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Introduction

The phenomenology of elementary particle physics is described on the theoretical side, to a
high degree of accuracy, by the perturbative treatment of relativistic quantum field theories.
On the mathematical and conceptual side, however, the understanding of these theories is
far from being satisfactory, as illustrated, for instance, by the well known difficulties in the
very problem of providing them with a mathematically sound definition in d = 4 spacetime
dimensions. Another example, not unrelated to the previous one, even if more on the con-
ceptual level, is given by the problem of confinement. This issue arises in the theoretical
description of hadronic physics, which, according to the common belief, is provided by
guantum chromodynamics (QCD), a non-abelian gauge theory coupled to fermion fields,
and amounts to the fact that the asymptotic ultraviolet freedom of QCD, together with other
experimental and theoretical results such as the scaling of deep inelastic scattering cross sec-
tion, or hadron spectroscopy fitting with the quark model of Gell-Mann and Ne’eman, seem
to speak in favour of the existence of particle-like costituents of hadronic matter, quarks
and gluons, which do not appear as asymptotic states at large distances, and are hence per-
manently confined in hadrons, due to a force between them that grows with distance. The
conceptual problem with this notion of confinement arises when one notes that it ascribes a
physical reality to theoretical objects which are not observable, such as the gauge and Dirac
fields out of which the QCD lagrangian is constructed, while the observables are the only el-
ements of a quantum theory to which it is possible to attach a physical interpretation. From
what we know at present, we cannot exclude at all the possibility that there exists some
other lagrangian, with a totally different field content, and nevertheless such that the corre-
sponding quantum field theory, provided it can be constructed, yields the same observables
as QCD. On the contrary, several examples are known of such a situation. It is well known,
for instance, that a given S-matrix can be obtained from different systems of Wightman
fields, relatively local with respect to each other (a so-called Borchers class of Wightman
fields [Bor60]). Another classical, more relevant example is given by the Schwinger model,
i.e. QED in d = 2 spacetime dimensions with massless fermions, which has been consid-
ered as a simple illustration of QCD phenomenology, since in d = 2 the electric potential
is linearly rising with distance, so electrically charged fermions are expected to be confined
in this model, and only composite neutral objects can appear as asymptotic states. This
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model is exactly solvable, and what one indeed finds, is that the algebra of observables is
isomorphic to the one generated by a massive free scalar field [LS71], so that actually the
model has no charged states. But the same set of observables is obtained starting from a free
field lagrangian, so it is unclear why one should speak of “confined electrons” described by
the theory. More recently, the discovery of a web of dualities between pairs of (supersym-
metric) Yang-Mills theories [Sei96] has given support to the possibility of existence, even
in 4 dimensions, of theories defined by different lagrangians, with different gauge groups
and matter content, but having the same infrared behaviour, and hence the same charges,
particles etc.

In view of the above considerations, D. Buchholz has advocated the following point of
view [Buc96b]: in order to decide if a given theory intrinsically describes at small scales
objects corresponding to the physical idea of confined particles and charges, one has to look
at the observables of the theory alone.

As a matter of fact, a conclusion of this kind should not have come as a surprise, since
the principle that a theory is fixed by the assignment of its algebras of local observables
has been at the heart of the algebraic approach to quantum field theory [Haa96] for more
than forty years. This axiomatic framework has been considerably successful in analysing
structural aspects of quantum field theory such as collision theory, gauge symmetry and
superselection structure in physical and low-dimensional spacetimes, quantum field the-
ory on curved spacetime, and thermal states. In particular superselection theory gives
a completely general procedure to recover, from the knowledge of the net of local ob-
servables, the set of charges (also called superselection sectors) described by the theory,
together with their composition rule, permutation statistic and charge-anticharge symme-
try [DHR71, DHR74, BF82], as well as a canonical system of charge carrying fields and a
global gauge group selecting the observables as the gauge invariant combinations of fields,
and labelling charges by its irreducible representations [DR90]. We can expect then that
this analysis should play a relevant role in an intrinsic understanding of confined charges
in the spirit put forward above. The other essential ingredient in this task is necessarily
a framework allowing a canonical analysis of the structure of local observables at small
spatio-temporal scales. This framework has been provided in [BV95], where an algebraic
version of the conventional renormalization group methods is established, and it is then used
to show that the small scales behaviour of the observables of a given theory is canonically
described by a new theory (or, more generally, by a family of theories), itself defined by a
net of local algebras, which is then regarded as the scaling (ultraviolet) limit of the given
theory. It is then possible to apply the superselection analysis to this new theory, and the
resulting sectors, which, in view of their construction, are canonically determined by the
observables of the underlying (i.e., finite scales) theory, can be naturally considered as the
charges described by the underlying theory at small scales. This has to be contrasted with
the unphysical degrees of freedom usually associated with the small scales behaviour of
gauge theories considered above. The superselection structure of the underlying theory and
of its scaling limit are in principle different. Suppose then that there is a canonical way to
recognize some charges of the scaling limit as suitable small scales limits of charges of the
underlying theory. Then, since the physical idea of confined charge is that of a charge that
cannot be created by operations at finite scales, one would get a natural and intrinsic defini-
tion of confined charge by declaring that a confined charge of a given theory is a charge of
its scaling limit that it is not obtained as a limit of charges of the underlying theory.
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In this thesis we study the relations between the scaling limit and the underlying the-
ory’s superselection structures, with the aim of establishing such a notion of charge scaling
limit. As the analysis of the phase space properties of renormalization group orbits carried
out in [BV95] makes clear (see also chapter 2), one cannot expect on general grounds this
limit to exist for an arbitrary sector of the underlying theory, since it may happen that lo-
calizing a charge in a sequence of regions shrinking to a point requires energies growing
too fast with the inverse radius of those regions, and the resulting charges of the scaling
limit theory, if they existed, would then require an infinite amount of energy to be created
in finite regions. What we will do then is to single out a class of sectors of the underlying
theory with “good” phase space properties, and show that the limit of these sectors can be
defined in a natural way. Also, we will consider both the cases of sectors which are finitely
localizable, the so called DHR charges, after [DHR71, DHR74], and of sectors which are
localizable in arbitrary spacelike cones, first studied in [BF82], the reason for this being
that the latters are expected to appear in non-abelian gauge theories, the cone representing a
roughened version of the Mandelstam string emanating from charged particles observed in
lattice approximations, and that, on the other hand, non-abelian gauge theories are precisely
the ones expected to exhibit the confinement phenomenon, so that a physically interesting
intrinsic confinement criterion should necessarily encompass cone-like localizable charges
in its range of application.

The organization of the thesis is as follows. In chapter 1, after having stated explicitly
the general assumptions of the algebraic approach to quantum field theory, we recall the
main results of the theory of superselection sectors both for localizable and for topological
(i.e. cone-like localizable) charges, including the results of [DR90] about the reconstrucion
of the field net and the compact gauge group. In chapter 2 we briefly review the algebraic
version of the renormalization group and the construction of the scaling limit, together with
some illustrative examples, taken from [BV98], among which there is the above mentioned
Schwinger model, which is the simplest case in which confined charges can be intrinsically
identified. New results on the scaling limit of charges are exposed in chapter 3. Here, we
first extend the scaling limit construction to the case of a net of field algebras with normal
(i.e. Bose-Fermi) commutation relations, and carrying an action of a compact gauge group
G, obtaining as a scaling limit a new net of field algebras, again with normal commutation
relations and an action of G. We show then that the DHR sectors of the underlying theory
which satisfy a condition of “ultraviolet stability” — physically motivated by the above phase
space considerations, and which is expressed in terms of the Hilbert spaces in the field net
implementing the considered sector — admit a natural notion of scaling limit, in the precise
sense that for any of such sectors it is possible to construct Hilbert spaces in the scaling
limit of the field net, which carry the gauge group representation associated to the given
ultraviolet stable sector, and inducing a DHR sector on the scaling limit theory.® We then
expose the results on the extension of this analysis to quantum topological charges, as cone-
like localizable sectors are also known. In this case there remain some conceptual and
technical difficulties that will be discussed, but we feel that there are promising partial
results, and work is in progress in order to obtain a clear physical picture. In particular, we

@Work of C. D’Antoni and R. Verch in this direction is also in progress [DV]
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consider sectors satisfying a condition of ultraviolet stability similar to the one employed
for localizable charges, together with some natural conditions of asymptotic localizability
(in bounded regions), which are suggested by the observed behaviour of these charges in
models. To these sectors we are able to associate in the scaling limit a normal net of field
algebras on bounded regions, and Hilbert spaces in these algebras carrying the relevant
representations of G. Adding a technical assumption on this net, the status of which still
needs to be clarified, we are also able to show that these Hilbert spaces induce DHR sectors
on the scaling limit theory. We remark that this is precisely what is expected to happen
in asymptotically free theories, where, due to vanishing of interactions at small scales, the
strings disappear in the scaling limit, leaving only finitely localized excitations. Finally, in
appendix A we collect some geometrical results on spacelike cones which are needed in the
above analysis, and in appendix B we exhibit an example of a theory (the Majorana free
field with Z, gauge group) whose localizable sectors comply with the ultraviolet stability
assumption referred to above.



CHAPTER 1

Superselection sectors and the
reconstruction of fields

The existence of a restriction to the superposition principle for pure states, represented by
vectors in the physical Hilbert space of quantum field theory, was discovered in [WWW52],
where it was shown that this Hilbert space is the direct sum of coherent subspaces, or su-
perselection sectors, for instance labelled by the electric charge, or by univalence, in such
a way that the phase relations between vectors belonging to different sectors are unobserv-
able. In [HK64] this was recognized as an aspect of the representation problem in quantum
field theory, i.e. the existence of several inequivalent irreducibile representations of the al-
gebra of observables for systems with an infinite number of degrees of freedom (in contrast
to the situation prevailing for non-relativistic finite systems): the algebra of observables of
quantum field theory is faithfully represented on each superselection sector, such represen-
tations being inequivalent, and the role of unobservable fields is that of transferring some
“superselection quantum number” from one sector to another. This shifts the attention from
the Hilbert space formulation of quantum field theory, central in the Wightman approach, to
the abstract net of algebras of local observables and its representations, which are the object
of study in the algebraic approach. In this framework it is taken as a fundamental postu-
late that all the information is encoded in the net of algebras of local observables, which
then characterizes a given theory completely; superselection theory is then the study of the
structure of the set of irreducible representations of such a net (or better of the subset of
them which are “relevant for particle physics”). Remarkably enough, one finds, as we will
see below, that it is possible to endow this set with structures, such as composition or con-
jugation of sectors, which reflect the corresponding physical operations with charges, and
also that sectors are in one-to-one correspondence with unitary equivalence classes of irre-
ducible representations of a global gauge group. This culminates in the Doplicher-Roberts
reconstruction theorem, also discussed below, which embeds the observable net as the gauge
invariant part of a canonical field net with Bose-Fermi commutation relations.

In this chapter we will state explicitly the main postulates of the algebraic approach
to quantum field theory, briefly discussing also some basic consequences needed in the
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following. Then we will review in section 1.2 the main results of superselection theory,
both for localizable and topological charges, and finally, in section 1.3, we will discuss the
above mentioned reconstruction of fields and global gauge group.

1.1 Basic assumptions of algebraic quantum field theory

For this work to be reasonably self-contained, and to fix a notation, in this section we will
briefly discuss the fundamental assumptions of the algebraic approach to quantum field
theory. We refer to the monograph [Haa96] for further details and references.

The arena of relativistic quantum field theory is Minkowski space, i.e. the (affine)
space R* endowed with the pseudo-euclidean structure, called Minkowski metric, induced
by the symmetric matrix g = (Quv)uv=o,. 4 = diag(1,—1,-1,-1). For x,y € R*, we
will write x-y = gyxty¥ for this bilinear form (summation over repeated indices is un-
derstood), and x? := x-x. The symmetry group of Minkowski space is the Poincaré
group & :=0(1,3) x R*, with O(1,3) the group of matrices A € My(R) leaving g in-
variant, A'gA = g, acting in the natural way on R*. We will only make use of the
connected subgroup SO™(1,3) of those A with detA = 1, /\00 > 0, and correspondingly
we get a subgroup 91 of &. We will also need to consider the universal cover-
ing SL(2,C) = {A € My(C) : detA =1} of SOT(1,3), with covering homomorphism de-
noted by A — A(A) (for its definition we refer to [BLOT90, 3.1.C]). Correspondingly
F1 .= SL(2,C) x R* is the universal covering of 21, and n : £1 — 21 will denote
the covering homomaorphism. Generic elements of 9”1 and 931 will be denoted by s,t,...
and their action on x € R* by s-x. The metric g defines the standard causal structure, to
which the terms timelike, lightlike etc. will be referred. The open forward (backward)
lightcone V. is the set of points in R* which are future (past) timelike to the origin. We set
V 1=V, UV_. Forany set . C R, its spacelike complement .#" is the set of points in R*
which are spacelike separated form all points in ..

Throughout all this thesis, we shall use the symbol & to denote the generic element
of the family of open bounded subsets of R*, which form an upward directed net under
inclusion. A frequently used subnet of causally complete regions is that of open double
cones ap := (a+V_)N(b+V;), with a € b+V,. This family is clearly upward directed
under inclusion, and the union of all its elements is all R*. Moreover, any double cone is
Poincaré equivalent to a double cone of the form & := e, ey, With €9 = (1,0), and they
form a basis for the standard topology of R%.

Definition 1.1. A net of C*-algebras over Minkowski space is a net
0 —A0) 1.1)

of unital C*-algebras over the directed set of open bounded regions in R?, all the algebras
having the same unit.

We can embed all the local algebras 2(( &) of a net as above in a quasi-local C*-algebra
2, defined as the C*-inductive limit of the inductive system 2((&’) of C*-algebras, i.e. as the
completion of the *-algebra 2joc = Us2A(€) in its unique C*-norm (as A(L1) C A(O>) if
01 C 03, the C*-norms of A(&1) and A(&>) agree on 2(&1)). We will use the symbol A to
denote both the net and its quasi-local algebra. To unbounded regions .# C R*, we can then
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associate the C*-subalgebra of 2( generated by all the 2(&), & C .. Given two nets 2;,
i = 1,2, a net homomorphism is an homomorphism ¢: 24; — L, of the quasi-local algebras,
such that (21 (€)) C A, (©) for each &. A net isomorphism is a net homomorphism which
is invertible as such. For a subset G of an algebra 21, we denote its commutant as &’.

Definition 1.2. A net of C*-algebras is said to be local if &1 C &) implies (&) C A(0%)'
in .

We recall that for a unitary strongly continuous representation U of R* on a Hilbert
space ¢, the spectrum of U, SpU, is the support of the spectral measure determined by U,
or, equivalently, the joint spectrum of its generators P, u=0,...,3.

Definition 1.3. A Poincaré covariant net of C*-algebras is a pair (2(,a), where 2 is a net
of C*-algebras and o : ,921 — Aut®l is a group homomorphism (also called an automorphic
action of 3?’1 on £A) such that for each &,

as(A(0)) =A(s-6), se L. (1.2)

A vacuum state® on (2, a) is a state won 2L which is a-invariant, and such that, denoted
by (1t.7#,Q) its GNS representation, and by U the associated unitary strongly continuous
representation of 21, the translations x € R4 — U(1,x) satisfy the spectrum condition
SpuU(1,:) CV,.

An homomorphism of Poincaré covariant nets (2;,a'), i = 1,2, is a net homomorphism
¢ of the underlying nets 2L; which intertwines the actions of the Poincaré group

goal=al.q  se L. (1.3)

Sometimes we will consider nets that are only translation covariant, and it is evident
how to adapt the above definitions.

As already mentioned above, the fundamental postulate of the algebraic approach to
quantum field theory is that all the physically relevant information on a given theory is
encoded in its algebra of observables. Together with the trivial observation that all mea-
surements on a physical system are performed in some bounded spacetime region, and with
Einstein causality, which implies that observations localized in spacelike separated regions
cannot interfere with each other, so that the associated quantum mechanical operators need
to commute, this implies that the algebra of observables has the structure of a local net of
C*-algebras, the algebras 2((&) being interpreted as generated by observables measurable
ino.

Taking also into account that we are interested in applications to particle physics, i.e.
to describe localized excitations of the vacuum, we conclude that the data determining a
theory are given by a triple (2, a,w), constituted by a Poincaré covariant local net with a
pure vacuum state.

A The traditional notation wy for the vacuum state will be used in this thesis with a different meaning, so that
we will here denote the vacuum state simply by w. Correspondigly, its GNS representation will be denoted by
(1,22, Q) instead of (T, 749, Q).
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Usually, as a consequence of the observation that all known superselection rules (in-
cluding here not only charges in particle physics, but also thermodynamic quantities) are
determined by global aspects of the states, the hypotesis is also made that all physically
relevant states are locally normal states of the vacuum representation, i.e. for any such state
¢ on®, and any &, ¢ [ (&) is a normal state of the representation 1t 2(&). Then we are
locally in the same situation as in quantum mechanics of systems with a finite number of
degrees of freedom, as we have only to deal with a single quasi-equivalence class of repre-
sentations of each local algebra 2((&). Thus we can assume that the net is defined directly
in its vacuum representation. By B(.7#’) we will denote the C*-algebra of bounded operators
on a Hilbert space 7.

Definition 1.4. A local Poincaré covariant net of C*-algebras in vacuum representation
is a quadruple (22,2(,U,Q), with . a Hilbert space, 2 a local net of C*-subalgebras of
B(4#), U astrongly continuous unitary representation of 3@1 on 7 satisfying the spectrum
condition, and Q € 7 a unit vector cyclic for 2, such that, with a5 := AdU (s), (2, a) isa
Poincaré covariant local net of C*-algebras, and Q is the (up to a phase) unique unit vector
invariant under translations U (1,x).

The unicity condition on Q implies that the vacuum state w := (Q|(-)Q) is pure on £,
or, equivalently, 2L is irreducible on 7, ' = Cl 45 [Haa96, thm 3.2.6]. In the situation
described by the above definition, it is also customary to assume that the local algebras are
actually von Neumann algebras, as the von Neumann algebra® 7 (&) := (&)" has by
definition the same normal states as 2((¢’). In this context, an assumption that is frequently
made, but which we will use only occasionally, is weak additivity of the net <7, i.e. that

\/ #(0+x)=B(H) (1.4)
xeR4
holds for each &. This is clearly suggested by the idea that the algebras are generated by an
underlying system of Wightman fields.
We now list a couple of basic results on the structure of local nets, essentially conse-
quences of positivity of the energy, which will be needed in the following. For the proofs
we refer to [D’A90].

Theorem 1.5 (Reeh-Schlieder). [RS61] Let (##,2,U,Q) be a translation covariant net in
vacuum representation. Let.# C R* be such that there exists .#, C .# and a neighbourhood
A of zero in R* for which #+ .4 C ., and \/,cga (S +X)" = B(5#). Then Q s cyclic
for A(7).

We remark explicitly that this result does not rely on locality of 2. Examples of regions
satisfying the hypothesis of the above theorem are given by the spacelike complements &
of any bounded &, or by wedges, i.e. Poincaré transforms of #; 1 := {x e R* : x> |x°[}.
Indeed, for any such region, one can find a translated region that contains any given bounded
open set. If the net o/ satisfies weak additivity, another example is given by bounded
regions, so that in this case, if the net is also local, the vacuum vector is cyclic and separating
for the algebras <7 (0).

) Throughout the thesis, we will use script capital letters to denote nets of von Neumann algebras.
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Theorem 1.6 (Borcher’s property B). [Bor67] Let (%, %7,U,Q) be a translation covari-
ant local net of von Neumann algebras satisfying weak additivity. Then for any non-zero
projection E € o7 (€) and for any &, O €, there exists an isometry V € &7 (6) whose final
projection isE, E =VV*,

As we will see, this property finds an important application in superselection theory.

We will also have to deal with nets of algebras generated by unobservable fields, which
then need not be local. For future reference, we collect here the relevant definitions for this
case. As customary, we denote the commutator of operators by square brackets, and the
anticommutator by curly brackets.

Definition 1.7. (i) A normal net of C*-algebras with gauge symmetry is a triple
(%,B,k) where § is a net of C*-algebras, {3 is an action of a compact group G on § (the gauge
group) by net automorphisms, and k € G is a central element, such that k? = e (the identity
of G), and such that § obeys local Z,-graded commutativity with respect to the grading de-
fined by y:= B, i.e. if for F € § we define its Bose and Fermi parts as F.. := %(F +vy(F)),
we have that for any pair F; € §(&3), i = 1,2, with &) C &7, there holds

FLe,. R+l =[F R ]=[F R+ ={F R }=0. (1.5)

(i) A normal Poincaré covariant net with gauge symmetry will be a quadruple
(3,B,k,ad), with (F,B,k) a normal net with gauge symmetry, (3,a%) a 971-covariant net,
and such that a and By commute for each s € 2y geG.

