (note that a translation is not a local diffeomorphism, hence we cannot define
the representative through 7). This in turn shows that Ad(V,,(t)) takes A, (2™, 2™) to
A (€27t 2n(b+0)) by recalling the definition of A,

We show that the two actions Ad(V,(¢)) and o; are the same even on the thermal

completion A,. In fact, these two actions take A, (2™, 2”17) to A, (27 e2m0+)) hence

the composition Ad(V,(t)) o ;! is an automorphism of A (€™, e2™) and o-weakly con-

tinuous. It is obvious that this composition acts identically on A, (a,b), by considering the
two actions in the original representation, and if ¢ = 0 it is the identity. Then by Lemma
4.1.8, second statement, it is constant for all £.
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I
Proposition 4.3.8. The state w on J;cp, Ap(I)  defined in (4.11) is a KMS state with

respect to dilations.

Proof. To apply the general statement of Proposition 4.1.14 to the inclusion of factors
Ap(3,2) CAL(5,3) C - Ay(+,n) C -+, and @, we need to confirm that for each interval

I € R, the action of the modular automorphisms of flw(%,n) with respect to w (for

sufficiently large n) on fl@(I ) is *-strongly convergent and the limit is normal. As remarked
above, the action of the modular automorphisms is implemented by local diffeomorphisms
U, and by Section 4.1.4 we may assume that these diffeomorphisms ni" are smoothly
convergent. Then the representatives U,(log on{” o exp) are strongly convergent, hence
their adjoint actions are *-strongly convergent as well, and the limit is normal.

Moreover, in this way we find diffeomorphisms ¢/ = lim, n’» which appeared in the
previous remarks. Thus, when I tends to (0,00), the limit of these adjoint actions
Ad(U,(log o¢f o exp)) is oy, which in turn is equal to AdV,,(¢). O

Proof of uniqueness

We continue to use the same notations as in Section 4.3.2.

Lemma 4.3.9. The extended state w is the vacuum if and only if p is the geometric KMS
state.

Proof. Tf ¢ is geometric, then, as we saw in Section 1.3.2, we have 7, , = Exp and the
conditional expectation E is trivial. Hence & = w o Exp o Exp™ = w.

Conversely, suppose that @ is the vacuum of the extended net. We note that

- ~1 1
a, = ¥ a, = geo ® a,b)
Ola,(ap) =w o EXp o, |4, (ab) = Pgeo © T |Au(a

but the vacuum of the extended net is the vector state (®,-®); when restricted to A,(a, b)
we have (®,-®) = pom, (-). Hence this in turn means that the initial KMS state ¢ is in
fact Ygeo- O

Theorem 4.3.10. Any completely rational net A admits only the geometric KMS state
Pgeo-

Proof. Any completely rational net has only finitely many irreducible extensions with finite
index. Let us consider a sequence of conformal extensions A, := A C Ay C --- C A,,, where
A, is maximal. By the remarked finiteness of extensions, the number of such sequences
is finite. Let N4 be the length of the longest sequence. If A is maximal, then N, is 1.
We will show the theorem by induction with respect to N4. For the case Ny = 1 we have
already proved the thesis in Theorem 4.3.7.

We assume that the proof is done for nets with Ny < k. Let ¢ be a primary KMS
state on A, where Ny = k. We perform the thermal completion f[g, with respect to ¢. If

A, is not a proper extension, the same reasoning as in Section 4.3.1 shows that ¢ = @ge.
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Hence we may assume that fl@ is a proper extension of A. Let @ be the KMS state on
—|
A,(I) with respect to dilations of Prop. 4.3.8. Recall that there is a one-to-one
I@R+ 2

correspondence between KMS states on the half-line with respect to dilation and KMS
states on the real-line with respect to translation (see Proposition 1.3.7). By definition of
N, Ny = k implies N A, < k. Tt follows from the assumptions of induction that f@, admits
only one KMS state on the half-line, hence @ is the vacuum. In this case Lemma 4.3.9 tells
us that the primary KMS state ¢ is the geometric state on A. An arbitrary KMS state is
a convex combination of primary states, hence it is necessarily geometric. This concludes
the induction. [

4.3.3 The uniqueness of KMS state for extensions

In this section we consider the following situation. Let A C B be a finite-index inclusion
of conformal nets. We assume that A admits a unique KMS state. Any conformal net
has the geometric KMS state ¢ge,, hence the unique state is this. We will show that the
geometric state on A extends only to the geometric state on B; in other words B admits
a unique KMS state, too.

We note that the construction of the geometric KMS state works for any diffeomorphism
covariant net (thus relatively local w.r.t. the Virasoro subnet). The result in this section is
true if B is not necessarily local. We will use this fact for the analysis of two-dimensional
conformal nets in next section.

Theorem 4.3.11. If A admits a unique KMS state and A C B is of finite indezx, then B
admits a unique KMS state as well (which is again the geometric state).

Proof. Let ¢y be the unique KMS state of A, namely the geometric state of A. By con-
struction, with E the unique conditional expectation of B onto A, the geometric KMS
state ¢ of B satisfies

p=pook .
Let ¢ be a KMS state on B. By the uniqueness of the KMS state on A we have

Yla = o =¢la -

Let A > 0 be the Pimsner-Popa bound for E, we have

p(r) = po o E(x) = 1o E(x) = M(x)

for all positive elements x € B. Therefore 1 is dominated by ¢. As ¢ is extremal, being
the geometric KMS state, we then have ¢ = ¢. [

4.4 KMS states for two-dimensional nets

Here we consider two-dimensional conformal nets (see Section 1.1.8).
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Given a Mobius covariant net A on M and a bounded interval I C L, we set

A= () A©) (4.12)

O0=IxJ

(intersection over all intervals J C L_), and analogously define A_ (see also Section 5.2.1).
By identifying L, with R we then get two local nets A+ on R, the chiral components of A.
They extend to local nets on S which satisfy the axioms of Mobius covariant local nets,
but for the cyclicity of €2. We shall also denote A by Agr and Aj. By the Reeh-Schlieder
theorem the cyclic subspace Hy = AL(I)Q) is independent of the interval I C Ly and
AL restricts to a (cyclic) Mébius covariant local net on the Hilbert space Hy. Since € is
separating for every A(O), O € K, the map X € AL(I) — X | Hy is an isomorphism for
any interval I, so we will often identify AL, with its restriction to H..

Proposition 4.4.1. Let A be a local conformal net on M. Setting Ayg(O) = A, (1) V
A_(I-), O = I, x I_, then Ay is a conformal, irreducible subnet of A. There ezists
a consistent family of vacuum preserving conditional expectations €y : A(O) — Ay(O)
and the natural isomorphism from the product A, (Iy) - A_(I_) to the algebraic tensor
product A, (1+) © A_(I_) extends to a normal isomorphism between A, (I.)VA_(I-) and
Ap(ly) @ A_(12).

Thus we may identify H, @ H_ with Hy = A¢(0)Q and A, (1) ®A_(1_) with Ax(O).

Let A be a local conformal net on the two-dimensional Minkowski spacetime M. We
shall say that A is completely rational if the two associated chiral nets A in (4.12) are
completely rational.

Proposition 4.4.2. If A is completely rational the following three conditions hold:

a) Haag duality on M. For any double cone O we have A(O) = A(Q")'. Here O’ is the
causal complement of O in M

b) Split property. If Q1,05 € X and the closure O of Oy is contained in Oy, the
natural map A(Oq1) - A(Oy) — A(01) ©® A(O2)" extends to a normal isomorphism
.A(Ol) \/A(Og)/ — .A(Ol) ® -A(OQ)/

c) Finite p-index. Let = 0, U0, C M be the union of two double cones O1, Oy such
that Oy and O are spacelike separated. Then the Jones index [A(E') : A(E)] is
finite. This index is denoted by un, the p-index of A.

Proof. One immediately checks that the three properties a), b), ¢) are satisfied for the two-
dimensional net Ay = Ay ® A_ which is completely rational. Then A is an irreducible
extension of Aj (see [53]) that must be of finite-index, and this implies that A satisfies
a),b),c) too, by the same arguments as in the chiral case, cf. [52]. O

With A a local conformal net as above, we consider the quasi-local C*-algebra 2 =

UoexA(O) (norm closure) and the time translation one-parameter automorphism group 7
of /. We have
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Theorem 4.4.3. If A is completely rational, there exists a unique KMS state ¢ of A w.r.t.
T. @ 1s the lift by the conditional expectation of the geometric KMS state of Ay.

The proof of the theorem follows by the above discussion and Thm. 4.3.11. One can
easily see that ¢ is a geometric state too. We need the following proposition.

Proposition 4.4.4. Let A, A_ be translation covariant nets of von Neumann algebras on
R and Aq the associated net on the two-dimensional Minkowski spacetime: Ag(I x 1) =
A(ly) @ A_(I-). If po is an extremal KMS state of Ay w.r.t. time translations, then
0o = w1 ® p_, where 1 is an extremal KMS state of Ay w.r.t. translations.

Proof. Let m,, be the GNS representation of 24, w.r.t. ¢, and consider the von Neumann
algebras Moy = m, (A,)” and My = 7, (A4,)". As m,, is extremal KMS, M, is a factor,
so M and M_ are commuting subfactors.

Now the translation one-parameter automorphism group of 24, extends to the modular
group of My w.r.t. (the extension of) o and leaves the subfactors M. globally invariant.

By Takesaki theorem, there exists a normal pg-invariant conditional expectation e : My —
M. With x4 € M4 we have

po(z-w4) = pole-(2-24)) = po(z—e_ (1)) = po(z-)po(x+) = p-(z_)p4(24) ,

because €_(x) belongs to the center of M_, so e_(z;) = @o(xy). This concludes the
proof. [

As a consequence, if Ay are completely rational, then Ay admits a unique KMS state
w.r.t. time translations and this state is given by the geometric construction.

4.5 Preliminaries for non-rational models

From now on, we study KMS states on non-rational conformal nets. For this purpose, we
need to extend the Araki-Haag-Kaster-Takesaki theorem to locally normal systems. This
can be done in a general context (not necessarily for nets on S1), hence we put an extended
notion of net.

4.5.1 Net of von Neumann algebras on a directed set
Axioms and further properties

Let J be a directed set. We always assume that there is a countable subset {I;};en C J
with I; < I;;; of indices such that for any index I there is some i such that I < I;. A
net (of von Neumann algebras) A on J assigns a von Neumann algebra A(I) to each
element [ of J and satisfies the following conditions:

e (Isotony) If I < J then A(I) C A(J).
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e (Covariance) There is a strongly-continuous unitary representation U of R and an
order-preserving action of R on J such that

UADU()" = AL - 1),

and for any index I and for any compact set C' € R, there is another index I~ such
thatt-1 < I fort € C.

Since the net A is directed, it is natural to consider the norm-closed union of {A(I)};es.
We simply denote

A=A
19
and call it the quasilocal algebra. Each algebra A([) is referred to as a local algebra.
The adjoint action AdU (¢) naturally extends to an automorphism of the quasilocal algebra
2. We denote by 7; this action of R and call it translation (note that in this Section 7,
is a one-parameter family of automorphisms, although in first Sections where we assumed
diffeomorphism covariance, we denoted it by AdU(7;) to unify the notation).

An automorphism of the net A (not just of 2) is a family {~,} of automorphisms of
local algebras {A([)} such that if I < J then y;|4() = 77. Such an automorphism extends
by norm continuity to the quasilocal algebra 20 which preserves all the local algebras.
Conversely, any automorphism of 2 which preserves each local algebra can be described
as an automorphism of the net A.

A net A is said to be asymptotically v-abelian if there is an automorphism ~y of the
quasilocal C*-algebra 2l implemented by a unitary operator U(v) such that

e 7 is normal on each local algebra A(I) and maps it into another local algebra A(.J).

e for any pair of indices I, J there is sufficiently large n such that A(/) and A(7"-J) =
U(y)"A()(U(y)")" commute,

e ~ and 7, commute.

It is also possible (and in many cases more natural) to consider a one-parameter group
{~s} of automorphisms for the notion of asymptotic y-abelianness (and weakly ~-clustering,
see below). In that case, we assume that {7} is implemented by a strongly-continuous
family {U(7s)} and the corresponding conditions above can be naturally translated.

We say that a net A is split if, for the countable set {I;} in the definition of the net,
there are type I factors {J;} such that A(l;) C F; C A(l;;+1). Note that in this case the
argument in the appendix of [54] applies.

Examples of net

The definition of nets looks quite general, but we have principally two types of examples
in mind.
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The first comes from the nets on the circle S' which we recalled in Section 1.1.1. If
A is a conformal net on S, we consider the restriction Alg with the family of all finite
intervals in R as the index set. The translations in the present setting are the ordinary
translations. If we take a finite translation as +, this system is asymptotically vy-abelian.
To consider split property, we can take the sequence of intervals I,, = (—n,n).

The second type is a net of observables on Minkowski space R¢ (see Section 1.1.8 for
two-dimensional case and [46] for a general account). In this case the index set is the family
of bounded open sets in R?. The group of translations in some fixed timelike direction plays
the role of "translations”, while a fixed spacelike translation plays the role of v. The net
satisfies asymptotic y-abelianness.

In both cases, it is natural to consider the continuous group s of (space-)translations
for the notion of y-abelianness.

4.5.2 States on a net

For a C*-algebra 2l and a one-parameter automorphism group {7}, it is possible to consider
KMS states on 2 with respect to 7. Since our local algebras are von Neumann algebras, it
is natural to consider locally normal objects. Let ¢ be a state on the quasilocal algebra 2.
It is said to be locally normal if each restriction of ¢ to a local algebra A(I) is normal.
A B-KMS state p on 2 with respect to 7 is a state with the following properties: for any
x,y € A, there is an analytic function f in the interior of Ds := {0 < 3z < 5} where &
means the imaginary part, continuous on Dg, such that

f@t) = p(zmi(y)), f(t +iB) = p(r(y)x).

The parameter % is called the temperature. For completely raitonal nets we considered
only the case § = 1 since our main subject were the conformal nets, in which case the
phase structure is uniform with respect to 5. Furthermore, we studied completely rational
models and proved that they admit only one KMS state at each temperature. Also in the
present Sections, the main examples are conformal, but these models admit continuously
many different KMS states and it should be useful to give concrete formulae which involve
also the temperature.

A KMS state ¢ is said to be primary if the GNS representation of 2 with respect to
¢ is factorial, i.e., m,(2A)” is a factor. Any KMS states can be decomposed into primary
states [83, Theorem 4.5] in many practical situation, for example if the net is split or if
each local algebra is a factor. Hence, to classify KMS states of a given system, it is enough
to consider the primary ones.

If the net A comes from a conformal net on S', namely if we assume the diffeomorphism
covariance, we saw that there is at least one KMS state, the geometric state @ge, (Theorem
1.3.5). It is easy to obtain a formula for ¢ge, with general temperature % We exhibit it
for later use: let w := (©2,-Q) be the vacuum state, then g, := w o Expg, where, for any
I € R, Expglacy = AdU(gs,r)|ac) and ggr is a diffeomorphism of R with compact support

such that for ¢ € I it holds that gg;(t) = 5
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If ¢ is y-invariant (invariant under an automorphism + or a one-parameter group {v;})
and cannot be written as a linear combination of different locally normal y-invariant states,
then it is said to be extremal ~-invariant.

We denote the GNS representation of 2 with respect to ¢ by m,, the Hilbert space
by H, and the vector which implements the state ¢ by Q,. If ¢ is invariant under the
action of an automorphism 7; (respectively 7, 75), we denote by U,(t) (resp. Uy,(77), Uy(7s))
the canonical unitary operator which implements 7; (resp. 7, 7;s) and leaves ), invariant.
If ¢ is locally normal, the GNS representation 7, is locally normal as well, namely the
restriction of 7, to each A(I) is normal. Indeed, let us denote the restriction ¢; := ¢|a().-
The representation 7, is normal on A(Z;). The Hilbert space is the increasing union of
H,, and the restriction of 7, to A(I;) on H,, (i < j)is m,,, hence is normal. Then 7|4z,
is normal.

Furthermore, the map ¢ +— U, () is weakly (and hence strongly) continuous, since the
one-parameter automorphism 7, is weakly (or even *-strongly) continuous and U,(t) is
defined as the closure of the map

T (2)S2p —> T (T (2)) 2.

Thus the weak continuity of ¢ — U, (t) follows from the local normality of 7, and bound-
edness of U,(t), which follows from the invariance of ¢. By the same reasoning, if there is
a one-parameter family 7, the GNS implementation U,(v,) is weakly continuous.

If for any locally normal vy-invariant state ¢ the algebra Eym,(2)E) is abelian, where
E, is the projection onto the space of U,(v)-invariant (resp. {U,(7s)}) vectors, then the
net A is said to be y-abelian.

A locally normal state ¢ on 2l is said to be weakly ~-clustering if it is y-invariant
and

Jim - 300" (@) = pla)ely).

for any pair of z,y € 2. For a one parameter group {~,}, we define y-clustering by

lin 7 [ elu@nds = slaoly)

N—oo

At the end of this subsection, we remark that, in our principal examples coming from
conformal nets on S, KMS states are automatically locally normal by the following general
result [83, Theorem 1].

Theorem 4.5.1 (Takesaki-Winnink). Let A be a net such that A(I;) are o-finite properly
infinite von Neumann algebras. Then any KMS-state on A is locally normal.

If A is a conformal net on S! defined on a separable Hilbert space, then each local
algebra A(TI) is a type IlI; factor, in particular it is properly infinite, and obviously o-finite,
hence Theorem 4.5.1 applies.
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4.5.3 Subnets and group actions

Let A and B be two nets with the same index set J acting on the same Hilbert space. If
for each index I it holds A(I) C B(I), then we say that A is a subnet of B and write
simply A C B. We always assume that each inclusion of algebras has a normal conditional
expectation Ey : B(I) — A(l) such that

o (Compatibility) For I < J it holds that E;|s) = Ej.
e (Covariance) 1, 0 Ef = Eyj o1y, and

See [60] for a general theory on nets with a conditional expectation.

Principal examples come again from nets of observables on S!. As remarked in Section
1.1.3, if we have an inclusion of nets on S! there is always a compatible and covariant
family of expectations.

Another case has a direct relation with one of our main results. Let A be a net on J
and assume that there is a family of *-strongly continuous actions ay, of a compact Lie
group G on A(I) such that if I C J then ajg4la) = arg and 7, 0 a7y = a1,y 0 7. By the
first condition (compatibility of o) we can extend « to an automorphism of the quasilocal
C*-algebra 2, and by the second condition (covariance of &) a and 7 commute. Then for
each index I we can consider the fixed point subalgebra A(I)* =: A%(I). Then A is
again a net on J. Furthermore, since the group is compact, there is a unique normalized
invariant mean dg on G. Then it is easy to see that the map E(x) := [, a,(z)dg is a
locally normal conditional expectation A — A%. The group G is referred to as the gauge
group of the inclusion A* C A.

The *-strong continuity of the group action is valid, for example, when the group
action is implemented by weakly (hence strongly) continuous unitary representation of G.
In fact, if g, — ¢, then U,, — U, strongly, hence oy, (x) = AdU,, () = AdU,(x) and
ag, (x*) = AdU,, (z*) — AdU,(z*) strongly since {U,, } is bounded. This is the case, as
are our principal examples, when the net is defined in the vacuum representation and the
vacuum state is invariant under the action of G.

If the net A is asymptotically y-abelian, then we always assume that v commutes with

4.5.4 ("-dynamical systems

A pair of a C*-algebra 2l and a pointwise norm-continuous one-parameter automorphism
group « is called a C*-dynamical system. The requirement of pointwise norm-continuity
is strong enough to allow extensive general results. Although our main objects are not C*-
dynamical systems, we recall here a standard result.

All notions defined for nets, namely asymptotic y-abelianness, y-abelianness, weakly
~-clustering of states and inclusion of systems, and corresponding results in Section 4.6,
except Corollary 4.6.6, have variations for C*-dynamical system ([50], see also [9]). Among
them, we will prove a counterpart (Theorem 4.6.9) for nets of the following [1, Theorem

11.4].
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Theorem 4.5.2 (Araki-Haag-Kastler-Takesaki). Let 2 C B be an inclusion of asymptoti-
cally ~v-abelian C*-dynamical systems and 2 be the fixed point of B with respect to a point-
wise norm-continuous action « of a compact group G. Then, for any weakly ~y-clustering
extension ¢ of a primary T-KMS state ¢ on A, there is a one-parameter subgroup x in G
such that 1 is a primary {7, o cy ) }-KMS state.

4.5.5 Regularization

To classify the KMS states on Vir;, we need to extend a KMS state on Vir; to Agy (o),
(explained below). Since Vir, is the fixed point subnet of Ag(2), with respect to the action
of SU(2) [78], one would like to apply Theorem 4.5.2. The trouble is, however, that the
theorem applies only to C*-dynamical systems where the actions of the translation group
and the gauge group are pointwise continuous in norm. The pointwise norm-continuity
seems essential in the proof and it is not straightforward to modify it for locally normal
systems; we instead aim to reduce our cases to C*-dynamical systems.

More precisely, we assume that the net A has a locally *-strongly continuous action
7 of translations (covariance, in subsection 4.5.1) and « of a gauge group G (subsection
4.5.3), has an automorphism ~ (subsection 4.5.1) and they commute, then we construct a
C*-dynamical system (2;, 7) with the regular subalgebra 2, *-strongly dense in 2I.

Proposition 4.5.3. For any net A with locally *-strongly continuous commuting actions T
of R and o of G and an automorphism vy commuting with both, there is a (1,7, G )-globally
invariant *-strongly dense C*-subalgebra A, of the quasilocal algebra A on which R and
G act pointwise continuously in norm; any local element x € A(I) can be approximated
*-strongly by a bounded sequence from A, N A(lc) for some Io = 1.

If we consider a continuous action s, then we can take 2, such that A, is {7, }-invariant
and the action of v is pointwise continuous in norm.

Proof. Let x be an element of some local algebra A(I). We consider the smearing of z
with a smooth function f on R x G with compact support

Tyi= i Gf(t,g)ag(rt(x))dtdg.

By the definition of net and the compactness of the support of f, the integrand belongs
to another local algebra A(I¢) and the actions o and 7 are normal on A(I¢), hence the
(Bochner) integral can be defined. Smoothness of the actions on z; is easily seen from the
smoothness of f.

Take a sequence of functions approximating the Dirac distribution, i.e. a sequence
of f, with fo o fn(z,g)dzdg = 1 and whose supports shrink to the unit element in the
group R x G, then x, converges *-strongly to x, since group actions o and 7 are *-
strongly continuous by assumption. Thus, any element z in a local algebra A([) can be
approximated by a bounded sequence in a slightly larger local algebra A(¢).