(iii) Given a Poincaré covariant local net (2, a), a normal Poincaré covariant net with
gauge symmetry over (2, a) is a quintuple (15,3, B, k, ), with (§,B,k,a®) as in (ii), and
T : 2 — § a net homomorphism, such that af o Ty = T o 0ty s), and T (A(0)) = F(€)C,
the fixed points of F(&) under the action 3 of G.

It is also clear what will be the definition of a vacuum state wover (§,B,k,a%). Asin the
case of local nets, we have the following spatial version of the above definitions (actually,
below we give only the spatial version of definition 1.7(iii), it is however clear how the
spatial versions of the other two definitions should be formulated).

Definition 1.8. Let (##,2(,U,Q) be a Poincaré covariant local net. A Poincaré covariant,

normal net with gauge symmetry in its physical representation over (.#°,2(,U, Q) is a quin-

tuple (13,5,V, k,Uz) with T a representation of 2( on a Hilbert space .#% containing the

vacuum representation, § a net of C*-subalgebras of B(.7#%), V a unitary strongly continu-

ous representation of a compact group G on %%, k € G a central element with k? = e, and

Uz a unitary strongly continuous representation of 931 on % such that:

(i) with Bg:=AdV(g) and af := AdUz(s), (1%, §, B, k,a¥) is a Poincaré covariant normal

net over (A, AdU);

(ii) the translations x — Uz(1,x) satisfy the spectrum condition;

(iii) Q is gauge invariant, V(g)Q = Q, g € G, and is the unique translation invariant unit
vector in %.

Remark. If (13,3,V,k,Uz) is as in the above definition, Reeh-Schlieder theorem and nor-
mal commutation relations imply that Q is separating for the local von Neumann algebras
§(€)~ (the bar denoting closure in the weak operator topology on B(.#%)): if F € §(&)~
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is such that FQ = 0, then by gauge invariance of Q, also F.Q = 0, so that if F' € (&),
by normality FF'Q = F'FL.Q + (F{ —F/)F_Q = 0, and by the Reeh-Schlieder theorem
applied to F(&"), F =0.

As we mentioned in the introduction, in the subsequent analysis we shall encounter
charges which are localizable (in a sense made precise in section 1.2) only in certain un-
bounded regions, called spacelike cones (see appendix A for their definition). Corrispond-
ingly, the fields carrying such charges will also only be localized in spacelike cones, so
that they will generate, instead of a net & — (&) on bounded sets, a net € — §(%) on
spacelike cones.9) It is then clear how to modify the above definitions in order to deal with
such situation, and we will call the resulting quadruple (§,B,k,a%), with § a net on space-
like cones, an extended normal Poincaré covariant (field) net with gauge symmetry. The
extended field net arising from topological sectors through the Doplicher-Roberts recon-
struction theorem (see section 1.3 below) has some additional features, so that it deserves a
formal definition.

Definition 1.9. Let (4#,27,U,Q) be a Poincaré covariant local net of von Neumann al-
gebras. A Poincaré covariant, normal extended net with gauge symmetry in its physical
representation over (J#,<7,U,Q) is a quintuple (1, #,V,k,Uz) with T& a representa-
tion of &7 on a Hilbert space .77z containing the vacuum representation, .% an extended net
of C*-subalgebras of B(#%), V a unitary strongly continuous representation of a compact
group G on %%, k € G a central element with k? = e, and Uz a unitary strongly continuous
representation of 951 on sz such that:

(i) with Bg:=AdV(g) and af := AdUz(s), (F,B,k,a7 ) isa Poincaré covariant normal

extended net of von Neumann algebras;

(i) of oTlg =Tz o Oln(s) and F (%)C = Tz (# (%))
(iii) for each €, the union of all the algebras .% (% +x), x € R4, is irreducible;

(iv) # is cyclic for each algebra .% (%);

(v) the translations x — U #(1,x) satisfy the spectrum condition;

(vi) Qs gauge invariant and is the unique translation invariant unit vector in 5Zz.

1.2 Superselection theory

The states of interest in particle physics are characterized by the idealization that they de-
scribe a few localized excitations in empty space. The subject of superselection theory is
to formulate precise criteria selecting, among all states on the quasi-local algebras, those
that comply with this physical picture, and then to classify the (irreducible) representations
of the quasi-local algebra induced by such states, and to study the structure of the resulting
set of unitary equivalence classes, called superselection sectors. Here we will give a very
brief account of the results obtained for the two main known classes of sectors: localizable
—or DHR - sectors [DHR71, DHR74] (see also [Rob90] for a pedagogical overview), and
topological sectors [BF82], which are essentially distinguished by the kind of localization

9Here the term net is slightly abused, since the set of spacelike cones is not directed, and stands for the
isotony property of the correspondence € — F(%), i.e. €1 C %> implies F(%1) C §(%62).
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regions of the corresponding charges, double cones for the former, and spacelike cones for
the latter (a unified treatment is however possible, and has been given in [Kun01]).

1.2.1 Localizable sectors

Throughout this section, & will denote a double cone in Minkowski space. Let
(#,2,U,Q) be a Poincaré covariant?) local net of C*-algebras in its vacuum represen-
tation, that we denote by 1. We also assume that 2/ satisfies property B, theorem 1.6, and
essential Haag duality

Al (0) =24 (", (1.6)

where & — A%4(£) := A(&")' is the dual net of 2. Equation (1.6) is equivalent to locality
of A4, If in particular A4(&) = A(€)" (by locality of 2, A(£)" C A4(£), so this can
be viewed as the requirement that 2L is maximal with respect to locality) then 2L is said to
satisfy Haag duality tout court. This last property, in terms of which DHR theory was orig-
inally formulated, is known to hold in free field theories [Ara63, Ara64], but is violated in
models with spontaneous symmetry breaking [Rob76]. Essential duality is however to be
considered as a generic property of local nets, as it is satisfied whenever the net is gener-
ated, in any reasonable sense, by Wightman fields [BW75, BW76]. The class of states (o,
equivalently, representations) which we will consider is specified by the following criterion,
where we use 2 to denote unitary equivalence, and | to denote restriction.

Definition 1.10 (DHR selection criterion). [DHR71] A representation Ttof the quasi-local
algebra satisfies the DHR selection criterion (or is a DHR representation) if, for every dou-
ble cone 7,

n[A(o) =1 1A, (1.7)

The above criterion was suggested by the findings of [DHR69a], where an irreducible
field net with gauge symmetry § over 2l is considered, and it is then shown that the irre-
ducible representations of 2 appearing in .7#% are DHR.

For what concerns the physical interpretation of the DHR criterion, if ¢ is a normal state
of a DHR representation, then

H /
g;r%4ll(¢ w) [2A(6")]| =0,
and this statement also admits a partial converse under some not really restrictive hypotesis
on the representation considered. Thus we see that the DHR criterion select states which
are close to the vacuum at spacelike infinity in a rather strong sense, and therefore excludes
states with nonvanishing total electric charge, since this can be measured, thanks to Gauss’
law, in the spacelike complement of any bounded region. This is clearly due to the vanishing
of the photon mass, implying that electromagnetic forces are long-range, but we will see
below that topological charges, which are not DHR, arise also in purely massive theories.

dMost of the results of DHR theory of superselection sectors are independent of covariance of the theory,
which enters directly only when dealing with covariant sectors, but since in the application to the scaling limit
theory covariance is an essential ingredient, we include this hypotesis from the beginning.
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It follows from property B that the set DHR(2() of DHR representations of 2 is closed
under direct sums and subrepresentations. Actually, it has a much richer structure, which
can be uncovered by relating it to a set of endomorphisms of the quasi-local dual algebra
29, This is accomplished as follows, using in an essential way notions from category theory,
for which we refer to [McL98, DR89b]. The set DHR(%) is, in a natural way, the set of
objects of a C*-category, whose space of morphisms (14 : i) between objects 15, i = 1,2,
is given by the intertwiners between 1y and Ty, i.e. operators T € B(.#4,,#4%,) such that
Ty (A) = To(A)T for each A € 2. This C*-category is seen to be isomorphic to DHR(21Y)
(with no risk of confusion, we denote by the same symbol a category and the set of its
objects) by associating to each 1€ DHR(2!) its unique extension ftto 29, which is an
element of DHR(2Y) [Rob90], and thanks to essential duality, this last category is in turn
equivalent to the C*-category A of transportable localized endomorphisms of 29, defined as
follows.

Definition 1.11. Let 2 be a net of C*-algebras. An endomorphism p € End(2() is localized
in a double cone & if p(A) = A for each A € 2(&"), and is transportable if for any double
cone O there exists p1 localized in &3 and a unitary U € 21 which intertwines p and ps.
The space of morphisms between localized transportable endomorphisms p and o, denoted
by (p: 0), is the subspace of intertwiners between p and o which belong to 2L.

We denote by A(&) the full subcategory of A defined by endomorphisms local-
ized in &. The above mentioned equivalence is then the identity on morphisms, and
is given by p € A — Top € DHR(2Y) on objects. What one gains in considering en-
domorphisms, is that they allow a simple and natural definition of composition of sec-
tors, since it is easy to show that pa € A (composition of endomorphisms) for p,o € A,
and that the semigroup structure thus defined on A, with the vacuum representation T
as a unit, passes to the quotient A/ =. One can then define a corresponding product
(T1,T2) € (p1:01) X (P2:02) = T1 X T2 € (pP1P2 : 0102) on morphisms, in such a way as
to equip A with the structure of a tensor C*-category.

The composition law of sectors is just the first example of a structure of physical charges
which is encoded in the set of representations of the net 2(. Indeed, one can show [DHR71]
that, thanks to locality and to the fact that in d = 4 spacetime dimensions the spacelike
complement of a double cone is connected, exchange symmetry of identical charges is

described by unitary representations s,()”), n € N, of the symmetric group of n objects Sy,
on p"(A%)’, whose possible irreducible components are classified, for all integers n, by a
single d; € NU {0}, the statistical dimension, and, if d; < oo, by a sign gz, both depending
only on the class & := [p], the case 1 < dg < c being a generalization of ordinary Bose
(0F = +) or Fermi (0z = —) statistics, called parastatistics of order dg. Also, it is possible
to show [DHR74], that if dg < o, in which case p is said to have finite statistics, there exists
a conjugate endomorphism p such that pp and pp both contain the vacuum representation
of A4, so that & := [P] is interpreted as the anti-charge of &.

As we will not need directly these structures in the subsequent analysis, we will not
go here into details, and we just mention that the resulting structure on the full subcate-
gory As of A, determined by finite direct sums of irreducibles with finite statistics, is that
of a tensor symmetric C*-category with subobjects, direct sums and conjugates and with
(1:7) = C1 [DR89b], and that this is the central issue in the Doplicher-Roberts reconstruc-
tion theorem, discussed in the following section. In particular, since we will be concerned
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with covariant endomorphisms p, which are objects p € A¢ for which there exists a unitary
strongly continuous representations U, of ﬂl on s, such that

Up(S)P(A)Up(5)* = pain(s)(A),  Acdse P, (1.8)

i.e. such that (p,U,) is a covariant representation of the C*-dynamical system (md,an(,)),
we remark that if A is the full subcategory of A defined by covariant endomorphisms, then
A is a category of the same kind as A, and that moreover all the representations U, satisfy
the spectrum condition [DHR74].

1.2.2 Topological sectors

Let (A,a) be a translation covariant local net. We say that a covariant representation
(Ttw,Um) of (A,a), m > 0, is a massive single particle representation if 11, is a facto-
rial representation of 2, U (x) € T, (2A)” for each x € R*, the positive mass hyperboloid
Qt :={peR : p>=m? po > 0} is contained in the singular spectrum of Uy, and
SpUn C QF U{p € R* : p? > M?, py > 0}, for some M > m, i.e. the set of single par-
ticle states is separated from the continuum by a gap in the spectrum.

Theorem 1.12. [BF82, thm. 3.5] Let (A, a) and (Tt,,Up) be as above. Then, there exists
an irreducible vacuum representation 1tof 21 such that, for any spacelike cone ¥,

T [ (") = 71} A(%). (1.9)

Then, even in theories without massless particles, as for instance in non-abelian gauge
theories (according to the folklore), we may have superselection sectors not complying with
the DHR selection criterion. That such sectors really should arise in this kind of theories
is suggested by the fact that the cone can be viewed as a fattened version of the flux string
joining opposite gauge charges in non-abelian gauge theories (see, for instance, [KS75]),
once that a member of a charge-anticharge pair has been shifted to spacelike infinity to give
a charged state.

Then, given a net 2L in vacuum representation 1 on 2, one is led to consider representa-
tions Ttof 2 satisfying the weaker selection criterion obtained by replacing the double cone
O by a spacelike cone % in (1.7),

T A(E) 21 1 2A(E). (1.10)
Assuming then also the analogous property of Haag duality with respect to spacelike cones,
AL =A(€), (1.12)

and property B’: for any non-zero projection E € (%), and any spacelike cone 1 O %,
there is an isometry W € (%)’ with E as final projection — which is also a consequence of
weak additivity and the spectrum condition —, it is possible to develop a superselection the-
ory for topological sectors which is similar to the one for localizable sectors. In particular, in
this case also it is convenient to shift from representations complying with (1.10) to the set A
of transportable localized homomorphisms p € Hom(2(,B(.7#)), defined in the evident way.
Here, one does not obtain endomorphisms of 2, since by (1.11) ap € A(%) is only such that
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P(A(€1)) CA(%1)~ for each €1 D €. The composition law of sectors cannot therefore be
directly defined in terms of composition of morphisms. Nevertheless it can be established
in a natural way, and most of the results discussed for localizable charges hold in this case
as well, as the classification of statistics, and the existence of conjugates [BF82, DR90]. In
particular, if D is a double cone at spacelike infinity (see appendix A for the definition), and
if A (D) is the set of all p € A which are localized in a cone € with base D(¥’) C D, then
At (D) is the set of objects of a symmetric tensor C*-category with direct sums, subobjects
and conjugates and with irreducible unit, and this allows the reconstruction of an extended
field net in this case too.

1.3 Reconstruction of fields and gauge group

According to the above discussion, the main properties of charges appearing in quantum
field theories are directly encoded in the algebraic structure of the observables of the theory,
and in particular in the family of their representations. In view of the picture of superse-
lection sectors as coherent subspaces of a “universal” Hilbert space on which unobservable
fields act, recalled at the beginning of the present chapter, it is therefore tempting to con-
jecture that the algebraic structure of charge carrying fields itself, and in particular their
commutation relations, with the Bose-Fermi alternative, can be directly read off the net
of local observables and its superselection structure. This was indeed established already
in [DHRG9Db] if the superselection sectors are all given by localizable automorphisms of :
in this case it is possible to construct a field net containing 2 as the fixed point subnet under
the action of an abelian gauge group, whose Pontrjagin dual is in 1-1 correspondence with
the sectors. That this should hold as well in the general case is also suggested by the math-
ematical structure of the set of sectors, the most prominent example of a tensor C*-category
as the ones arising in superselection theory being the category U(G) of finite-dimensional
continuous unitary representations of a compact group G: the tensor structure is given by
the tensor product of representations and intertwiners, the symmetry by the operator flip-
ping the factors in a tensor product, and the conjugate by the conjugate representation. As
was shown in [DR72] this is no accident: if § is a normal field net with gauge group G over
2, then the full subcategory of A¢ determined by the sectors of 21 appearing in .7#% is equiv-
alent to U(G), and the equivalence is given by a symmetric tensor functor. One is thus led to
the conjecture, related to the one above about the existence of a field net describing supers-
election structure, that for any symmetric tensor C*-category with direct sums, subobjects,
conjugates and irreducible unit, there exist a unique compact group G and a symmetric ten-
sor equivalence from the given category to U(G). Were this the case, the gauge group of the
theory would be uniquely determined by A+.

Both these conjectures were solved affirmatively in [DR90] and [DR89b] respectively,
the main technical tool used in these analyses being a crossed product construction of a C*-
algebra 21 by a subsemigroup A C End(2l), satisfying certain hypoteses which are verified
in the applications to quantum field theory [DR89a]. Here we will briefly review the main
results on the reconstruction of the field net, which will be needed in the following.

We begin by recalling the notion of Hilbert space inside a unital C*-algebra 8. This is a
closed subspace H C B such that, for each @, € H, Y*¢ € Cl g, and then a scalar product
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(-|-) on H is defined by

o = (W|o)1Ls,
and the associated norm agrees on H with the norm of 8. We will only consider finite-
dimensional Hilbert spaces H. In this case, if ¢j, j =1,...,d, is an orthonormal basis of H,
the projection

d
In = W5, (1.12)
JZ\ ivi

is independent of the chosen orthonormal basis, and is called the support of H.

Theorem 1.13. [DR90] Let (##,27,U,Q) be a local, Poincaré covariant net of von Neu-
mann algebras in its vacuum representation, and assume that . is separable, and that
Haag duality and property B hold for 7. There exists then a unique (up to unitary equiva-
lence) normal Poincaré covariant field net (1iz,.%#,V,k,Ug) over (4, 4/,U,Q) such that
A is cyclic for each .# (&), and any equivalence class of Poincaré covariant finite statistics
DHR representations of 7 is realized as a subrepresentation of 1z. Moreover
() e (&) NF =C1,

(i) Mg («) =G" and

Mg = P de T, (1.13)

g

where & runs over the set of localizable covariant sectors of 7 and Ttz is an irreducible
covariant finite statistics DHR representation of class & on 75 C 77,

(iii) there is a 1-1 correspondence between covariant sectors § of & and classes of irre-
ducible subrepresentations of V defined by the fact that, correspondingly to (1.13),

V:@uy@]l%g, (1.14)
3
is the factorial decomposition of V, being then ug an irreducible representation of G of

dimension dg;

(iv) the grading of s# defined by V (k) corresponds to the alternative between para-Bose
and para-Fermi statistics, i.e. if ® € %, then V(k)® = £® according as 1 has
para-Bose or para-Fermi statistics;

(v) foreach p e A(0),

Ho = {Y € #(0) : Ynz(A) =Tizp(A)Y, A€ &} (1.15)

is a djp-dimensional B-invariant Hilbert space in % (&) with support 1, and 7 (&) is
generated as a von Neumann algebra by Hy, p € Ac(0);
(vi) for irreducible p, the representation u, of G induced by 3 on Hy, is equivalent to ug.

It is evident that this is a remarkable result in several respects: in particular, we may
note that the starting point is the algebra of local observables, which are gauge invariant by
definition, and which contain no element that anticommutes with its spacelike translates,
and we end up with a gauge group and with fields satisfying normal commutation and
anticommutation relations.

Clearly, we have also the corresponding result for topological sectors, the main differ-
ence being that now the field algebras will be indexed by spacelike cones rather than double
cones.
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Theorem 1.14. [DR90] Let (57,47 ,U,Q) be a local, Poincaré covariant net of von Neu-
mann algebras in its vacuum representation, and assume that # is separable, and
that (1.11) and property B’ hold for 7. There exists then a unique (up to unitary equiva-
lence) normal Poincaré covariant extended field net (1t#,.%#,V,k,Ug) over (4, 47,U,Q)
such that any equivalence class of Poincaré covariant finite statistics representations of &/
satisfying (1.10) is realized as a subrepresentation of 1. Moreover
(i) Mz () NFp = C1 where D is a double cone at spacelike infinity, and .%p is the
C*-algebra generated by .% (¥¢'), D(¥¢) C D;
(ii) Mz (&) =G" and
Mg = P de T, (1.16)
g

where & runs over the set of topological covariant sectors of 7 and 1t is an irreducible
covariant finite statistics representation fulfilling (1.10) of class & on J¢; C /7,

(iii) there is a 1-1 correspondence between covariant topological sectors & of & and
classes of irreducible subrepresentations of V defined by the fact that, correspondingly
to (1.16),

V=EPuely, (1.17)
3
is the factorial decomposition of V, being then ug an irreducible representation of G of

dimension dg;

(iv) the grading of s# defined by V (k) corresponds to the alternative between para-Bose
and para-Fermi statistics, i.e. if ® € J#, then V(k)® = £® according as 1 has
para-Bose or para-Fermi statistics;

(v) for each p € A¢(%),

Ho :={W € #(7?) : Yz (A) =Tizp(A)Y, A€ &} (1.18)

is a djp-dimensional B-invariant Hilbert space in % (¢’) with support 1, and (%) is
generated as a von Neumann algebra by H,, p € Ac(%);
(vi) for irreducible p, the representation u, of G induced by 3 on Hy, is equivalent to ug.



CHAPTER 2

Scaling algebras and
ultraviolet limit

In the conventional, lagrangian and perturbative, approach to quantum field theory, the ul-
traviolet (i.e. small scale or high energy) properties of a given model are uncovered, in
favourable cases, with the help of renormalization group methods, which allow to control
the short distance limit of correlation functions of fields. Since fields play such a central
role in this kind of analysis, providing a set of operators with a fixed physical interpretation
at all scales, it is not straightforward to translate these methods in the algebraic framework,
in which the physical information is encoded only in the net structure of the observables.
Such a translation has been however performed in [BV95], and is based, as we shall see
below, on the observation that what really matters in the conventional framework are only
the phase space properties of renormalization group orbits.

In this chapter we will review the work of Buchholz and Verch on this subject, on
which our analysis of superselection sectors in the ultraviolet, which will be exposed in
chapter 3, is based. In section 2.1 we will see how the analysis of the above mentioned phase
space properties of renormalization group orbits leads to the introduction of the concept of
scaling algebras, as a net of algebras subsuming the action of all possible renormalization
group transformations on the given theory. In section 2.2 we will employ the net of scaling
algebras to define, in a canonical, model independent fashion, the (ultraviolet) scaling limit
of the theory under consideration, which turns out to be again a theory described by a net of
local algebras, and we will classify the various possibilities for the structure of such a net.
Finally, in section 2.3 we will discuss some simple examples of this construction, which
illustrate some of these possibilities.

2.1 Scaling algebras as an algebraic version of the
renormalization group

If we denote generically by ¢(x) an observable Wightman field, as for instance a component
of a current or of a field strength, the conventional renormalization group (R) )0 is defined

17
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essentially by
Ry 10(X) = da(X) == Zxd(Ax) (2.1)

where the renormalization constants Z, are fixed e.g. by requiring that for some fixed test-
function f,
(Q|da(F)Pa(f)Q) = const for A >0, (2.2)

or by some other condition of this kind, in such a way that the ¢, correlation functions have
the same order of magnitude at all scales. The transformation R, can then be considered to
map the given theory at scale A = 1 — from now on referred to as the underlying theory —
to the theory at scale A which is generated by the fields ¢, leaving fundamental constants,
such as the speed of light ¢ or Planck’s h, unaffected. In order to calculate the scaling
(ultraviolet) limit of the underlying theory one has then to calculate the limit, for A — 0,
of the ¢, correlation functions. The main technical problem that has to be overcome in
performing such a calculation, is that, due to the singular behaviour of Wightman fields at
neighbouring spacetime points, in general Z, will go to zero in this limit, and quite precise
information on the way it approaches zero will be needed in order to control the correlation
functions’ limit. Renormalization group equations provide this information in “good” cases,
i.e. essentially only if the theory exhibits a perturbatively small ultraviolet fixed point, while
leaving the problem open in all other cases.

Nevertheless, the following general properties of the transformations R, follow at once
from their definition.

(i) Ry maps observables localized in the bounded spacetime region & to observables
localized in the scaled region A&,

Ry :A(0) = ANO), (2.3)

and this reflects the fact that the value of ¢ remains constant.

(ii) the fact that also the value of h has to be left fixed by R, implies that these trans-
formations map observables which transfer to physical states 4-momentum contained in a
compact region? A C R* to observables which transfer 4-momentum in A 1A, in symbols

Ry 1 A(A) — AN 1A) (2.4)

~

20(A) denoting the subspace of observabes which transfer 4-momentum in A.
(iii) When acting on bounded functions of the fields, due to the above definition of Z,,
the transformations R, are bounded in norm, uniformly for A > 0.

We will refer to the above properties (i)-(iii) as “phase space” properties of renormal-
ization group transformations, since they state that renormalization group orbits A — R, (A),
A € 2, should occupy essentially the same phase space volume at all scales. All possible
transformations R) complying with these conditions identify the same net A, (&) = A(AO)
at the scale A, and then, if one sticks to the principle that all the physical information on
the theory is given by the net structure of observables, they should be regarded as being all
physically equivalent, and there is no need to use fields to single out a particular choice of
these maps.

3 See below for precise definitions.
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We shall therefore construct the scaling algebra associated to a given underlying theory
in such a way that it contains the orbits of local observables under all possible choices of
renormalization group transformations as above. Before doing this, we shall state explicitly
the assumptions under which such a construction can be performed, and we shall elaborate
a little further on properties (i)-(iii).

Throughout the present chapter, (#,2,U, Q) will denote a Poincaré covariant local net
of C*-algebras in vacuum representation, which satisfies the following

Hypothesis 2.1. For each A € (&) the function s € ﬁl — 0s(A) is continuous in the
norm topology of 2, and the local algebras (&) are maximal with respect to this property,
i.e. if A€ (&) issuch that s — as(A) is norm continuous, then A € ().

This hypotesis is not really restrictive, as given any net 8 and defined (&) as the
C*-subalgebra of B(&’)~ of those A € B(&)~ for which s — ag(A) is norm continuous,
the net 2 complies with hypotesis 2.1, and for any & and &1 D @, A(61)~ 2 B(0),?) so
that the two nets 2( and B have the same locally normal states, and they can be considered
as physically equivalent.

Our conventions about Fourier transform on Minkowski space are as follows: the
Fourier transform of f will be defined as

f(p):= R4d4x e 'PXf(x), (2.5)

and correspondingly the inverse transform will be

v 4 .
f(x):= /R4 (21_;1 e'P*f(p). (2.6)

The following elementary lemma, in which E denotes the spectral measure associated
with translations ay := 0y x), is at the basis of the definition of the spaces of momentum

transfer 2(A) considered above.

Lemma 2.2. Let &y, ®, € s, and A;,A, C R* be compact sets. The function
X € R — (E(A2)®D,|0x(A)E(Ar)Py) has (distributional) Fourier transform with support
in Ay —A.

Proof. Let p be the complex measure on R* x R*, determined by u(F, x 1) =
(E(Fg)E(A2)<D2|AE(F1)E(A1)<D1) = (E(FzﬂA2)¢2|AE(F1ﬁA1)CD1). Then W has support
in Ay x A1. Thus since, for f € .7 (R*),

/Wd“x f(X) (E (82) ®2|0x (A)E (A1) P1) =/ du(pz, p1) f(p2—pa),

Nrx A

we get the statement. O

D) For the proof see also below, equation (3.13)
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It follows from the above lemma that, if we define, for A€ 2 and f € L1(R*),
ag(A) = 4d4x f(x)0y(A), 2.7)
R

where the integral is defined in weak sense, i.e. by its associated bounded sesquilin-
ear form on s, and if ®; € # has compact spectral support® A; C R*, i = 1,2, then
(Dy]as(A)D;) = 0 if (Ay+supp f)NA; =0, ie. a(A) transfers to states 4-momentum
contained in supp f. Taking into account that A = ag(A) for each g with §=1on A if and
only if ot (A) = 0 whenever supp f N A = 0, this motivates the following

Definition 2.3. The 4-momentum support of A e is the smallest closed set A QAR“ such
that a(A) = 0 for each f € L1(R*) with supp f C R*\ A. We shall denote by 2(A) the
subspace of 2 of the elements with 4-momentum support contained in A.

Let then A € A(£) and (R))a=o be a family of renormalization group transformations.
Then by (i) above, R)(A) € 2A(A&). Moreover, it can be shown [BV95, lemma 2.2] that,
thanks to hypotesis 2.1, A can be approximated in norm by operators in QL(A) for A suffi-
ciently big, so that, by conditions (ii) and (iii), we deduce that for each € > 0 there exists a
compact A such that

Ra(A) € AA1A) +eBy, A >0, (2.8)

having denoted by By the unit ball in 2.

This last condition can be reformulated as a more manageable condition of continuity
with respect to translations, uniform in A, as in [BV95, lemma 3.1] it is shown that (2.8),
together with boundedness in norm of A — R, (A), which follows again from (iii), is equiv-
alent to

Iing) sup [|aax (Ra(A)) — Ra(A)|| = 0. (2.9)
X=UA>0

Similarly, since angular momentum has the dimensions of an action, and since Planck’s
constant is not rescaled by renormalization group transformations, it can be shown that the
orbits A — R, (A) have also to satisfy

Jim, sup Jan (R (A)) — Ra(A)]| =0, (2.10)
where ap = d(a 0)-
These remarks suggest the following definition of scaling algebra. We consider the
C*-algebra B(R’;,2) of bounded 2-valued functions on the positive reals, where algebraic
operations are defined pointwise,

= A,B € B(RX,2),

(AB)(A) := A(N)B(), (2.11)
(A)(A) == AM)", mbet
and with C*-norm
l|All := sup|[A(A)]]. (2.12)

9The spectral support of a ® € J# is the support of the vector valued Borel measure A — E(A)®.
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We can lift the action of the Poincaré group to this algebra by defining
A (A)(A) =05, (A(N),  A>0,s€ #] (2.13)

where (A,X) := (A,AX), which is an endomorphism of 1, so that we obtain again an
action of 9”1 by automorphisms of B(R} , ).

Definition 2.4. Let & C R* be open and bounded. The local scaling algebra associated
to & is the C*-subalgebra (&) of B(R},2) of those A such that A(A) € 2A(A&) for each
A >0, and

lim||a,(A) — Al =0. (2.14)

S—e

The (quasi-local) scaling algebra 21 is the C*-inductive limit of the algebras 2(&).

It is clear that (2, ) is a local Poincaré covariant net of C*-algebras, which moreover
is non trivial, i.e. not reduced to scalar functions A(A) = c, 1, since functions A with the
desired properties can be constructed quite easily using results in [BV95, sec. 2], where it
is shown that, thanks to hypotesis 2.1, for each fixed pair of regions &,y there exists a
“large” set &) C A(AOp) such that each Ay € &, has ||Ay|| =1, and for each € > 0, A) €
AN 1A) + eBy with A =g 1Ag. Then if AQA) := [, dAan(Ay), where .4 C SOT(1,3) is
a neighbourhood of the identity, A € 2(&) for & 2> A 0.

Renormalization group transformations are then implemented on the scaling algebra as
geometrical symmetries, given by an automorphic action ¢ of the multiplicative group R’
of positive reals on 2, defined by

The geometrical character of this automorphisms group is seen by noting that
0,(2(0)) =2A(uo), (2.16)

se 21, (2.17)

H

0,005 =0 o0

=u ue

so that o defines an action of the dilatations on the scaling algebra.

2.2 Construction of the scaling limit

Let ¢ be a locally normal state of 2(. We associate to it the family (q_)A) A>0 Of states over the
scaling algebra 2L, defined by

0, (&) =d(AN), A€ A>0. (2.18)

Considering (%)bo as a net for A — 0, the set of its weak™ limit points will be non-empty,
thanks to the Banach-Bourbaki-Alaoglu theorem.

Definition 2.5. Every weak* limit point of the net (q_)}\)bo will be called a scaling limit
state of the state ¢. The set of all scaling limit states of ¢ will be denoted by SLy(¢).

Actually, SLy(¢) is independent of the locally normal state ¢.
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Proposition 2.6. Let ¢1, ¢, be locally normal states of 2. Then, for each open bounded &,
lim (9, , ~9,,) 12(O)] =0, (2.19)

thus, in particular, SLg(¢1) = SLe(¢2).

For the proof, we refer to [Rob74, BV95] (see also proposition 3.6, where the slightly
more general case of normal, instead of local, commutation relations is considered). We
will then talk simply of the scaling limit states of 21, without reference to any particular
locally normal state on 21, and we will denote this set as SLg;.

Let w, € SLy and denote by (1o,.#, Qo) the corresponding GNS representation. On
4% we can then consider the local net of C*-algebras defined by

0 — Ap(0) :=1o(A(0)), (2.20)

with the state wyp := (Qol(-)Q0), and, since wy, can be obtained as a weak* limit of a net
(e, )ier, w being the vacuum state on 2, it is a-invariant, and we get a corresponding

unitary representation Up of 221 on 7%. We set a2 := AdUg(s), s € 21.

Theorem 2.7. With the above notations, (.745,2lo, U, Qo) is a Poincaré covariant, local net
of C*-algebras in vacuum representation.

Again, for the proof see [BV95, prop. 4.4] or theorem 3.7 below, where this is general-
ized to the scaling limit of a field net.

Remark. The above result holds for a number of spacetime dimensions d > 3. Ford =2
one still gets that (2[0,0(0) is a Poincaré covariant local net, and wy is a vacuum state on it,
but wy needs not be pure in general.

Definition 2.8. Every net (2o, 0°) obtained as above from a scaling limit state wy, € SLy
will be called a scaling limit net of the underlying net (2, a).

The fact that in general we get several in principle different scaling limit theories, one
for each choice of a scaling limit state on the scaling algebra, can be traced back to the
already mentioned fact that 21 is constructed from the orbits of all possible choices of renor-
malization group transformations complying with the very general phase space properties
discussed in the previous section, so that, loosely speaking, any scaling limit net can be
attributed to a particular such choice. But since the particular renormalization group trans-
formation chosen should not matter for the physical interpretation of the theory at small
scales, we can expect that, in generic cases, all the scaling limit nets should describe the
same physics. The following definition formalizes this favourable scenario.

Definition 2.9. The underlying theory (21, a) is said to have a unique scaling limit if all the
scaling limit nets (24o,a®) are isomorphic. If, moreover, there exist net isomorphisms that
connect the respective vacuum states, the theory is said to have a unique vacuum structure
in the scaling limit.

There is the possibility that the various isomorphic nets 2 are all trivial, i.e. reduced
to the multiples of the identity. In this case we speak of a classical scaling limit, due to
the fact that correlations between observables vanish in every state on 2(,. This situation
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may arise if observables in 2 exhibit an exceptional quantum behaviour at small scales, the
4-momentum transfer of observables localized in 2((A&) being of the order of A ~% for some
g > 1, so that do not exist renormalization group orbits occupying a finite volume of phase
space at all scales, apart from multiples of the identity.Y) We may expect a situation of this
kind to be realized in non-renormalizable theories. The only alternative to this scenario is
the much more interesting case in which the isomorphic nets 2l are all infinite dimensional
and non-abelian [Buc96a], and we say in this case that the unique scaling limit is a quantum
one. This situation should correspond to theories that in the conventional setting have an
ultraviolet fixed point of the renormalization group. We will see some simple examples of
this case in the following section.

Of course, it could happen that not all the scaling limit nets are isomoprhic, since the
structure of the theory at small scales is continually varying as A — 0, and we speak then of
a degenerate scaling limit.

As can be expected, in the physically relevant case of unique (quantum) scaling limit,
the dilatations are geometrical symmetries of the scaling limit theories.

Definition 2.10. A local Poincaré covariant net (2, a) is dilatation covariant if for each
> 0 there exists &, € Aut®A such that

S (A(0)) =AWo), >0, 6CR, (2.21)
éuoaszasuoéu, IJ>0,S€<@1 (222)

A vacuum state won (2, a) is dilatation invariant if wod, = w, > 0.

Proposition 2.11. [BV95, prop. 4.4] If the underlying theory has unique scaling limit,
then each scaling limit theory is dilatation covariant. If, moreover, the underlying theory
has a unique vacuum structure in the scaling limit, then the scaling limit vacuum states are
dilatation invariant.

The automorphisms 63 € Aut2(y implementing dilatations in the scaling limit are in-
duced by the scaling transformations g, through the fact that if w, € SLg, then also
W0, € SLy, and it induces a scaling limit net isomorphic to the one induced by w,.

We close this section by discussing results which allow us to analyse the superselection
structure in the scaling limit.

We denote by Ay, . (t) € SOT(1,3), t € R, the one-parameter group of Lorentz boosts
in the x! direction, with speed B = tanht, explicitly

cosht sinht
sinht cosht
Nyp (1) = 1 : (2.23)
0 1
These transformations leave the wedge #7 . (and hence also #1_ = W’l ) invariant,

since if ex :=e; +eq, ey, L =0,...,3, being the canonical basis in R*, then x € #4 .

dSuch a connection between phase space properties of the underlying theory and the structure of its scaling
limit is further clarified in [Buc96a].
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if and only if x-eL <0, and Ay, (t)er = etle;. For any other wedge # =s- #4 .,
se 2., the corresponding one-parameter group in 931 leaving # invariant is given by
Ny (t) :==sAy; , (t)s 1, t € R Also, we consider the non-orthocronous Lorentz transfor-
mation j := diag(—1, —1,1,1), which is such that j?> = 1 and i1+ =% In generic
cases, these Lorentz transformations represent the geometric action of the modular objects
associated through Tomita-Takesaki theory (cfr. [BR79a, KR86]) to the algebra of #1 .,
with the vacuum as cyclic and separating vector.

Definition 2.12. Let (2#,2(,U,Q) be a Poincaré covariant local net in vacuum represen-
tation, and let (A,J) be the modular objects associated to (A(#414+)~,Q). We say that
(22,2,U, Q) satisfies the condition of geometric modular action if

JA(O)I=A(jO)” o CR, (2.24)
JU(AXI=U(jA}, 10,  (AX) e 2L, (2.25)
A =U (Ay, , (2mt)), teR. (2.26)

This condition holds for nets generated by underlying Wightman fields [BW76], and it
has been proven at a purely algebraic level in two spacetime dimensions [Bor92], and in
physical dimension under fairly general assumptions [BGL93, Mun01], so that it can be
considered as holding in generic cases. An immediate consequence is wedge duality:

—

AW =AW, 2.27)

which follows from (2.24) through A(#1 )~ =A(j#41,+)” =3A(#1,+)" I =A(#1 +)  and
Poincaré covariance, and which implies essential duality, thanks to the fact that, as is easy
to see, AY(O) =Ny~ A(#)~ for each double cone &. As this last property is, as we have
seen, a basic hypotesis needed to apply superselection theory to a given net, the following
result is quite welcome.

Proposition 2.13. [BV95, prop. 6.3] If the underlying theory complies with the condition
of geometric modular action, then any scaling limit theory does the same.

2.3 Examples of scaling limit calculation

As can be expected from the geometrical significance of the renormalization group, a class
of theories for which the scaling limit theory should be identified rather easily is that of
dilatation covariant theories. This is indeed true, at least for theories which satisfy the
following mild phase space condition.

Definition 2.14. [HS65] Let (o#,2(,U, Q) be a translation covariant local net, and define,
for each B > 0 and & C R*, the operator Op » : A(&) — H# by

Opo(A) = PHAQ,  Ac(0), (2.28)

where H is the generator of time translations. Then the theory is said to satisfy the Haag-
Swieca compactness condition if all the operators O ,» are compact.
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This condition was initially proposed in [HS65] (to which we refer for its motivations)
in order to characterize theories with a complete asymptotic particle interpretation. It has
been verified in several models, such as the free massive [HS65] and massless [BJ87] scalar
field, or in locally Fock interacting theories in two dimensions, as the P(¢), [Dri79] and
Y, [Sum82] models.

Proposition 2.15. [BV95, prop. 5.1] If the underlying net (#,2(,U, Q) is dilatation co-
variant, satisfies the Haag-Swieca compactness condition, and the vacuum w is dilatation
invariant, then the theory has unique scaling limit and vacuum structure in this limit. In
particular, each scaling limit net (2,a°) is isomorphic to (2, a), and the isomorphism
connects the respective vacuum states wg and w.

In [Buc96a] it is also shown that if the underlying theory complies with a strengthened
version of the compacteness condition, then all scaling limit theories satisfy the compact-
ness condition, so that, in view also of proposition 2.11, the scaling limit of such theories,
if it’s unique, can be considered as a fixed point of the renormalization group.

Another example in which the scaling limit theory turns out to be unique, and can be
explicitly calculated, is provided by the free scalar field in d = 3, 4 spacetime dimensions.

Theorem 2.16. [BV98, thm. 3.1] The theory of the free scalar field of massm >0ind =
3, 4 dimensional Minkowski space has unique quantum scaling limit and unique vacuum
structure in this limit, as each of its scaling limit theories is isomorphic with the theory of
the free scalar field of mass m = 0 in the same spacetime dimension, and the isomorphisms
connect the respective vacuum states.

This example, though rather simple, illustrates several aspects of the algebraic approach
to renormalization group reviewed here. In particular, it shows that, in contrast to the con-
ventional approach, it is not necessary to single out a particular choice of renormalization
group transformations, with a corresponding gain in flexibility and generality, but still en-
abling one to perform explicit calculations. Also, it shows that the apparent ambiguities
inherent to the existence of a multiplicity of scaling limit theories disappear after identify-
ing isomorphic nets.

It is however in the example of the massive free scalar field in d = 2 spacetime di-
mensions, where the application of the conventional methods is complicated by infrared
divergences, that the use of local algebras appears to be more effective. Though the ex-
plicit calculation of the scaling limit theories remains an open problem in this case, it can
be shown that each of them contain a central extension of the net generated by the massless
free field in Weyl form as a subnet, and this is sufficient to show that, in contrast to the
situation at finite scales, the scaling limit theories describe charged states.