116 Chapter 4. KMS states on conformal nets

We take 2, as the C*-algebra generated by {z;}. Global invariance follows since T,
~v and o commute. As any element in 2 can be approximated in norm (and a fortiori
*_strongly) by local elements, 2, is *-strongly dense in 2I.

For a continuous action -, it is enough to consider a smearing on R x G x R with
respect to the action of 7 X a X 7. ]

Remark 4.5.4. If A is the fixed point subnet of B in the sense of Section 4.5.3, then the
fixed point subalgebra B¢ of B, is included in A and £, is included in B¢. The action of 7
on ‘B¢ is pointwise continuous, we obtain an inclusion of C*-dynamical systems B¢ C B,.
The smaller algebra 2(, has the desired approximation for A, so does B¢

Lemma 4.5.5. If a state ¢ on the net A is weakly v-clustering, then the restriction of ¢
to the regular system (A;, ) is again weakly -clustering.

Proof. The definition of weakly y-clustering of a smaller algebra 2, refers only to elements
in 2., hence it is weaker than the counterpart for 2. O

Lemma 4.5.6. Let ¢ be a locally normal state on A which is a KMS state on .. Then ¢
1s a KMS state on 2.

Proof. We only have to confirm the KMS condition for 2. Let x,y € 2 and take bounded
sequences {x,},{y,} from 2, which approximate x,y *-strongly. Since ¢ is a KMS state
on 2, there is an analytic function f,, such that

fn(t) = Qp(ant(yn))y
fu(t +1) = o(7e(yn)Tn)-

In terms of GNS representation with respect to ¢, these functions can be written as

O(2nTe(Yn)) = <7Te0<x:L)Qw U@(t)mp(yn)gsc’)?
(Te(Yn)zn) = (Up(t) T (45,) R, Te (20) )

Note that 7, (z,,) (respectively m,(y,)) is *-strongly convergent to m,(x) (resp. m,(y)) since
the sequence {z,} (resp. {y,}) is bounded. Let us denote a common bound of norms by
M. We can estimate the difference as follows:

o272 (y)) = (@ami(yn))] = [(me(27) g, Up(t)mp(y)0) — (Mo (27,)0, U (8) 75 (y) 2|
< Mlmg(27) = mo(23) Q]| + M [7o(y) = mo(yn) 2|

and this converges to 0 uniformly with respect to t. Analogously we see that ¢(7(yn)z,)
converges to ¢(7;(y,)x,) uniformly. Then by the three-line theorem f,(z) is uniformly
convergent on the strip 0 < §z < 1 and the limit f is an analytic function. Obviously f
connects p(x7(y)) and ¢(t,(y)x), hence ¢ satisfies the KMS condition for 2. O
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4.6 Extension results

In this section we exhibit variations of standard results on C*-dynamical systems. Parts
of proofs of Proposition 4.6.2, Lemma 4.6.7 and Proposition 4.6.8 are adaptations of [50],
although we need local normality at several points and we exhibit proofs. In particular, if
we implement several notions with one-parameter group {7}, we need local normality to
assure the weak-continuity of the GNS implementation {U,(v,)}. For some propositions
we need split property in the relevance with local normality.

Remark 4.6.1. If we treat one-parameter group {7s}, in the following propositions (except
Proposition 4.6.5: The corresponding modification shall be explicitly indicated) it is enough
just to take the von Neumann algebra (7, () U{U,(7s)})” and to consider invariance under
{75} or {Uy(7s)} and the corresponding notion of v-clustering property of states. Since
{Uy,(7s)} is weakly continuous, we can utilize the mean ergodic theorem in this case as
well.

Proposition 4.6.2. A state ¢ is extremal y-invariant if and only if (m,(A) U{U,(7)})" =
B(3H,). If ¢ is locally normal, y-invariant and not extremal 7y-invariant, then ¢ decomposes
into a conver combination of locally normal v-invariant states.

Proof. First, let us assume that (7,(20) U{U,(v)})"” # B(H,). Then, there is a nontrivial
projection P in the commutant and P, # 0, as by definition €, is cyclic for 7, () and
separating for m,(2)’. By applying the same argument to 1 — P, we see that (1—P)Q, # 0.
Let us define the states

or() = $<PQ¢7%(')PQ¢>,

1

p2() = 1—_q<<1 = P)Qg, (1) (1 = P)Sy),

where ¢ = ||PQy]||? (and 1—q = [|(1—P),||?). Since P commutes with the representative

U,(7) of the automorphism v, PQ, and (1 — P)S), are invariant under U,(y), so ¢; and
(g are y-invariant.

It is obvious that ¢ = qp1 + (1 — q)ps. We will show that ¢; # ¢ # s, from which it

follows that ¢ is not extremal ~-invariant. Let us assume the contrary, namely that ¢ = ¢

(and thus ¢ = ¢3). The vector ¥ := PQ, — ¢Q, # 0 is orthogonal to m,(A)

(U, 1o (2)Q) = (PQyp — ¢, mp(2) Q) = (PQyp, T, (2) PQy) — ¢{Qp, mp(2)p) =
= qpi(z) — qp(z) =0,

but this contradicts the cyclicity of €2,. It is obvious that ¢; and ¢, are locally normal if
¢ is locally normal, since 7, is locally normal.
Next we show that, if (7w, (A) U {U,(7)})" = B(H,), then ¢ is extremal vy-invariant.
Let ¢ = 1 + o, we will see that ¢, ¢; and ¢, are proportional.
We can define a linear map from the GNS representation space of ¢ to that of ¢; using
the correspondence
Wy (2)Qy — 7, (2)S2

%19
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since ¢ > ; as positive linear functionals, W is well-defined on H, and is a contraction
which intertwines m, and m, . It follows that, if W = V' A is the polar decomposition,
A is a positive contraction on H, commuting with 7, () and V is a partial isometry
intertwining 7, and 7, . We can check that A€, implements ¢; in the representation 7,
and that U,(v)AU,(7)*S2, implements the same state (note that U,(v)AU,(7)* € m,(A)'):

<U¢(7)AU@(7)*QW Ty (ZL‘)Uw(V)AU@(V)*Qd = <AQ¢, V_I(I)AQs»
= pi(y (@)
= oi(z).

Hence the map
W', (1) AQy — (@) Uy (7) AU ()" Qy,

is an isometry. In other words, we have W'A = U,(v)AU,(7)*. By the uniqueness of the
polar decomposition, we have that A = U,(7)AU,(7y)*, or that A € (m,(A) U {U,(7)}),
hence it is a scalar by assumption. This means that ¢, is proportional to . O

The following is essential to our argument of extension for locally normal systems.

Theorem 4.6.3 ([30], A86). Let H = ff Hadu(X) be a direct integral Hilbert space, T; =
f)? T () a sequence of decomposable operators, M be the von Neumann algebra generated
by {T;} and M, be the von Neumann algebra generated by {T;,}. Then the algebra Z of
diagonalizable operators is maximally commutative in M’ if and only if My = B(H)) for
almost all \.

Let K; be the ideal of compact operators of the type I factor &F;, and K be the C*-
algebra generated by {K;}. With a slight modification about the index set, the following
applies to our situation.

Theorem 4.6.4 ([54], Proposition 56). Let w be a locally normal representation of a split
net A on a separable Hilbert space and denote by wg the restriction to the algebra K. If we
have a disintegration

@
Wﬁ:/ madp(N),

X

then my extends to a locally normal representation wy of A for almost all \.

We need further a variation of a standard result. The next Proposition would follow
from a general decomposition of an invariant state into extremal invariant state and [83,
Corollary 5.3] which state any decomposition is locally normal. In the present thesis we
take another way through decomposition of representation.

Proposition 4.6.5. Let ¢ be a locally normal v-invariant state of the C*-algebra A and
7, be the corresponding GNS representation, then ¢ decomposes into an integral of locally
normal extremal y-invariant states.
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Proof. We take a separable subalgebra & as above analogously as in [54]. We fix a max-
imally abelian subalgebra m in the commutant (7x(8) U {U,()})". Since R is separable,
we can apply [30, Section I1.3.1 Corollary 1] to obtain a measurable space X, a standard
measure p on X, a field of Hilbert spaces H, and a field of representations 7, such that the
original restricted representation mg is unitarily equivalent to the integral representation:

g = /® madpi(A)

X

and m = L*°(X, ). Now, by Theorem 4.6.4, we may assume that m is locally normal
for almost all A, hence it extends to a locally normal representation 7, and the original
representation 7, decomposes into

T, = / : Fadu(N).

X

Furthermore, the GNS vector €2, decomposes into a direct integral

Q, - / ().

X

The representative U, (y) decomposes into direct integrals as well, since m commutes with
Ugo (7):

@
U0) = [ U)aun).
From this it holds that €, is invariant under Uy(7), thus the state @y (-) := (Qx, ma(-)Q20)
is invariant under the action of v, for almost all A\. By the definition of the direct integral
it holds that

¢ = /® padp(N).

X

It is obvious that ) is locally normal.

It remains to show that each ¢, is extremal y-invariant. By assumption, m is maximally
commutative in the commutant of (mx(&) U {U,(v)})”. This von Neumann algebra is
generated by a countable dense subset {7mg(z;)} and a representative Uy,(y). Then, by
Theorem 4.6.3, this is equivalent to the condition that ({mx(x;)} U {Ux(v)})" = B(%H,),
namely ¢, is extremal v-invariant.

If we consider a continuous family {v,}, we only have to take a countable family of

operators {mg(x;)} U {Uys(7s) }sco-
[

Corollary 4.6.6. Let A C B be an inclusion of split nets with a locally normal conditional
expectation which commutes with . If ¢ is an extremal y-invariant state on A, then ¢
extends to an extremal y-invariant state on the quasilocal algebra B the net B.
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Proof. The composition ¢ o F is a y-invariant state on 8. By Proposition 4.6.5, po E can
be written as an integral of extremal y-invariant states:

@
oo F = /X Uadp(V)

By assumption, the restriction of ¢ o E to 2 is equal to ¢, which is extremal vy-invariant,
hence the restriction 1|4 coincides with ¢ for almost all A\. Hence, each of 9, is an
extremal ~-invariant extension of ¢. O

Lemma 4.6.7. If the net A is asymptotically v-abelian, then it is ~v-abelian.

Proof. Let ¢ be a locally normal ~-invariant state on 2. The action of 7 is canonically
unitarily implemented by U, (). Let Ey be the projection onto the space of U, (7)-invariant
vectors in I, and Wy, Wy € EyH,. Let us put ¢(z) = (Vq, m,(2)Us).

By the assumption of asymptotically v-abelianness, it is easy to see that

1 1 &
Jm 7 206 (@) = N;

Jm 00w = dm S U0 @)U ) )
= Jim D (@) (U ) 0) )

= (U, m,(2)Eomy(y)Ua)
= (U, By, (x) Eom,(y) EgWs).

Similarly we have limy_, + SN by (x)) = (W4, By (y) Eomg () EgWsy). Together with
the above equality we see that (Uy, Egmy,(2)Eomy,(y) EoVa) = (Y1, Egmy(z) Eomy(y) EoVs),
which means that Eym,(x)Ey and Eym,(y)Ey commute. O

Proposition 4.6.8. If ¢ is a locally normal vy-invariant state on the asymptotically ~y-
abelian net A, then the following are equivalent:

(a) in the GNS representation m,, the space of invariant vectors under U,(7y) is one
dimensional.

(b) ¢ is weakly ~y-clustering.

(¢) ¢ is extremal ~y-invariant.
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Proof. First we show the equivalence (a)<(b). By the asymptotic y-abelianness we have
| XN
ngr;o—Zso lmﬁz;w(yv (),

and it holds by the mean ergodic theorem that

A}E\%Q N Z 90 = <Q<pa EOW@(*T>E07T¢(?J>EOQ@>7
Jim Zw 7" (7)) = (Qp, Eomo(y) Bomy () o).

Now if Ej is one dimensional, then it holds that
<Q¢’E07T@(y)E07Tw(x)EOQ ) = <Q<p’7rso( )2, ><Qe077rw( )Q<p> = <QsmE07Tw(x)E07T<p(y)EOQ¢>7

and this is weakly ~-clustering.

Conversely, if A is weakly y-clustering, the above equality holds and it implies that Ej
is one dimensional, since ), is cyclic for m,(A).

Next we see the implication (a)=-(c). Let us take a projection P in the commutant
(mp(A) U{U,()})'. Since P commutes with U, (), PS), is again an invariant vector. By
assumption the space of invariant vector is one dimensional, it holds that PQ, = Q, or
that P§), = 0. We may assume that P, = €, (otherwise consider 1 — P). By the
cyclicity of €2, we have that

H, = my(A

= Pry(A)
= PXH,,
in other words P = 1.

Finally, we prove the implication (c¢)=-(a). By Lemma 4.6.7, the algebra Eym,(A)E) is
abelian, but by assumption (c), m,(A)U{U,(7)} act irreducibly and U,(7) acts trivially on
Ey. Hence Eym,(A)Ey acts irreducibly on Ey. This is possible only if Ej is one dimensional.

O]

Theorem 4.6.9. Let A C B be an inclusion of asymptotically ~v-abelian split nets, and
suppose that A is the fized point subnet of a locally normal action o by a compact group G
which commutes with v and 7. Then, for any weakly v-clustering primary T-KMS state ¢
on A, there are a one-parameter subgroup x in G and a y-clustering state 1v» on B which
extends ¢ such that v is a primary {7 o a, @ }-KMS state.
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Proof. By Corollary 4.6.6 ¢ extends to a weakly y-clustering state » on B. Then the
restriction of ¢ to the regular subalgebra B, is still y-clustering by Lemma 4.5.5. We
claim that the restriction of ¢ (hence of ¢) to B¢ (see Remark 4.5.4) is still a primary
KMS state. Indeed, the GNS representation of ¢|ge can be identified with a subspace
of the representation 7, of A. By the local normality, this subspace for B¢ contains the
subspace generated by A(I) for each fixed index set. The whole representation space of
T, is the closed union of such subspaces, hence these spaces coincide. Furthermore, by the
local normality, 7,(B¢)” contains 7,(A(I))"” for each I. Hence the von Neumann algebras
generated by 7,(A) and 7,(BY) coincide and ¢|ge is primary. Then Theorem 4.5.2 applies
and we see that g, is a primary KMS state with respect to 7, 0 ;. By Lemma 4.5.6 ¢
is a KMS state on the full algebra 9. Again by local normality, the primarity of ¢|y, and
1 are equivalent. O

4.7 The U(1)-current model

We recall some constructions regarding the U(1)-current and discuss its KMS states for two
reasons: being a free field model, it is simple enough to allow a complete classification of
the KMS states, showing an example of non completely rational model with multiple KMS
states; it is useful in the classification of states for the Virasoro nets, whose restrictions to
R are translation-covariant subnets of the U(1)-current net.

4.7.1 The U(1)-current model, from current approach

Recall that the U(1)-current algebra Agyyy is the net generated by Weyl operators W (f) =
¢"/f) where J is calld the current. acting on the corresponding Fock space (if f is a real
function, J(f) is essentially self-adjoint on the finite particle-number subspace). The net
structure is given by Ayqy(1) = {W(f) : supp(f) C I}”. This defines a conformal net
on S* in the sense of Section 1.1.1 (see [16] for detail). The current operators satisfy
[J(f), J(g)] =io(f,9).

Let us briefly discuss the split property of the U(1)-current net. A sufficient condition
for the split property for a conformal net on S! is the trace class condition, namely the
condition that the generator e=*0 is a trace class operator for each s > 0 [27, 14]. The
Fock space is spanned by the vectors of the following form J(e_,,)J(e_n,) - J(e_n, )2,
where e,(0) = €™ 0 < ny < ny < --- <y, k €N, and all these vectors are linearly
independent and eigenvectors of Ly with eigenvalue Zle n;. Hence the dimension of the
eigenspace with eigenvalue N is p(IV), the partition number of N. There is an asymptotic

estimate of the partition function [47]: p(n) ~ me”\/ n/3 Hence with some constants
Cs, Dy, we have

Tr(e 5t0) = Zp(n)e_sn < Z Cye P,
n=0 n=0

which is finite for a fixed s > 0. Namely we have the trace class condition, and the split
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property.
The Sugawara construction 7" := % : J? :, using normal ordering, gives the stress-energy
tensor, satisfying the commutation relations:

7). 7] = T (9D + i3 [ £7gd0 (413)

with ¢ = 1 and [f, g] = f¢’ — gf’. This is the relation of Vect(S"), which is the Lie algebra
of Diff(S'). This (projective) representation T of Vect(S') integrates to a (projective)
representation U of Diff(S') Furthermore, 7' and J satisfy the following commutation
relations

[T(f), J(9)] =i (fg). (4.14)

Accordingly, U acts on J covariantly: if 7 is a diffeomorphism of R, then U(y)J(f)U(y)* =
J(f ony™1) (see [72] for details).

4.7.2 KMS states of the U(1)-current model

We give here the complete classification of the KMS states of the U(1)-current model, first
appeared in [90, Theorem 3.4.11].

Proposition 4.7.1. There is a one-parameter group q — v, of automorphisms of Ay|r
commuting with translations, locally unitarily implementable, such that

Yo (W (f)) = et Sy (f). (4.15)

Proof. For any I € R, let s; be a function in C°(R, R) such that Vo € I sy (x) = z; then
o(sr, f) = [ fda if suppf C I and therefore

AdW (gs1) W (f) = 7700 0W (f) = et T2 ().

Set Yglaay = AdW (gsy), this is a well-defined automorphism, since AdW (¢s;) [ay =
AdW (gss) |ary when I C J, which can be extended to the norm closure 24y (1) satisfying
(4.15) and commuting with translations because so is the integral. ]

Lemma 4.7.2. A state ¢ is a primary KMS state of the U(1)-current model iff so is ¢ o,
for one value (and hence all) of ¢ € R.

Proof. By a direct application of the KMS condition and the fact that 7, is an automor-
phism commuting with translations. ]

Theorem 4.7.3. The primary (locally normal) KMS states of the U(1)-current model at
inverse temperature B are in one-to-one correspondence with real numbers q € R; each
state p? 1s uniquely determined by its value on the Weyl operators

(pq (W (f)) _ eiqffdac . e_%Hf“ZSB (416)
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where ”f”?qg = (f,Ssf) and the operator Ss is defined by @(p) :=coth %f(p) The geo-
metric KMS state is g0 = ¢° and any other primary KMS state is obtained by composition
of the geometric one with the automorphisms (4.15):

7 = Pgeo © Vg
Proof. Let ¢ be a KMS state and f, g € C2° (R, R). Recall the Weyl commutation relations

W A(f)W (g) =W (f + g)exp (—%U(ﬁ g)) :

In other words, a product of Weyl operators is again a (scalar multiple of ) Weyl operator, so
that the quasilocal C*-algebra is linearly generated by Weyl operators. Hence the state ¢ is
uniquely determined by its values on {W(f)}. Furthermore, under the KMS condition, the
function t — F(t) = o (W (f) W (g:)), where g (z) := g (x — t), has analytic continuation
in the interior of Dg := {0 < Sz < 8}, continuous on Dg, satisfying

F(t+i8) = e "9 (¢), (4.17)

We search for a solution Fj of the form Fy(z) = exp K(z), where K is analytic in the
interior of D and has to satisfy the logarithm of (4.17), K(t + i) = —io(f, ) + K(t).

The Fourier transform of ¢t — —io (f,g;) is p — —pf(p)ﬁ(p), thus we have a simple
equation for the Fourier transform w.r.t. ¢: exp(—A8p)K (p) = K (p) — pf (p)g (p), from

which K (p) = —%. It can be explicitly checked that Fj is a solution of (4.17); any
other solution, divided by the never vanishing function Fp, has to be constant (w.r.t. ¢) by
analyticity. The general solution can therefore be written as F(t) = c(f, g:) - Fo(t), with
c(f,g:) independent of ¢.

To obtain (4.16), notice that

o (W (f +g) = F (1) 3090 = o(f,g) - exp | K () — 5 (f. 1)

and K (t) — 0 (f;, g) is the Fourier antitransform of
—_ 1 1 . —_ - 1 =—
bT0) (=~ 5) 500 =~ G cotts 25.5) = ~ LT (01520 0

which is given by

1 [ .. =7 1 1
—§/w%NM%wM@=—§m&Mw:q(W+%%,Wﬂ@—mm@y

since (f,Spg:) is a real form. Note that || gtHgﬂ is independent of ¢. We finally have the
general solution in the form

o (W (f +90) = c(f, ) - et (I I8, ) =i,
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Note that factors o(W(f + ¢;)) and e illfael® depend only on the sum f + g;, hence so

does the remaining factor: we define ¢(f + ¢¢) := c(f, g:) - eﬂwu%ﬁwgin%ﬂ).&ce c(f, )
and ||g¢||s, are independent of ¢, so is c(f + g;). As (W (f)) = o(W(—f)), c(f) = c(—f).

Now we have ) )
oW (f +g0) =elf +g)-e V5,
and we only have to determine c(f + g;).
Concerning the continuity, we notice that || f|| sy = || fIl, because cothp > 1 for any

p € Ry; the map f — W(f) is weakly continuous when C2° (R, R) is given the topology of
the (one-particle space) norm ||-|| and a fortiori of the norm H-||Sﬁ; @, being a KMS state,
has to be locally normal, therefore f — @(W(f)) is continuous w.r.t. both norms and
= clf) = e(W(f)) - exp(—3 ||f||§ﬁ) is continuous w.r.t. the norm ||-||SB; finally, both
A= Af and ¢ — f, are continuous w.r.t. the |[-[|g, norm, thus in particular A — c(Af)

(and trivially the constant function t — ¢(f + g;)) is continuous.
If we require ¢ to be primary, it satisfies the clustering property: for ¢t — oo

PV +.00) = oV (W) exp (307,90 ) = GOV () ()

and thus
c(f +g)=c(f)-clg), (4.18)

because both o(f, g;) and (f, Ssgs) go to 0. Tt follows that c(0) = 1, e(—f) = c¢(f)~" = ¢(f)
and |¢(f)] = 1. AsR 5 XA — ¢(Af) is a continuous curve in {z € C : |z| = 1}, there is a
unique functional p : C° (R,R) — R s.t. ¢(f) = exp(ip(f)), p(0) = 0 and A — p(Af) is
continuous.

Clearly, (4.18) implies p(f + g) — p(f) — p(g) € 27Z; by continuity of A\ — p(Af +
Ag) = p(Af) — p(Ag) and p(0) = 0, we get p(f + g) = p(f) + p(g). Similarly, from [68,
Proposition 6.1.2] we know that p has the same continuity property of ¢, i.e. w.r.t. the
H'Hsﬁ norm; ¢(f;) = c(f) implies p(fi) — p(f) € 27Z, but this difference vanishes because
t — p(fy) is continuous. Therefore, p is a real, translation invariant and linear functional.
Any translation invariant linear functional p on C2° (R, R) is of the form p(f) = ¢ [ f(x)dz.
So, if ¢ is a primary KMS state, it has to be of the form (4.16). Conversely, Lemma 4.7.2
implies that all these states are KMS.