Theorem 2.17. [BV98, thm. 4.1] Let wy be any scaling limit state of the theory of the
free scalar field of mass m > 0 in d = 2 dimensional Minkowski space, and let (2lo,0°) the
corresponding scaling limit theory. Then 20y has a non-trivial centre, and there exist states
wy, g € R, on 2Ag, locally normal to wy, such that
(i) for each sufficiently large double cone &, wy | Ao(6*) = wy | Ao(OF), where &+()
is the right (left) component of &”;
(ii) for all double cones &, wq | 2o(&") is disjoint from wy [ Ao (L") if q # 0;
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(iif) in the GNS-representation induced by wq the translations x € R? — af are imple-
mented by a unitary strongly continuous representation satisfying the spectrum condi-
tion.

Then the states wy describe topological charges, and, in view of the fact that the massive
scalar field has no non-trivial superselection sector, this illustrates the fact that the supers-
election structures of the underlying theory and of its scaling limit are in general different.
Taking into account the fact that the net generated by the free massive scalar field in two
dimensions coincides with the net of observables defined by the Schwinger model, as re-
called in the introduction, the existence of such charged states in the scaling limit can be
interpreted as the appearence of “confined” charges intrinsically described by the Schwinger
model, in agreement with the folklore, and this feature is established without the need to
attach a physical interpretation to unobservable fields. The dynamical justification usu-
ally given of this phenomenon remains however questionable, as it can be interpreted as a
purely quantum feature of a free theory [Buc96b, sec. 4]. Also, if we denote by G and
Gy the canonical gauge groups determined respectively by the underlying theory and by a
fixed scaling limit theory according to the Doplicher-Roberts reconstruction theorem, we
have in this case G C Gp (G is trivial in this example). This is the situation expected in
asymptotically free theories, where symmetries possibly concealed by interactions at finite
scales show up in the scaling limit. The opposite situation, Gy C G, is also possible. An
example of theory with classical scaling limit has been constructed [Lut97]: it is a theory
which satisfies standard conditions, such as essential duality and compactness, but which
contains only operators with a very singular short distance behaviour, as the ones expected
to appear in non-renormalizable theories (provided they can be defined at all). For theories
with a classical scaling limit Ggq is clearly trivial, thus the charges they describe disappear
in the scaling limit. In the general case both phenomena — underlying charges disappearing
and new ones appearing — may happen, so that G and Gg have at best some subgroup in
common.



CHAPTER 3

Ultraviolet stability
and scaling limit of charges

The intuitive physical picture of a confined charge is that of a charge which appears only
in the limit of small spatio-temporal scales, but which cannot be created by physical oper-
ations performed at finite scales. In order to obtain from this vague statement an intrinsic
understanding of the confinement phenomenon, in the framework we have discussed up to
now, the following idea presents almost by itself to mind: confined charges are described
by superselection sectors of the scaling limit theory, which do not appear as sectors of the
underlying theory. Since, as we have seen, both the scaling limit construction and the super-
selection structure are canonically determined by the assignement of the (underlying) net
of algebras of local observables, such a notion of confinement does not present the draw-
backs of the conventional one, recalled in the introduction, and then it is possible to regard
at confined charges as theoretical objects intrinsically described by the theory, and not as
artifacts of the particular way chosen to represent it. When applied to the already consid-
ered example of the Schwinger model (sect. 2.3), the above confinement criterion yields
the existence of (at least) a continuum of confined charges, carried by the states wq: these
charges appear in the scaling limit theory, but they cannot be described by the underlying
theory, which has no non-trivial superselection sectors (it is the theory of the massive free
scalar field). However it is apparent that, in order for the criterion to be applicable to more
complicated models, in which both the underlying theory and the scaling limit one have
non-trivial superselection structures, a way to compare the two superselection structures is
needed. In particular, it is sufficient to have a natural notion of charges of the underlying
theory “surviving” the scaling limit, giving an identification of (a subset of) sectors of the
underlying theory with a subset of the ones in the scaling limit, regarded as scaling limits
of the formers. Then these sectors can be interpreted, in a natural way, as described by the
theory both at finite scales and in the scaling limit, and the scaling limit sectors which do
not arise in this way from those of the underlying theory will be the confined ones.

In this chapter we will discuss such a notion of scaling limit of charges, which we call
ultraviolet stability, after a suggestion of Detlev Buchholz. Recalling the remarks about the

27
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phase space properties of renormalization group orbits made in sect. 2.1, and the ensuing
definition of scaling algebras, as well as the comments in section 2.3 about the possible
disappearing of charges in the scaling limit, for instance in the case of classical scaling
limit, it is to be expected that not all underlying charges will survive the limit, and that
the “good” charges will be singled out by some phase space property of the fields carrying
them: if the fields carrying a charge & require too much energy to be localized in smaller
and smaller regions, then & will not appear in the scaling limit. It is also to be remarked
that, to obtain a physically meaningful criterion, it is necessary in this setting to consider
the scaling limit of both double cone and cone-like localizable charges, since, as already
recalled, in non-abelian gauge theories, which are the candidate ones to exhibit confinement,
the latter charges are naturally expected to appear, cfr. the introduction of [BF82] and
references quoted there. This adds some conceptual (as well as technical) difficulties, since
it is not a priori clear in what sense cone-like fields can be localized in vanishingly small
regions, as space-like cones are unaffected by scaling trasformations. For this reason, we
shall consider first the simpler case of double cone localizable charges. In the first section
we shall generalize the scaling limit construction to the case of a normal field net with
compact gauge group describing the superselection structure of the underlying theory. Then,
in section 3.2, we shall show that double cone localizable charges satisfying an energetic
condition of the above stated kind actually survive the scaling limit, in the sense that there
is a Hilbert space of isometries in any field net scaling limit, carrying the associated gauge
group representation and inducing a localizable sector on the corresponding scaling limit
theory. In section 3.3 finally, we shall extend the discussion to quantum topological charges.
In this case the results obtained up to now are not yet of a completely general character, as
the above mentioned identification of topological charges surviving the scaling limit can be
achieved only under some technical assumptions on the structure of the scaling limit, whose
status we plan to clarify in our future work. However, we feel it worthwile to present here
our investigations on this subject, as they seem promising.

3.1 Scaling limit for field nets

To begin with, in this section we extend the scaling limit construction of chapter 2 to the
case of a field net with normal commutation relations on which a compact gauge group
acts. Throughout this section, unless otherwise stated, (##,2(,U, Q) will denote a Poincaré
covariant local net of C*-algebras in vacuum representation, and (1, 3§,V,k,Uz) a corre-
sponding Poincaré covariant normal field net, acting on a universal Hilbert space #% (def-
initions 1.4 and 1.8). As usual, we shall indicate by a and a the action of the (universal
covering of the) Poincaré group induced by U and Uz on the nets 2( and § respectively, by
B the action of the gauge group G induced by V on §, and by y := Bk the automorphism
inducing the Bose-Fermi grading of . In order to perform the scaling limit construction, in
analogy with the case of observable nets, we shall add the following hypotesis on the field
net.

Hypothesis 3.1. (i) Forany F € §(©), the functions s € 331 —ad(F),g€ G — By(F)
are continuous in the norm topology of §, and §( &) is maximal with respect to this property,
i.e. any F € §(&)~ for which these functions are norm continuous is already contained in
5(0).
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(i) Foreach A > 0 there exists a unitary, strongly continuous representation V ) of the
gauge group G on . leaving the vacuum invariant, still inducing a representation B of G
by automorphisms of the underlying net § which commute with Poincaré transformations,
and such that y® := B defines the Z,-grading of §, and T;(2(£)) = §(€)P" for every
¢ and every A > 0.

The first of the above hypoteses is a natural extension to the field net of the analogous
assumption of continuity of the observable net with respect to Poincaré transformations,
hypotesis 2.1 (and in fact implies it, as we will see shortly, proposition 3.2), supplemented
by a similar requirement concerning the action of the gauge group. The second hypotesis is
not restrictive at all: a simple example of a family of representations (V ()\)))\>0 complying
with such assumption is given by V ®)(g) :=V (g)) for some family of continuous homo-
morphisms g € G — g, € G (this is also essentially the unique possibility [DR90, thm 3.6]).
In particular, we could take g, = g for each A > 0, so any field net with gauge symmetry
complies with this assumption. However, we add this statement here because we consider
the family of representations (V ), as part of the data determining the field net scaling
limit construction, the choice of different families giving rise to a priori different field net
scaling limits. The reason for this being that in general charges may carry a dimension, as
for instance the electric charge in the Schwinger model, which has dimensions of a mass,
and then exhibit a non trivial running under renormalization group. So, allowing for a A
dependence of the gauge group representation, and restricting accordingly in an appropriate
way the set of renormalization group orbits under consideraton, one may expect that the
resulting scaling limit describes those charges whose scaling behaviour is given by the A
dependence of the spectra of V).

Proposition 3.2. The observable net (2,U, Q) satisfies hypotesis 2.1.
Before proving the proposition, we state and prove a preliminary result.

Lemma 3.3. The representation 1tz [ 2((&) extends to a strongly continuous isomorphism
TG 1 2A(0)” = 5(A(0)) .

Proof. Identifying .7 with a subspace of .7¢% as customary, define Tiz by
T(A)FQ 1= FAQ, AcAd(O0) ,FeF(o).

This defines Tiz(A) on the dense set §(&")Q. We show that Tz (A) is bounded and belongs to
T&(A(£)) : by Kaplansky’s theorem, there is a net (A,),e1 C (&), such that ||T(A)|| =
A < ||A]l, and s—lim,¢; A, = A; then, using normal commutation relations,

Ti5(A)FQ = FAQ = lim FA Q = lim (A )FQ,

so that, being (Tz(A/))ier boundend in norm, Ti(A) = s—lim¢ T(A,) belongs to
T&(A(£)) ", and T extends Ti and is strongly continuous. This also implies that Tiz(A) |
S = A, so that Ttz is injective. To show that it is also surjective, we note that from
TG(A(O0)) | A =A(0), TR(A(0)) | H# CA(€) follows, and if A € Tz(A(€)) ", by
definition T (A [ 2) = A. O
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Remark. We should use the more precise notation Tiz » for the isomorphisms just defined,
but since, as evident, Tiz ¢, [ A(O1) =T ¢, if 01 C 0>, T ¢(A) is independent of the region
of localization of A, so that the simpler notation used above will not cause any confusion.

Proof of proposition 3.2. Since (Tz,Ug) is a covariant representation of (,a.n) (n :
3«”1 — 931 the covering homomorpishm), it follows, by strong continuity of Tiz, af, os,

af (T5(A) =Ts(ans)(A),  A€AO),s€ FL,

and then if s — as(A), A € (&)~ is norm continuous, so is s — a (T (A)), which, being
Tz(A) € §(€)~ and gauge invariant (still by strong continuity), implies, by hypotesis (i)
above, that Tiz(A) belongs to (&) and then, again by gauge invariance, to Tz(4(&)), so
that A € 2(&). On the other hand, if A € (&), t — af (T(A)) is norm continuous, and

las(A) — All = [lof (M5 (A) — T (A) I, s=n(t),

so that, as n(.#") is a neighbourhood of the identity in 9”1 for any such neighbourhood .4
in 951 s — 0s(A) is continuous, and hypotesis 2.1 is satisfied. O

It is then possible to apply the construction of the scaling algebra and of the scaling
limit to the observable net 2. We now want to extend this construction to the field net. We
will proceed along the lines of the discussion in chapter 2, taken from [BV95].

We recall then that the starting point for the definition of the scaling observable algebra
is the usual, field theoretical approach to renormalization group, based on the choice of a
family (Ry)x>o of (uniformly bounded) transformations of 21 into itself, which have specific
phase-space properties: namely, they have to rescale space-time coordinates by a factor A,
and momentum coordinates by a factor A1, so to leave the velocity of light and Planck’s
constant unaffected. However, in the usual approach to renormalization group, the action
of the transformations R, is by no means restricted to the observables: on the contrary,
usually one considers the scaling of all the correlation functions of the theory, which in
general involve unobservable fields, as Dirac or gauge fields, as well. This implies that we
can assume that the R)’s are transformations of § in itself, retaining the above mentioned
phase space properties. Then, all the considerations about these transformations in 2.1 apply
verbatim to the present setting, if we replace the observable net 2 by the field net ¥, and we
conclude that RG orbits A — R, (F) of fields F € § will enjoy properties of continuity with
respect to the action of the Poincaré group analogous to the ones found to hold for orbits of
observables. In addition, a similar spectral analysis of RG orbits with respect to the action of
the gauge group shows that the functions complying with the physically prescribed running
of charges, encoded in the A-dependence of SpV ), are those for which

l M (RA(F)) —Ry(F)|| =0
dim sup [IBg” (Ra (F)) = Ra(F)I

holds.
We will therefore consider the C*-algebra B(RY ,§) of functions F : R} — §, such that

IE] :=sup [EA)| < +eo, (3.1)
A>0
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and where the algebraic structure is defined pointwise:
(aF +bG)(A) :=aF(A) +bG(A),
(EG)(A) :=EA)G(A), 3.2)
(E")A) :==EQ),
where F,G € B(R},¥) and a,b € C. On this algebra we can define actions a’d of 971 and
B of G by automorphisms as
af(E)N) =a (E(N), se
Bo(F)N) =B (E(N), g€,

where as usual (a,x), := (a,Ax) for any (a,x) € 931

(3.3)

Definition 3.4. The local field scaling algebra associated to the bounded open region &
of Minkowskij space-time is the C*-subalgebra F(&) of B(R},&) of those F such that
E(A) €F(AO) and

lim|la$(F) ~F||=0,  lim||By(E)—E| =0. (3.4)

S—e — g—e
The (quasi-local) field scaling algebra § is the C*-inductive limit of the algebras F(&).
It is then evident that & — F (&) is a net of C*-algebras over Minkowski space — which

we will denote, as usual, still by F — and since the actions a¥ and B clearly commute, they

restrict to actions of 971 and G on §, with respect to which the net is covariant. Likewise, it
is evident that § satisfies local Zj-graded commutativity with respect to the grading defined
by y:= B, as follows immediately from

o) = 2 (E0) £y (EN)) = E0-.
Finally, it is clear that

TG(A)N) :=T(A(A),  AcU(0) (3.5)

defines, by continuity, an homomorphism of nets iz of 2L in §, such that gssorgi = Tlz o Olpy(s),
and T (2(©)) is contained in §(&)®, fixed-point subalgebra of (&) under the action of
B. On the converse, if F € §(€)¢, then Bg‘) (E(A)) = E(A) forevery A >0, i.e. E(A) €
S(Aﬁ)ﬁw = T(A(AD)), and then F € 13(A(&)) (the continuity of s — ag(A) follows
easily from that of s — a(1z(A)), as in the proof of proposition 3.2), so that 2(¢) and

F(0)C really coincide. In summary, we have proven:

Proposition 3.5. The quintuple (T[E,E,E,k,gs) is a Poincaré covariant normal field net
over (2, a).

Given a locally normal state ¢ on § we can define its lift to § as the family of states
(9, )a>0 such that
QA(E) = q)(E()\))a E € &77\ > 0’ (36)
and we can consider the set SLz(¢) of its weak* limit points, which is non-void by Banach-
Bourbaki-Alaoglu theorem. As for the case of the observable scaling algebra, we have the
following.
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Proposition 3.6. SLz(¢) is independent of the locally normal state ¢ on J.

Proof. Arguing as in [BV95, corollary 4.2], it follows that it is sufficient to show that, for
any couple of locally normal states ¢1, ¢, on ¥, it holds

(b1 —2) [ FAO)| =0.

Furthermore, since the second half of the proof of [BV95, lemma 4.1] can be repeated
verbatim in the present case (only the net structure of J is involved, and not commutation
relations), we need only to show that

lim ||
A—0t

(3(6) =Cu.

30
To show this, we follow the first half of the proof of [BV95, lemma 4.1]. Since any
Z €N g0 (€) isasum of a bosonic and a fermionic part, we can assume that Z is purely
bosonic or purely fermionic. Then Z* has the same Bose-Fermi parity as Z and is also “lo-
calized at 0”. Thus, by locality, for x? > 0 we have [Z*,a$(Z)] = 0 (resp. {Z*,03(Z)} = 0)
if Z is bosonic (resp. fermionic) and, being x — a$(Z) weakly continuous, this holds also
for x> = 0. Then, if e is a lightlike vector, we have

(2Q|U;(te)2Q) = (QIZ*a§ (2)Q)
= +(Q[af (2)2*Q) = +£(Z*Q|Uz(—te)Z*Q),

thus, by the spectrum condition, the function t — (ZQ|Uz(te)ZQ) has Fourier transform
whose support is {0} and hence, being bounded, is constant. This implies

|Uz(te)ZQ —ZQ||? = 2 — 2Re(ZQ|Uz(te)ZQ) = 0

for any lightlike vector e, and then Uz(x)ZQ = ZQ for any x € R*, and finally, by unique-
ness of the vacuum, and its separating property with respect to the algebras §(&)~,
Z=(Q|zQ)1. O

It is then meaningful to talk about the set of scaling limit states of §, SLg, without
reference to any particular (locally normal) state of §. We remark also that SLz o Ttz = SLg
(scaling limit states of 21), since both can be calculated through the lifting of the vacuum
states w and w? 1= Wo Tl if Wy € SLg(w) it is clear that wy o Tz € SLy(w?), and on the
converse, if W € SLy(w®) is a weak* limit of a net (@i‘l).eh by compactness one can find
a subnet of (w, )ier convergent to a state wy € SLg(w), and wy o T = g

Now, fix a scaling limit state wy, € SLg, and denote by (T°,#°, Qo) its GNS represen-
tation. One can then define a net of C*-algebras over Minkowskij space, acting on .79,
by §°(0) :=10(§(£)). Since w, can be obtained as a weak* limit point of the lifting of
the vacuum state w on §, we have w08 = wy and wyo By = Wy, so that we get unitary
representations Vzo and Uzo, of G and ?71 respectively, on s#°, leaving Qg invariant. Let
also (1,749, Qo) be the GNS representation associated to wy o Tiz € SLg(w) (we drop the
notational distinction between the vacuum states on 2 and ), and 2, the associated scaling
limit net. By unicity of the GNS representation, we have that .7 is identified, through a
unitary equivalence, with a subspace of .70, in such a way that the respective cyclic vectors
agree (and that is why we have used the same symbol Qg for them from the beginning), and
that T is the restriction to .7 of T Ti;.
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Theorem 3.7. The representation Tizo of 2o on 0 given by
Tho(Th(A)) = T0eT(A) A€, (3.7)

is well defined, and the quintuple (Ttzo0, 0, Vg0, k,Uzo) is a Poincaré covariant, normal field
net with gauge symmetry over (75,20, Uo, Qo).

We introduce the following notation: for a tempered distribution f € .#(R*)’, such that
f is ameasure with supp f CV UV _, its positive (negative) frequency partis f. := (Xg, f):
Then the following lemma, useful for the proof of the theorem, can be extracted from the
calculations in [AHR62].

Lemma 3.8. Leth € CP°(IR*) be such that
(i) h(x) =0for x € &} (&, double cone generated by the 3-sphere of radius r centered at
0 in the x° = 0 plane);
(i) p®dh(p) is a bounded complex measure for every multiindex o € N3 ;
(iii) supph CV LUV _.
Then there exists a constant A > 0, independent of h, such that, for |x| >,

Ard

Ih4+(0,x)] < W

p°dﬁ<p)‘ . 39)
R4

The proof is based on an application of the Jost-Lehmann-Dyson representation.

Proof of theorem 3.7. Since the function g — wy, (GBy(F)) is continuous for every F,G € §,
the representation Vzo is weakly, and hence strongly, continuous. Analogously for Uzo.
By the definition of Vzo, it is immediate to verify that Bgo = AdV;30(9), g € G, is such
that, for F € 3, BgO(TlO(E)) = 10(By(F)), s that B3’ defines an action of G on §° by net
automorphisms, and y8° := Bfo defines a Z,-grading of §° such that ™°(F).. = 1°(F ), and
then F° satisfies local Z,-graded commutativity with respect to yffo.

We show that Ttzo(2o) is the fixed point subnet of F° under the action of G (we will
prove below that Tizo is well defined). To this end, consider the conditional expectation m
on § defined by

m(E):= [ dopy(E),

where dg is the left invariant Haar measure on G, and the integral exists in Bochner
sense [Y0s68] since the integrand is a bounded, norm continuous function on a compact
space, and hence its range, being metrizable, is separable. Let also m be the analogous
mean on F°. We have then m(F(&)) = F(€)C: the inclusion F(€)® C m(F(©)) is evident,
as m(F) = F for F € §(©)C, the reverse one also follows immediately from invariance
of dg, which implies G-invariance of m. For the same reasons, m(g°(&)) = §°(€)°. By
continuity of T, we have mo1® = 1®-m, and then

Tio(o(0)) = 0o TE(A(0)) = 0 (F(0)°)
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For what concerns covariance, if af’ := AdUszo(s), we have a8’ om0 = 1. a$, so that
30 is covariant with respect to the action of 951 defined by a’, and s — 0(§°(F) is norm
continuous for every F € §°(&). Furthermore, it is clear that o’ and B¥° commute.

Let us show that U fulfills the spectrum condition. For this, it is sufficient to show
that, for every f € LY(R*) whose Fourier transform has support in R* \V,, and for every
E’g e 3’1

/dxf G)Q0|Ugo (x)T0(F) Qo) /dxf Wy (G*a (F))
= wy(G*af(F)) =0,

where we have also used the continuity of the action of o on F. But, making again use of
this fact, it is easy to see that

where f (x) := A~*f(A1x), so that supp f, = ALsupp f CR*\V,, and w, (G*a¥(F)) =0
for every A > 0. Furthermore, by definition Qg is cyclic for F°, and is Poincaré and gauge
invariant.

To complete the proof, it remains then only to show that Qg is the unique translation
invariant unit vector. In fact, if this is true, F° is irreducible, and Qo is separating for
the local von Neumann algebras §°(&)~ (Reeh-Schlieder theorem 1.5 and remark after
definition 1.8), and this implies that Ttzo is well defined: if H(A) =0, A € (), then

I e T (A)Qo| = lim |5 (A(An)) Q| = [|To (A) Q0| = 0,

for a suitable sequence (An)newy CONverging to zero, and then T° - Tiz(A) = 0, so that Tizo is a
well defined representation of 2g joc, Which then extends to the inductive limit, giving a net
homomorphism from 2o to F°.

To show that Qg is the unique translation invariant unit vector, it is sufficient [Haa96,
lemma 3.2.5] to verify that the state wp := (Qol|(-)Qo) Is clustering, i.e. that for every
F,Geg’,

lim_wo(Faf (G)) = wn(F)an(G). (3.9)

x|

Furthermore, since the operators FiaXSO(GqE) are odd under y8°, and therefore
wo(FiaxffO(G:F)) =0 = wy(F1)wo(Gx), it suffices to show that (3.9) holds for F,G both
purely bosonic or purely fermionic. Any purely bosonic (resp. fermionic) F € F° is of
the form F = °(F) with F € § purely bosonic (resp. fermionic), so we pick, to begin
with, F,G € §(&r) purely bosonic, and such that x — oS (F), x — a(G) are infinitely
continuously differentiable in norm. The set of such operators, for all r > 0 is norm

dense in §_, as can be seen considering operators of the form af (F), with f € CZ(R*)
and F € §(&), (it is easy to see that x — a(a¥(F)) is differentiable in norm with
ouaf(ad(F)) = _gf(gguf(F)), and, if (&)neny C CP(R?), is an approximate identity,

ggn (F) — E in norm, thanks to norm continuity of x — a$(F)). Consider, for 0 < A <1,
the functions

(x) 1= (QIEA) S (GA)Q) — (QAEA)Q)(QIS(N)Q)
= w\(Faf(G)) — w\ (F)wy (G),
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and
h® (x) := h&L (x) —hE (%) = (QE(N), af (G(\)]Q).

We have h®) € C(R*) and, due to the fact that F(A), G(A) are purely bosonic for every A,
hM(x) =0forx e 0. If we denote by E the spectral measure determined by the translation
group, we have

dh®(p) = (2m)* [d(QIEMNEA 1p)G(A)Q) —d(QIGAE(-ATPENQ)],

so that, by the spectrum condition, supp h® CV, UV _. From the fact that x — a$ (E(A)),
X — 0¥ (G(N)) are C®, it follows that F(A)Q, G(A)Q are in the domain of all monomials in
the generators of the translations P*, and then, from the above formula, we have that, for
any o € N3,

pdiM (p) = (219* [\ d(QIEEME A p)PUC(N)Q)
(3.10)
— (=N " d(QIGME(-A"Lp)P EM)Q)]

is a bounded measure. So, if we observe that, due to the fact that Q is the unique translation
invariant vector,

00 = s [, €™ (p)
= (QE MUz (M)G(M)Q) - (QIG(AE ({0}E (W)Q) = h% (x),

applying lemma 3.8 and (3.10), we have, for some (universal) constant C > 0, independent
of A, E and G, and for |x| > 2r,

|\ (Faf(G)) — o (F)an (G)] <

3
< (g MRIEWPEM)R) + @IS PE M)
3 . .
< gz (EMIIEM [+ [SMIEM)
crd : -
S =22 (EMSI +IGIHEN)

where E is the derivative of t — g? (F) att =0, and we have used the fact that, due to norm
differentiability, F(\) = %Gi(E(A))It:o (and the same for G). Since the above estimate is
uniform in A, we conclude that (3.9) holds for any pair T (F), 1°(G) of the form considered,
and since such operators are norm dense in the bosonic part of §°, we have that wy is
clustering for any bosonic F and G. For F and G purely fermionic, one has w, (F) =0 =

w, (G), and the result is obtained by applying the above argument to the function h(E):)Q(X) +
A
WL (=x) = (QUE (), o8 (G(\))}9). :

This result shows therefore that the scaling limit construction can then be applied, with-
out essential modifications, to a net of localized fields.
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Definition 3.9. Every net (nso,go,vgo,k,ugo) arising, as above, from a scaling limit state
wy € SLg, will be called a scaling limit field net over the associated scaling limit observable
net (a3”, U, Qo).

The various possibilities for the structure of the scaling limit, considered for the case of
the observable net in section 2.2, arise also in the case at hand, and the analysis made there
of their different physical meanings applies as well. We remark, however, that it can happen
that different, non isomorphic scaling limit field nets are associated to the same scaling limit
observable net, or to isomorphic ones. For instance, it may happen that for two different
scaling limit states w, on §, the corresponding states wy - Tz, determining 2o, coincide. In
particular, the situation can be realized in which there is a unique quantum scaling limit in
the sense of definition 2.9, but the various scaling limit field net are not isomorphic to each
other, and then describe different set of charges of the scaling limit theory. Sticking to the
general principles of the algebraic approach to quantum field theory, according to which
the theory is identified by its net of local observables, in such a case we will still talk of a
unique scaling limit.

3.2 Ultraviolet stable localizable charges

The superselection structure of a theory is described by a net of charge carrying fields with
a compact gauge group acting on it, and then it is natural to try and define a scaling limit
procedure for sectors of the underlying theory through the scaling limit field net defined in
the previous section. However, as already remarked at the beginning of this chapter, one
cannot expect that, in general, all (localizable) sectors of the underlying theory possess a
sensibile scaling limit, giving rise to corresponding (localizable) sectors of the scaling limit
theory, and this is due to the specific phase space properties of renormalization group orbits,
encoded in the (field or observable) scaling algebra: if a charge sistematically requires,
in order to be created from the vacuum in a region of diameter A, energy of order A9,
with g > 1, then the fields carrying it cannot be expected to give rise to elements of the
field scaling algebra possesing a non trivial scaling limit, and the corresponding sector will
vanish in the limit, or, in more physical terms, it cannot appear in the scaling limit since its
creation would require an infinite amount of energy®. For this reason, we shall now single
out a subclass of sectors which are energetically “well behaved” in the above sense, and
then we shall apply the scaling limit procedure of the previous section to the subnet of the
canonical field net of a given theory constructed out of fields carrying such charges.

We shall then assume to be given a Poincaré covariant observable net (.#7,2,U,Q)
in vacuum representation satisfying hypotesis 2.1, and such that the corresponding net of
von Neumann algebras o/ (€) := (&)~ satisfies Haag duality and property B. Let then
(nz,.#,V,k,Ugz) be the corresponding unique complete normal Poincaré covariant field
net with gauge symmetry determined by the superselection structure of <7, theorem 1.13.
To simplify the notation, from now on, unless where confusion can arise, we shall drop

30n the other hand, it may be possible that such charges give rise to some kind of non-localizable sector
in the scaling limit, since, if one insists in not spending energies bigger than A—1, then the charge can only be
localized in regions of diameter much bigger than A, which in the limit become the whole space-time
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the superscripts from the action of the Poincaré and gauge groups on the various nets, un-
derlying or scaling limit ones, we shall consider, and we shall only distinguish the actions
in the scaling limit by denoting them by a® and B°. As usual, we shall indicate by A the
semigroup of transportable localized endomorphisms of <7, A(&) being the subsemigroup
of those localized in the double cone &, and H,, will be the finite dimensional Hilbert space
in % (0) implementing a p € A(O).

Definition 3.10. A localizable covariant sector & of the underlying theory will be called
ultraviolet stable if for every double cone & there exists a family (p))xso Of covariant
transportable localized endomorphisms of & of class &, p, localized in A&, such that for
every bounded function A — ((A) € H,, there holds

lim sup |[[as, (W(A)) —wWA)]Q[[ =0=lim sup ||[as,(WA)") —wA)*]Qf.  (3.11)

57€e(0,1] S7€Ae(0,1]

Any such function will be called a (renormalization group) quasi-orbit. By a slight abuse,
we shall also say that an endomorphism p € & is ultraviolet stable.

Remarks. (i) That these charges do not exhibit the pathological phase space behaviour
discussed above can be easily seen using methods completely analogous to those employed
in the analysis of chapter 2. For instance, a particular case of (3.11) is

lim sup {|{onw (W(A)) — W(A)]Q| =0,
*=Ue(0,1]

and, repeating the proof of lemma 3.1 in [BV95] with trivial modifications, we get that this
is equivalent to demanding that for any € > 0, there exists a compact set A C R* such that

sup [|[EATIA) - 1]yw(N)Q|| <,
Ae(0,1]

and then, as required, Y(A)Q is (essentially) localized in a region of radius A, and has 4-
momentum scaling as A—1. As we consider a Poincaré covariant scaling limit, we have to
require also similar continuity with respect to Lorentz transformations, which is equivalent
to the fact that the charged states Y(A)Q carry angular momentum independent of A.

(i) The choice of the interval (0,1] in (3.11) is clearly arbitrary, and, for what concerns
the analysis of the short distance behaviour of charges, it could have been replaced by any
interval (0, 8] with & > 0. It may be too strong a requirement, however, to ask (3.11) to hold
with such interval replaced by (0,+c0), as it is conceivable that charges exist which cannot
be localized in a region of radius, say, A > 1 without being localized also in a region of
radius A = 1, and it would then be unreasonable to require that arbitrarily small energies are
needed to create such a charge in larger regions (cfr. the previous remark).

(iif) In appendix B it is shown there is at least a free field model in which all sectors are
ultraviolet stable.

We are going to show in this section that ultraviolet stable sectors survive the scaling
limit.

From field operators carrying ultraviolet stable charges we construct a field net, to which
we will then apply the scaling limit procedure, in the following way. Let .%#s(&) be the
von Neumann subalgebra of .% (&), generated by 1i# (<7 (€)) and by the Hilbert spaces
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Hp, where the sector determined by p is ultraviolet stable. Then we define F(&) as the
C*-subalgebra of .%s(&) consisting of those elements F € .%s(&) such that the functions
s — as(F), g — By(F) are norm continuous, and denote by 7% the closure of FQ. Using
the fact that Q is separating for % (&), it is then easy to see that F is net isomorphic with
its restriction to 7%, and we will then identify the two nets.

Proposition 3.11. With the notations above 7% is Poincaré and gauge invariant, and with
T =Tz (-) | H#%, Uz :=Ugz(-) | #%, and still denoting by V the restriction to .#% of the
gauge group representation, (T, §,V,k,Uz) is a Poincaré covariant, normal field net with
gauge symmetry satisfying hypotesis 3.1(i) over (2,U,Q).

Proof. The auxiliary net .%s is Poincaré and gauge covariant: os(Tiz(</(0))) =
iz (#(s- 0)) and as(Hp) = Haypa, , and, being p covariant, aspais-1 is in its same ultravi-
olet stable sector, so that as(.%s(€)) = Fs(s- ©). Similarly By(Tiz (/(0))) = Tig (A (0))
and By(Hp) = Hp, giving By(Fs(0)) = Fs(0). It follows then immediately, using com-
mutativity of a and 3, that § is also Poincaré and gauge covariant, and that .7% is globally
Poincaré and gauge invariant. Normality of commutation relations is also immediate, as
§(0) C Z(€) and the action of k is the same on the two nets. That the vacuum is cyclic
for §, thought as a net over %%, and that it is the unique translation invariant vector is true
by definition, as the fact that hypotesis 3.1(i) holds. Finally as Tt#(21) C §, 5, cyclically
generated by 20 on Q, is a subspace of .7%, and Tt restricted to it is the vacuum representa-
tion of 2, and if F € §(£)® C .#(0)° then F =iz (A), A € o/ (£), but then, by the usual
argument, s — ds(A) is norm continuous, and, by maximality, A € 2((£) so that, restricting
to 4, §(0)¢ = T5(A(0)). 0

Hypotesis 3.1(ii) is trivially satisfied if we assume V) =V A > 0, which is the scaling
behaviour expected for conserved (N6ther) charges from perturbative quantum field the-
ory [1Z80, chp. 13].

Consider then the scaling field net §, and fix a scaling limit state wy € SLg, with
corresponding scaling limit field net (ngo,go,vo,k,uo) and scaling limit observable net
(4,20,U0,Q0). In general, a quasi-orbit A — Y(A) will not be an element of F(&),
as (3.11) does not imply norm continuity, uniform in A, of s — as, (Y(A)). We proceed
then to a smeared quasi-orbit®

o) = [ dshis)as ), A>0, (3.12)
+
where h € Ll(ﬁl), ds denotes left Haar measure on 4], and the integral is understood in

the weak sense.

Lemma 3.12. If A — Y(A) € Hp, is bounded, p) € A(A&71) ultraviolet stable, and h €

Cc(@l) (continuous functions of compact support), then a,W is in (&) for any & con-
taining supph - &1 := Usesyppn * O1-

D) The relevance of these objects was pointed out to me by R. Verch. See also [DV], where they are called
lifted scaled multiplets.
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Proof. It is clear that a,W(A) is a well defined bounded operator, with
o, WA < J[h]]1]|w(A)]], so that, being A — W(A) bounded, the same is true for
A — a,P(A). LetB € Z(AO) and ® € #. Then

(Pl (VB®) = [ ds h(s) (las, (Y(1)BS)
— [ dsh(s)(@[Bas, (W(N)®) = (@[Bayy(A)®)

where the one but to last equality follows from the fact that o, (P(A)) € Fs(A(s- 61)), and
s- 01 C 0. Then a,W(A) € Z(AO). With sh(t) := h(s~t), we have

15, (A W(A)) — ap WA = [lanW(A) — anWA) || < flsh—hil[[wA)I],

which, as left translations are continuous on L* [Loo53] and A — W(A) is bounded, implies
llas(anP) — o)l — 0 for s — e. Finally, let up, be the representation of G induced by 8
on Hy, . Then, since

Bo(enb(V) = [ dsh(s)as, (Ba(WN) = [ dsh(s)as, (up, (W),
we have

[1Bg(@n®)(A) —anwA) || < [Ih1]lup, (9) = LllsgH,, ) WAl
= [Ill11[up1 (9) = Lla (ko) WA

the last equality holding by unitary equivalence of up, for different A. Being these represen-
tations continuous, we have continuity of g — Bq(a, ) and a,y € F(O). O

We are going to see that actually the smearing function h can be removed in the scaling
limit. We think of the space |g of non-negative functions h € CC(,@IF) such that [z h=1
+

and e € supph, as a net ordered by hy = hy if supphy C supphy, and we will write h — &
to denote limit along this net. By [Loo53, thm 31E] it follows that, for any f € Ll(ﬁl),
fxh— fandhxf — finL!ash— & We have also, for any ® € #%,

2P Q) — YA || < /@T ds h(s)[|as, (WA) P — WA ®||
< sup las, (W(A) @ —pA) @],

sesupph

(3.13)

and the analogous estimate with Y(A)* replacing Y(A), from which, by strong continuity of

s—0s(F), F e .#, wegeta,P(A) 3 W(A) for any fixed A > 0. Also note that, since 951 is
a Lie group, and hence in particular a metric space, there exist sequences (hn)nen Which are
subnets of this net, since it is sufficient to take supph, C 44, with (47 )nen @ monotonically
decreasing basis of neighbourhoods of e in 951. We will write h, — & in this case.

Lemma 3.13. With the notations above, there exists the *strong limit

Y= "sim (o) € 3°(0)”
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Proof. As there exist sequences (hp)nen such that hy, — 8, Qg is separating for §°(&)~ and
the norms ||T®(a,W)|| are uniformly bounded for h € I3, it is sufficient to show that for any
€ > 0 there exists he € I5 such that for any h,g > he,

I (at ) Qo — T (ag) Qol| <&, [T (ay)* Qo — T (aqW)* Qo < &.

Clearly, it is enough to prove the first inequality, the second one being proven in a
completely analogus way. For any A € (0,1] we have, using [z h= [z g=1,
+ +

I[anw(A) — agW(A)]Q]| <
< /35,1 ds h(s)|l[as, (WA)) —wN)]Q| + /j,1 ds g(s)lfas, (W(A)) —wA)IQ]|

< sup  sup [|[as, (W(A)) —WA)Q[[+ sup  sup [[[as, (W(A)) —WA)]Q,
sesupph Aeg(0,1] sesuppg Ae(0,1]

and then, for a suitable sequence (Ax)ken COnverging to zero,
17 (@) Q0 — T0(ag) Qoll = lim [t (M) — agw(A)]Q

< sup  sup [|[as, (W(A)) —WA)Q[+ sup  sup |[[os, (W(A)) —wA)]Q],
sesupph A€(0,1] sEsuppg A€(0,1]

and since, thanks to (3.11), we can find a neighbourhood 4% of the identity in 971 such
that supe (0,1 [|[@s, (X)) — WA)]Q| < £ for any s € .4, we conclude by taking supphe C
. O

We shall use the notations (&) 1= Ao(F)~, F(O) := F(O)~ and Tizo == Tio
will be the extension of Tio to 2% given by lemma 3.3. It is easy to verify that
(Tiz0,.%°, Vo, k,Up) is still a Poincaré covariant normal field net over (., %, Ug, Qo): the
only thing that really needs a check is that #°(&)® C mizo(#%(&)) (the reverse inclusion
being trivial); let F € .#°(£)® and (F ), be a norm bounded net in §°(&) converging
strongly to F, which exists by Kaplanski theorem. Then by

Im(F)Qo — Foll = | [ dg B3(F ~ F)<]| < (R~ F)ll

m(F) € T (Ao(£)), being bounded, converges strongly to F, and then F € Ttzo(24(0)).

Theorem 3.14. Let € be an ultraviolet stable covariant sector. For any double cone & there
is a finite dimensional Hilbert space Hp in Z9(0) of support 1 carrying a G representation
of class &, and implementing a transportable irreducible endomorphism p of .o localized
in &', which is covariant with positive energy.