These are regular states and the one point and two points functions are given by

e (J(f) = Q/fdiU (4.19)
1 i )
S I) = GRS+ 5o o)+ e [fan [gan  (20)

where 8 means the real part. The geometric KMS state has to coincide with one of those:
it is ¢°. This can be proved by noticing that, if suppf C I ,

Pseo (W (AN) = (2, AdU (115) W (AF)Q) = (2, W (Af 0773) 9) = e #1731
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where the exponent is a quadratic form in f, therefore the state is regular and taking
the derivative w.r.t. A we get @geo (J (f)) = 0, which implies ¢ = 0 by comparison with
(4.19). O

Remark 4.7.4. The gauge automorphism defined by the map J(f) — —J (f) acts as a
change in the sign of ¢: 9?0y, = p79.

The ’energy density’ of a state can be read off the expectation value of the stress-
energy tensor as the constant ¢ in the formula ¢ (T (f)) = ¢ [ fdx. Beside its physical
interpretation, this formula is also useful to classify the states on the Virasoro net (see
Section 4.8.1). In order to evaluate ¢? (T'(f)), we need a technical lemma.

Lemma 4.7.5. Dy, = NuenD(LE) is invariant for the Weyl operator W(f) = e/,
Vf e C>®(SY), and the unitary U(g), Vg € Diff(S*), implementing the conformal symmetry.

Proof. The operators J(f) and T(f) satisfy similar commutation relations [Lg, J(f)] =
iJ(Opf), [Lo,T(f)] = iT(0pf) and can be estimated as ||J(f)¥| < c¢f||(1 + Lo)v|| and
NT(f)v] < epl[(L+ Lo)y| for any ¢ € D with ¢y independent of ¢ [18, ineqalities
(2.21) and (2.23)]: Precisely, these commutation relations are well-defined on the subspace
generated by the polynomials of smoothed out current J from the vacuum vector €. The
bound holds for D, since both J(f), T(f) and Ly are closed, hence these commutators
hold on D, by this estimate. One sees also that D, is invariant under J(f) and T'(f) by
the closedness.
We can generalize these bounds to the following form:

1P (J, Lo) @[] < 7 [[(1 4 Lo)" |, (4.21)

where P, (J, Ly) is a (noncommutative) polynomial in Ly and some J(f;) of total degree
n, with an appropriate r, (depending on {f;} but not on ). Indeed, induction and
commutation relations show that

L+ Lo)"J(f)= ) < Z ) T f) (L + Lo)™ ™", (4.22)

0<k<n

Then, we use induction in the degree of the polynomial to prove (4.21): it is trivial
for degree 0. Suppose (4.21) holds for degree n. First let us consider J(f). Then
| Po (J, Lo) J(£)U|| < (14 Lo)*J(f)?| and, applying (4.22) (notice that 1+ Ly > Lo, 1),
the last norm is smaller than Y, cllJ(95 fn)(1 + Lo)™ *9|| where each term is es-
timated by constants times ||(1 + Lg)"*%||. On the other hand, || P, (J, Ly) Lo¥| <
Toll(1+ Lo)" Lot || < rull(1 4 Lo)™" 4| and thus (4.21) holds for degree n + 1.

The same argument applies with 7" in place of J.

The space of finite number of particles Dy;, = span{y = J(f1)...J(f,)Q :n € N},
which is included in D, by (4.21), is invariant under Lo, as [Lo, J(f)] = iJ(9pf). Using
also the commutator [J(f), J(9)*] = ika(f,g)J(g)* ! (easy consequence of [J(f), J(g)] =
io(f,g)), we compute Vi € Dy,

n(n

") spy-2a (@, f>) " (4.23)

L (710 = (im0 taan) -
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We apply it to the expansion of Weyl operators W(f) = >, Z—k,J(f)k, which is abso-
lutely convergent on Dy, (it is well known that finite particle vectors are analytic for
the free field, see e.g. the proof of [76, Thm. X.41], with the estimate HJ(f)"“'@/JH <
2612 /(n + E)Y|| f||¥|]x0]|, where n is the number of particles of ). By the closedness of
Ly and the absolute convergence of Ly ), %J (f)k1, thanks to (4.23), we conclude that

W(f)Dyin is in the domain of Ly. We then easily compute, using the convergent series,
the commutation relations W (f)*LoW (f) = Lo — J(9gf) + 30(0sf, f) and their powers

WY LW = (o= J(0) + o000, . (421

Finally, (4.21) applied to the r.h.s., which is a polynomial of degree n in J(9yf) and Ly,
gives

ILgW (vl < rl[(1 + Lo)"| (4.25)

Vi € Dyyy,. As Dy, contains the space of finite energy vectors, it is dense in Dy, and is
a core for Lf; any ¢ € D is the limit of a sequence {t; : i € N} such that (1 + Lo)";
is convergent, thus, by (4.25) and the closedness of L{W (f), W (f)D is in the domain of
L?. We have proved that W(f)D> C D*; the same is true for W(f)™' = W(—f), thus
W(f)D> = D>.

A similar argument apply to U(g): First one consider the case where g = expT'(f) is
contained in a one-parameter group. We replace J with 7" in (4.21) and replace (4.24) with
the known transformation property of the stress-energy tensor (Ly = T'(1), where 1 has to
be understood as the generator of rotations, the constant vector field on the circle; in the
real line picture, it would be the smooth vector field z — 1 + 2?):

Ug)LyU(g)" = (T(g.1) +ry1)" (4.26)

For a general diffeomorphism g, it is possible to write g as a finite product of diffeomor-
phisms contained in one-parameter groups, since Diff(S?) is algebraically simple [35, 69]
and the subgroup generated by one-parameter groups is normal, hence Diff (S') itself. Thus
we obtained the claimed invariance for any element g. O]

Theorem 4.7.6. Any primary KMS state 9 (cf. (4.16)) is C*° w.r.t the one parameter
group t — TV Y f € D, and its value on the stress-energy tensor is given by

A (T () = (12”52 " %) [t (4.27)

Moreover, in the GNS representation (mpa, Hypa, Qpa), Qpa is in the domain of any (non
commutative) polynomial of the stress-energy tensors mp(T(f1)) 1= —i%mqa(eTUW), with
freD, k=1,...,n.

Proof. Fix f € D with suppf C I € R.
We first consider the case ¢ = 0. According to the proof of Proposition 1.3.4 and
Theorem 1.3.5, the GNS representation of @ge, is (Wgogeo = Expg, Ha, Q) and thereisa gg €
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D s.t. Expglay = AdU (gg,r). It follows that the one parameter group t — 7., (¢"7)) =
AdU (gg.r) (€""9)) has a generator AdU (gs 1) (T(f)) which can be computed: Indeed, [37,
Proposition 3.1] proves that, in general diffeomorphism covariant nets, if g E Diff(S1)

ﬁxes the point 00, AdU( )T(f) T (g.f) + 7% (g, f), with g.f (x) = ¢ - f(¢7" (z)) and
ri =3[y de dm with the central charge ¢ set equal to 1 for the U(1)

case. Therefore, with g in place of g, recalling that gs(t) = e 5" on the support of f,
we get

7%%@UDZNW@ﬁTﬁﬁﬁﬂmJHw;%/fm (4.28)

The vacuum vector € is in the domain of the operator (4.28) and any product of such
operators; from (€, T(h)2) = 0 for any h € D, we easily compute (4.27). The case ¢ = 0
is proved.

We now consider the general case for ¢. In this case the GNS representation is
(e = Exp 0 74, Ha, Q) with v4|ay = AAW (gsy) defined in Proposition 4.7.1. The one pa-
rameter group ¢ — AdU (gr) o AdW (gs;) (e"7)) has a self-adjoint generator AdU (g;) o
AdW (gsr) (T'(f)) which has to be computed. According to Lemma 4.7.5, for any ¢ €
D¢y, C Do with a finite number of particles, AdW (gs;) (T'(f)) ¢ is well-defined because
D, is in the domain of T(f). Using, as for eq. (4.23), [J(f), J(9)¥] = ika(f,g)J(g)**
and [T'(f), J(g9)] = iJ(f¢'), we compute Vi) € Dy, a generalization of (4.23):

n(n —1)

(I 6 = (indtar-tatse) - "

J(g)”‘20'(fg’,g)> v.

We use a similar argument to that following eq. (4.23). The expansion of Weyl op-
erators W(g) = >, %J (9)* is absolutely convergent on Dy;,; using the absolute con-
vergence of Ly Zk%J(g)k¢ and the estimate ||T'(f)y| < ¢ |[(1+ Lo)t|, we conclude
that also T'(f) >, Z—k!J (g)¥1 is absolutely convergent and therefore, by the closedness of
T(f), W(g)Dyin is in the domain of T'(f). The convergent series let us compute (cf.

(4.24)) W(g)*'T(HH)W (9w = (T(f) = J(f¢') + 30(fg’.g))¥. In the particular case in
which g = —¢sy, and thus f¢' = —qf (recall that suppf C I), we obtain

AQW (qsr) (1) = () +a7(7) + % [ s

on the dense set D, and also on D, where both sides are defined. We can apply AdU (g;)
to this operator, as D, is invariant for U (g;), and taking into account its action on J(f)
and T(f), we get

m (1) =T (o0 + s [ Far+ad (Fogi) + S [ e ()

) is in the domain of the operator (4.29) and any power of such operators; as before, using
also (2, J(h)Q2) = 0 for any h € D, we easily compute (4.27). O
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We finally observe that the thermal completion, in the case of the U(1)-current model,
does not give any new net.

Theorem 4.7.7. The thermal completion of the U(1)-current net w.r.t. any of its primary
(locally normal) KMS states is unitarily equivalent to the original net.

Proof. In the case of the geometric KMS state, this is the content of Theorem 1.3.5. The
general case follows from the fact that any other primary KMS state of the U(1)-current
model is obtained by composition of the geometric one with an automorphism, so that
the local algebras A (2™, €2™) := Aq(t, 00) N Aga(s,00) do not depend on the value of
q. O]

4.8 The case of Virasoro nets

The Virasoro nets Vir, with ¢ < 1 are completely rational [52, Cor. 3.4], so our results in
Section 4.3 apply and thus they have a unique KMS state: the geometric state ¢ge,. This
is not the case for ¢ > 1. Before going to the classification of the KMS states of Vir; and
a (possibly incomplete) list of KMS states for the Virasoro net with central charge ¢ > 1,
we characterize the geometric state for any ¢ [90, Theorem 3.6.2].

Theorem 4.8.1. The (primary locally normal) geometric KMS states of the Vir. net w.r.t.
translations assume the following value on the stress-energy tensor

Peeo (T'(f)) (1252) / fdx. (4.30)

Proof. The evaluation of the state on the stress-energy tensor (4.30) follows from (4.28)
using the same argument of the proof of Theorem 4.7.6. ]

4.8.1 KMS states of the Virasoro net Vir,

Recall that the Virasoro net Vir; is defined as the net generated by the representatives of
diffeomorphisms (see Section 1.5.3). In fact, it holds that Vir, (1) = {e/T) : supp(f) c I}",
since the latter contains the representatives of one-parameter diffeomorphisms, and this
consists a normal subgroup in Diff(I) of the group of diffeomorphisms with support in I,
then this turns out to be the full group because Diff(]) is algebraically simple [35, 69].
The net Vir; is realied as a subnet of the U(1)-current net which satisfies the trace class
property, hence so does Vir; and it is split as well.

The primary (locally normal) KMS states of the U(1)-current, restricted to the Virasoro
net, give primary (locally normal) KMS states. They are still primary because primarity
for KMS states is equivalent to extremality in the set of 7-invariant states [9, Theorem
5.3.32], and this is in turn equivalent to the clustering property (Proposition 4.6.8) for
asymptotically abelian nets; clustering property is obviously preserved under restriction.
We denote these states %, We know their values on the stress-energy tensor (4.27). Notice
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that the two different states ¢? and ¢~¢ coincide when restricted to Vir;. We have thus
a family of primary (locally normal) KMS states classified by a positive number |¢| € R*.
We will show that these exhaust the KMS states on Vir;.

An important observation for this purpose is that U(1)-current net, hence so does Viry,
can be viewed as a subnet of an even larger net. Namely, let Agp(2), be the net generated
by the vacuum representation of the loop group LSU(2) at level 1 (Section 1.5.2, [41]),
or by the SU(2)-chiral current at level 1 [78], on which the compact group SU(2) acts as
inner symmetry (an automorphism of the net which preserves the vacuum state). This
net satisfies the trace class condition by an analogous (in fact much simpler and better)
estimate as in U(1)-current net in Section 4.7.1, hence it is split. It has been shown [78§]
that the Virasoro net Vir; can be realized as the fixed point subnet in Agp(2), with respect
to this inner symmetry and we can apply Theorem 4.6.9, since A comes from a local net
on S! and asymptotically y-abelian with respect to some finite translation ~.

Theorem 4.8.2. The primary (locally normal) KMS states of the Viry net w.r.t. transla-
tions are in one-to-one correspondence with positive real numbers |q| € RT; each state ol
can be evaluated on the stress-energy tensor and it gives

P9 (T (f)) = (1;62 + %2) /fd:c. (4.31)

Proof. For any q € R, the restriction of the KMS state ¢? to the Vir; subnet gives a KMS
state. The evaluation of the state on the stress-energy tensor (4.31), depending only on
lq|, follows again from (4.28) using the same argument of the proof of Theorem 4.7.6.

We have to prove that any primary KMS state of Vir; arises in this way. To this end,
we use Theorem 4.6.9 applied to the inclusion of Viry in the SU(2);-current net. Let B
be the SU(2),-current net Agy(2),. Then the Virasoro subnet Viry is (isomorphic to) the
fixed point of the B w.r.t. the action « : SU(2) — AutB of the gauge group SU(2) [78].
Moreover, as shown in [22], all the subnets of B are classified as fixed points w.r.t. the
actions of closed subgroups of SU(2) (conjugate subgroups give rise to isomorphic fixed
points); in particular, let Ay ) be the U(1)-current net, it is the fixed point B of the net
B w.r.t. the action of the subgroup H ~ S of rotations around a fixed axis.

Let ¢ be a primary KMS state of Vir; = BSU(2) . By applying Theorem 4.6.9 we obtain
a locally normal primary (i.e. extremal) 7-invariant extension ¢ on B, which is a KMS
state w.r.t. the one parameter group ¢t — 7, = 7; 0 a,(;), with a suitable one parameter
group t — x(t) € SU(2). The image of t — x(t) € SU(2) is a closed subgroup H ~ S*,
therefore, if we consider the subnet A = B it is 7 invariant and, as Tela = 7|4, the state
@ is a primary KMS state of A w.r.t. 7. It then follows that the KMS state ¢ of Vir; is
the restriction of a KMS state ¢|4 of A, isomorphic to the U(1)-current net Ayy). O

Remark 4.8.3. The geometric KMS state corresponds to ¢ = 0, because it is the restriction
of the geometric KMS state on the U(1)-current net, and the corresponding value of the

‘energy density’ 12”62 + ‘12—2 is the lowest in the set of the KMS states.
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Remark 4.8.4. In contrast to the case of the U(1)-current net (Theorem 4.7.3), here the
different primary KMS states are not obtained through composition of the geometric one
with automorphisms of the net.

By contradiction, suppose that there were an automorphism a of the net such that
@1 = poa with ¢ # 0. The KMS condition for poa w.r.t. the one parameter group t — 7
is equivalent to the KMS condition for ¢ w.r.t. the one parameter group ¢t — co7 0!
and, by the uniqueness of the modular group, 7, has to coincide with oo 7, 0 a1, i.e.
the automorphism of the net commutes with translations. By Proposition 4.3.2 « cannot
preserve the vacuum state and, by Lemma 4.3.5 there is a continuous family of pairwise non
unitarily equivalent automorphisms of A|g commuting with translations. By Proposition
4.3.6, there is a continuous family of automorphic sectors of A, which contradicts the
fact, proved in (23], that Vir; can have at most countable sectors with finite statistical
dimension.

Recall that the thermal completion net played a crucial role for the uniqueness results.
Let Ay(t,s) := m,(A(t, s)) and A%L(t,s) := A,(t, 00) N Ay(s,00). Putting A = Vir; and
¢ = ¢l with ¢ # 0, we have examples for which

At s) # AL(t, s).

Indeed, if the inclusion A,(t,s) C Af,(t, s) were an equality, as A = Vir; has the split
property, Theorem 4.2.1 tells that ¢ would have to be (g, © a the observation in the
previous paragraph would give a contradiction.

4.8.2 KMS states of the Virasoro net Vir, with ¢ > 1

Here we show a (possibly incomplete) list of KMS states of the net Vir, with ¢ > 1.
The restriction of Vir; to the real line R can be embedded as a subnet of the restriction

to R of the U(1)-current net. One can simply define a new stress-energy tensor [18, equation
(4.6)], with k e Rand f € D

T(f):=T(f)+kJ(f)

and, using the commutation relations (4.13), calculate that

~ ~ o~ 1+ K
(. T@) =T (f.gh+ i3y [ fgdn
R
~ ~ 7
It follows that the net generated by T'(f) as Vir, (I) := {elT(f) :suppf C I} with I € R,

is the restriction to R of the Virasoro net with ¢ = 1 + k% > 1 [18]. We observe that
Vir.(I) C Ayay({) for I € R. Indeed, we know the locality of J and 7', hence if supp(f) C
I, then eif(f) commutes with W (g) with supp(g) C I’ by the Trotter formula. By the
Haag duality it holds that /7 € Avmy(I).
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The primary (locally normal) KMS states of the U(1)-current, restricted again to
this Virasoro net, give primary locally normal KMS states, noticing that ¢?(J (f’)) =

q [ fdz=0: )
(T 0) = 1) = (g + 5 ) [ 7

as in the ¢ = 1 case, the restrictions of ? and ¢~%are equal. We have thus the following

Theorem 4.8.5. There is a set of primary (locally normal) KMS states of the Vir. net
with ¢ > 1 w.r.t. translations in one-to-one correspondence with positive real numbers
lq| € RT; each state o9 can be evaluated on polynomials of stress-energy tensor T(f) and
on a single T(f) it gives:

P9 (T (f)) = (12”52 + g) /fdx. (4.32)

and the geometric KMS state corresponds to q = %\ / @ and energy density 1;’;2.

Proof. As in the case of Viry, the restriction of a primary KMS state of the U(1)-current
net is a primary KMS state and ¢ = P iff ¢ = +p.

The last statement on the geometric KMS state follows by comparison of (4.32) with
(4.30). O

Remark 4.8.6. Unlike the Vir; case, here the geometric KMS state does not correspond
either to ¢ = 0 or the lowest possible value # of the energy density.

4.9 The free fermion model

In this section we consider the free fermion net and the KMS states on its quasilocal
C*-algebra. For an algebraic treatment of this model, see [5, 67]. In contrast to the U(1)-
current model, the free boson model, it turns out to admit a unique KMS state (for each
temperature). The model is not local, but rather graded local. Tt is still possible to define
a (fermionic) net [25].

The free fermion field ¢ defined on S* satisfies the following Canonical Anticommutation

Relation (CAR):
{¢(2),¥(w)} = 2miz - 6(z — w),

and the Hermitian condition ¢ (2)* = 21(z), or if we consider the smeared field, we have

(W) (g)} = 74 : F(2).

g1 2miz

We put the Neveu-Schwarz boundary condition: t(2¢?*™) = ¢)(z). Then it is possible to
expand 1 (z) in terms of Fourier modes as follows.

P(z) = Z bz " E

TEZJr%
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The Fourier components satisfy the commutation relation {bs,b,} = d5_, 1, s,r € Z + %

There is a faithful *-representation of this algebra which contains the lowest weight
vector 2, i.e., b, = 0 for s > 0 (we omit the symbol for the representation since it is faith-
ful). This representation is Mobius covariant [5], namely there is a unitary representation
U of SL(2,R) = SU(1,1) such that U(g)y(2)U(g) = (g - z) and U(g)Q2 = 2.

Let P be the orthogonal projection onto the space generated by even polynomials of
{bs}. It commutes with U(g) and the unitary operator I' = I — P defines an inner symmetry
(an automorphism which preserves the vacuum state (€2, -Q)).

For an interval I, we put A(1) := {¢(f) : supp(f) C I}”. Then A is a Mdbius covariant
fermi net in the sense of [25], and graded locality is implemented by Z. As a consequence,
we have twisted Haag duality: It holds that A(I') = ZA(I)'Z*, where Z := =2 In
addition, we have Bisognano-Wichmann property: A" = U(A(—27t)), where A" is the
modular group of A(R, ) with respect to Q under the identification of S* and RU{oc}, and
A is the unique one-parameter group of SL(2,R) which projects to the dilation subgroup
in PSL(2,R) under the quotient by {1, —1} [27].

With {bs} we can construct a representation of the Virasoro algebra with ¢ = % as
follows (see [67]):

L, := %Z (s — g) b_sbpis, for n >0,

n
$>5

and L_, = L*. For a smooth function f on S! We can define the smeared stress-energy
tensor T'(f) :== >, faLn, where f, = ¢, ;—;z_” Lf(2). Two fields ¢ and T are relatively
local, namely if f and g have disjoint supports, then [¢(f),T(g)] = 0 (¢(f) is a bounded
operator and this holds on a core of T'(g)).

By the graded locality, we have €79 € A(T) if supp(g) C I ( since 9(f) is bounded for
a smooth function f, there is no problem of domains). Let us define Vir, (I) := {19
supp(g) C I1}. This Virasoro net Virs has been studied in [52] and it has been shown that
V1r1 admits a unique nonlocal, relatlvely local extension with index 2. Hence the fermi net
A i 1s the extension. Furthermore, by the relative locality, A is diffeomorphism covariant by
an analogous argument as in [24, Theorem 3.7].

We consider the restricted net A|g on R as in Section 4.5.1, the quasilocal C*-algebra
2l and translation.

Theorem 4.9.1. The free fermion net A admits one and only KMS state at each temper-
ature.

Proof. By the diffeomorphism covariance and Bisognano-Wichmann property, we can con-
struct the geometric KMS state as in Section 1.3.2 (locality is not necessary). On the other
hand, Vir 1 is completely rational [52], hence it admits a unique KMS state. In this case,
we have proved without locality (Theorem 4.3.11) that also the finite index extension A
admits only the geometric KMS state. O
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4.10 Open problems

Classification and further properties

The classification problem of KMS states on Vir, with ¢ > 1 remains open. Furthermore, we
have shown that the thermal completion of such a net with respect to a (non-geometric)
KMS state is different from the original net. It is interesting to study these thermal
completions, or even express them in terms of well-known nets. We investigated ground
states in Chapter 3. Ground states are considered to be the states with temperature zero.
More direct relation between KMS states and ground states on the specific nets we studied
is desired.

KMS states on more two-dimensional nets

We will construct in Chapter 5 several new families of two-dimensional nets out of conformal
nets. If they are really strictly local, then it would be interesting to consider their structure
of thermal states. There are even interacting massive models on two-dimensional spacetime
[59]. The existence of KMS states on such models is open. There models are not dilation-
covariant, hence a more rich structre of thermal states is expected.



Chapter 5

Scattering theory of two-dimensional
massless nets

Chapter Introduction

Quantum field theory is designed to describe interactions between elementary particles and
can successfully account for a wide range of physical phenomena. However, its mathemati-
cal foundations are still unsettled and constitute an active area of research in mathematical
physics. While the most important open problem in QFT is the existence of interacting
models in physical four-dimensional spacetime, theories in lower dimensional spacetime
have also attracted considerable interest. The purpose of this Chapter is twofold: to show
that a part of two-dimensional Conformal field theory which admits a simple particle de-
scription is not interacting, and to construct a family of interacting two-dimensional net
of observables with a weak localization property. For this purpose, we extend the theory
of waves by Buchholz [11] to weakly localized theory.

In view of a large body of highly non-trivial results concerning two-dimensional CF'T,
both on the sides of physics and mathematics [29, 41, 39], our assertion that these theories
have trivial scattering theory may seem surprising. In this connection we emphasise that
the presence of interaction in scattering theory cannot be inferred solely from the fact
that a particular expression for the Hamiltonian or the correlation functions differ from
those familiar from free field theory. In fact, the Ising model, the most fundamental
“Interacting” model, can be considered as a subtheory of “free” fermionic field [67], hence
the conventional term of “interaction” seems ill-defined. Instead, a conclusive argument
should rely on a scattering theory which implements, in the theoretical setting, the quantum
mechanical procedure of state preparation at asymptotic times. Such an intrinsic scattering
theory was developed by Buchholz [11] in the framework of Algebraic QFT, which we also
adopt in this thesis.

As the classical results on the absence of interaction in dilation-covariant theories in
physical spacetime require the existence of irreducible representations of the Poincaré group
with finite multiplicity [28, 15], they cannot be applied to two-dimensional CFT directly.

135
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We combine essential ideas from [15] with the representation theory of the Mébius group to
overcome this difficulty and obtain triviality of the scattering matrix. Exploiting again the
Mébius symmetry, we construct chiral observables following Rehren [77] which live on the
positive or negative lightrays and show that they generate all the collision states of waves
from the vacuum. In examples of non-chiral two-dimensional CFT, the profile of chiral
observables is well-known [53], hence this result gives an explicit description of the subspace
of collision states. As a by-product we obtain an alternative proof of the noninteraction of
waves and the insight that asymptotic completeness of a conformal field theory (in the sense
of waves) is equivalent to chirality. This suggest that chiral Mdbius covariant theories are
generic examples of noninteracting massless theories in two-dimensional spacetime. Indeed,
it turns out that asymptotically complete Poincaré covariant net satisfying Bisognano-
Wichmann property and Haag duality can be recovered from the asymptotic chiral net and
the scattering operator. This contains a strenghthened converse of the sufficient condition
for noninteraction by Buchholz [11].

Then we turn to the problem of construction of interacting QFT. Recently, operator-
algebraic methods have been applied to construct models with weaker localization property
[44, 45, 19, 12, 58]. A remarkable feature of these new constructions is that they first
consider a single von Neumann algebra (instead of a family of von Neumann algebras) which
is acted on by the spacetime symmetry group in an appropriate way. The construction
procedure relying on a single von Neumann algebra has been proposed in [6] and resulted
in some intermediate constructions [44, 45, 12, 58] and even in a complete construction
of local nets [59]. This von Neumann algebra is interpreted as the algebra of observables
localized in a wedge-shaped region. There is a prescription to recover the strictly localized
observables [6]. However, the algebras of strictly localized observables are not necessarily
large enough and it can be even trivial [12].

Among above constructions, the deformation by Buchholz, Lechner and Summers starts
with an arbitrary wedge-local net. When one applies the BLS deformation to chiral con-
formal theories in two dimensions, things get considerably simplified. We have seen that
the theory remains to be asymptotically complete in the sense of waves [11] even after the
deformation and the full S-matrix has been computed. Then we construct several families
of wedge-local nets based on chiral conformal nets with a new scheme. It turns out that
all these construction are related with endomorphisms of the half-line algebra in the chiral
components recently studied by Longo and Witten [64]. Among such endomorphisms, the
simplest ones are translations and inner symmetries. We show that the construction related
to translations coincides with the BLS deformation of chiral CFT. The construction related
to inner symmetries is new and we completely determine the strictly localized observables
under some technical conditions. Furthermore, by using the family of endomorphisms on
the U(1)-current net considered in [64], we construct a large family of wedge-local nets
parametrized by inner symmetric functions. All these wedge-local nets have nontrivial
S-matrix, but the strictly local part of the wedge-local nets constructed through inner
symmetries has trivial S-matrix. The strict locality of the other constructions remains
open. Hence, to our opinion, the true difficulty lies in strict locality.

This Chapter is organized as follows. In Section 5.1 we demonstrate that waves in



5.1 Noninteraction of waves in conformal nets 137

two-dimensional CFT have always trivial scattering matrix. In Section 5.2 the chiral
components are defined following [77]. They turn out to generate all the waves from the
vacuum. In Section 5.3.1, under Bisognano-Wichmann property and Haag duality, we
show that asymptotic fields are conditional expectations and that a Poincaré covariant net
is asymptotically complete and noninteracting if and only if it is isomorphic to a chiral
Mobius net. In Section 5.3.2 we show that in- and out-asymptotic fields coincide in Mobius
covariant nets. In 5.4 remarks about various definitions of chiral component are given.

Then we turn to the problem of construction of interacting models. We summarize
some variations of the scattering theory for wedge-local nets in Section 5.5. In Section 5.6
we show that the pair of S-matrix and the asymptotic algebra is a complete invariant of a
massless asymptotically complete net. In Section 5.7 we construct wedge-local nets using
one-parameter endomorphisms of Longo-Witten. It is shown that the case of translations
coincides with the BLS deformation of chiral CFT and the strictly local elements are
completely determined for the case of inner symmetry. A common argument is summarized
in Section 5.7.1. Section 5.8 is devoted to the construction of wedge-local nets based on a
specific example, the U(1)-current net. A similar construction is obtained also for the free
fermionic net. Section 5.9 summarizes open problems and our perspectives.

5.1 Noninteraction of waves in conformal nets

5.1.1 Representations of the spacetime symmetry group

As a preliminary for the proof of the main result, we need to examine the structure of
representations of the group generated by translations and dilations.

Recall that we denote by P the subgroup of PSL(2,R) generated by (one-dimensional)
translations and dilations. The group P is simply connected, hence it can be considered as
a subgroup of PSL(2,R). The direct product P x P C PSL(2,R) x PSL(2,R) is the group
of (two-dimensional) translations, Lorentz boosts and dilations. For the later use, we only
have to consider representations of P x P which extend to positive-energy representations
of PSL(2,R) x PSL(2,R).

Recall further that irreducible positive-energy representations of PSL(2, R) are classified
by a nonnegative number [/, which is the lowest eigenvalue of the generator of (the universal
covering of) the group of rotations (see [63]). We claim that irreducible representations of
PSL(2,R) x PSL(2,R) are classified by pairs of nonnegative numbers [y, [g. Indeed, we can
take the Garding domain D since PSL(2,R) x PSL(2,R) is a finite dimensional Lie group.
Furthermore, if a representation is irreducible, then the center of the group must act as
scalars. From this it follows that the joint spectrum of generators of left and right rotations
is discrete and each point must have positive components by the assumed positivity of
energy. The same argument as in [63] shows that an eigenvector with minimal eigenvalues
of rotations generates an irreducible representation, hence irreducible representations are
classified by this pair of minimal eigenvalues. Conversely, all of these representations are
realized by product representations. Let us sum up these observations:
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Proposition 5.1.1. All the irreducible representations of PSL(2,R) x PSL(2,R) are com-
pletely classified by pairs of nonnegative numbers (I, Ilr). A representation with a given
(IL, [r) is unitarily equivalent to the product of representations of PSL(2,R) with lowest
weights Iy, g (I, = 0 or lg = 0 correspond to the trivial representation). A vector in any
of these irreducible representations is invariant under the subgroup PSL(2,R) x id if and
only if it is invariant under 1y X id, where Ty is the translation subgroup of PSL(2,R) (and
the same holds for the right component).

We know that if [ # 0 then the restriction of the representation to P is the unique
strictly positive-energy representation [63] (here “positive-energy” means that the gener-
ator of translations is positive). As a consequence of Proposition 5.1.1, we can classify
positive-energy irreducible representations of P x P which appear in Mobius covariant
nets.

Corollary 5.1.2. Let v and p be the trivial and the unique strictly positive-enerqgy repre-
sentation of P respectively. Any irreducible positive-energy representation of P x P which
extends to PSL(2,R) x PSL(2,R) is one of the following four representations.

L AR
°* PR
° 1®p,

o PR p.

Any (possibly reducible) representation of P x P extending to PSL(2,R) x PSL(2,R) is a
direct sum of copies of the above four representations.

Proof. The first part of the statement follows directly from Proposition 5.1.1. The second
part is a consequence of the general result (for example, see [30, Sections 8.5 and 18.7])
that any continuous unitary representation (on a separable Hilbert space) of a (separable)
locally compact group is unitarily equivalent to a direct integral of irreducible represen-
tations. Since by assumption the given representation extends to PSL(2,R) x PSL(2,R),
it decomposes into a direct integral, and the components have positive-energy almost ev-
erywhere. Hence they are classified by (I, [g) and when restricted to P x P they fall into
irreducible representations listed above. Since the integrand takes only four different values
(up to unitary equivalence), the direct integral reduces to a direct sum. ]

5.1.2 Proof of noninteraction

As waves are defined in terms of representations of translations, we need to analyse the
representation U. We continue to use notations from the previous section. A net A in this
section is always assumed to be Mobius covariant.

The representation p of P does not admit any nontrivial invariant vector with respect
to (one-dimensional) translations. The subgroup of dilations is noncompact (isomorphic to
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R) and for any vector ¢ in the representation space of p it holds that p(d,)¢ tends weakly
0 as s — +00, where §, represents the group element of dilation by e®.

Remark 5.1.3. At this point we use the assumed covariance under the action of the two di-
mensional Mobius group PSL(2,R) x PSL(2,R). If we assume only the dilation covariance
(as in [15]), I am not able to exclude the possibility of occurrence of a representation of P
which is trivial only on translations. As we will see, the absence of such representations is
essential to identify all the waves in the relevant representation space.

Among the four irreducible positive-energy representations of P x P (Corollary 5.1.2),
only ¢ ® ¢ contains a nonzero invariant vector with respect to two-dimensional translations.
The representation space of ¢ ® p consists of invariant vectors with respect to positive-
lightlike translations but contains no nonzero invariant vectors with respect to negative-
lightlike translations. An analogous statement holds for p ® «. The representation p ®
p contains no nonzero invariant vectors, neither with respect to negative- nor positive-
lightlike translations.

Let us consider the representation U of PSL(2, R) x PSL(2, R) associated with a Mobius
covariant net A. The restriction of U to P x P is a direct sum of copies of representations
which appeared in Corollary 5.1.2. By the uniqueness of the vacuum, the representation
L ® ¢ appears only once. Waves of positive (respectively negative) direction correspond
precisely to p ® ¢ (respectively ¢ ® p). From these observations, it is straightforward to see
the following.

Lemma 5.1.4. Let us denote by P the spectral measure of the representation T = U|g2
of translations. Fach of the following spectral subspaces of T carries the multiple of one
of the irreducible representations in Corollary 5.1.2 (the correspondence is the order of
appearance)

e Qo :=P({(0,0)}),
o Qu:=P{(ag,a1) : ap = a1,a9 > —ar}),
o Qr = P({(ap,a1) : ag = —a1,a0 > a1 }),

o QL,R = P({(ag,al) Qg > ay,ag > —al}).

Let 6" be the dilation in the left-component of PSL(2,R) x PSL(2,R). Then for any vector
Ee X, W—liom U(65)¢ = (Qr+Qo)€. Similarly for the dilation in the right component 5% we
s—

have W—lign U(6M)E = (Qr+Qo)€. Furthermore, it holds that Qr+ Qo = Py, Qr+Qo = P
s—
(see Section 1.4.1 for definitions)

After this preparation we proceed to our main result:

in out
Theorem 5.1.5. Let A be a Mobius covariant net. We have the equality £, x&_ = &4 X &
for any pair £, € Hy and - € H_. In particular, such waves do not interact and we have

g_cout — g_(‘in‘
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in out in in
Proof. We show the equality (£, x&_,ny xn_) = (& xE_,nyxn_) for any £,,ny € H_

and 5 ,n— € H_. This is in fact enough for the ﬁrst statement, since we know that
out

I X | = lIns Xn_|l. As a particular case we have (n, Xn_,n, X 1) = (s X1, n, Xn_),

in

which is possible only if 7)+O>< N_ = nyLXn_.

Obviously it suffices to show the equality for a dense set of vectors in H, and JH_. Let
us take three double cones O, , Oy, O_ which are timelike separated in this order, more
precisely Oy stays in the future of O_ and in the past of O, , and assume that Oy is a
neighborhood of the origin. We choose elements z, € A(O,) and y,,y_ € A(O_). We
take a self-adjoint element b € A(Oy) and set by := Ad(U(6%))(b) for s < 0. Then {b,} are
still contained in A(Op). We set:

. A&/in w13 — w_li L
£y = P (x4)Q, & = Ws_lggn b2 WS_1>10Hl U(6,)bS2,
i = O (y4)9, - = oM (y-)Q,

(- = PN (yn ) = PN (y_ )" Q.

Note that by commutes with ®(z,), 3" (y;) and ®°"*(y_) since ™ and ¢°** are defined
as strong limits of local operators and from some point they are spacelike separated (see
Remark 1.4.2). We see that

out

(Eoxem X = (@) (- lim b,0), B2 (4. ) By
= (@ ()b B9 ()2 (4 )0)
= (@ ()BT (1), B (5 )D.S2),

)€)

where we used Remark 1.4.2 in the 3rd line. Continuing the calculation, with the help of
the definition of asymptotic fields, this can be transformed as

(EXEmXns) = (@)@ () B (1) (w-Tim b, )
<<D ( )f+>q)out(3/+)f>
<§+><C— 77+><§ )

= (Em) - (L6
(
(
(

£+,n+> (D2 (y2 )R, (w-lim b,02))
&4 m4) - ((W-1im b,2), @‘i“t( -))
) (&n-)
= <§+><§_,77+><17_>,

where the 6th equality follows from Remark 1.4.2 and the self-adjointness of b, the 4th and
8th equalities follow from Lemma 1.4.3. This equation is linear with respect to b (which is
implicitly contained in £_), hence it holds for any b € A(Oy).

§+7 N+
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Note that ®(z,)Q = PrayQ, 09 (y,)Q = Pry,Q, 0" (y_)Q = P_y_Q and we have
lim, b2 = P_bS2 by Lemma 5.1.4. By the Reeh-Schlieder property, each set of vectors of
these forms is dense in H; and H_, respectively. Thus the required equality is obtained
for dense subspaces and this concludes the proof. ]

5.2 Subspace of collision states of waves

It has been shown by Rehren that any Mobius covariant net contains the maximal chiral
subnet, consisting of observables localized on the lightrays [77]. Here we show that the
subspace generated by such observables from the vacuum exhausts the subspace of collision
states. With this information at hand, we provide an alternative proof of noninteraction
of waves and show that a Mobius covariant field theory is asymptotically complete if and
only if it is chiral.

5.2.1 The maximal chiral subnet and collision states

As we have seen in Section 1.1.8, from a pair of Mdbius covariant nets on S! we can
construct a two-dimensional Mobius covariant net. In this section we explain a converse
procedure: Namely, starting with a two-dimensional Mobius covariant net A, we find a
pair of Mobius covariant nets A4 on S' which are maximally contained in A. In general
such a chiral part is just a subnet of the original net. Moreover, we show that the subspace
generated by this subnet from the vacuum coincides with the subspace of collision states
of waves. It follows that a Mdobius covaraint net is asymptotically complete if and only if
it is chiral.

It is possible to define chiral components in several ways. We follow the definition by
Rehren [77]. Recall that the two-dimensional Mobius group PSL(2,R) x PSL(2,R) is a
direct product of two copies of the universal covering group of PSL(2,R). We write this
as Gy, x Gr, where Gy, and Gy are copies of PSL(2,R) !.

Definition 5.2.1. For a two-dimensional Médbius net A we define nets of von Neumann
algebras on R by the following: For an interval I C R we set the von Neumann algebras

An(I) == A(I x J) N U(Gr),

Ar(J) == A(I x J)NU(Gy)'.

The definition of Ay, (respectively Ar) does not depend on the choice of J (respectively of
I) since Gr (respectively Gr) acts transitively on the family of intervals.

If the net A is conformal, then the components Ay, and Ag are nontrivial (see Remark
5.4.3)

!Generally, the symbol G is used to indicate the universal covering group for a group G, but for
PSL(2,R) it is customary to use the notation PSL(2,R) for its universal cover.
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Lemma 5.2.2 ([77]). The nets Ay, Ar extend to Mobius nets on S*. For a fized double
cone I x J, there holds
AL(I) V AR(J) = AL(I) ® Ar(J).

Then we determine H°* = H™ in terms of chiral components. The key is the following
lemma.

Lemma 5.2.3 ([77], Lemma 2.3). Let A be a Mébius covariant net. The subspace Ay (I)$2

coincides with the subspace of Gr-invariant vectors. A corresponding statement holds for
Ar(J).

Remark 5.2.4. The proof of this lemma requires Mobius covariance. On the other hand,
in Section 5.1.2, where we utilized the fact that the representation U of P x P extends to
PSL(2,R) x PSL(2,R), what was really needed is that U decomposes into a direct sum of
copies of the four irreducible representations in Corollary 5.1.2.

Theorem 5.2.5. It holds that H°" = H™ = Ap(I) V Ar(J)Q.

Proof. As we have seen in Proposition 5.1.1, the spaces of invariant vectors with respect to
G, Gr and to positive/negative lightlike translations coincide. Lemma 5.2.3 tells us that
AL(1)Q = H, and Ar(J)Q2 =H_.

As elements in Aj, are fixed under the action of Gg, for z € Ap(I) it holds that
®(z) = z. Similarly we have ®™(y) =y for y € Ag(J). Thus we see that

:z:Ql>I<1yQ = O (2)0" (y)Q = 2yQ € AL(I) V Ar(J)Q

Conversely, since A (I) and Agr(J) commute, any element in Ap () V Agr(J) can be ap-
proximated strongly by linear combinations of elements of product form xy. This implies
the required equality of subspaces. O]

As a simple corollary, we have another proof of noninteraction of waves and a relation
between asymptotic completeness and chirality:

Corollary 5.2.6. Let A be a Mobius covariant net.

in out
(a) (same as Theorem 5.1.5) We have the equality £, X&_ = &4 X & for any pair &, € H
and & € H_. In particular, such waves do not interact.

(b) HoW = H™ = H if and only if A coincides with its maximal chiral subnet.

Proof. Theorem 5.2.5 tells us that the space of collision states of waves is generated by
chiral observables A, (1) V Agr(J). Lemma 1.4.1 assures that to investigate the S-matrix it
is enough to consider observables which generate the collision states. Then, on the space
of waves Hy = ApL(I) V Ar(J)Q and regarding the chiral observables, it has been shown
that a chiral net is asymptotically complete (" = H™ = H;) and the S-matrix is trivial
(34, 33].
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If Hy # H, then by the Reeh-Schlieder property, the full net A must contain non-chiral
observables, and A, ® Ar # A. If Hy = H, since both Ay, ® Ar and A are Mobius
covariant, there is a conditional expectation Fo : A(O) — A ® Ag(O) which preserves
(-, ), but Ep is in fact the identity map since € is cyclic for Ay, @ Ar(O) (see Theorem
1.1.3). O

5.2.2 How large is the space of collision states?

We have seen that a part A (1) V Agr(J)S2 of the Hilbert space H can be interpreted as the
space of collision states of waves and that these waves do not interact. Then of course it is
natural to investigate the particle aspects of the orthogonal complement of this space. We
do not go into the detail of this problem here, but restrict ourselves to a few comments.

The full Hilbert space decomposes into a direct sum of subspaces invariant under the
action of chiral observables A, ® Ag:

H= @j{ﬂw

where {p;} are irreducible representations (see [60]) of Ap, ® Ar. When A;, and Ag are
completely rational [54], then the representations p; are tensor products p- @ pf of repre-
sentations pr of Ay, and pt of Agr. As we consider the maximal chiral subnet introduced
by Rehren, the vacuum representations pf, pit appear only once, in the form pf ® pit [77,
Corollary 3.5]. Theorem 5.2.5 says that the waves are contained only in Hy where pf, pit
are the vacuum representations of Ay, and Ag, respectively.

Hence, when A is not chiral, the space of collision states is at most a half of the
full Hilbert space, if we simply count the number of representations which appear in the
decomposition. A conceptually more satisfactory measure is the index of the inclusion
[A: AL ® Ag]. The minimal value of the index of a nontrivial inclusion is 2, which would
mean again that waves occupy half of the available space. This case indeed happens: Let
Ag be a Mobius covariant net on S with Zy symmetry. If we define A = (A ®.A4)%2, where
Zs acts on Ay ® Ag by the diagonal action and (Ag ®AO)ZQ is the fixed point subnet of this
action, then A has AZ2* ®A5? as the maximal chiral subnet and the index [A : A2 ®A%?] is
2. But in this case it is natural to say that the orthogonal complement can be interpreted
as collision states in a bigger net Ay ® Ag which do not interact. In general, if a given net
is not the fixed point, such a reinterpretation of the orthogonal complement as waves is
impossible and the index is typically larger than 2. New ideas are needed to clarify this
general case.

5.3 Asymptotic fields as conditional expectations

5.3.1 Characterization of noninteracting nets

In [11], in the general setting of Poincaré covariant nets, Buchholz has proved that timelike
commutativity implies the absence of interaction. The purpose of this subsection is to
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show a strenghthened converse, namely that if a two-dimensional Poincaré covariant net is
asymptotically complete and noninteracting, then under natural assumptions it is (unitarily
equivalent to) a chiral Mobius covariant net.