Proof. Fix a double cone & whose closure is contained in &, let p) € Ac(A&1), A > 0, be
as in definition 3.10, and choose, for each A > 0, an orthonormal basis Yj(A), j=1,...,d ==
d(g), of Hp, , transforming under a fixed, A-independent, irreducible matrix representation
ug of G of class &,

o

d
WA Wi(A) = i, ZUJJ(A)HJJ'(A)* =1, By(Wj(A) = > ug(9)iWi(A)
J:
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(e.g., it could be Yj(A) = 1z (Va)P(1), for a unitary V) € (py : p1)). If qJ(j’ is as in
lemma 3.13, we show that @9, j=1,...,d is a multiplet of class & of orthogonal isome-
tries of support 1 in .#°(&) (and then in particular LIJ? is not a multiple of 1). To this end, it
is clearly sufficient, by cyclicity of the vacuum for §°(&"), to show that, for any F € F(&),

wo(T0 (E)W] W) = Bjicon(T0(E)), (3.14)
d
o (T (F)Wus*) = ao (10 (F)). (3.15)
=1
We begin by proving (3.14). We can assume that F is a bosonic element, for if it is
fermionic, since qJ(j’ has a defined Bose-Fermi parity (it has the same parity as Y j(A), and
then as &, as is easily verified), and wy is even, both sides of (3.14) are zero, and the equality
is trivially satisfied. Then we have, for h, — 9, and for sufficiently big n, using normal
commutation relations,

\ (Q|E(?\)ghnllff()\)thllJi(A)Q) - 5ji(Q\E()\)Q)\
_ ‘/ﬁlds/ﬁi dt D ()M (1) [ (Q]ats, (W) (N )E N e, (Wi (M) Q)

~ (@A) EMWMQ)]|
< 30 (0 Wi RIEMa, ))Q) - (BiNRIEAKM)|

<IEll sup sup {[las, (Wi(A)Q — yi(M) Q|+ [las, (Wj(A)Q — w;(M)Q },
sesupphy Ae(0,1]

so that, in view of (3.11), if (A,)e is a net such that w, — wy, the limit
lim (Q[EA)an, Wi\ )y, WiA)Q) = 8(QEA)Q),

n—+-c0
following from ay, W;j(A) 3 Pj(A.), is uniform in 1, and then it is possible to interchange
the limits and get
wo(To(E)W" W) = lim lim (Q[F (A)gn, Wi (\)ap, bi(A)Q)

=lim lim (Q|E)a, WiA)ay, Wi(A)Q)

1el n—4-o0

= lim&;i(QIF(\)Q) = jitwo(To(F))-

The proof of (3.15) is completely analogous.
Then the linear span of Y9, j =1,....d is a d-dimensional Hilbert space H, of support
1in #°(0), and by
d d

Bg(W]) ="s—lim 10 (By(ay, ¥j)) Z*S—nﬂTmi Ug (9170 (tp, i) = I;ui(g)ijwioa
it carries a unitary representation of G of class &. The endomorphism p of =, implemented
by H, is given, as usual, by

Tizop(A lelJJT[yo qJ Ac o
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which is well defined, since the left hand side is gauge invariant (l]J?* transforms with Ug)
and Ttzo is an isomorphism. Clearly p is localized in &. If J¢ is another double cone, let
He C #°(¢) and 0 € End(«#%) be constructed as H, and p above, and ¢, j=1,...,d, be

an orthonormal basis of Hg. Then the operator W € % defined by Tizo(W) = z‘j’:l oI
is isometric,

d
Tzo(W*W) zw. POV T = Zw?w?* =1,
J:

and hence, interchanging the roles of the quJ-”s and ¢‘j”s, unitary, and it intertwines p and o
1d

o (WP(AW*) = 5 oPpX* 0s0 (A) WO W l"

iJ;

d
= 5 #imso R0 = a0l
j=

sothatpis transportable. Covariance of p is proved as follows. Define Wy(s) € o4, s € s
by Ttzo(Wp(s)) = ZJ 109(W9)w; then since, as is easily seen, ag(Hp) is a Hilbert space
implementing a? pas 1, Wp(s) € (p: agpag,l) is unitary, as above. Furthermore, W, is a
strongly continuous a®-cocycle:

d d

T (o, (1 5)) W) = o zaszwa-’)w?*) AT
= i=

=06 (g otouret o

d

- 5o =)

Define then Uy (s) := W,y (s)*Up(s). That U, is a strongly continuous representation of 951
follows easily from strong continuity and the cocycle property of W, while the intertwining
property of W, implies

Up(S)P(A)Up(S)* = Wp(s)*agp(A)Wp(s) = pai(A),
and p is covariant. Finally translations x — Up(x) satisfy the spectrum condition thanks to

d
Up(X) =Wp (X)"Uo(x) = ZUJ?UO(X)UJ?
J:

It remains only to show that p is irreducible. We adapt standard arguments
from [DHR69a, section 3]. These imply that, thanks to norm and o-weak continuity of m,
from Tizo (% (0)) = mM(FO(0)) = FO(€) NV (G)' it follows Tizo(h) ™ = F0 NVy(G)’
=Vo(G)', where the last equality uses irreducibility of %9, theorem 3.7. Consider now the
closed subspace .7 of 7 generated by the vectors Y*®, j=1,....d, ® € #. This
subspace is isomorphic to CY ® .74, for

1d

(w?*q’llw?*%)=(¢1|58(w?w?*)¢z)=; £(9) jk (WP D1 | Wh* Do) ug (9)ni

k]



3.3 ULTRAVIOLET STABLE TOPOLOGICAL CHARGES 43
implies, by irreducibility of ug and Schur’s lemma, (Y%*®;[yf*®;) = %(qmd)z), so that
the above isomorphism is defined by sending L|J(J-)*CD € ji% to % QP e ! ® 4B, ej,
j=1,...,d, being the canonical basis. We have also Vo(g) [ 7% = Ug(9) ® 14, i.e. Tg
is a subrepresentation of Vo with multiplicity at least dim .23, and let then Eg be the central
support, in Vo(G)", of the projector on the subspace of one of the subrepresentations U
of Vo. As in [DHR69a], from Tizo ()" = Vo(G)' we have Vo(9) | Ez.#° = Ug(g) ® L,
Tigo(A) | Egjfo = 1w ®TE(A), for some multiplicity space ,%%’ containing 7% as a sub-
space and carrying an irreducibile representation 1t of o7%. But for ® € 773,

— QRTE(A)P X T (AP P =P p(A) P —QRp(A)D,

N T (A) 70 (A) U] Wi*p(A) NG P(A)

and p is a subrepresentation of i, but this last one is irreducible, so that it coincides with
P, which is irreducible as well. O

From the proof of the above theorem, we see that the unitary equivalence class of the
endomorphism p depends only on the considered sector &, and not on the choices made, as,
e.g., the family p, of endomorphisms of .«7. We have then a well defined mapping from
ultraviolet stable sectors to sectors in the scaling limit theory fixed by the chosen scaling
limit state wy, € SLz, and, as discussed at the beginning of this chapter, it is then natural
to regard as non-confined the sectors of the scaling limit theory which are obtained in this
way. We obtain thus, for a theory having only localizable sectors, an intrinsic notion of
confinement, by declaring a sector of the scaling limit theory confined if it is not in the
range of the map just defined.

3.3 Ultraviolet stable topological charges

According to the understanding gained through the perturbatrive treatment of quantum field
models, the main class of theories which are expected to exhibit the confinement phe-
nomenon, at least in certain regimes, is the class of asymptotically free theories, for which
the coupling constant is seen to raise with energy in the perturbative region. Therefore a con-
finement criterion, in order to be really useful as mean to decide if a given model describes
confined charges or not, has to encompass this kind of theories. On the other hand, as was
discussed in section 1.2.2, the charges described by non abelian gauge theories, which are
the only ones that can be asymptotically free, will not in general be localizable in bounded
spacelike regions. Rather, if these theories are purely massive (which is expected to be the
case precisely if the massless coloured glouns are confined) such charges can be localized
in spacelike cones. Because of these facts, a confinement criterion based on a notion of
stability of localizable charges as the one established in the previous section, is certainly
not suitable for application to these theories: it can well be that some charge, which is cone-
like localizable at finite scales, becomes finitely localizable in the scaling limit (and this is
exactly what is expected to happen, see below). Thus one should not be allowed to call
confined such a charge, but this is what the mentioned criterion would suggest, since this
charge could not be created by localizable field operator at finite scales. We see then that,
in order to have a sufficiently general confinement criterion, a notion of ultraviolet stability
is needed for cone-like localizable charges as well.
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A moment’s thought shows, however, that one cannot trivially generalize the construc-
tions of the previous section, since those where based essentially on the phase space proper-
ties of renormalization group orbits of field operators, and in particular on the requirement
that the considered charged states occupy a fixed volume of phase space in the limit of small
scales. Thus, since spacelike cones have infinite volume, and, what’s worse, are invariant
under scaling trasformations (at least the ones with apex at the origin), it is not immedi-
ately clear how to implement the above mentioned phase space requirements on orbits of
cone-like localizable fields. In this respect, the key observation that allows to generalize, at
least to a certain extent, the previous discussion, is the following one: what emerges from
the analysis of models, in particular in the lattice approximation (cfr., for instance, [FM83]
and reference quoted there), is that, at least in asymptotically free theories, the Mandelstam
string attached to a gauge charges becomes weaker and weaker at smaller scales, leaving a
compactly localizable charge in the scaling limit. Then, a notion of phase space occupation
can be recovered, at least in an asymptotic sense.

In the following, we will therefore consider a class of topological sectors whose be-
haviour at small scales is, in a sense that we will make precise, of the kind just discussed,
and we will show that these sectors give rise, in a natural way, to a net of localizable fields
in the scaling limit. At the present stage of our work, we are then able to prove that this net
induces localizable charges of the scaling limit theory 2o only if a technical assumption,
which will be discussed below, is added. Work is in progress, however, to extend this result
to the general setting.

As in the previous section, we consider a Poincaré covariant observable net
(22,2,U,Q), satisfying hypotesis 2.1 and such that the associated net of von Neu-
mann algebras o satisfies (1.11) and property B’. Correspondingly, we consider the
unique complete normal Poincaré covariant extended field system with gauge symmetry
(g, #,V,k,Uz) determined by the cone-like localizable sectors of <7, theorem 1.14. We
will also make essential use of the assumption that the field net .# satisfies the condition of
geometric modular action,® where, as usual, for every wedge #/, Z (#') is the C*-algebra
generated by .# (%), ¢ C # . That the vacuum Q is cyclic and separating for . (#') —, so
that this last assumption is meaningful, comes as usual from the Reeh-Schlieder theorem,
thanks to irreducibility of \/,crs .# (€ +X), and from locality. The notations introduced in
section 1.3 will be employed throughout.

We will say that a bounded function A € R} — F(A) € .# is asymptotically localized
in a bounded open region & if

lim sup |[F(A), s (AQV)]] = 0. (3.16)
*OAeg(&”)l

Definition 3.15. A covariant sector & of the underlying theory will be called ultraviolet

stable if

(i) for every spacelike cone % and every double cone & C ¥ there exists a family
Pr € Ac(AF), py of class &, A > 0, such that every bounded function A — Q(A) € Hp,

9t is clear how to adapt definition 2.12 to the present context, but actually we will only make use of the
adaptation of relation (2.26), in which the lift of Ay , to 9”1 (which exists, cfr. [BW76]) appears.
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is asymptotically localized in & and

lim sup |[[as, (W(A)) —WA)]Q[l = 0=lim sup |[[[as, (W(A)*) —WA)*]Q]};
5=€e(0,1] 57€xe(0,1]
(ii) for every choice of €, & and A — W(A) € Hy, as in (i), and for every other spacelike
cone % containing & there is a choice of g, € A;(A%¥) of class & as in (i) and a quasi
orbit A — ¢(A) € Hg, asymptotically localized in & such that

lim [ [W(Y) — (V]| =0. (3.17)

We will say that any function A — Y(A) € Hp, as in (i) is a renormalization group topologi-
cal quasi-orbit localized in ¢ and asymptotically localized in &

Some remarks about this definition are in order. Condition (i) expresses two require-
ments on the considered class of sectors. The first is a formalization of the physical be-
havoiur of the gauge strings in the scaling limit pointed out before: if the string becomes
weak at small scales, its effect on measurements performed in the spacelike complement of
a bounded region roughly around the tip of the cone should vanish in the limit, so that field
operators carrying such charges should asymptotically commute with observables localized
in the part of the cone outside some bounded region. These charges can then be associated,
in this weak sense, to a family of bounded region shrinking to a point. The second require-
ment is then the phase space condition on the states created by the selected fields, which
is familiar from the discussion in the previous section. For what concerns condition (ii),
it formalizes the fact that the direction in which the string emanates is irrelevant, and then
that for any choice of an orbit of fields with strings in a fixed direction, one can find an
equivalent orbit with its string in any other fixed direction, such that the two create form the
vacuum the same state in the scaling limit.

We note that if A — W(A) is asymptotically localized in &3 and if h € Ll(,@l) has
compact support, so that supph- & is bounded, we have, for & D supph- &, and for any
Aecd(0"),

Ian@®), e (AMI < /g;)T ds [h(s)[I[W(A), Ttz (as-2 (A)(M))]]]

<|hllx sup [[[wA), Tz (BA)]I,
BeA(67)1

so that oy, is asymptotically localized in &, and if Y(A) € % (A1) for some spacelike
cone %1 containing &, supp h may be chosen so small that there is a spacelike cone ¥ D &
such that a,Pp(A) € Z(A€), proposition A.6 in appendix A. Furthermore it is immediate
that if (3.17) is satisfied, then for any h € Ll(@l),

lim[[ob(A) —and(A)]Q|] = 0.

Analogously to section 3.1, we can consider on the C*-algebra B(R’ ,.#) of bounded
functions of R} in .#, and automorphic actions a and B of 971 and G respectively, de-
fined as in (3.3), where we again assume B = {3 for each A > 0. Furthermore we get an
homomorphism Ttz : 2 — B(RY,#) by Tz(A)(A) := Ttz (A(A)), A€ 2, A > 0. Then we
start by considering an auxiliary scaling algebra of conelike localized fields, associated to
ultraviolet stable charges.
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Definition 3.16. The extended field scaling algebra associated to the spacelike cone % is
the C*-subalgebra §(€) of B(R ,.%) generated by the algebras T (2L(0)) with & C ¢ and
by all the functions o, such that

(i) A — W(A) is a topological quasi-orbit localized in some %1 and asymptotically local-

ized ina &), C %1, associated to some ultraviolet stable sector & of «;

(i) he LX)
(iii) a,W(A) € Z (M%) for each A > 0 and ay,y is asymptotically localized in some & C 7.
Every a,y satisfying conditions (i)-(iii) will be called a (topological) lifted quasi-orbit
localized in ¢ and asymptotically localized in &.

Proposition 3.17. The actions a and {3 of 35T and G restrict to g §( %), an ({?,g, k,a) is
a normal, Poincaré covariant extended field net, such that for any F € §(%), the functions
s — os(F), g — By(F) are norm continuous.

Proof. It’s an easy verification. As usual Ol = TiOy(5), SO that %(T[&(ﬂ(ﬁ))) =
T(2U(s- 0)), and, if o, is a lifted quasi-orbit localized in €, os(a,W) = oY is a

lifted quasi-orbit localized in s- %, so that o (§(%)) = F(s- %), s € FL. Likewise,
By(anW) = anPg, where Wgy(A) := up, (9)W(A) € Hp, is still a topological quasi-orbit,
and By(a,W(A) € FOAE), [I[By(anW(A)), iz (AN = lllanW(A), Tz (AA))]I, so that
By(anW) is a lifted quasi-orbit localized in %" and Bg( (¢)) = 3(¥). Furthermore, the
arguments in the proof of lemma 3.12 apply here as well to show that s — ag(a,y),
g — Bg(anW) are norm continuous functions, and then this extends to any F € 3(%). It
remains to show that normal commutation relations hold. To this end, let 8( )o denote the
dense *-subalgebra of §(%) generated by Tz(2A(0)), € C ¢, and by lifted quasi-orbits lo-

calized in €. It is immediate to verify that 3(%)i is the norm closure of &(%)O,i (grading
defined by y), and it is then sufficient to show that normal commutation relations hold for

% — §(€)o. Since all generators have a definite parity (elements of T3 (2A(©)) are bosonic,

and o,y and its adjoint have the same parity as the associated sector), all elements of 3(‘5)0
are finite sums of monomials in the generators, each of which has a definite parity, the prod-
uct of the parities of the factors, and furthermore any F € 3 (€)o,+ can be written as a sum
of monomials with the same parity as F itself, for if E = $;M;, y(M;) = (—1)9M;, then
also . . -
EZE(E :Zi(li(_l)q)mi:i, Z;-_ M;.
((—1)%=%1
In order to conclude it is then sufficient to show that any two such monomials M; € S(%),
i = 1,2 with %7 and %> spacelike separated, obey normal commutation relations, M;M, =
(—1)%2%2M,M,, but this is easily established by direct computation of the required permu-

tations of generators. O

Remark. In general, it is not true that 3(‘5)G coincides with the C*-algebra generated by
TR(2(0)), & C €. We will comment later on a possible physical interpretation of this fact.

We now consider the lift (w, )0 of the vacuum state wto the C*-algebra 3 generated by
all the (%), and denote as usual by SLz the set of its weak™* limit points. As in section 3.1,
we have SLgoTtz = SLy. Let then (1°,.#7°,Qq) be the GNS representation determined by

a fixed scaling limit state w, € SLz, and define §°(%) := T0(F(%)) for any spacelike cone
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€. As usual, by Poincaré and gauge invariance of w, we get unitary strongly continuous
representations Uy, Vo of 951 and G on ##°. Then, the relevant parts of the proof of the-
orem 3.7 can be easily adapted to the present context to show that (§°,Vo,k,Uo,Qo) is a
Poincaré covariant, normal extended field net with gauge symmetry. In particular, Poincaré
invariance of Qg and the spectrum condition are satisfied, though in general Qg is not the
only translation invariant unit vector, i.e. §° need not be irreducible. For a given wedge
# , we will denote by 3(7/ ), §°(W ) the C*-algebras generated by the respective algebras
3(%), (%), with € C # . Itis evident that 3°(#) = 0 (F(¥#)).

The following weak version of the Reeh-Schlieder theorem, which uses in an essential
way analyticity of both translations and Lorentz boosts, consequence of geometric modular
action and Tomita-Takesaki theory, will be central in the following. Similar results can be
found in [BB99, DSW86].

Theorem 3.18. The vacuum Qg is a cyclic and separating vector for the algebras @0(7/)_.

We need some preparations before proving the theorem. We recall that we denote by
Ny (t) € 9’1, t € R, the one parameter group of Poincaré transformations leaving the wedge
W invariant, Ay (t) = s/\y; , (t)s 1if # =s-#1 .. By abuse of notation, we will identify
Ay (t) with its unique smooth lift to ,951 which is the identity for t = 0. Also, we will
identify A e SL(2,C) with (A,0) € £1.

Lemma 3.19. Let Uq be a strongly continuous unitary representation of P! and N C 3‘51

an open neighbourhood of the identity. Then Uo(@l) is the strong closure of the group U_,
generated by the elements Ug(s/A\y (t)s71),t ER, s € A,

Proof. Thanks to Poincaré invariance of the problem, we can assume that % = #1 ..
Also, we can assume that .4 = .#; x 45 C SL(2,C) x R* is a rectangular open neigh-
bourhood of the identity. Then by [BB99, lemma 2.1] Uo(SL(2,C)) is the strong closure
of the subgroup of U_, generated by Ug(AAy; , (DA7Y), t € R, A € 4,9 so that, since
Uo(A\,X) =Ug(x)Ug(A), A € SL(2,C), x € R, it iis sufficient to show that Ug(x) € U, Fur-
thermore, as Uo((A,X)Ays . (1) (A, X)"HUo(AAy;  (DATH)* = Ug(A(L — Ay, (1))A71X),
and Up(x) = Up(x/n)", x € R*, n € N, we reduce the problem to showing that the set
U = {3iN(1—Ny,, A I © (A, Xx) € A4, ti € R} is a neighbourhood of zero in R?.
Then with e, p=0,...,3 the canonical basis of R* and e :=e; +eg, (1 — Ay, , (t))ex =
(1—e*')e, so that there is an € > 0 such that se.. € % for |s| < €. Also, if Ry denotes the
rotation around the e axis of an angle ¢, and & := (1 —e")Rge_ + (1 —e~")Rgye, then

Ry(1— Ay, ())Ry '€ = 4(1 — cosht)(cosdpe; —sindey),
so that, foru € R,
Ro (1 — Ay, (1))Ry (UE) +R_p(1 — Ay, (t))RT5(—UE) = —8u(L — cosht) sind e,

and then, since (Ry,u&) € 4 for |ul, |¢| sufficiently small, se; € % for |s| < &. Anal-
ogously we show that se3 € %, |s| < €, and since (e;,e_,ep,e3) is a basis of R*,
{Sa=t235q€a © [Sa| <€} is aneighbourhood of O contained in % . O

Dthe cited results refers actually to representations of S07(1,3), but since the proof uses only properties of
its Lie algebra, it can be also applied to the present case
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Lemma 3.20. The state wp = (Qo|(-)CQ0) is a 21-KMS state for the C*-dynamical system
S°),04,,)-

Proof. As above, we may assume % = # .. By geometric modular action and Tomita-
Takesaki theory, the underlying vacuum state w is 21T=KMS for the C*-dynamical system
(Z(#),an,, ). This implies that any of the scaled vacuum states w,, A > 0, is 2r-KMS for
E#),an,,): for E,G € F(#) let Ry(t) := @,(Fap,, (G)) = W(E(N)ap,, 1(G(N)).
teR, then belng F()\) GA) e F(#),FRis analytlc in the open strip {0 < Imz < 21} and
continuous and bounded in the closed strip, and Fy(t + 211) = w(aa,, 1) (G(A))EQR)) =
W\ (Ap,, 1) (G)F), so that w, is KMS. Then being the set of KMS states *weakly
closed [BR79b, thm. 5.3.30], w, is 2r-KMS for (E(W),g,\w), and finally, consider-
ing the function Fy(t) := wo(no(E)aj’\Wm(no(g))) = wy(Eap,, 1)(G)), we conclude the
proof. O

For any two spacetime regions %1, %, we will use the notation %, € %, to mean
that there exists a neighbourhood .4 of the identity in (@T such that A4 - %, C %,. For
any finite set of spacelike cones %4,...,%nh, we mtroduce the C*-algebra SO(%, ,%n)
as the one generated by the algebras 30(%1) ., 5%%,). We also define 60(%”1,...,%)
to be the set of operators G € 80(%1, ,%,) for which there exists a neighbourhood .4
of the identity in ,QT such that ad(G) € (41, ... ,%n) forany s € 4. It is clear that
050((51, %”n) is a *- algebra and that for any n-tuple (51, (Kn With €%, i= 1,.
30(%1, %n) C 050(%1, cgn)

Lemma 3.21. Let # be a wedge in Minkowski space and let 67 € #,i=1,...,n be
spacelike cones. If ® € (&°(%1,...,%n)Q0)*, then

(®lal (G1)...a) (Gm)Qo) =0 (3.18)

for any s; € 21, Gi € 8%(41,..., %), i=1,...,m.