Let A be a Poincaré covariant net satisfying the Bisognano-Wichmann property. We
start with general remarks on asymptotic fields. Let N%"* be the von Neumann algebra
generated by ®3"(z) where z € A(O), O C Wx and O is bounded 2.

Lemma 5.3.1. The asymptotic field ®3* is a conditional expectation (cf. 1.1.9) from
A(Wr) onto NS"* which preserves the vacuum state w := (£2,-8).

Proof. By construction, ®(z) € A(Wg) for such z € A(O),0 C Wy as above. Recall
that if g is a Poincaré transformation, it holds that AdU(g)®%"(z) = ®"(AdU(g)(x))
(see Lemma 1.4.1). Hence N9 is invariant under Lorentz boosts AdU(—A(27t)),t € R.
Since we assume the Bisognano-Wichmann property, N9 is invariant under the modular
group of A(Wg) with respect to w.

By Takesaki’s Theorem 1.1.3, there is a conditional expectation E from A(Wg) onto
N"* and this is implemented by the projection P{"* onto N3"Q2. By Lemma 1.4.1, we know
that P{"* = P,. Two operators E(z) and ®(z) in A(Wr) satisfy E(z)Q = P{"zQ =
PaQ = &P (x)Q2. The vacuum vector 2 is separating for A(Wg), hence they coincide. [

Analogously, we consider N™ generated by {®™(z) : x € A(O),0 C Wg, O bounded}.
The asymptotic field ®™ is the conditional expectation from A(WWg) onto N™.

Proposition 5.3.2. Let us assume that A is asymptotically complete. The wedge algebra
A(Wr) is generated by N and N™.

Proof. As we observed before Lemma 5.3.1, N9 and N™ are invariant under Lorentz
boosts. Hence the same holds for Ny := N9 VV N™. Again by Theorem 1.1.3, there is
a conditional expectation E from A(Wg) onto Ng. The wedge algebra A(Wg) is already
in the GNS representation of the vacuum w since €2 is cyclic and separating for A(Wg).
NgQ contains all the collision states, since NgQ D {®3"(2)®™(y)Q2} and the assumption
of asymptotic completeness tells us that Ny is dense in I, hence the projection Py, onto
NgrQ is equal to 1. Therefore the conditional expectation F is in fact the identity map and
Nr = A(WR). O

Lemma 5.3.3. Let us assume that A is asymptotically complete and noninteracting. Then
it holds that " (z) = () and ™ (z) = ¢ (z) for x € A(O).

Proof. We present the proof for “+” objects only, since the other assertion is analogous. By

n out
the assumption that S = 1, it follows that £, x§_ = &, x&_forany pair &, € H & € H_.

*From Lemma 5.3.1 it is immediate that $9** naturally extends to A(Wg), but it is convenient to define
N with bounded regions since we see the relation between @' and ®°"* in Lemma 5.3.3.
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Then we have

PMa) £ XE = (@(a)E) K

out

— Pt XE
_ Pt xE

— (@ ()Ey )X
- (pif(x)'&ri;f—

out

= (I)lf(l.) : er X 5*7

where, in the 1st and 5th lines we used the fact that right- and left- moving asymptotic fields
commute, the 2nd and 4th equalities come from Lemma 1.4.1 and the rest is particular cases

in out
of the equivalence between “x” and “x”. By the assumption of asymptotic completeness,

n out
&+ x&_ = &4 x & span the whole space, hence we have the equiality of operators ®9"(x) =
O (x). O
_l’_

Lemma 5.3.4. Let us assume that A is asymptotically complete and noninteracting. The
map

in out
W @6 — & xE =& x &
gives a natural unitary equivalence (PyN9™) @ (P_N™) ~ A(Wg), which is elementwise
expressed as PO (x) @ P_®™(y) — ™ (x)P™(y). Furthermore, this decomposition is
compatible with the action of the Poincaré group 3)1: Hy and H_ are invariant under

TPTH hence there is a tensor product representation on H, @ H_ and it holds that W -
(U(g) P+ 5" (2)2 @ U(g) P-22(y)2) = U(g)W - (P29 (2)2 @ P_O"(y)Q2).

Proof. The unitarity of the map W in the statement is clear from Lemma 1.4.3 and it
follows that W intertwines the actions of asymptotic fields by Lemma 1.4.1: Namely, ®3*
and ®°"* act as in a tensor product (Lemma 1.4.1, 1.4.3) but we know that ®°"(z) = ®(x)
from noninteraction (Lemma 5.3.3). As for the action of the Poincaré group, we see from
Lemma 1.4.1, for x and y as in Lemma 5.3.3, that

W - U(g)d (1) (1) = W - AdU(g)(P" (2))AdU(g)(®™ (y))Q
= W-(AdU(g)(2))P2 (AU (g)(y))
= Pyo(AdU(g)(2))Q @ P-®(AdU(g)(y))
= P.U(9)®"(2)Q ® P_U(g)®™ (1)
= U(g)P 0 (2)Q @ U(g) P_d™(y)Q,

where in the last step we used the fact that H; and H_ are invariant under U(g). This
completes the proof. [
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For a von Neumann algebra N on the Hilbert space 3 (on which the net A is defined),
we denote N(a) = AdT(a)(N) for a € R?, where T is the representation of the translation
group for the net A (see Section 1.4.1). We put a; := (1,1),a_; := (—1,1) € R%

Lemma 5.3.5. The inclusion PLNS"(a_1) C PN is a standard +half-sided modular
inclusion with respect to Q on H . Analogously, P-N"(a;) C P_-N™ is a standard —half-
sided modular inclusion with respect to £ on H_.

Proof. We prove only the former claim, since the latter is analogous. Recall that the con-
ditional expectation ®"* commutes with translations (Lemma 1.4.1), hence N9"*(a_;) is
generated by {®9"(z) : € A(O),O0 C Wg + a_1,0 bounded}. The region Wg + a_; is
mapped into itself by Lorentz boosts A(—t),t > 0. Lemma 5.3.1 tells us that ®* is a
conditional expectation which preserves w := (€, -Q), hence the modular automorphism of
N with respect to w is the restriction of the modular automorphism of A(Wg). Thus
Bisognano-Wichmann property shows that N9 (a_;) is invariant under the modular au-
tomorphism of’ of N for ¢ > 0. The projection P commutes with both of N¢"* and
N%"*(a_1), hence it is a +half-sided modular inclusion.

As for standardness, note that A(Wg) NA(Wy, 4+ a_; + a1) contains A(D) where D =
WrN(Wy+a_1+ay) is a double cone. Recall that A(Wg) ~ PN @ P_N™ and the action
of the Poincaré group splits as well (Lemma 5.3.4). According to this unitary equivalence
we have A(Wy, +a_1 +a;) ~ PLN(a1) @ P-N"(a1)" and A(Wr) NA(WL +a_1 +a1) =~
P (NG NN (a_1)") @ P_(N"™NN™(a;)"), since we have wedge duality (Proposition 1.1.4).
The vector Q ~ Q ® Q is cyclic for A(D) (Reeh-Schlieder property) and this is possible
only if Q is cyclic for both PyN"* N N™(a_;)" and P-N"™ N N™(ay)’. The cyclicity for
PN AN (a_q)" is the standardness. O

Theorem 5.3.6. Let A be a Poincaré covariant net, asymptotically complete and nonin-
teracting (satisfying Haag duality and Bisognano- Wichmann property). Then it is a chiral
Mobius covariant net.

Proof. First we have to prepare two Mobius covariant nets on S': This has been done in
Lemma 5.3.5. Namely, putting ay; = (s, +t) € RR? for t € R, we have two nets

Ar((s, 1)) = Py (N©(a—s) NN (a))
Ar((s,t)) = P (N‘f(as) N N‘f(at)’) .
Under the unitary equivalence between H and H, ® H_ from Lemma 5.3.4, Haag duality
implies that, for the double cone D = Wgr N (WL + a_1 + a1), we have
AD) = AWr)NAWL 4+ a_1 + aq)
=~ PUNTS ANT (1)) @ PN 1N (ar)')
The corresponding equality for general intervals (sp,tr), (sg,tr) follows from the above

definition of nets A, Agr. In Lemma 5.3.4 we saw that the actions of the Poincaré group
are compatible with this unitary equivalence. [
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Remark 5.3.7. Haag duality is used only in Theorem 5.3.6. Since a Poincaré covariant net
A with Bisognano-Wichmann property is wedge dual (Propositions 1.1.4, 1.1.5), we can
infer that the dual net A¢ (see [3]) is a chiral Mobius net even if we do not assume Haag
duality.

5.3.2 Asymptotic fields in Mobius covariant nets

Finally, as a further consequece of the considerations on conditional expectations, we show
that in- and out-asymptotic fields coincide in M6bius covariant nets even without assuming
the asymptotic completeness. Lemma 5.3.1 has been proved for general Poincaré covariant
nets with Bisognano-Wichmann property, hence it applies to Mobius covariant net as well
(see Section 1.1.8). We use the same notations as in Section 5.2.

Let A;, ® Ar be the maximal chiral subnet. Since both nets A and A ® Agr are
Mobius covariant, they satisfy Bisognano-Wichmann property in € (see Section 1.1.8).
Theorem 1.1.3 of Takesaki implies that there is a conditional expectation Ep from A(D)
onto Ar(l) ® Ar(J), where D = I x J is a double cone in &, which is implemented
by the projection P onto H™ = H° = Ay (1) V Ar(J)S (see Theorem 5.2.5). Since the
projection P does not depend on D, the conditional expectations { Ep} pce are compatible,
namely, if D; C D, then it holds that Ep,|ap,) = Ep,. Indeed, it holds that Ep, (z)Q2 =
PxQ) = Ep,(2)Q and 2 is separating for A(Ds).

In addition, there is a conditional expectation id ® w from Ap(I) ® Ar(J) ~ AL(I) V
Ar(J) onto A (I) which obviously preserves w and is implemented by P, (see Theorem
1.1.3). If we take intervals I; C I, then the corresponding expectations are obviously
compatible. By composing this expectation and Ep, we find an expectation Fy, from A(D)
onto Ar,(I) which preserves w and is implemented by P, (we omit the dependence on D
since this family of expectations is compatible). Analogous statements hold for Ag(.J).

Theorem 5.3.8. If A is a Mdébius covariant net, then for x € A(D) with some bounded
double cone D = I x J, it holds that ®™(z) = O (x) and P°™(z) = O™(x).

Proof. We exhibit the proof only for “4” objects since the other is analogous. As we
have seen in Lemma 5.3.1, ®3" is a conditional expectation from A(Wg) onto N"* which
preserves w.

We claim that ®9"*(z) = E4(x). We may assume that D C Wy since 3" commutes
with translations, and E, is compatible and the translated expectation AdT'(a) o E o
AdT(—a) still preserves w (hence E, commutes with translation AdT'(a) as well). It holds
that 9" (z) € Ar(R_) C A(Wg) and E,(z) € Ar(I) C A(D) C A(Wg). In addition we
have ®"(2)Q2 = PraQ = E,()Q, hence by the separating property of Q for A(Wg) we
obtain the claimed equality.

Similarly one sees ®*(x) = E, (z), hence two asymptotic fields 3" and @ coincide.
[
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5.4 Chiral components of conformal nets

In this Section, we consider various definitions of chiral components when a net A is confor-

mal. These observations are not needed in the proof of noninteraction at the technical level

but justify the interpretation of chiral observables as observables localized on lightlines.
We use the notations from Section 5.2.

Proposition 5.4.1. For distant intervals Jy, Jo C R (i.e. they are disjoint with nonzero
distance), it holds that
.AL<I) = .A([ X J1> ﬂ.A(I X Jg)

Proof. Since the Mobius group PSL(2,R) = Gg acts transitively on the family of intervals
in R C S', the inclusion Ay, (1) C A(I x J) holds for any interval J by the covariance of
the net A. Thus inclusions in one direction is proven.

To see the converse inclusion, we consider the commutants. By the Haag duality on &,
we have

A(D) = (A(I x )N UGR)Y = A(I* x J7)V U(Cr) (: AT x TV U(éR)> ,
where I*, J* are defined in Section 1.1.8, and
(AT x ) NA(I x Jo)) = AT x J))VAIT x J;).

Recall that we can choose an arbitrary J. Let J be an interval which includes both .J;
and Jy. In this case we have J~ C J; and J~ C J,, hence

AT x J)C AT x J)VAIT x J;).

Furthermore, the fact that J; and J, are distant implies that the family of (two) intervals
{J;,J5 } is an open cover of a closed interval of length 2w. The algebra A(IT x J;)
(respectively A(IT x J;)) contains the representatives of diffeomorphisms of the form
id x gr with supp(gr) C Ji (respectively supp(gr) C Jo) in the sense that Conf(€) is a
quotient group of Diff(S1) x Diff (S1) (see Section 1.1.8).

We claim that the algebra A(I* x J7) VAT x J; ) contains any representative of
the form id x gg where g_ is an arbitrary element in Diff (S!). Note that Diff(S') can be
identified with the group of diffeomorphisms of R commuting with the translation by 27
and an element of the form id x gg where supp(gr) C J; or supp(gr) C Jo can be viewed
as a diffeomorphism with a periodic support. The group Diff(S?) is generated by such
elements, hence we obtain the claim. In particular it contains the representatives of the
universal cover G of the Mobius group. Summing up, we have shown the inclusion

A(IT x JYVU(GR) CAIT x JO) VAU x Jy).
The commutant of this relation gives the required inclusion. ]

In [53], the intersection (), A(/ x J) is taken as the definition of the chiral component.
In fact, this and Definition 5.2.1 coincide under the diffeomorphism covariance.
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Corollary 5.4.2. We have Ay, (I) =, A(I x J). Here, the intersection can be taken over
the set of finite length intervals contained in R or even all intervals in R as the covering
space of S' by considering A as a net on &.

Remark 5.4.3. From Proposition 1.1.2, it follows that, for a conformal net A, Ay (I) contains
the representatives of diffeomorphisms gy, x id with gr, supported in I and hence it is
nontrivial, although the intersection of regions (), x J is empty. A similar statement
holds for Ag.

If the chiral components Ay, Ar satisfy strong additivity, another (potentially useful)
definition is possible. This should support an intuitive view that Ay, Ag live on lightrays.

Proposition 5.4.4. Assume that Ag is strongly additive. If {J,} is a sequence of intervals
shrinking to a point, then it holds that Ay (I) =, Al X Jy).

Proof. First we claim that Ap(I) = A(I x J;) NA(I x Jy) if J; and J, are obtained from
an interval J by removing an interior point. One sees that the proof of Proposition 5.4.1
works except the part concerning the diffeomorphisms. Namely, it holds that Ag(J;UJy) C
AIT x JO)VAIT x Jy)

This time, the union J; U J5 is of length 27. By the assumed strong additivity of the
component Ag, this implies that Ag(S') C A(IT x J7) VAT x J;). In fact, if J is an
interval with length less than 27 which contains a boundary point of J; U J; , then Ag(J)
is contained in A(IT x J7 ) VA(IT x J5) by strong additivity (note that the restriction of
Ar(I) to its vacuum representation is injective if I is a bounded interval). By the additivity
of the chiral component, A(I* x J; )V A(IT x J; ) contains all the representatives of
diffeomorphisms of the form id x g, g € Diff(S?), in particular representatives of id x éR.
The rest of the argument is the same as Proposition 5.4.1.

Let {J,} be a sequence of intervals shrinking to a point, where J,, = (an,b,). Let
{/1,} and {J5,} be sequences of intervals which are obtained by Ji, = (ao,b,) and
Jon = (an,by). Let us denote J; := int((), J1n) = (ao,c), o = int((), Jon) = (¢, bo),

where ¢ = lim,, a,, = lim,, b, and int(-) means the interior. It is clear that
AL(I) C A(I x Jy,) C A X Jyn) NA(L X Jap),

but the last expression tends to

(VAU x Jin) VAT X Jpn) = (ﬂ A(I x Jm)) N (ﬂ A(I x Jg,n)>

n

= A x J1)NA(I x J3),

where the last equality follows from the Haag duality on & and additivity. We have seen
that this is equal to Ap(I), hence the intersection of the middle terms above is equal to
this as well. [
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Remark 5.4.5. Rehren defined the “generating property” of the net by

U(GL) CA(I x J)VAI x J)

U(GRr) C A(I x J)VA(I x J"),

for any I,.J. We proved Proposition 5.4.4 by showing the generating property for A with
the strongly additive conformal components. It has been shown in [77] that the generating
property implies that Ay (I) = A(I x J;) N A(I x Jy) where J; and J, are obtained by
removing an interior point from an interval.

5.5 Scattering theory for wedge-local nets

We then turn to the consideration on wedge-local nets. A wedge-local net or a Borchers
triple on a Hilbert space 3 is a triple (M, T, ) of a von Neumann algebra M C B(H), a
unitary representation T' of R? on H and a vector © € H such that

o AdT(to,t1)(M) C M for (to,t1) € Wr := {(to,t1) € R? : t1 > |to]}.

e The joint spectrum sp T is contained in the forward lightcone Vi = {(po,p1) € Ry :
po > |p1|}-

e ) is a unique (up to scalar) invariant vector under 7.

By the theorem of Borchers [6, 38], the representation T' extends to the Poincaré group
‘Pl, with Lorentz boosts represented by the modular group of M with respect to 2. With
this extension U, M is Poincaré covariant in the sense that if glWg C Wk for g € fPL, then
U(g)MU(g)* € M.

We denote by H, (respectively by H_) the space of the single excitations with positive
momentum, (respectively with negative momentum) i.e., H, = {£ € H : T(t, 1) =
¢ for t € R} (respectively H_ = {& € H : T'(t,—t){ = for t € R}).

Our fundamental examples come from Poincaré covariant nets. For a Poincaré covariant
net A, we can construct a wedge-local net as follows:

o M = A(Wg)
o T := Ulge, the restriction of U to the translation subgroup.
e (): the vacuum vector.

Indeed, the first condition follows from the Poincaré (in particular, translation) covariance
of the nets and the other conditions are assumed properties of U and 2 of the net. If
(M, T, Q) comes from a chiral conformal net A = A; ® As, then we say this triple is chiral,
as well. The simple construction by tensor product of chiral nets is considered to be the
“undeformed net”. We will exhibit later different constructions.
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Given a wedge-local net (M, T,€2), we can consider the scattering theory with respect
to massless particles [34], which is an extension of the theory explained in Section 1.4: For
a bounded operator x € B(H) we write x(a) = AdT(a)(z) for a € R?. Furthermore we
define a family of operators parametrized by T

zy(hy) = /dt hy(t)z((t, 1)),

where hg(t) = |T|°h(|T|72(t — T)), 0 < & < 1 is a constant, T € R and h is a nonnegative
symmetric smooth function on R such that [dth(t) = 1.

Lemma 5.5.1 ([11] Lemma 2(b), [34] Lemma 2.1). Let x € M, then the limits P (x) :=
s-lim x, (hy) and ®™(z) := 5 lim x_(hgy) exist and it holds that
——00

T—+o0
o 0"(2)Q = PrxQ and O™(2)Q = P_zQ
o O (z)Hy C Hy and P™(z)H_ C H_.

o AdU(g)(®5"(z)) = @5 (AdU(g)(w)) and AdU(g)(@2(z)) = S2(AdU(g)(w)) for g €
P such that gWx C Wr.

Furthermore, the limits 3" (x) (respectively ®™(x)) depends only on PyxQ (respectively
on P_x()).

Proof. We show the limit only for ®3", since the other is analogous. Since there holds the
estimate ||z (hr)|| < ||z|| [ dt|h(t)], it suffices to show the convergence on the dense set of
vectors M'C). First, using the mean ergodic theorem, one verifies that

s- lim $+(hT)Q = P+xQ

T—o0

It is easy to see that x;(hy) € M for a sufficiently large ¢ since hy is compactly supported.
Hence, for any y € R/,
5 limz, (hy)yQ = yPy FQ,
—00

which proves the convergence. Since M is a von Neumann algebra, the limit ®3"(z) is
an element of M. Since Q is separating for M, this operator depends only on ®3"(z)Q2 =
P Q.

The rest follows immediately from the definitions of limits of ®*, o, ]

Similarly we define asymptotic objects for the left wedge Wr,. Since JM'J = M, where
J is the modular conjugation for M with respect to 2, we can define for any y € M’

DT (y) := JON(TyJ), B (y) := JB"(JyJ)J.

Then we have the following.
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Lemma 5.5.2 ([34], Lemma 2.2). Let y € M'. Then

@L‘:(y) = s-limy, (hy), ®°"(y) = s-limy_(hg).
T——00 T—o0
These operators depend only on the respective vectors (y)Q = PyyQ, ®°"(y)Q = P_yQ
and we have

(a) PR (y)FHy C Hy, OM(y)IH- C I,

(b) AdU(g)(2%(y)) = @L(AdU(9)(y)), AdU(g)(2(y)) = 2*(AdU(g)(y)) for g €
ﬂ’l such that gWy, C Wr,.

For &, € H,, & € H_ there are sequences of local operators {x,} C M and {y,} C M’
such that s-lim P, x,Q) = &, and s-lim P_y,2 = £_. With these sequences we define
— 00

n—o0 n
collision states as in [34]:

€+1>r<l§— = Sgilglq)il(lﬁ)@l—n(yn)ﬁ
EXE = s lm B9 (2,)2(y,)02.

in out
We interpret £, x{_ (respectively &, X £_) as the incoming (respectively outgoing) state
which describes two non-interacting waves £, and £_. These asymptotic states have the
following natural properties.

Lemma 5.5.3 ([34], Lemma 2.3). For the collision states &, 1>I<1£, and n, 1>I<177, it holds that
1o (& x€mexn=) = (€romy) - (6-,m-)-

2. U(g)(&4x€-) = (U(9)€) X (U(9)é-) for all g € P, such that gWr C Wy.
And analogous formulae hold for outgoing collision states.

The rest of the scattering theory is similar as in Section 1.4. Here we repeat it for
the convenience of the reader. We set the spaces of collision states: Namely, we let H™

n out
(respectively H°") be the subspace generated by £, x&_ (respectively £, x&_). From
Lemma 5.5.3, we see that the following map

S, Re s £ XE

is an isometry. The operator S : H°" — H™ is called the scattering operator or the S-
matrix of the wedge-local net (M, U, 2). We say the waves in the triple are interacting if
S is not a constant multiple of the identity operator on H°". We say that the wedge-local
net is asymptotically complete (and massless) if it holds that H™ = H" = H. We
have seen that a chiral net and its BLS deformations (see Section 5.7.2) are asymptotically
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complete [34]. If the wedge-local net (M, T, Q) is constructed from a Poincaré covariant
net A, then we refer to these objects as S, Hy, asymptotic completeness of A, etc. This
notion concerns only massless excitations. Indeed, if one considers the massive free model
for example, then it is easy to see that all the asymptotic fields are just the vacuum
expectation (mapping to C1).

To conclude this section, we put a remark on the importance of Borchers triples. If
(M, T,€) comes from a Haag dual Poincaré covariant net A, then the local algebras are
recovered by the formula A(D) = T(a)MT (a)*NT(b)M'T(b)*, where D = (Wr+a)N (W, +
b) is a double cone. Furthermore, if A satisfies Bisognano-Wichmann property, then the
Lorentz boost is obtained from the modular group, hence all the components of the net are
regained from the triple. Conversely, for a given wedge-local net, one can define a “local
net” by the same formula above. In general, this “net” satisfies isotony, locality, Poincaré
covariance and positivity of energy, but not necessarily satisfies additivity and cyclicity of
vacuum [6]. Addivity is usually used only in the proof of Reeh-Schlieder property, thus
we do not consider it here. If the “local net” constructed from a wedge-local net satisfies
cyclicity of vacuum, we say that the original wedge-local net is strictly local. In this
respect, a wedge-local net is considered to have a weaker localization property. Hence the
search for Poincaré covariant nets reduces to the search for strictly local nets. Indeed, by
this approach a family of (massive) interacting Poincaré nets has been obtained [59].

5.6 Asymptotic chiral algebra and S-matrix

5.6.1 Complete invariant of nets

Here we observe that asymptotically complete (massless) net A is completely determined
by its behaviour at asymptotic times. This is particularly nice, since the search for Poincaré
covariant nets is reduced to the search for appropriate S-matrices. Having seen the classifi-
cation of a class of chiral components [52], one would hope even for a similar classification
result for massless asymptotically complete nets.

Specifically, we construct a complete invariant of a net consisting of two elements. We
already know the first element, the S-matrix. Let us construct the second element, the
asymptotic algebra. An essential tool is half-sided modular inclusion (see Section 1.1.7,
and [95, 2] for the original references). Indeed, we use an analogous argument as in [86,
Lemma 5.5].

We put A2(0) = {®9"(z),z € A(O)}. We will show that AS(Wg + (—1,1)) C
A9 (WR) is a +half-sided modular inclusion. Indeed, ®3** commutes with AdU(g;) where
g: = A(—=2xt) is a Lorentz boost (Lemma 5.5.1), and A(Wg + (—=1,1)) is sent into itself
under AdU(g,) for t > 0. Hence by Bisognano-Wichmann property, A3 (Wg + (—1,1)) C
jl‘jrut(WR) is a +half-sided modular inclusion. In addition, when restricted to I, , this
inclusion is standard. To see this, note that A (W 4 (—1,1)) = A(Wg + (—1,1) +
(1,1)) = A™(Wg + (0,2)) because ®** is invariant under V((1,1)), and hence A"(D) C
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(Aiut(WR +(=1,1))N jLiut(WR)), where D = W N (W1, + (0,2)). Tt follows that

(Aiut (Wa + (=1,1))' N jl?;lt(WR)) 0 5 AP(D)Q = PLAD) = H,,

which is the standardness on 3, . Then we obtain a Mobius covariant net on S' acting on
H, which we denote by A%". Similarly we get a Mdbius covariant net A on H_. Two
nets A" and A" act like tensor product by Lemma 5.5.3, and span the whole space H
from the vacuum 2 by asymptotic completeness. In other words, A" @ A" is a chiral
conformal net on R? acting on . We call this chiral net AS*®.A°" the (out-)asymptotic
algebra of the given net A. Similarly one defines A and A™.

Let (M, T, Q) be the wedge-local net associated to an asymptotically complete Poincare
covariant net A which satisfies Bisognano-Wichmann property and Haag duality. Our next
observation is that M can be recovered from asymptotic fields.

Proposition 5.6.1. It holds that M = {®%(z), ®™(y) : 2,y € M}” = AP (R_)VA"(R,).

Proof. The inclusion M D {®%"(x), ®™(y) : z,y € M}” is obvious. The converse inclusion
is established by the modular theory: From the assumption of Bisognano-Wichmann prop-
erty, the modular automorphism of M with respect to €2 is the Lorentz boosts U (A(—27t)).
Furthermore, it holds that AdU(A(—2mt))(®"(x)) = P (AdU(A(—27t))(z)) 5.5.1. An
analogous formula holds for ™. Namely, the algebra in the middle term is invariant under
the modular group.

By the assumed asymptotic completeness, the algebra in the middle term spans the
whole space H from the vacuum €2 as well. Hence by a simple consequence of Takesaki’s
theorem [82, Theorem 1X.4.2] [86, Theorem A.1], these two algebras coincide.

The last equation follows by the definition of asymptotic algebra and their invariance
under translations in respective directions. [

Proposition 5.6.2. It holds that S - ®3"(z) - §* = & () and S - A (R:)S* = AR (R;).

Proof. This follows from the calculation, using Lemmata 5.5.1, 5.5.2 and 5.5.3,
O (z)(Exn) = (Prag)xn
out
= S ((P+$f) x 77)

out

= S0 (2)(Exn)
= 5 0(x) - S*(EX),

and asymptotic completeness. The equation for “—” fields is proved analogously. The last
equalities are simple consequences of the formulae for asymptotic fields. ]

Theorem 5.6.3. The out-asymptotic algebra AS™, A°™ and the S-matriz S completely
characterizes the original net A if it satisfies Bisognano-Wichmann property, Haag duality
and asymptotic completeness.
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Proof. The wedge algebra is recovered by A(Wg) = {®%(z),®™(y) : =,y € M}” by
Proposition 5.6.1. In the right-hand side, ®™ is recovered from ®°** and S by Proposition
5.6.2. Hence the wedge algebra is completely recovered from the data ®3* and S, or AP
and S by Proposition 5.6.1. By Haag duality, the data of wedge algebras are enough to
recover the local algebras. By Bisognano-Wichmann property, the representation U of the
whole Poincaré group is recovered from the modular data. ]

Remark 5.6.4. Among the conditions on A, Bisognano-Wichmann property is satisfied
in almost all known examples. Haag duality can be satisfied by extending the net [3]
without changing the S-matrix. Hence we consider them as standard assumptions. On the
other hand, asymptotic completeness is in fact a very strong condition. For example, a
conformal net is asymptotically complete if and only if it is chiral [86]. Hence the class
of asymptotically complete nets could be very small even among Poincaré covariant nets.
But a clear-cut scattering theory is available only for asymptotically complete cases. The
general case is under investigation [32].

5.6.2 Recovery of interacting net

We can express the modular objects of the interacting net in terms of the ones of the
asymptotic chiral net.

Proposition 5.6.5. Let A°" and J°" be the modular operator and the modular conjugation
of A™(R_) @ A®™(Ry.) with respect to Q. Then it holds that A = A°" and J = SJ°".

Proof. First we note that the modular objects of A(Wg) restrict to H, and H_ by Take-
saki’s theorem [82, Theorem IX.4.2]. Indeed, A™(R;) and A°™(R_) are subalgebras of
A(Wg) and invariant under AdA™, or equivalently under the Lorentz boosts AdU (—27t) by
Bisognano-Wichmann property, as we saw in the proof of Proposition 5.6.1, then the pro-
jections onto the respective subspaces commute with the modular objects. Let us denote
these restrictions by A%, J,, A" and J_, respectively.

We identify 3, ® H_ and the full Hilbert space H by the action of AS™ @ A", By
Bisognano-Wichmann property and Lemma 5.5.3, we have

A" EXy = (U(=2mt)) X (U(=2nt)n)
= A ® Al_tﬁ
= (A @A) ton,

which implies that A = A, ® A_ = A%,
As for modular conjugations, we take € M and y € M’ and set { = ®"(2)Q and
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n = ®°"(y)Q. Then we use Lemma 5.5.2 to see

o€y = 0T (@) ()0
O (JxJ) D (JyJ )0
— (JOX(n)
= S (L)X (L)
S (Jy®J)-£E@n

from which one infers that J =5 - (J, ® J_) =5 - Jo", O

Theorem 5.6.3 tells us that chiral conformal nets can be viewed as free field nets for
massless two-dimensional theory (cf. [86]). Let us formulate the situation the other way
around. Let A, ®A_ be a chiral CF'T, then it is an interesting open problem to characterize
unitary operators which can be interpreted as a S-matrix of a net whose asymptotic net
is the given A, ® A_. We restrict ourselves to point out that there are several immediate
necessary conditions: For example, S must commute with the Poincaré symmetry of the
chiral net since it coincides with the one of the interacing net. Analogously it must hold
that (J, ® J_)S(J, ® J_) = S*. Furthermore, the algebra of the form as in Proposition
5.6.1 must be strictly local.

If one has an appropriate operator S, an interacting wedge-local net can be constructed
by (cf. Propositions 5.6.1, 5.6.2)

e Mg ={z®1,AdS(1l®y):zc A (R_),y € A_(R})}",
cU=U,®U.,
[} Q = Q+ ® Q_.

By the formula for the modular conjugation in Proposition 5.6.5, it is immediate to see
that

s ={AdS(z®1),1®y:z e A (Ry),y € A_(R)}".

Then for z € AL (R_),y € A_(R,) it holds that P (z®1) = z®1 and ®™(AdS(1®y)) =
AdS(1 ® y). Similarly, we have ®*"*(z) = 2 and ®(AdS(1 ® y)) = AdS(1 ® y) for
r€AL(Ry) and y € A_(R_). From this it is easy to see that S is indeed the S-matrix of
the constructed wedge-local net.

In the following Sections we will construct unitary operators which comply with these
conditions except strict locality. To my opinion, however, the true difficulty is the strict
locality, which has been so far established only for “regular” massive models [59]. But it
is also true that the class of S-matrices constructed in the present Chapter can be seen
rather small (see the discussion in Section 5.9).
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5.7 Construction through one-parameter semigroup
of endomorphisms

In this Section, we construct families of wedge-local nets using one-parameter semigroup
of endomorphisms of Longo-Witten type. The formula to define the von Neumann algebra
is very simple and the proofs use a common argument based on spectral decomposition.

Our construction is based on chiral conformal nets on S', and indeed one family can
be identified as the deformation of chiral nets (see Section 5.7.2). But in our construction,
the meaning of the term “deformation” is not clear and we refrain from using it. From now
on, we consider only chiral net with the identical components A; = Ay = A for simplicity.
It is not difficult to generalize it to “heterotic case” where A; # A,.

5.7.1 The commutativity lemma

The following Lemma is the key of all the arguments and will be used later in this Section
concerning one-parameter endomorphisms. Typical examples of the operator ()y in Lemma
will be the generator of one-dimensional translations Py (Section 5.7.2), or of one-parameter
inner symmetries of the chiral component (Section 5.7.4).

As a preliminary, we give a remark on tensor product. See [30] for a general account
on spectral measure and measurable family. Let Ey be a projection-valued measure on Z
(typically, the spectral measure of some self-adjoint operator) and V() be a measurable
family of operators (bounded or not). Then one can define an operator

/ZV()\) ® dEy(N)(E ®@n) == / V(AN)E @ dEy(A)n.

Z

If V(\) is unbounded, the pair £ should be in a common domain of {V(\)}. As we will
see, this will not matter in our cases. For two bounded measurable families V, V', it is easy
to see that

/ VA @ dEo()) - / V(N ® dEo()) = / VO (N) @ dE(\).

Z

Lemma 5.7.1. We fiz a parameter k € R. Let )y be self-adjoint operators on Hy and Let
Z C R be the spectral supports of Qq. If it holds that [z, Ade’"?0(2)] = 0 for z,2’ € B(H,)
and s € Z, then we have that

[z ® 1, Ade™ 99 (1) @ 1)] = 0,
1z, AdemQO@Qo(l ®2')] = 0.
Proof. We prove only the first commutation relation, since the other is analogous. Let Qg =

f , 5-dEy(s) be the spectral decomposition of Q. According to this spectral decomposition,
we can decompose only the second component:

Q0®Q0=Qo®/

Z

s-dFEy(x) = /ZSQO ® dFEy(s).
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Hence we can describe the adjoint action of e*Q0®%0 explicitly:

Ade™ @0 (5! 1) = / ¢ @ dE(s) - (' ® 1) - / ™ @ dEy(s)
Z

Z

— /Z(AdeiS“QO(x'))@)dEo(S)

Then it is easy to see that this commutes with x ® 1 by the assumed commutativity. [

5.7.2 Construction of wedge-local nets with respect to transla-
tion

The objective here is to apply the commutativity lemma in Section 5.7.1 to the endomor-
phism of translation. Then it turns out that the wedge-local nets obtained by the BLS
deformation of a chiral net coincides with this construction. A new feature is that our
construction involves only von Neumann algebras.

Construction of wedge-local nets

Let (M, T, ) be a chiral wedge-local net with chiral component Aq and Ty(t) = €™ the
chiral translation: Namely, M = Ag(R_) @ Ao(Ry), T'(to,t1) = To <t°\;§tl> ®Th (%) and
Q= Q5@ Q.

Note that Ty(t) implements a Longo-Witten endomorphism of A for ¢ > 0. In this
sense, the construction of this Section is considered to be based on the endomorphisms
{AdTy(t)}. A nontrivial family of endomorphisms will be featured in Section 1.5.1.

We construct a new wedge-local net on the same Hilbert space H = Hy® H, as follows.
Let us fix k € R,.

[ j\/[pO’,,i = {ZE (] :ﬂ_, AdemPO@PO(]]_ X y), T e .A()(]R_), Yy c .A()(R+)}”,
e the same T from the chiral net,
e the same () from the chiral net.

Theorem 5.7.2. Let k > 0. Then the triple (Mp, ., T, ) is a wedge-local net with the
S-matriz Sp, . = €S,

Proof. The vector {2)®{2 is obviously invariant under 7" and 7" has the spectrum contained
in V. The generator P, of one-dimensional translations obviously commutes with one-
dimensional translation Ty, hence Py® Py commutes with 7" = Ty ®Tp, so does eF0@F0 - We
claim that Mp, ,; is preserved under translations in the right wedge. Indeed, if (to,t1) € Wk,
then we have

AdT (to, t1) (Ade™® (1 @ y)) = Ade™*®P (AT (to, t1)(1 @ y)) .
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and AdT(tg,t1)(l®y) € 1®Ay(R,) and it is obvious that AdT (o, t1)(z®1) € Ag(R_)®1,
hence the generators of the von Neumann algebra Mp, . are preserved.

We have to show that €2 is cyclic and separating for Mp, .. Note that it holds that
PO L €2 0y = €@ Qg for any k € R, € € Hy, by the spectral calculus. Now cyclicity is
seen by noting that

(z®1)-Ade™®P (1 @y)-Q = (z@ 1) . (200) @ Qq
= (2f2) @ (y¢)

and by the cyclicity of  for the original algebra M = Ay(R_) @ Ay(R,).
Finally we show separating property as follows: we set

Mp, . = {Ade™®P (' © 1), 1@y, 2" € Ag(Ry),y € Ag(R_)}".

Note that €2 is cyclic for M}DM by an analogous proof for Mp, ,,, thus for the separating
property, it suffices to show that Mp, . and Mp, , commute. Let z,3 € Ao(R_), 2" €
Ao(Ry). First, x ® 1 and 1 ® ¢y obviously commute. Next, we apply Lemma 5.7.1 to z, 2’
and Qo = Py to see that z®1 and Ade®*®P (1/®1) commute: Indeed, the spectral support
of Pyis Ry, and for s € Ry, # and Ade®(2') commute since P, is the generator of one-
dimensional translations and since x € Ag(R_),z € Ag(R;). Similarly, for y € Ap(R-),
1 ® y and Mj, ,, commute. This implies that Mp, . and Mp, . commute.

The S-matrix corresponds to the unitary used to twist the chiral net as we saw in the
discussion at the end of Section 5.6.2. [

Now we have constructed a wedge-local net, it is possible to express its modular objects
in terms of the ones of the chiral net by an analogous argument as Proposition 5.6.5. Then
one sees that Mp, . is indeed the commutant MY, .

BLS deformation

Let us recall briefly the deformation procedure of [12]. Let (M, T, ) be a wedge-local net.
We denote by M> the subset of elements of M which are smooth under the action of «
in the norm topology. It is easy to see that M is a dense subalgebra of M in the strong
operator topology. Let D be the dense domain of vectors which are smooth with respect

to the action of T'. Then one can define for any x € M*°, and a matrix 6, = <2 g), the

warped convolution
Ty = /dE(a) ap.a(F) = h\I‘I(I](QW)Z/CFCZ d*b f(ca,ey)e Pag, o(x)T(b)

on a suitable domain, where dE is the spectral measure of T and f € .(R? x R?) satisfies
f(0,0) = 1. The limit exists in the strong sense on vectors from D and is independent of
the function f within the above restrictions. We set

M, = {z, : x € M}
For k > 0, the following holds.
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Theorem 5.7.3 ([12]). If (M, T, Q) is a wedge-local net, then (M, T,Q) is also a wedge-
local net.

We call the latter the BLS deformation of the original triple (M, T, €2). One of the
main results of this Section is to obtain the BLS deformation by a simple procedure.

Let us consider the case where (M, T, 2) is a chiral wedge-local net. We can determine
the collision states in terms of the original chiral structure.

Theorem 5.7.4. For any £ € H, and n € H_, the following relations hold:

out

Exan = e TP R),
Exup = e (Ey),
where on the left-hand sides there appear the collision states of the deformed theory.

Proof. Let us first prove the first relation. To this end, we pick x € M>, y € (M')>°. We
set § = PyaQ) = P x,.Q) and n = P_yQ) = P_y_e,)$2, where we exploited the translational
invariance of the state Q. Since ze, € M, and, by Theorem 5.7.3, ye,) € M, the
outgoing state of the deformed theory is given by

out

Exun = lim ze, 4+ (hy)yce,) - (hy)

T—00

= lim ze, 1 (hy)y-(hs)Q
T—ro0

= jlim 11\1%(271‘)_2/d28 d*t f(es, et)e ' AT (0,5) (w1 (hy))y_ (hs) (1)L,
—00 €

where in the last step we made use of the fact that y_(hs)$2 € D, and that 2 is invariant
under translations. To exchange the order of the limits, we use methods from the proof
of Lemma 2.1 of [12]: We note that for each polynomial (s,t) — L(s,t), there exists a
polynomial (s,t) — K(s,t) such that

L(s,t)e " = K(—0,, —0;)e "

We choose L so that L™! and its derivatives are absolutely integrable. Denoting temporarily

(r(s,t) := AdT(Os)(xs(hy))y—(hs)(t)S2, we obtain
11{%(27‘(‘)_2/(128 d’t, f(es, et)e " Cy(s,t)

= 1{%(27)2/d2sd2teiStK(as,&g)f(es,et)L(s,t)1(;(3,15)

— (2m)? / s Pt e K (0, 0)L(s, 1) Cols, 1),

where in the first step we integrated by parts and in the second step we applied the
dominated convergence theorem. To obtain the last expression, we used the fact that
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derivatives of (s,t) — f(es, et) contain powers of € and thus vanish in the limit. Substituting
this expression to formula and making use again of the dominated convergence theorem,
we arrive at

out

EX i) = (27T)_2/d28 d*te™" K (0, 0)L(s, )" (T(Ox5)§) ® (T(t)n).

To interchange the limit T — oo with the action of the derivatives, we exploited the fact
that for any x; € M, p € {0,1}, the derivative Osguzy := (Osux1(s))]s=0 i an element
of M> and @ (Jsuz1)(s) = 0P (21)(s). This equality (as well as its counterpart for
dout) follows immediately from the norm continuity of the respective map.

We introduce a (standard) notation H := \%(P0® 1+1®R), P := \/Li(P()@ 1-1®R),
namely H is the Hamiltonian and P is the generator of the spacelike translation. Then it
holds that (H —P)-£@Q=v2(1® Fy) - £ ®Q =0 and

T(0,8)E® Q= em(Hs1—Pso)£ ® Q= e—%(HJrP)(so—sl)g @ Q.
Similarly, since (H — P) - Q ® n = 0, we obtain
TH)Q®n=ex WP+ @y
Hence, using Lemma 5.5.3, we get

(T(0,5)6) @ (T(H)y) = e FH+Ps0=50) b (H-P)lio+01) (¢ @ p)
= T(v(s,1))(E@n),

where v(s, t) = (5(to+1t1 — Kso + ks1), 5 (to+11 + Kso — ks1)). We substitute this expression
to the formula above to obtain

out

Ex.n = (2m)72 / d*s d*t e "' K (s, 0,)L(s,t) ' T(v(s,1)) (€ @)
= / (lim(27r)_2/d23 d*t e f (es, et)eip”(s’t)> dE(p)(§ ®n).

e\0

Here in the second step we expressed T'(v(+,-)) as a spectral integral and used the Fubini
theorem to exchange the order of integration. Now we analyze the function in the bracket
above. Setting py = %(po + p1), we get

(27T)_2/d23 d*te " f(es, et )PV
- (271-)72 / d25 d2t f(6<507 51)7 €(t07 tl))€7i(ﬁp++t0)30ei(”p++t1)51eip—(to+s1)
= (2m)7" / d*te? f(—€ (kg + to, py + ), €(to, h))e® (o)

= (2%)_1/ d*t f(—(to,tl), e(ety — Kpy, €ty — /{p+))eip*((t0+t1)6_2"p+).
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Here f denotes the Fourier transform of f w.r.t. the s variable and in the last step we
made use of the change of variables: (tg,t1) — (eto — kpy, €ty — kpy). Making use of the
dominated convergence theorem, we perform the limit € 0, obtaining

lim(?w)_Q/dQS d*t et f(es, et) et = e~ 5 (o) =(p)?)
e\0

t
This completes the proof for dense sets of vectors & € H, ,n € H_. For arbitrary 50; 7,
the statement follows by the limiting procedure. ]

We immediately obtain the scattering matrix:
Corollary 5.7.5. The wedge-local net (M, T, <)) has the S-matriz

S _ eiliPo@Po
=

Proof. Making use of Theorem 5.7.4, we obtain

out

Sn(fxnn) = §_><n77
CE R (=T

out

ik Po® Py (é— v lel)

= €

Asymptotic completeness is preserved under the deformation, since e*®% is a unitary.
]

Reproduction of BLS deformation

In this Section we show that the wedge-local net (Mg, ., T, 2) obtained above is unitarily
equivalent to the BLS deformation (M,,T,2). Then we can calculate the asymptotic

out in
fields very simply. We use symbols ;,{, X, to denote collision states with respect to the
corresponding wedge-local nets with M.