Proof. We begin by showing that ® € (&%(%1,...,%,)Qo) implies Ug(s)® €
(B%(%1,...,%n)Qo)* forany s € QZT Let .4 be a neighbourhood of the identity in QZT
such that #~1. 4 Cc#,i=1,...,n, and let G € 8°(4,...,%,). Then G € F°(s- 7/)
for any s € 4. By continuity oft — $/\y (t)s~? there exists € > 0, depending on s € ¥/,
such that O‘g/\,,,(t)s—l(G) € 8%(%1,...,%,) for |t| <&, and then (¢|ag/\«,,/(t)s—1(G)Qo) =0 for
|t| < & ButsAy (t)st = Agy (t), and the fact that wy = (Qo|(-)Qo) is a 2T-KMS state for
(§%(s-#),08_, ) implies that [KR86]

i
ap., (G)Q = Gcf‘t)/zﬂ(G)Qo = DN, "GQ,

where Ay, is the modular operator associated by Tomita-Takesaki theory to the restriction
of 3%(s- #')~ to the cyclic subspace generated by its action on Qq. From this last equation
it follows that t — O(SAW(t)S,l(G)QO has an analytic continuation to a function on the strip

{0 < Imz < 1}, and then

(Uo(sAy (1)s 1) P|GQo) = (Plagy s 1(G)Q0) =0,  teR, s€A,

(—t)s—
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i.e. Up(sAy (1)s 1)@ € (8°(%1,...,%n)Q0)* for any t € R, s € 4. Then, iterating the
argument,

Uo(s1Aw (t1)s7 %) - .. Uo(SmAy (tm)smt )P € (8°(44, ..., %n) Qo) *

for every choice of s € A, ti € R, i=1,....,m, and since, by lemma 3.19, Uy(s)®,
se &1, is a limit of vectors as the one in the left hand side of the last equation and
(B°(%1,...,%n) Qo) is closed, Up(s)® € (B°(%1,...,%n)Q0)" .

If we now show that, for any G; € &°(%1,...,%), si € 971, i=1,...,m,
00 (G1)...0d (Gm)® € (&%(%1,...,%n)Q)*, since B%(%1,...,%,) is a *-algebra con-
taining the identity operator, the conclusion of the lemma will follow. We prove this
by induction on m. For m = 1 we have, by what we have just seen and by the fact
that &°(%1,...,%,) is a *-algebra, GiUo(s1)*® € (&°(%1,...,%)Q0)* and then, ap-
plying again the first part of the proof, al (G1)® € (&°(%1,...,%n)Qo)*. Then, if
00,(G1)...0d (Gm)® € (8°%(%,...,%n)Q0)* the argument just made leads to the conclu-
sion. O

Proof of theorem 3.18. It is sufficient to show that Qo is cyclic for F(#), ie.
(F°(#)Q0)L = {0}: if this is true, the fact that Qg is separating for F°(#/)~ follows from
the fact that the interior of #"' is again a wedge and by normal commutation relations, as in
the usual Reeh-Schlieder theorem. Let then ® € (F°(#)Qo)* and F € §°(%),i=1,...,n,
be arbitrary operators. For any i = 1,...,n there exists s; € ﬁ‘l and a spacelike cone %;
such that s -4, € 4 € #. Then a%,(F) € (st %) C 8°(%,...,%,) and, being

(F(#)Q0)* C (8°(%1,..., %) Q)"
(D|Fy ... FaQo) = (<1>|0(21(0(§Il(|:1))...0(2n (0% 1(F))Q) =0

sn
by lemma 3.21, thus @ is orthogonal to a total set of vectors in 9, and then vanishes. O

We now introduce a new net of C*-algebras on the scaling limit Hilbert space #°,
which will be associated to bounded regions instead of cones, and which we are willing to
regard as the “true” field net determined by the scaling limit of ultraviolet stable topological
charges.

Definition 3.22. The localized scaling limit field algebra associated to the double cone
¢ C R* is the C*-algebra Fo(&) generated by 1.1z (20(£)) and by all elements 1°(a, )
such that o, is a lifted quasi-orbit aysmptotically localized in & and localized in some
spacelike cone € D 0.

At first sight, the adjective “localized” used in the above definition may seem inade-
quate, since a priori §o(&) C chDﬁ@O(%), which is highly non-local, as the union of all
such cones covers a complete spacelike hyperplane. We are going to see however, that,
thanks to the physically motivated requirements imposed on the considered class of topo-
logical charges, the net Fo enjoys much better localization properties.

Lemma 3.23. With the above notations, we have

Fo(0) C () §°%).

(7
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Proof. It is evident that T®(2((&)) is contained in the intersection of the algebras §°(%),
% D 0. Itis then sufficient to show that this is the case for any 1°(a, W) with o,y asymp-
totically localized in &, irrespective of its spacelike cone of localization. Let then o,y be
localized in some spacelike cone ¥ containing & and of class &, and pick another spacellke
cone € O & such that there exist a wedge # which is spacelike to both ¢ and %. Cor-
respondingly we can find, thanks to definition 3.15(ii) and the following remarks, another
lifted quasi-orbit T®(ay,¢) associated to the same charge, asymptotically localized in & and
localized in . Thus, for a suitable sequence (Ax)ken C RY,

117 () — (a1 §)] Q01> = wo (1 (W) — (a1 9))* (1 (ay ) — (0 9)))
= kﬂTm w((apW(Ac) — apd M) " (A WAK) — ord(Ax)))

= Jim i) ~ a0 (IR =

and then, for any F € §°(#) of Bose-Fermi parity (—1)°(F),

(0, W)F Qo = (—1)°FIPOF 0 (a, 1) Qo

= (=1)°FOFT(a,0)Q0 = 1(0y¢)F Qo

where a(&) is the parity of the sector €. This implies, by theorem 3.18, that T(a,p) =
©(a,) € SO( ) for any spacelike cone ¢ satisfying the above conditions. For a general
spacelike cone ¢ containing ¢, we can find cones 47, ...,%;, containing & and such that
€ =%, %6, =%,and cones %1, %n 1 such that & U%Hl C %J, j=1,...,n—1(propo-
sition A.9), and for any j =1,...,n—1 there exists a wedge #; C ‘f' o) that, iterating the
argument above, TO (o)) € §°( ). O

We denote by (75,210, Uo, Qo) the scaling limit observable net determined by w, - T €
SLgy.

Theorem 3.24. The quadruple (Fo,Vo,k,Up) is a normal, Poincaré covariant field net with
gauge symmetry, Qo is a cyclic vacuum for it, and the formula

T (To(A)) := 0o (A), A€, (3.19)

defines a representation Tiz, of 21 on 20 containing the identical representation of 21y and
such that Tz, (2 (&) C Fo(0)C.

Proof. Poincaré and gauge covariance of the net F are easily established, using arguments
analogous to the ones in the proof of proposition 3.17. Normality of commutation rela-
tions for Fo follows at once from the same property for the extended net F°, the previous
lemma and the fact that for any two spacelike separated double cones &, i = 1,2, there
exist spacelike separated spacelike cones %j, such that &; C %, i = 1,2, proposition A.10
in appendix A. We have already seen that translations satisfy the spectrum condition, and
Qq is Poincaré invariant. Cyclicity of Fo on the vacuum follows from the fact that ¢ = §°
(equality of the respective quasi-local algebras): since every generator of Fo(&) is in some
3°(%), we have Fo(&) C O for any double cone &, and then Fo C 3°; the reverse inclusion
is analogously proven. We can then apply Reeh-Schlieder theorem to conclude that Qg is
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cyclic also for the C*-algebras §o(¢") and then separating for local von Neumann algebras
$o(&)~. Then, by the argument employed in the proof of theorem 3.7, 11z, is a well defined
representation of 2y and, by GNS unicity, it contains the defining representation of [y on
the subspace 10 Tz (1) Qo =2 54 of #°. Finally, it is evident that Ttz (A) is gauge invariant
forany Ae . O

We see then that ultraviolet stable topological charges give rise, in the scaling limit, to
a net of finitely localizable charge carrying fields. We would like then to show that among
the charges carried by these fields, there are charges which we can regard as scaling limits
of the cone-like localizable charges which we started with, in a sense similar to the one that
was empolyed in the localizable case, i.e. we would like to construct Hilbert spaces in Fo
carrying appropriate representations of G and implementing localizable endomorphisms of
2o. However, at the present stage of our work, this can be achieved only at the price of
some additional technical assumption on the net §g (see theorem 3.27 below), the status of
which has yet to be clarified.

Before stating explicitly these assumptions, and therefore sticking, for the time being,
to the level of generality used up to now, we can at any rate show that the fields in §q give
rise, in a sense made precise in the following theorem, to positive energy representations
of 2o, so that we get at least charges which are localizable in this weak sense. As in the
previous section, we let %, (&) :=Fo(0) .

Theorem 3.25. Let & be an ultraviolet stable topological sector, and let & be a double cone
and p) € Ac(A%1), [Pa] =&, A > 0, a family as in definition 3.15(i), where %7 is a spacelike
cone such that 1 € € for some ¥ O €. There is then a finite dimensional Hilbert space
Hp in %o (&) of support 1, carrying a G representation of class &, and for any such Hilbert
space the state wy on 2y defined by

d(g)
Wp(A) = Z(Qow‘,?ngo(A)w?*Qo), A € 2y, (3.20)

=

where qJ?, j=1,...,d(§), is an orthonormal basis of Hy, is such that w, [ 2o(&") =
wp [ Ao(4”), and induces, via the GNS construction, a representation 11, of 2o which is
translation covariant with positive energy.

During the proof of the above theorem, we shall need a result on the existence of covari-
ant representations of C*-dynamical systems due to Borchers [Bor96, thm. 11.6.6], which
we state here (without proof) for the reader convenience and for later reference.

Theorem 3.26. Let 2 be a C*-algebra, o : R* — Aut(2() a group homomorphism, and let
2* (V) be the norm closure of the linear space of those @ € 2* such that
(i) forany A,B € A, x — @(Aay(B)) is a continuous function on R?;
(ii)) x — @(Aay(B)) is the boundary value of a function z — W (z) analytic in the future
tube 7 (V4) :={zeC*:ImzeV;};
(iii) there exists a constant m > 0 such that, for z € .7 (V..),

W @)] < llollA]]B]le™"™=.
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Let the a representation of 2(. Then there exists a unitary, strongly continuous representa-
tion U of R* on s# with spectrum in V', and such that (T, U) is a covariant representation
of (2, a) if and only if every vector state of Tthelongs to 2* (V).

Proof of theorem 3.25. Let &, &€, %1 and p, be as in the statement. There is then a double
cone &1 C % such that if @j(A), j=1,...,d :=d(£), is an orthonormal basis of Hp, , then
any function A — j(A) is a topological quasi-orbit asymptotically localized in &1. We
can also assume that the {s;(A)’s transform according to a A-independent G representation
Us. We can then repeat, mutatis mutandis, the proof of lemma 3.13 and the first part of
the proof of theorem 3.14 to conclude that, as in the case of localizable charges, the limit
qJO *s—limp_ 50, exists and defines a multiplet of class & of orthogonal isometries
W|th support 1 in #o(&), and the linear span of these operators is therefore a d dimensional
Hilbert space H, of support 1 in %o(&) carrying a unitary matrix representation of G of
class €. This Hilbert space is independent of the choice of the basis Yj(A): let ¢;(A) € Hp,
be another such choice, then we have

ahq) chj hl'l'lk )\>Oaj:13"'7d7

where cj(A) = Wk(A)*¢j(A) is the unitary basis change matrix. The functions A — c;(A)
are therefore bounded, and then, again as in the proof of theorem 3.14, we have that for any
Ee3#), W C €' the limit

lim z S (M) (E(A) Qo b (M) "ok (M) Q) = ¢ (M) (E(A)Q[Q)

h—>6

is uniform in 1, so that

limer; () (EOV)QIQ) —nmnmzck, A)Ql (A" k() Q)

h—d 1€l

= r'}'_rg_)( (_)Qo|Tl0(ghllJ|) (0,6§) Qo) = (T (F)Qo|W* $9Q0).

Putting F = 1 in this last equation, we get that there exists the limit c?j =lim.cjj(\) =
(Qo|W*$9Q0), which is again a unitary matrix, and then

¢} (1°(F) Q0| Qo) = (1°(F) Qo[ Wi*¢9Q),

so that we conclude, by cyclicity of Qg for Fo(#'), that L|J?*<|>° =cp. il and the linear span
of $9, j =1,...,d, coincides with Hp,.

Let then (11,,.745,€Qp) be the GNS representation induced by the state wy in (3.20). To
show that this is translation covariant with positive energy, take A, C R* to be the closed
double cone in momentum space with vertices 0 and (n,0), and let C € 2o (A) for some com-
pact set A (e.g. C = a9(Cy) with supp f C A). Then the vectors cp?v“ = Tz, (C)E (8n) W3* Qo
j=1,...,d, have momentum support in A+ Ap, and if we define ¢c , € G by

d

Zl QONJJ An TL?O(C*AC) (An)lll(j)*Qo),
]
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we get that

d
e (AG(B)) = 3 (T (A)" & "1Uo ()T (B)Un(x) E 8-+ 8) ")
=

is obviously continuous in x, and has (distributional) Fourier transform with support in
—(A+An)+V 4, lemma 2.2, so that, if p=(—m,0) is such that —(A+An) +V; C p+Vy,
according to [Bor96, thm. 11.1.7], X — ¢c n(Aad(B)) is the boundary value of a function
z — W (z) analytic in .7 (V) and satisfying, for suitable constants M,N > 0, the bound

W (@)] <K@+ X)L+ dist(y, V) HMe™,  z=x+iye T(Va),

and since |W (x)| < ||q@call/||All||B]| for real x, a Phragmén-Lindel6f type argument (see the
proof of lemma 11.3.4 in [Bor96]) gives the desired estimate |W (z)| < ||@c |/ [|All]|B]le™'™,
z€ J(V4),and @cn € A5(V4). If @c(A) == wp(C*AC), A € o, we have

d
[®(A) —@en(A)] < ZZIICIIIIAIIII[E(An) — 1] Qoll,
£

so that ¢cn — @ in norm as n — +oo and, being 2A5(V,) norm closed, q@c € A5(Vy). Fi-
nally, since the Fourier transforms of continuous functions of compact support are dense
in LY(R*)® and translations act norm continuously on 2o, the operators of the form
C = a%(Cy) with compact supp f lie norm dense in 2o, which implies that the set of vector
states of 11, is contained in the norm closure of the set of corresponding functionals ¢c,
so that any such state belongs to 45(V;.), and we can apply theorem 3.26 to get a unitary,
strongly continuous representation U, of the translations group on . with spectrum in V.
and such that (15, Up) is a covariant representation of (2, a®). O

The representation 11, thus constructed, will not be, in general, a DHR representation of
2o, since the fact that wp [ Ao(&”) = wy | Ao(€"), together with translation covariance of
Th,, and the fact that, as is easily verified, mpoag is the state determined as in theorem 3.25
by the family o)xpPa0l_xx, A > 0, implies only that 15, [ %o (&” +X) has a subrepresentation
that is equivalent to 1 [ 2o(&” +x), 1 being the defining representation of 2. Thus, in
order to have DHR property at least for the class of translates of the given double cone &
(which is sufficient to perform the superselection analysis), it would be sufficient to know
that property B holds in the representation 1, (cfr. the appendix of [DHR71]), which in turn
would follow from irreducibility and local normality of 11, as well as weak additivity of the
net 2o, which is quite natural to expect to hold in relevant cases. However, a proof of this
properties is lacking at present.

At the technical level, the main obstruction is represented by the fact that, in general,
iz, ((0)) C Fo(0)C, as it is easy to construct gauge invariant combinations of the
a,W’s, which need not belong to some scaling algebra (&), as they are only localized

&C®(R*) is dense in the Schwartz topology in . (R*), which in turn is norm dense in L1(R*), and being
the . topology stonger than the L* topology, (CZ (R*))~IIl O (C2(R*Y) = = (C2(R*)~ "= .#(R%).
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in spacelike cones. However, thanks to the fact that these functions are asymptotically lo-
calizable in @, it may well happen that, at least in some models, their scaling limits do
belong to 2Ao(&). Adding the simple hypotesis that this is indeed the case, yields a quite
satisfactory picture of the scaling limit of ultraviolet stable topological charges.

Theorem 3.27. Assume that iz, (2% (6)) = Fo(€)C, and that %, acts irreducibly on #°.
Then for any covariant, ultraviolet stable, topological sector &, any double cone &, and
any family p) € Ac(A%1), [pa] =&, A >0, as in the previous theorem, there is a finite
dimensional Hilbert space H, in §o(&) of support 1, carrying a G representation of class
&, and implementing an irreducibile transportable endomorphism p of 24, localized in &,
covariant with positive energy. Moreover, any two such endomorphisms p and o, obtained
as above from familes p,, o), A > 0, p) = G,, are unitarily equivalent.

Proof. It’s an easy adaptation of the proof of theorem 3.14 to the present setting. O

Thus we obtain, as in the case of localizable charges, a well defined mapping from the
subset of ultraviolet stable charges to the set of charges of the fixed scaling limit theory.

As a final comment, we would like to remark that the condition Ttz (%4 (€)) =
Zo(0)C, introduced here as a technical assumption in order to get a well defined scal-
ing limit of topological charges, may turn out to have a sensibile physical interpretation.
By the above remarks, we see that .%y(&)€ contains, apart from the scaling limit observ-
ables localized in &, the scaling limit of functions A — A(A) € A(A%), for every spacelike
cone ¥ D O, i.e. there are gauge invariant families of operators, with localization regions
extending to spacelike infinity, which give rise to objects in the scaling limit which are
charged with respect to the intrinsic gauge group of 21, so that new charges appear at small
scales. This situation, which does not have to be confused with the confinement one, in
which the fields carrying the new charges cannot be approximated at all at finite scales, is
instead reminiscent of the phenomenon of charge screening,”) much discussed in the phys-
ical literature (cfr. for instance [Swi76, RRS79] and references quoted). In this scenario,
a charge which is described by an asymptotically free theory at small scales, disappears
at finite scales because, due to nonvanishing interactions, it is always accompanied by a
cloud, extending to spacelike infinity, of charge-anticharge pairs, so that one can expect that
the corresponding “charge carrying fields” are neutral and non-compactly localized at finite
scales, and become instead charged and localized in the scaling limit. Then the condition
Tz, (#(0)) = Fo(0)C could be interpreted as the requirement that in the theory under
consideration, no charges are screened. Work is currently in progress in order to clarify
further these matters.

) This connection was pointed out to me by Detlev Buchholz.



Conclusions and outlook

In this thesis we addressed the conceptual problem of formulating a notion of confined
charge in quantum field theory free of the ambiguities of the one generally adopted, which
relies heavily on the description of the theory in terms of unobservable gauge degrees of
freedom. This was done in the algebraic framework of quantum field theory, which is the
most suitable one to this task, since it disregards completely the existence of unobservable
fields — which, as we saw, comes out as a consequence of the structure of the observable
net and its representations, rather than being assumed from the outset — and focuses on the
information encoded in the net of local observables. In particular, superselection theory
on one hand, and scaling algebras on the other, allow a natural and intrinsic identification
of the charges described by a theory at small spatio-temporal scales with the superselection
sectors of the scaling limit theory (supposed for simplicity to be unique) canonically defined
by the given theory, so that the required definition of confined charge is obtained through a
comparison of the superselection structure of the given theory with that of its scaling limit.