Lemma 5.7.6. [t holds that (xr ® 1), £ @ Q2 = 2£ @ Q.

Proof. The equation (2.2) from [12] translates in our notation to

(x®1)e, = lim [ AdU(kty, kto)(z ® 1)FdE(to, t1),
B/R? Jp
F 1

where B is a bounded subset in R? and F' is a finite dimensional subspace in H,. Now it
is easy to see that (z ® 1)g, (£ ® Q) = 2§ ® Q. Indeed, we have £ ® Q € F(Ly), where
Ly = {(po,p1) € R? : py + p1 = 0}, hence the integral above is concentrated in L., and
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for (¢,t) € Ly it holds that AdU (kt, kt)(z ® 1) = AdLl ®@ Up(kt)(z ® 1) = x ® 1. Then the
integral simplifies as follows:

(z®1)e.(E®Q) = Bh/rﬁg - AdU (kt, kt)(z @ 1) - F - dE(t,1) (£ @ Q)
F 1 -

= lim t®1-F-dEt,t)(2Q)
B/R? JBAL.,
F

= x£® .
This is what we had to prove. O

Theorem 5.7.7. Let us put Ny, . := Ade™ 5PNy . Then it holds that Ny, . = M.,
hence we have the coincidence of two wedge-local nets (Ng ., T, ) = (M, T, Q).

Proof. In the previous Seciton, we have seen that the deformed BLS triple is asymptotically

complete and we have

out ik out
X o = e 2 P ey

As for observables, let z € Ag(R_) and we use the notation we, from [12] 3. For the
asymptotic field <I>°“t of BLS deformation, we have

B (2@ 1o)X = (2@ 1)e,)Xnn

out

= (@§) x

= e‘mp()@P“ (@) @n

= 6_%P0®P0-x®]]_.§®77

= Ade_%P"@Po(x@]l)ﬁ_%PO@PO~§®7)

ik out
= Ade 2P (@ @1) - Ex .,

by Lemma 5.7.6 for the first equality, hence, we have " ((z®1)e, ) = Ade 5 PP (1@ 1).

Analogously we have @ ((1®y)e,) = Ade2 PP (1 @ y) for y € Ag(R,).
Note that by definition we have

Ny = {Ade 58P (2 @ 1), Ade TR (1@ ) : 7 € Ao(R_), y € Ao(Ry)}".

Since the image of the right-wedge algebra by ®3"* and ®™ remains in the right-wedge
algebra, from the above observation, we see that Np, ., C M, [34]. To see the converse
inclusion, recall that it has been proved that the modular group A% of the right-wedge

3The reader is suggested to look at the notation Fg in [12], where F is an observable in M and Q is a
2 x 2 matrix. We keep the symbol @ for a generator of one-parameter automorphisms, hence we changed
the notation to avoid confusions.
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algebra with respect to ) remains unchanged under the BLS deformation. We have that
AdA(ewPeP) = ¢irfb® hence it is easy to see that Np, , is invariant under AdA¥. By
the theorem of Takesaki [82, Theorem 1X.4.2], there is a conditional expectation from M,
onto Np, ., which preserves the state (€2,-Q) and in particular, M, = Np, , if and only if
Q2 is cyclic for Np, .. We have already seen the cyclicity in Theorem 5.7.2, thus we obtain
the thesis. _

The translation 7' and © remain unchanged under e~z ®™  which established the
unitary equivalence between two wedge-local nets. O

Remark 5.7.8. 1t is also possible to formulate Theorem 5.6.3 for wedge-local net, although
the asymptotic algebra will be neither local nor conformal in general. From this point of
view, Theorem 5.7.7 is just a corollary of the coincidence of S-matrix. Here we preferred a
direct proof, instead of formulating non local net on R.

5.7.3 Endomorphisms with asymmetric spectrum

Here we briefly describe a generalization of the construction in previous Sections. Let A
be a local net on S, Ty be the representation of the translation. We assume that there

is a one-parameter family V() = €'“! of unitary operators with a positive or negative
generator Qg such that V(¢) and To(s) commute and AdVy(¢)(Ao(R,)) C Ag(R,) for t > 0.
With these ingredients, we have the following:

Theorem 5.7.9. The triple
o Mg, = {r® 1, AdeF" @8 (1 @ y): z € Ag(R_),y € Ao(Ry)},
o T':=Ty®T,
e ():=0y®Q,
where + corresponds to sp Qo C Ry, is a wedge-local net with the S-matriz et*20®0

The proof is analogous to Theorem 5.7.2 and we refrain from repeating it here.

The construction looks very simple, but to our knowledge, there are very few examples.
The one-parameter group of translation itself has been studied in the previous Sections.
Another one-parameter family of unitaries with a negative generator has been found for the
U(1)-current. Indeed, by Borchers’s theorem [6, 38|, such one-parameter group together
with the modular group forms a representation of the “ax + b” group, thus it is related
somehow with translation.

5.7.4 Construction of wedge-local nets through inner symmetry
in chiral CFT

Inner symmetry

Let Ag be a conformal (Mdbius) net on S'. Recall that an automorphism of A, is a
family of automorphisms {ag } of local algebras {Ay(I)} with the consistency condition
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@0,7|40(1) = ao,r for I C J. If each ag preserves the vacuum state w, then aq is said to
be an inner symmetry. An inner symmetry «y is implemented by a unitary U,, defined
by Uzt = g 1(x)S2, where x € Ag(l). This definition does not depend on the choice
of I by the consistency condition. If oy, is a one-parameter family of weakly continuous
automorphisms, then the implementing unitaries satisfy V,,(t)V,,(s) = Vo (t + s) and
Vo (0) = 1, hence there is a self-adjoint operator Qg such that V,, (t) = €90 and QyQ2 = 0.
Furthermore, €90 commutes with modular objects [82]: Jye®@0.Jy = €@ or JyQoJy =
—Qo (note that Jy is an anti-unitary involution). If a4 is periodic with period 27, namely
Qo = Ao rt2r then it holds that V,, (t) = V,,(t + 27) and the generator )y has a discrete
spectrum sp Qg C Z. For the technical simplicity, we restrict ourselves to the study of
periodic inner symmetries. We may assume that the period is 27 by a rescaling of the
parameter.

Example 5.7.10. We consider the loop group net Agy of a (simple, simply connected)
compact Lie group G at level k [41, 91], the net generated by vacuum representations of
loop groups LG [75]. On this net, the original group G acts as a group of inner symmetries.
We fix a maximal torus in G and choose a one-parameter group in the maximal torus with a
rational direction, then it is periodic. Any one-parameter group is contained in a maximal
torus, so there are a good proportion of periodic one-parameter groups in G (although
generic one-parameter groups have irrational direction, hence not periodic). In particular,
in the SU(2)-loop group net Agp2)x, any one-parameter group in SU(2) is periodic since
SU(2) has rank 1.

An inner automorphism g commutes with M&bius symmetry because of Bisognano-
Wichmann property. Hence it holds that Uy(g9)QoUo(g9)* = Qo. Furthermore, if the
net Ap is conformal, then oy commutes also with the diffeomorphism symmetry [26].
Let G be a group of inner symmetries and AS§ be an assignment: [ ~ Ag(] )G\}Cg;,
where Ag(1)¢ denotes the fixed point algebra of Ag(I) with respect to G and H§ :=
{2Q0 : x € A§(I),I C S'}. Then it is easy to see that AS is a Mobius covariant net and
it is referred to as the fixed point subnet of Ay with respect to G.

We can describe the action «q of a periodic one-parameter group of inner symmetries
in a very explicit way, which can be considered as the “spectral decomposition” of «y.
Although it is well-known, we summarize it here with a proof for the later use. This will
be the basis of the subsequent analysis.

Proposition 5.7.11. Any element v € Ay(I) can be written as v = ) x,, where x, €
Ao(I) and ag () = €™z, We denote Ag(I), = {x € Ao(I) : () = e™x}. It holds
that Ao(1)mAo(1)n C Ao(D)man and Ag(1)mEo(n)Ho C Eo(m+n)Hy, where Eq(n) denotes

the spectral projection of Qo corresponding to the eigenvalue n € 7Z.

Proof. Let us fix an element = € Ag(I). The Fourier transform

2 )
Ty = / as(x)e™™ ds
0
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(here we consider the weak integral using the local normality of ;) is again an element
of Ao(I), since Ag(I) is invariant under ag,. Furthermore it is easy to see that

27
apt(Tn) = oy (/ Oéo,s(x)emsds)
0

2
—ins
= [ aneto)e e ds
0
2
— eznt/ Oéo’s(aj)e—zns dS — ezntxn’
0

hence we have x,, € Ay(I),.

By assumption, ag,(z) = Ade@ (x) and sp Qg C Z. If we define x;,, = Ey(l)xEy(m),
it holds that Ade®@ox;,, = ez, = The integral and this decomposition into matrix
elements are compatible, hence for = € Ag(I) we have

Ty = E Llm-

Now it is clear that x = ) x, where each summand is a different matrix element,
hence the sum is strongly convergent. Furthermore from this decomposition we see that

AO([)mAQ(I)n C Ao(I)m+n and AU(I)mEo(n)}CO C Eo(m + n):}fo O

At the end of this Section, we exhibit a simple formula for the adjoint action Ade*@0®%o
on the tensor product Hilbert space H := Hy ® H.

Lemma 5.7.12. For x,, € Ao(I)m,yn € Ao(I)n, it holds that Ade@®%(z, @ 1) =
Ty ® M0 gnd Ade™0%R0(1 @ y,) = e ® g,

Proof. Recall that sp Qo € Z. Let Qo = >, 1 - Ey(l) be the spectral decomposition of Q.

As in the proof of Lemma 5.7.1, we decompose only the second component of @y ® Qg to
see that

Q®Q = Q® <Zl : Eo@)) = 1Qo® Eo(l)
l l
eian@Qo — Zeiano ® Eo(l)
l
Ade" @D (1, @ 1) = Y Ade™(z,,) ® Ey(l)
l

l
= 7, ® elmﬁQo.
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Proposition 5.7.13. For each | € Z there is a cyclic and separating vector v € Ey(1)Hy
for a local algebra Ao(I).

Proof. It is enough to note that the decomposition 1 = ), Ey(l) is compatible with the de-
composition of the whole space with respect to rotations, since inner symmetries commute
with any Mobius transformation. Hence each space Ey(l)Hy is a direct sum of eigenspace
of rotation. It is a standard fact that a eigenvector of rotation which has positive spectrum
is cyclic and separating for each local algebra (see the standard proof of Reeh-Schlieder
property, e.g. [3]). O

We put E(1,1I') :== Ey(l) @ Eo(l').

Corollary 5.7.14. Fach space E(l,I')H contains a cyclic and separating vector v for
Ao(I) @ Ao(J) for any pair of intervals 1, J.

Construction of wedge-local nets and their intersection property

Let Ay be a Mobius covariant net and ag; be a periodic one-parameter group of inner
symmetries. The automorphisms can be implemented as «p; = Ade™@ as explained in
Section 5.7.4. The self-adjoint operator @)y is referred to as the generator of the inner
symimetry.

We construct a Borchers triple as in Section 5.7.2. Let x € R be a real parameter (this
time k is not necessarily positive) and we put

Moor = {2@1,Ade™ %P1 @y):x e AR,y € AR,)}Y
to—t to+t
o - (58) o ()
Q = Q()@QO

Theorem 5.7.15. The triple (Mg, x,T,$2) above is a Borchers triple with a nontrivial
scattering operator SQM — Q0B

Proof. As remarked in Section 5.7.4, ()g commutes with Mobius symmetry Uy, hence Qg ®
Qo and the translation 7" = To®T commute. Since (Ao(R-)RA(RL), T, Q) is a wedge-local
net (see Section 5.5), it holds that AdT (to,t1)M C M for (to,t1) € Wgr and T'(to,11)2 = Q
and 7" has the joint spectrum contained in V.

Since o, is a one-parameter group of inner symmetries, it holds that ag4(Ag(R_)) =
Ao(R_) and ap(Ao(Ry)) = Ag(Ry) for s, € R. By Lemma 5.7.1, for z € Ap(R_) and
2’ € Ap(R,) it holds that

[z ® 1, Ade™ %1/ @ 1)] = 0.

Then one can show that (Mg, ., T,2) is a wedge-local net as in the proof of Theorem
5.7.2. 0
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We now proceed to completely determine the intersection property of Mg, .. As a
preliminary, we describe the elements in M, . in terms of the original algebra M compo-
nentwise. On M = Ag(R_) @ Ag(R, ), there acts the group S* ® S* by the tensor product
action: (s,1) = ags := ps @ gy = Ad(e?0 @ €0). According to this action, we have a
decomposition of an element z € M into Fourier components as in Section 5.7.4:

Zmn, = / as,t(z)e_i(m””t) ds dt,
S1x st

which is still an element of M, and with E(,1') := Ey(l) ® Eo(l'), these components can
be obtained by
Zma = > E(L1)zE(k,K).

l—k=m
I'—k'=n

One sees that Ad(e™@ @ @) acts also on M, . since it commutes with Ade™@0®Qo,

We still write this action by . We can take their Fourier components by the same formula
and the formula with spectral projections still holds.

Lemma 5.7.16. An element z, € Mg, . has the components of the form
(Z/{)m,n = me(eiano X 1]-)7

where 2 = () is some element in M. Similarly, an element 2z, € M, . has the compo-
nents of the form
(Z)mn = Zmn (1 ® €M),

where 2" = (2 ) is some element in M.

Proof. We will show only the former statement since the latter is analogous. First we
consider an element of a simple form (z,, ® 1)S(1 ® y,)S*, where z,, € A(R_),, and
yn € A(R,),. We saw in Proposition 5.7.12 that this is equal to (z,, ® y,)(e*"? @ 1),
thus this has the asserted form. Note that the linear space spanned by these elements for
different m, n is closed even under product. For a finite product and sum, the thesis is linear
with respect to x and y, hence we obtain the desired decomposition. The von Neumann
algebra Mg . is linearly generated by these elements. Recalling that z,,, is a matrix
element with respect to the decomposition 1 =3, E(l,l'), we obtain the Lemma. ]

Now we are going to determine the intersection of wedge algebras. At this point, we
need to use unexpectedly strong additivity and conformal covariance (see Section 1.1.1).
The fixed point subnet A§° of a strongly additive net Ay on S! with respect to the action
ap of a compact group G of inner symmetry is again strongly additive [98].

Example 5.7.17. The loop group nets Agy () are completely rational [41, 97], hence in
particular they are strongly additive. Moreover, they are conformal [75].

If A is diffeomorphism covariant, the strong additivity follows from the split property
and the finiteness of p-index [65]. We have plenty of examples of nets which satisfy strong
additivity and conformal covariance since it is known that complete rationality passes to
finite index extensions and finite index subnets [62].
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Theorem 5.7.18. Let Aq be strongly additive and conformal. We write, with a little abuse
of notation, T'(ty,t_) = To(ty) @ To(t_). Fort, <0 andt_ > 0 we have

MQO,H N (AdT(tJr? t*)( /Q,rc)) = A(€<t+7 0) ® Ag<07 T,,),
where G is the group of automorphisms generated by Ade™ @0,

Proof. Let us consider an element from the intersection. From Lemma 5.7.16, we have two
descriptions of such an element, namely,

(z6)mm = Zm,ﬂ(eano ® 1), z € Ay(R_) @ Ao(Ry),
(Zl)mm = Zma(L@e™) 2 e Ag(Ry +to) @ A(R_ + ).

If these elements have to coincide, each (m,n) component has to coincide. Or equivalently,
it should happen that z,,(e""%° @ e~"@0) = 2/ .

Recall that an inner symmetry commutes with diffeomorphisms [26]. This implies that
the fixed point subalgebra contains the representatives of diffeomorphisms. Furthermore,
the fixed point subalgebra by a compact group is again strongly additive [98]. This means
that

AP (=00, t4) V AG(0, 00) = AG (14, 0)),
AG?(—00,0) VA (t-, 00) = AG*((0, 1)),

where I’ means the complementary interval in S*.

We claim that if for z € Ag(R_)®A¢(Ry) and 2’ € Ag(Ry +t4)RA(R_+t_) there holds
2 (eMMRQ © emMr@) = »/ then 2z = 2/ € (A(R_) NA[R, +1t)) @ (ARL) NAR_ +1t.)).
Indeed, since z € A(R_) ® A(R, ), it commutes with U(g; x g_) with supp(g,) C Ry and
supp(g—) C R_. Similarly, 2’ € A(Ry +ty) ® A(R_ +t;) commutes with U(g4 x g_) with
supp(g;) C R_ + ¢, and supp(g_) C R, +¢_. Furthermore, the unitary e™"? @ e¢~""Q
which implements an inner symmetry commutes with any action of diffecomorphism [26].
Recall that the fixed point subalgebra is strongly additive, hence by the assumed equality
z - (e @ emr@) = 2/ this element commutes with A§°((ty,0)") ® Ag°((0,¢-)"). In
particular, it commutes with any diffeomorphism of S* x S* supported in (t,0)" x (0,¢_)".
There is a sequence of diffeomorphisms g; which take R_ x Ry to (ty —¢;,0) x (0,t_ +&;)
with support disjoint from (¢,,0) x (0,¢_) for arbitrary small ¢; > 0. This fact and the
diffeomorphism covariance imply that z is indeed contained in Ag(t4,0) ® Ag(t—,0). By a
similar reasoning, one sees that 2’ € Ay(t4,0) ® Ap(0,t_) as well. Now by Reeh-Schlieder
property for Ag(t,,0) @ Ag(0,%;) we have z = 2’ since 20 = z - (e""*Q ® =M Q) = /().

Thus, if Zm, (€9 @ e Q) = 2/ . then zpn = 2, € Ao(ty,0) ® Ag(0,¢_). Fur-
thermore, by Corollary 5.7.14, there is a separating vector v € E(l,I')H. Now it holds
that eml”*iml/”zm’nv = 2/ v, hence from the separating property of v it follows that

emInTimln o = 2., for each pair (I,') € Z x Z. This is possible only if both ns
and mk are 27 multiple of an integer or z,, = z,, = 0. This is equivalent to that
AdetmQo g einQo () = 2 namely, 2 is an element of the fixed point algebra A§ (1) ®.AS (J)

by the action Ade*™@0 © "0 of G x G. [
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Note that the size of the intersection is very sensitive to the parameter x: If k is 27-
multiple of a rational number, then the inclusion [Ag, A§] has finite index. Otherwise, it
has infinite index.

Finally, we comment on the net generated by the intersection. The intersection takes a
form of chiral net A§ ® AS where G is generated by Ade®?0, hence the S-matrix is trivial
[34]. This result is expected also from [86], where Mobius covariant net has always trivial
S-matrix. Our deformation is based on inner symmetries which commute with Md&bius
symmetry, hence the net of strictly local elements is necessarily Mobius covariant, then
it should have trivial S-matrix. But from this simple argument one cannot infer that the
intersection should be asymptotically complete, or equivalently chiral. This exact form of
the intersection can be found only by the present argument.

Construction through cyclic group actions

Here we briefly comment on the actions by the cyclic group Zj. In previous Sections, we
have constructed wedge-local nets for the action of S1. It is not difficult to replace S* by a
finite group Z;. Indeed, the main ingredient was the existence of the Fourier components.
For 7Zj actions, the discrete Fourier transform is available and all the arguments work
parallelly (or even more simply). For the later use, we state only the result without
repeating the obvious modification of definitions and proofs.

Theorem 5.7.19. Let Aq be a strongly additive conformal net on S* and ay,, = Ade?* 7 Qo
be an action of Zy, as inner symmetries. Then, for n € Zy, the triple

Mo = {2©1LAd PP (1@ y) 0 € Ay(R_),y € AR,)}”
to—tl t0+tl
T(to,t,) = T, @ Ty 211
i = 7 (2 )om (25)
Q = QQ@QO

s an asymptotically complete wedge-local net with S-matrix R QBQ Ag for strictly local
elements, we have

MQO,H N (AdT(t-H t—)( /Q,n)) - ‘A0G<t+7 0) & ‘A0G<07 t_>,

where G is the group of automorphisms of Ao generated by Adet 7@,

5.8 Construction through a family of endomorphisms
on the U(1)-current net
In this Section, we construct a wedge-local net based on the U(1)-current model for a fixed

©, the boundary value of an inner symmetric function (see Section 1.5.1). Many operators
are naturally defined on the unsymmetrized Fock space, hence we always keep in mind the
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inclusion H* C H*. The full Hilbert space for the two-dimensional wedge-local nets will
be HZ @ HZ.

On H™, there act m commuting operators

1@ P @ -®@1:1<i<m}
i~th

We construct a unitary operator by the functional calculus on the corresponding spectral
measure. We set

e P =102 PA® 1) (l® - ® P ® - ®1), which acts on H"™ @ H",
’ i-th j-th
1<i:<mand1<j<n.

o S =11, p(P}"), where (") is the functional calculus on H™ ® H".

e S, =60, 5" =DB,.. sz P(F5")

By construction, the operator S, acts on H* ® H*. Furthermore, it is easy to see that S,
commutes with both Py, ® 1 and 1 ® Ps: In other words, S, naturally restricts to partially
symmetrized subspaces H¥ @ H* and H* ® H> and to the totally symmetrized space
H® @ HE. Note that S,"™ is a unitary operator on the Hilbert spaces H™ @ H" and S,, is
the direct sum of them.

Let B1® E1®- - -® E7 be the joint spectral measure of operators {1®---® P, ®---®1 :

j-th

1 < j < n}. The operators {c,p?;" :1<i<m,1<j<n}and S™" are compatible with

m~-times n-times

the spectral measure El QRE®---® EI & El QE®-® EI and one has

@(Piv’r;,n):/(]1@...@)()0(]7].]31)@...]1) ® (]1®"‘dE1<pj)®“‘]l>-
i-th j-th

Note that for m = 0 or n = 0 we have ¢;;" = 1 since we have only p; = 0 or p; = 0,
respectively.

According to this spectral decomposition, we decompose S, with respect only to the
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right component as in the commutativity Lemma 5.7.1:

S, = P[P

m,n %,j
= @H/ <1®...®g0(pjpl)®...1l> ® dEy(p1) ® - - @ dE(p,)
mn g i~th

= @/H <1®...®gp(ijl)®...Il> ® dEy(p1) ® - - @ dE(p,)
m,n 0, i~th

- @ / @ H(go(pjpl))®m ® dE(p1) ® - @ dE1(py)

N @/H®<‘P(pjpl>>®m ®dE(p1) @ - -+ @ dE1(pn)
= @/HF(SD(pjpl))®dE1(p1)®"'®dE1(pn),

where the integral and the product commute in the third equality since the spectral measure
is disjoint for different values of p’s, and the sum and the product commute in the fifth
equality since the operators in the integrand act on mutually disjoint spaces, namely on
H™ @ H* for different m. Since all operators appearing in the integrand in the last
expression are the second quantization operators, this formula naturally restricts to the
partially symmetrized space H> @ H*.

Lemma 5.8.1. It holds for v € Ay)(R-) and 2" € Ay (R4) that
[z ® 1,AdS,(z' ® 1)] =0,
on the Hilbert space HZ @ H>.

Proof. The operator S, is disintegrated into second quantization operators as we saw
above. If ¢ is an inner symmetric function, then so is p(p;-), p; > 0, thus each I'(¢(p; P1))
implements a Longo-Witten endomorphism.

Note that S, restricts naturally to H> ® H* by construction and r ® 1 and 2/ ® 1
extend naturally to H> @ H* since the right-components of them are just the identity
operator 1. Then we calculate the commutation relation on H* ® H*. This is done in the
same way as Lemma 5.7.1: Namely, we have

AdS, (' @ 1) = @D [ [] AT, @ B () & @ dFr).

And this commutes with  ® 1. Indeed, since z € Ay)(R-) and 2’ € Ay)(R4), hence
AdT'(¢(p;))(2') € Aya)(Ry) for any p; > 0 by Theorem 1.5.1 of Longo-Witten, and by the
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fact that the spectral support of E; is positive. Precisely, we have [zt ® 1, AdS,(2'®@1)] =0
on H> @ H*.

Now all operators S, ¢ ® 1 and 2’ ® 1 commute with 1 ® P;, we obtain the thesis just
by restriction. ]

Finally we construct a wedge-local net by following the prescription at the end of Section
5.6.1.

Theorem 5.8.2. The triple
e M, ={r®1,AdS, (1 ®y): 2z € Aymy(R_),y € Apa)(Ry)}”
o T of Au) ®@ Auq)
o Q of Ayay ® Auq)

is an asymptotically complete wedge-local net with S-matriz S,,.

Proof. This is almost a repetition of the proof of Theorem 5.7.2. Namely, the conditions
on T and 2 are readily satisfied since they are same as the chiral net. The operators
S and T commute since both are the functional calculus of the same spectral measure,
hence T'(to,t1) sends M,, into itself for (t9,¢1) € Wgr. The vector Q is cyclic for M, since
MDD {1l -S, - 1®y-Q ={r®1-1®y-Q} and the latter is dense by the
Reeh-Schlieder property of the chiral net. The separating property of €2 is shown through
Lemma 5.8.1. O]

Remark 5.8.3. In this approach, the function ¢ itself appears in two-particle scattering, not
the square as in [58]. Thus, although the formulae look similar, the present construction
contains much more examples.

Intersection property for constant functions ¢

For the simplest cases ¢(p) = 1 or ¢(p) = —1, we can easily determine the strictly local
elements. Indeed, for p(p) =1, S, = 1 and the wedge-local net coincides with the original
chiral net. For p(p) = —1, S7*" = (=1)™"-1 and it is not difficult to see that if one defines
an operator @y := 1—P,, where P, is a projection onto the “even” subspace @@, H?" of H>,
then €™ implements a Zy-action of inner symmetries on Ay() and S, = €™@®0, Then
Theorem 5.7.19 applies to find that the strictly local elements are of the form A?(l) ®A%,"’(1)

where the action of Z, is realized by Ade!™"%o.

Free fermionic case

As explained in [64], one can construct a family of endomorphisms on the Virasoro net
Vir, with the central charge ¢ = % by considering the free fermionic field. With a similar
construction using the one-particle space on which the Mébius group acts irreducibly and
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projectively with the lowest weight %,

S! which contains Vir: with index 2.

The endomorphismg are implemented again by the second quantization operators. By
“knitting up” such operators as is done for bosonic U(1)-current case, then by restricting
to the observable part Vir 1, we obtain a family of wedge-local nets with the asymptotic
algebra Vir 1® Vir 1 with nontrivial S-matrix.

one considers the free fermionic (nonlocal) net on

5.9 Open problems

Non-chiral CFT

We identified the space of collision states of waves with the space generated by the maximal
chiral subalgebra from the vacuum. The orthogonal complement of the space of collision
states, which may be quite large as we explained in Section 5.2.2, is a natural subject
of future research. Fortunately, we have tools to investigate this orthogonal complement:
They include the theory of particle weights [17, 74], developed to study infraparticles. With
the help of this theory it has been confirmed that infraparticles are present in all states in
product representations of the chiral subnet, hence in the orthogonal complement of the
space of collision states of waves in any completely rational net [33, 54]. The question of
interaction and asymptotic completeness of these excitations remains open to date (for a
general account on asymptotic completeness, see [13]). However, the fact that the incoming
and outgoing asymptotic fields coincide in Mobius covariant theories on the entire Hilbert
space suggests the absence of interaction.

Intersection property

One important lesson from Section 5.7.4 is that construction of wedge-local nets should
be considered as an intermediate step to construct strictly local nets: Indeed, any Mobius
covariant net has trivial S-matrix as seen in Section 5.1, hence the triviality of S-matrix
in the construction through inner symmetries is interpreted as a natural consequence.
Although the S-matrix as a wedge-local net is nontrivial, this should be treated as a false-
positive. The true nontriviality should be inferred by examining the strictly local part. On
the other hand, we believe that the techniques developed in this thesis will be of importance
in the further explorations in strictly local nets.

More wedge-local nets

Apart from the problem of strict locality, a more systematic study of the necessary or
sufficient conditions for S-matrix is desired. Such a consideration could lead to a clas-
sification result of certain classes of massless asymptotically complete models. For the
moment, a more realistic problem would be to construct S-matrix with the asymptotic
algebra Ay ® Ay, where Ay is a local extension of the U(1)-current net [16, 64]. A family
of Longo-Witten endomorphisms has been constructed also for Ay, hence a corresponding
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family of wedge-local net is expected and recently a similar kind of endomorphisms has
been found for a more general family of nets on S* [4]. Or a general scheme of deforming
a given Wightman-field theoretic net has been established [58].



176 Chapter 5. Scattering theory of two-dimensional massless nets




Bibliography

1]

2]

[10]

[11]

Huzihiro Araki, Daniel Kastler, Masamichi Takesaki, and Rudolf Haag. Extension of
KMS states and chemical potential. Comm. Math. Phys., 53(2):97-134, 1977.

Huzihiro Araki and Laszld Zsidé. Extension of the structure theorem of Borchers
and its application to half-sided modular inclusions. Rev. Math. Phys., 17(5):491-543,
2005.

Hellmut Baumgartel. Operator algebraic methods in quantum field theory. Akademie
Verlag, Berlin, 1995.

Marcel Bischoff. Boundary quantum field theory associated to lattice models. in
preparation.

Jens Bockenhauer. Localized endomorphisms of the chiral Ising model. Comm. Math.
Phys., 177(2):265-304, 1996.

H.-J. Borchers. The CPT-theorem in two-dimensional theories of local observables.
Comm. Math. Phys., 143(2):315-332, 1992.

H. J. Borchers. On revolutionizing quantum field theory with Tomita’s modular the-
ory. J. Math. Phys., 41(6):3604-3673, 2000.

Ola Bratteli and Derek W. Robinson. Operator algebras and quantum statistical me-
chanics. 1. C*- and W*-algebras, symmetry groups, decomposition of states. Texts
and Monographs in Physics. Springer-Verlag, New York, second edition, 1987.

Ola Bratteli and Derek W. Robinson. Operator algebras and quantum statistical me-
chanics. 2. Equilibrium states. Models in quantum statistical mechanics. Texts and
Monographs in Physics. Springer-Verlag, Berlin, second edition, 1997.

R. Brunetti, D. Guido, and R. Longo. Modular structure and duality in conformal
quantum field theory. Comm. Math. Phys., 156(1):201-219, 1993.

D. Buchholz. Collision theory for waves in two dimensions and a characterization of
models with trivial S-matrix. Comm. Math. Phys., 45(1):1-8, 1975.

177



178

BIBLIOGRAPHY

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

D. Buchholz, G. Lechner, and S.J. Summers. Warped convolutions, Rieffel defor-
mations and the construction of quantum field theories. Commun. Math. Phys., to
appear.

Detlev Buchholz. On particles, infraparticles, and the problem of asymptotic com-
pleteness. In VIIIth international congress on mathematical physics (Marseille, 1986),
pages 381-389. World Sci. Publishing, Singapore, 1987.

Detlev Buchholz, Claudio D’Antoni, and Roberto Longo. Nuclear maps and modular
structures. I. General properties. J. Funct. Anal., 88(2):233-250, 1990.

Detlev Buchholz and Klaus Fredenhagen. Dilations and interaction. J. Math. Phys.,
18(5):1107-1111, 1977,

Detlev Buchholz, Gerhard Mack, and Ivan Todorov. The current algebra on the
circle as a germ of local field theories. Nuclear Phys. B Proc. Suppl., 5B:20-56, 1988.
Conformal field theories and related topics (Annecy-le-Vieux, 1988).

Detlev Buchholz, Martin Porrmann, and Ulrich Stein. Dirac versus Wigner. Towards a
universal particle concept in local quantum field theory. Phys. Lett. B, 267(3):377-381,
1991.

Detlev Buchholz and Hanns Schulz-Mirbach. Haag duality in conformal quantum field
theory. Rev. Math. Phys., 2(1):105-125, 1990.

Detlev Buchholz and Stephen J. Summers. Warped convolutions: a novel tool in the
construction of quantum field theories. In Quantum field theory and beyond, pages
107-121. World Sci. Publ., Hackensack, NJ, 2008.

Paolo Camassa, Roberto Longo, Yoh Tanimoto, and Mihaly Weiner. Commun. Math.
Phys.

Paolo Camassa, Roberto Longo, Yoh Tanimoto, and Mihédly Weiner. submitted.

Sebastiano Carpi. Classification of subsystems for the Haag-Kastler nets generated
by ¢ =1 chiral current algebras. Lett. Math. Phys., 47(4):353-364, 1999.

Sebastiano Carpi. The Virasoro algebra and sectors with infinite statistical dimension.
Ann. Henri Poincaré, 4(3):601-611, 2003.

Sebastiano Carpi. On the representation theory of Virasoro nets. Comm. Math. Phys.,
244(2):261-284, 2004.

Sebastiano Carpi, Yasuyuki Kawahigashi, and Roberto Longo. Structure and classifi-
cation of superconformal nets. Ann. Henri Poincaré, 9(6):1069-1121, 2008.

Sebastiano Carpi and Mihaly Weiner. On the uniqueness of diffeomorphism symmetry
in conformal field theory. Comm. Math. Phys., 258(1):203-221, 2005.



BIBLIOGRAPHY 179

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Claudio D’Antoni, Roberto Longo, and Florin Radulescu. Conformal nets, maximal
temperature and models from free probability. J. Operator Theory, 45(1):195-208,
2001.

G. F. Dell’Antonio. On dilatation invariance and the Wilson expansion. Nuovo Ci-
mento A (11), 12:756-762, 1972.

Philippe Di Francesco, Pierre Mathieu, and David Sénéchal. Conformal field theory.
Graduate Texts in Contemporary Physics. Springer-Verlag, New York, 1997.

Jacques Dixmier. von Neumann algebras, volume 27 of North-Holland Mathematical
Library. North-Holland Publishing Co., Amsterdam, 1981.

S. Doplicher and R. Longo. Standard and split inclusions of von Neumann algebras.
Invent. Math., 75(3):493-536, 1984.

Wojciech Dybalski and Yoh Tanimoto. Asymptotic completeness with respect to
infraparticles in two-dimensional CFT. in preparation.

Wojciech Dybalski and Yoh Tanimoto. Infraparticles with superselected direction of
motion in two-dimensional conformal field theory. in preparation.

Wojciech Dybalski and Yoh Tanimoto. Asymptotic completeness in a class of massless
relativistic quantum field theories. Comm. Math. Phys., to appear.

D. B. A. Epstein. Commutators of C'sp oo-diffeomorphisms. Appendix to: “A curious
remark concerning the geometric transfer map” by John N. Mather [Comment. Math.
Helv. 59 (1984), no. 1, 86-110; MRO0743944 (86¢:58017)]. Comment. Math. Helv.,
59(1):111-122, 1984.

B. L. Feigin and D. B. Fuks. Skew-symmetric invariant differential operators on the
line and Verma modules over the Virasoro algebra. Funct. Anal. Appl., 16(2):114-126,
1982.

Christopher J. Fewster and Stefan Hollands. Quantum energy inequalities in two-
dimensional conformal field theory. Rev. Math. Phys., 17(5):577-612, 2005.

Martin Florig. On Borchers’ theorem. Lett. Math. Phys., 46(4):289-293, 1998.

Jiirgen Fuchs. Lectures on conformal field theory and Kac-Moody algebras. In Con-
formal field theories and integrable models (Budapest, 1996), volume 498 of Lecture
Notes in Phys., pages 1-54. Springer, Berlin, 1997.

P. Furlan, G. M. Sotkov, and I. T. Todorov. Two-dimensional conformal quantum
field theory. Riv. Nuovo Cimento (3), 12(6):1-202, 1989.

Fabrizio Gabbiani and Jirg Frohlich. Operator algebras and conformal field theory.
Comm. Math. Phys., 155(3):569-640, 1993.



180

BIBLIOGRAPHY

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Howard Garland. The arithmetic theory of loop algebras. J. Algebra, 53(2):480-551,
1978.

Roe Goodman and Nolan R. Wallach. Projective unitary positive-energy representa-
tions of Diff(Ssp1). J. Funct. Anal., 63(3):299-321, 1985.

Harald Grosse and Gandalf Lechner. Wedge-local quantum fields and noncommutative
Minkowski space. J. High Energy Phys., (11):012, 26, 2007.

Harald Grosse and Gandalf Lechner. Noncommutative deformations of Wightman
quantum field theories. J. High Energy Phys., (9):131, 29, 2008.

Rudolf Haag. Local quantum physics. Texts and Monographs in Physics. Springer-
Verlag, Berlin, second edition, 1996. Fields, particles, algebras.

G. H. Hardy. Ramanujan: twelve lectures on subjects suggested by his life and work.
Chelsea Publishing Company, New York, 1959.

Masaki Izumi. Subalgebras of infinite C*-algebras with finite Watatani indices. I.
Cuntz algebras. Comm. Math. Phys., 155(1):157-182, 1993.

V. G. Kac and A. K. Raina. Bombay lectures on highest weight representations
of infinite-dimensional Lie algebras, volume 2 of Advanced Series in Mathematical
Physics. World Scientific Publishing Co. Inc., Teaneck, NJ, 1987.

Daniel Kastler. Equilibrium states of matter and operator algebras. In Symposia
Mathematica, Vol. XX (Convegno sulle Algebre C'spx e loro Applicazioni in Fisica
Teorica, Convegno Sulla Teoria degli Operatori Indice e Teoria K, INDAM, Rome,
1975), pages 49-107. Academic Press, London, 1976.

Yasuyuki Kawahigashi. Classification of operator algebraic conformal field theories in
dimensions one and two. In XIVth International Congress on Mathematical Physics,
pages 476-485. World Sci. Publ., Hackensack, NJ, 2005.

Yasuyuki Kawahigashi and Roberto Longo. Classification of local conformal nets.
Case ¢ < 1. Ann. of Math. (2), 160(2):493-522, 2004.

Yasuyuki Kawahigashi and Roberto Longo. Classification of two-dimensional local
conformal nets with ¢ < 1 and 2-cohomology vanishing for tensor categories. Comm.
Math. Phys., 244(1):63-97, 2004.

Yasuyuki Kawahigashi, Roberto Longo, and Michael Miiger. Multi-interval subfactors
and modularity of representations in conformal field theory. Comm. Math. Phys.,
219(3):631-669, 2001.

Yasuyuki Kawahigashi, Roberto Longo, and Michael Miiger. Multi-interval subfactors
and modularity of representations in conformal field theory. Comm. Math. Phys.,
219(3):631-669, 2001.



BIBLIOGRAPHY 181

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[69]

[70]

Hideki Kosaki. Extension of Jones’ theory on index to arbitrary factors. J. Funct.
Anal., 66(1):123-140, 1986.

Serge Lang. SLy(R), volume 105 of Graduate Texts in Mathematics. Springer-Verlag,
New York, 1985. Reprint of the 1975 edition.

Gandalf Lechner. Deformations of quantum field theories and integrable models.
arXiv:1104.1948.

Gandalf Lechner. Construction of quantum field theories with factorizing S-matrices.
Comm. Math. Phys., 277(3):821-860, 2008.

R. Longo and K.-H. Rehren. Nets of subfactors. Rev. Math. Phys., 7(4):567-597, 1995.
Workshop on Algebraic Quantum Field Theory and Jones Theory (Berlin, 1994).

Roberto Longo. Notes for a quantum index theorem. Comm. Math. Phys., 222(1):45—
96, 2001.

Roberto Longo. Conformal subnets and intermediate subfactors. Comm. Math. Phys.,
237(1-2):7-30, 2003. Dedicated to Rudolf Haag.

Roberto Longo. Real Hilbert subspaces, modular theory, SL(2,R) and CFT. In Von
Neumann algebas in Sibiu: Conference Proceedings, pages 33-91. Theta, Bucharest,
2008.

Roberto Longo and Edward Witten. An algebraic construction of boundary quantum
field theory. Commun. Math. Phys., to appear.

Roberto Longo and Feng Xu. Topological sectors and a dichotomy in conformal field
theory. Comm. Math. Phys., 251(2):321-364, 2004.

M. Liischer and G. Mack. Global conformal invariance in quantum field theory. Comm.
Math. Phys., 41:203-234, 1975.

Gerhard Mack and Volker Schomerus. Conformal field algebras with quantum sym-
metry from the theory of superselection sectors. Comm. Math. Phys., 134(1):139-196,
1990.

J. Manuceau. étude de quelques automorphismes de la c*-algebre du champ de bosons
libres. Ann. Inst. H. Poincaré Sect. A (N.S.), pages 117138, 1968.

John N. Mather. Commutators of diffeomorphisms. Comment. Math. Helv., 49:512—
528, 1974.

J. Milnor. Remarks on infinite-dimensional Lie groups. In Relativity, groups and
topology, 11 (Les Houches, 1983), pages 1007-1057. North-Holland, Amsterdam, 1984.



182

BIBLIOGRAPHY

[71]

[72]

[73]

[74]

[75]

[76]

[77]

78]

[79]

[80]

[81]

[82]

Karl-Hermann Neeb. On differentiable vectors for representations of infinite dimen-
sional lie groups. arXiv:1002.1602.

Johnny T. Ottesen. Infinite-dimensional groups and algebras in quantum physics,
volume 27 of Lecture Notes in Physics. New Series m: Monographs. Springer-Verlag,
Berlin, 1995.

Mihai Pimsner and Sorin Popa. Entropy and index for subfactors. Ann. Sci. Ecole
Norm. Sup. (4), 19(1):57-106, 1986.

Martin Porrmann. Particle weights and their disintegration. I. Comm. Math. Phys.,
248(2):269-304, 2004.

Andrew Pressley and Graeme Segal. Loop groups. Oxford Mathematical Monographs.
The Clarendon Press Oxford University Press, New York, 1986. Oxford Science Pub-

lications.

Michael Reed and Barry Simon. Methods of modern mathematical physics. 1. Fourier
analysis, self-adjointness. Academic Press [Harcourt Brace Jovanovich Publishers],
New York, 1975.

K.-H. Rehren. Chiral observables and modular invariants. Comm. Math. Phys.,
208(3):689-712, 2000.

Karl-Henning Rehren. A new view of the Virasoro algebra. Lett. Math. Phys.,
30(2):125-130, 1994.

Carlo Rigotti. Remarks on the modular operator and local observables. Comm. Math.
Phys., 61(3):267-273, 1978.

John E. Roberts. Some applications of dilatation invariance to structural questions in
the theory of local observables. Comm. Math. Phys., 37:273-286, 1974.

M. Schottenloher. A mathematical introduction to conformal field theory, volume 759
of Lecture Notes in Physics. Springer-Verlag, Berlin, second edition, 2008.

M. Takesaki. Theory of operator algebras. II, volume 125 of Encyclopaedia of Math-
ematical Sciences. Springer-Verlag, Berlin, 2003. Operator Algebras and Non-
commutative Geometry, 6.

Masamichi Takesaki and Marinus Winnink. Local normality in quantum statistical
mechanics. Comm. Math. Phys., 30:129-152, 1973.

Y. Tanimoto. Deformation of chiral conformal field theory and the intersection prop-
erty. submitted.

Y. Tanimoto. Ground state representations of loop algebras. Ann. Henri Poincaré,
to appear.



BIBLIOGRAPHY 183

[36]

[87]

[38]

[89]

[90]

[91]

Y. Tanimoto. Noninteraction of waves in two-dimensional conformal field theory.
submitted.

Yoh Tanimoto. Representation theory of the stabilizer subgroup of the point at infinity
in Diff(s'). Internat. J. Math., to appear.

William Thurston. Foliations and groups of diffeomorphisms. Bull. Amer. Math. Soc.,
80:304-307, 1974.

Valerio Toledano Laredo. Positive energy representations of the loop groups of non-
simply connected Lie groups. Comm. Math. Phys., 207(2):307-339, 1999.

Y. Wang. Locally normal kms states of diffeomorphism covariant nets w.r.t. translation
subgroups. Ph.D. thesis, Univ. of Roma ”Tor Vergata”, 2008.

Antony Wassermann. Operator algebras and conformal field theory. III. Fusion of
positive energy representations of LSU(N) using bounded operators. Invent. Math.,
133(3):467-538, 1998.

Mihaly Weiner. An algebraic version of haag’s theorem. Commun. Math. Phys., to
appear.

Mihaly Weiner. Conformal covariance and positivity of energy in charged sectors.
Comm. Math. Phys., 265(2):493-506, 2006.

Mihdly Weiner. Restricting positive energy representations of Diffsp + (Ssp 1) to the
stabilizer of n points. Comm. Math. Phys., 277(2):555-571, 2008.

Hans-Werner Wiesbrock. Half-sided modular inclusions of von-Neumann-algebras.
Comm. Math. Phys., 157(1):83-92, 1993.

Feng Xu. Algebraic coset conformal field theories. Comm. Math. Phys., 211(1):1-43,
2000.

Feng Xu. Jones-Wassermann subfactors for disconnected intervals. Commun. Con-
temp. Math., 2(3):307-347, 2000.

Feng Xu. Strong additivity and conformal nets. Pacific J. Math., 221(1):167-199,
2005.

Kai Ming Zhao. Automorphisms and homomorphisms of the Virasoro algebra (in
Chinese). J. Systems Sci. Math. Sci., 12(1):1-4, 1992.