In order to establish such a comparison, we studied the scaling behaviour of sectors,
and singled out a class of sectors, both finitely and cone-like localizable, for which a nat-
ural notion of scaling limit exists, so that they can be identified with sectors in the scaling
limit theory, which are then naturally regarded as non-confined. In the DHR case, such
an ultraviolet stable sector & has been defined by requiring essentially that for fields W(A),
carrying charge & and localized in scaled regions A&, the charged states Y(A\)Q have energy
and momentum growing not faster than A1 for A = 0, which, in view of the construction
of the scaling limit, is a natural phase space restriction. Then we showed that to any such
sector we can associate a system of Hilbert spaces in the scaling limit field net .#°, which
are generated essentially by the limits, for A — 0, of the just mentioned operators Y(A),
and which carry a gauge group representation of class €. Finally, these Hilbert spaces im-
plement localized endomorphisms on the scaling limit observable net o7, whose sector is
then identified with the (scaling limit of the) starting sector &. Then, we tried to generalize
these results to topological sectors. In this case, an ultraviolet stable sector & is defined first
of all by requiring that, according to the physical picture of this kind of charges emerging
from non-abelian gauge theories, the effect in the scaling limit of the operators Y(A) outside
some bounded region A& becomes negligible, and that, still in the limit, the states P(A)Q
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become independent on the direction of the string emanating to spacelike infinity, so that it
is meaningful to impose on these states a phase space requirement analogous to the one for
DHR charges. A first non trivial result is then that these operators, though being localized in
spacelike cones at each scale A > 0, generate, in the scaling limit, a net & — .%,(©) of field
algebras associated to bounded regions & and satisfying normal commutation relations,
and that they also generate, as above, Hilbert spaces with gauge group representations in
this net. Adding then the technical hypotesis that the fixed point net of %, under the action
of the gauge group coincide with 27, together with the irreducibility of .%, gives scaling
limit sectors as in the DHR case. We have also seen, in appendix B, that the charged sector
of the free Majorana field with Z, gauge group is ultraviolet stable.

There are several directions along which this work could be improved and extended.
First of all, clearly, we are trying to get a better understanding of the conditions under
which ultraviolet stable topological sectors admit a scaling limit along the lines discussed
in the thesis. In particular, as suggested at the end of section 3.3, the condition .%,(&)® =
2 (€) may be replaced with a physically more transparent condition formulated in terms
of the underlying theory and expressing the absence of screening, and, eventually, discarded
altogether, as there are indications that ultraviolet stability alone is a sufficient condition for
the existence of the charge scaling limit.

Another natural issue to be investigated is the structure of the set of ultraviolet stable
sectors with respect to the standard operations of composition, direct sums and conjugation
defined by superselection theory. In particular, it seems likely, on physical grounds, that the
irreducible components appearing in the direct sum decomposition of a product of ultravio-
let stable sectors are again ultraviolet stable, as, due to additivity of the spectrum [DHR74],
the energy momentum transfer of fields carrying the product charge cannot be substantially
higher at small scales than that of the component fields.

To complete the analysis of scaling properties of charges, it would be desirable to under-
stand better the fate, in the scaling limit, of non-ultraviolet stable charges, and in particular
if there is a natural way to associate with them some class of non-localizable states on 2lo.
Also, it would be interesting to construct examples of this kind of charges. In connection
to this we just recall that examples of theories having classical scaling limit have been con-
structed in [Lut97], and similar ideas and techniques could be useful in this task.

Still on the examples side, it would be interesting to have at one’s disposal other models
exhibiting ultraviolet stable sectors, apart from the very simple one treated in appendix B.
The particular features of the latter, namely the existence of a single charged sector, with
the basic field itself interpolating between this sector and the vacuum, made the establish-
ing of the ultraviolet stability condition straightforward in this case. In more complicated
examples, possibly with non-abelian gauge groups, the charge multiplets are in general
non-linear combinations of the fields, (or, rather, of the isometries appearing in their polar
decompositions if the fields are unbounded), which, moreover, are not explicitly known, ex-
cept that for G abelian. The direct method used in appendix B is thus unlikely to be useful
for non-abelian examples.

Finally, some more insight on the status of the asymptotic localizability conditions em-
ployed to treat the scaling limit of topological charge could come from the rigorous analysis
of lattice models of gauge theories, as the essentially unique continuum example of such
charges is provided by the already considered theory of the free massless scalar field in
d = 2 spacetime dimensions.



APPENDIX A

Some geometrical results
about spacelike cones

In this appendix we shall collect several geometrical definitions and results, mostly concern-
ing spacelike cones in 4-dimensional Minkowski space, which are needed for the analysis
in section 3.3. The basic definitions will be taken from the appendix of [DR90].

The spacelike hyperboloid 2 := {n € R* : n> = —1} will be called spacelike infinity,
since we identify n € 2 with the “point at infinity” in the spacelike direction An, A € R, .
We endow Z with the causal structure induced by the one in Minkowksi space, i.e. two
points n,n" € 2 will be called timelike (resp. lightlike, spacelike) if they are timelike (resp.
lightlike, spacelike) when considered as points in R*, and in the first two cases, n will be
said to be future (resp. past) to n’ if n% —n® > 0 (resp. < 0).

Given ny,n_ € 2, ny future timelike to n_, the (open) double cone in & with vertices
ny, n_ will be the set Dy, n of points n € Z which are past timelike to n, and future
timelike to n_, i.e. D, n. = On, n. N, Where &y, n_ is the double cone in Minkowski
space with vertices n, n_, which also shows that Dy,  is open in the relative topology
of 2. We remark explicitly that &, _ is spacelike to the origin, for if there would be an
X € Oy, n_ such that, for instance, x € V 4, then also n;. = (ny —x) +x € V1, which is not
true.

Definition A.1. Let D be a double cone in 2. The spacelike cone ¢ = %, p With apex
a € R* and base D is the set

%ap :={a+An:neD,A > 0}.

If € is a spacelike cone, we shall denote by D(%’) the double cone in & which is the base
of €.

We have also the following expressions for €, p:

%a,D:{a+x:x2<o, X eD}:a+UwD, (A1)

V=X AS0
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where &p is the double cone in R* with the same vertices as D. The first of these equalities
is evident by putting x = An in the definition of %, p. For what concerns the second, it is
sufficient to prove that for any x € &, we have x/v/—x2 € D (x> < 0 by the remark above),
the inclusion €ap C a+ Uy-oA&p being trivial. It is clear that x/\/——x2 € 2, and we can
then assume, by an appropriate choice of the Lorentz frame, that xX® = 0. Then, if n,. are the
vertices of D, from (n,. —x)2 > 0 it follows that 2n, -x > |x|? + 1, and then

2n, - x |2 +1

2
X
2 ) =—_9 24+ ——">0
(“* F—xz) N ™ R

being 2 the minimum of the fuction t — (t> + 1)/t for t > 0. Analogously one sees that
x/v/—x2 is future timelike to n_.

From the last expression, it follows immediately that any spacelike cone €p := %o p (i.e.
with apex at the origin of Minkowski space) is a convex cone, in the sense that X,y € ép
and A > 0imply Ax, X+Y € 6p: AX € %p is evident, while if x =Ag, y = un with &,n € Op,
being & convex,

A
x+y:()\Jru)()\—JruEJrF“Ll ) € ép.

The following three results are also taken from the appendix of [DR90], and we include
for completeness the easy proofs.

Lemma A.2. Let % be a spacelike cone, and x € R*, ne 2. Then

(i) ifne D(%) then x+An € € for A > 0 sufficiently large;

(i) ifx+An e & for A > 0 sufficiently large, then n € D(%’) (closure in the relative topology
of 9).

Proof. (i) Since x is arbitrary, we can clearly assume that the apex a of & is the origin. We
have (x+An)? < 0 for A sufficiently big and since
X+ An

AETWW =ne€D(%), (A.2)

and D(%) is open in 2, (x+ An)/+/—(x+An)2 € D(¥) for A sufficiently big, i.e., being
a=0,x+Ane?.

(i) Again we assume a = 0. Then by hypotesis (x+An)/+/—(x+An)2 € D(¥) for A
sufficiently big and by (A.2), n € D(%). O

Corollary A.3. If €1 C %> then D(%1) C D(%3).

Proof. Let a; be the apex of €1. If n € D(%1) then a3 + An € 6> for each A > 0, and by the
above lemma n € D(%>), and we conclude by noting that the two sets are open. O

Corollary A.4. If D is a double cone in &, and %1,...,%, are spacelike cones such that
D(%) CD,i=1,...,r, then there exists a spacelike cone € with D(¥) =D, and %; C ¥,
i=1,...,r.

Proof. Let a; be the apex of &, i=1,...,r,and letn € D. Then for A > 0 sufficiently large,
ai+Ane€%p foranyi=1,...,r. Then, being 4p a convex cone, ¢ := € _np- O
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The following lemma is also completely straightforward.

Lemma A.5. If & is a double cone in R* and D is a double cone in 2, there exists a
spacelike cone &, with D(¢) =D and & C %.

Proof. There are c € R*, b €V, such that &p = ¢+ &, _p, and since Up-oAOh b = R*, by
compactness there is A > 0 such that & C A&y, _p,, and then & C €. p. O

The following easy result is used in the construction of the lifted topological quasi-orbits
of section 3.3.

Proposition A.6. For any spacelike cone %7 there exists a neighbourhood of the identity
N C ,@1 and a spacelike cone %% such that .4 - €1 C %>.

We shall give the proof after having proven two elementary lemmas, which we single
out for reference’s sake.

Lemma A.7. Let 1 C %> be spacelike cones such that, for the apex a; of %1 there holds
a; + B¢ C %%, B¢ being the open ball of radius € around the origin. Then €1 + B C %>.

Proof. We can clearly assume that the apex of &, is the origin. Then %> is a convex cone.
Furthermore, by corollary A.3, €p(4,) C %2, and then €1+ B = (a1 + Be) + 6p(4) € %2-
]

Lemma A.8. Let %1 C %> be spacelike cones with the same apex and such that D(%1) C
D(%>). Then there exists a neighbourhood of the identity .4 C 3”1 such that 4”61 C 6.

Proof. Assume first that the apex of the two cones coincide with the origin. Thanks to
the continuity of the function A € SO'(1,3) — An € 2, we can find, for any n € D(%}), a
neighbourhood of the identity .4, C SOT(1,3) such that .#,n C D(%5), and, being SOT(1,3)
a topological group, we can also find neighbourhoods of the identity .47, C A, such that
N2 C N By compactness of D(%1) there exist then ny,...,n, € D(%1) such that 4q,n;,
i=1,...,r,isan open covering of D(¢1). Then if A" := Ni_; A4, for any n € D(%}) there
is i such that .#'n C %ini C D(%2), i.e. & -D(%1) C D(%2), which immediately implies
N 61 C %,. For the general case, if a is the common apex of €71, %, by what we have just
seen there exists A" C 3”1 such that 4" - (¢1 —a) C 62 —aand if A4 = (1,a).4(1,—a)
then A4 - €1 C %>. O

Proof of proposition A.6. Given a double cone D C & containing D(%1) and n € D(%3), the
spacelike cone 6 := €,,_snp, Where a; is the apex of %1 and 6> 0, is such that a; € %,
and then a; + B C %5 for some € > 0. Then if & = ©a,,D, by the last lemma there exists
a neighbourhood of the identity .#” in 2] such that .# - %1 C 43, and by lemma A7,
%1+ Be C %5, 50 that the proposition is proven with .4 := ({1} x B) - A’. O

The next proposition gives the justification of the homotopy argument used at the end
of the proof of lemma 3.23.

Proposition A.9. If &'is a double cone, and %, % are spacelike cones containing &, there
exist spacelike cones 1,...,%r and 61,...,%r—1, such that 61 = ¢, 6 = ¢, and & C G,
%chi.}_l C%,i= 1,...,r—1.
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Proof. By combining lemma A.5 and corollary A.4, it is clear that it is sufficient to show
the existence of double cones Dy,...,Dy and Dy,...,D,_; in 2, such that D; = D(%),
D, = D(%) and DjUDj;1 C D, i=1,...,r —1. To this end we fix a Lorentz frame eu,
p=0,...,3, and we endow Z with the metric induced by the metric d on R* given by
d(x,y) == [x° =y°| +|x —y|. We denote by K,(n) C 2 the open ball of radius r > 0 and
centered at n € 2 defined by this metric. Clearly there holds K.(n) = .#:(n) N 2, where
J(n) is the corresponding ball in R*, i.e. the “upright” double cone Onreo,n—reg, UL
in general K;(n) is not a double cone in 2. However any K,(n) contains a double cone
D C 2 (it is sufficient to take ny. € K¢(n) with n future to n_, then &y, n C . (n) and
Dn, n. € Kr(n)), and if r < |n| — |n|, i.e. if the vertices (n° +r,n) of % (n) are spacelike
to the origin, then K(n) is contained in some double cone in Z: itis in fact easy to check
that the points

r(2n®£r)
2(|n| — we(n®£r))’

where wy =sgn(2n° £ r), are such that n. € 2 and n. € n£reg+ 0V (since r < |n| —|n°],
the denominator of s is positive, and then s, wy 2 0), so thatNKr(n) CDnp .

Having established that, we fix n € D(¥), i € D(¥¢) and a continuous curve
t €[0,1] — z(t) € 2 joining n to fi. Given & < mingo1p{|2(t)| — |2°(t)[}, € > 0, we can
find, by uniform continuity of z, a & > 0 such that if |t —t’| < J, then d(z(t),z(t')) < €. Fix
then 0 =1, <fy <--- <fr =1suchthat|f—fi_1| <3 andt; € (fi_1,fi), i=1,...,r. Thisim-
plies z(t),z(ti+1) € Ke(z (fi)) and then, by what we have just seen, there exist double cones
Di > z(t;) and D; such that D; U Dit1 C Ke(z(i)) C Di, which concludes the proof. O

n
ny =%+, n)+si(coi,|n|) Sy =

Finally we turn to the proof of a result concerning the existence of “sufficiently many”
spacelike separated spacelike cones, which is needed to prove that the scaling limit field net
constructed in section 3.3 has normal commutation relations.

We introduce the following notation: given a double cone &, we denote by Mgy
the spacelike (affine) hyperplane of those x € R* such that (x —c) - (a —b) = 0, where
C € Map is the midpoint between a and b (the centre of &,p). We also denote by I\7Ia,b
the subset of Map which is spacelike to @,p. As an example chosen a Lorentz frame
€, Mreg —re, iS the time zero hyperplane {0} x R® and Mye, _re, = {0} x {X: x| > r}. It
will be important in the followmg that for a € Ma, o_, (a—ay)? = (a—a_)? so that, if
ny:=(ax—a)/\/—(ax—a)’€ 2, then 05, a —a=ADp, n with A := /—(ax —a)?,
and then 0, 2 C cfa,Dn+,n,-

Proposition A.10. Given spacelike separated double cones &'y, &, there exist spacelike
separated spacelike cones 41, 6>, such that £ C €;, i =1,2.

Proof. Let 0} = 04 o, Ci = (@it +aj-)/2, i=1,2. Assume first that a; ; —a; _ and
az+ — ap,_ are not proportional. Then My, , a, MMa,, 4, is a 2-dimensional spacelike
affine subspace of R*. Furthermore, assume that a;  —ap  is not a linear combination of
a;+—ay_anday  —ap . Thenif N is the hyperplane

1
N={acR (s —an) = 5at —ad )],
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Ma, . .a,- MMa,, 2, NN is a spacelike line. There exists then an a on this line which is
spacelike to both &; and &, and since a € N if and only if (a—a; ;. )? = (a—az )%, we
put A i=y/—(ar,+ —a)2 = /—(az+ —a)%2 and ni 1 := (ajx —a)/A € 2. Itis then clear
that the double cones Dj := Dy, , n,_, I = 1,2 are spacelike separated, because such are their
vertices (for instance, (N1 —np_)% = A=2(a1 4+ —a,,—)? < 0), and then so are also the
spacelike cones & := %, p;: if (N1 — n)? = —2(14ny1-ny) < 0 then ng-ny > —1, so that,
for any Ag,A2 > 0, (A1ng — A2np)2 < —A2 — A3+ 2M A = —(A1 — A2)? < 0. But, by the
remark above, & C %; and we have the statement in this case.

Ifa; 1 —a;_ and ap y —ap _ are proportional, we can find a Lorentz frame in which
ai+ —aj_ = 2rieg, I >0, and ¢; = ¢V — (ry + d)ey, ¢, = —c%q + (r2 + d)ey, and, if the
two double cones are not tangent, i.e. if d > 0, it is clear that (fai,DnH,ni.,v where a; = ¢1 +

(r1+€)es € Mgy, 2,82 =Co— (2 +€)e1 € May, 2, Nit == (aix —ai)/+/— (@i — )2,
are spacelike separated for € > 0 sufficiently small, and contain &5, , o, . If the two double
cones are tangent, c® = 0 and the hyperplanes My, , o, and Mg, 5, really coincide, so
that we can still apply the argument of the first part of the proof, because a; 4 —a -, being
lightlike, cannot be proportional to the timelike vector a; ; —ay .

Finally, the case in which a;  —ap 4 is a linear combination of a;  —a; _ and ap 4 —
ap,_ (not proportional to each other) can again be reduced to a 2 dimensional situation (in
the plane defined by a;  —a; _ and ap + —ap ) and it is then similar to the last one. [







APPENDIX B

An example of
ultraviolet stable charge

In this appendix we shall consider the simple free field model defined by the Majorana field
in d = 1+ 3 spacetime dimensions with Z, gauge group, and after having discussed at some
extent its superselection structure, we shall show that the localizable Z, charge described
by this model indeed satisfies the condition of ultraviolet stability, definition 3.10.

The free spin 1/2 field and its associated local algebras are discussed in many references
(see, for instance, [BLOT90], [Del68]). However, since the conventions may vary consid-
erably form one source to another, here, for the convenience of the reader, we will give a
brief outline of the construction. We will mainly follow [Fre], where also a discussion of
the superselection structure is given.

We begin with some notational conventions. Let y* € M4(C), p=0,...,3, be the Dirac
matrices, satisfying the anticommutation relations

Yy} =29", (B.1)

g being as usual the Minkowski metric. A consequence is (y*)" = yoy*y°, AT being the
adjoint matrix of A. A possible solution to these relations, to which we will stick in the
following, is the so called chiral representation:

v—(]l 0), V=\l¢; 0)> 17123 (B.2)

where g;j are the Pauli matrices. A vector u € C* (also called a spinor) will be thought as a
column matrix

and correspondingly its adjoint u" = (Ul Uy Uz U4) will be a row matrix, so that the
standard scalar product on C* is given by (u,v) — u'v (rows by columns product of ma-
trices). A very useful notation isy := v,y* for any (covariant) vector v € R*, and one has

63
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2 = vuwyHyY = 1/2v,v, {y*,y¥} = v2, where in the one but to last equality the symmetry
of the tensor v,v, was used. By Q= we shall indicate the upper and lower mass m > 0
hyperboloid, Q% := {p € R* : p2 = m?,£po > 0}.

For a given mass m > 0, the Dirac operator is D := y*d, +im, and, denoting as usual by
2(R*;C*) the space of spinor valued, compactly supported smooth functions on Minkowski
space, we endow the space Ho m := Z(R*;C*)/1m D with the scalar product

(100 := [, 3 Hon(p), ) P(PIG(=en (D). p) ®3)
where 0
R MR R (B.4)
Po==0m (P,

and where we made no notational distinction between elements in Ho  and their represen-
tatives in 2(R*;C*).
We have, for po = 2wn(p), BY°B = {B,Y°} — Y°B? = £2wn(p)B —m?y°, and then

P (P = g5 VB + MY+ )

1

= WVO ( + 2(1%([))) (B +m)=P=(p),

and moreover, it is clear that P (p)T = P+ (p), i.e. P+(p) are orthogonal projections on C*,
for which it also holds P (p) +P—(p) = 1, P+ (p)P-(p) = 0. Furthermore ( +m)(¥ —m) =
p? —m?, so that Px(p)(p — M)|py=sam(p) = 0 and then, taking into account that Df(p) =
—i(g —m) f(p), we find that (-, -}, is well defined and positive semidefinite on Hom. To see
that it is really strictly positive, and hence a scalar product, note that if (g +m) f(p) = 0 for
each p € Qz, then for q € QF, 8" ((g +m) f(p))|p=q is normal in q to Q7 (with respect to
Minkowski metric), i.e. is proportional to g, so that

B +m)f(p) =a(2q)-(p—a)+0(lp—a)
=a((@+p)+@-p)-(p—0a)+0(lp—a*) = a(p? —m?) +0(|p—d|*),
and hence, by a straightforward application of the Paley-Wiener theorem (cfr. [RS75], the-
orem 1X.11), the function A
ooy . i +m)f(p)
g(p) := T pP—m

is the Fourier transform of a function g € @(]R“;(C“) and f =Dg, sothat f =0in Hpmn. We
will then denote by Hy, the completion of Hy r,, in this scalar product.

We shall need to consider the action of the universal covering of the Poincaré group on
Hu, defined, for (A,a) € &1, by

(u(A,a)F) () == S(A) f (MA) 1 (x—a)),  S(A) = (g\ (Agl), (B.5)

A € SL(2,C) — A(A) € SO™(1,3) being the covering homomorphism. The basic identity
satisfied by S(A) is
S(AIY'S(A) ™t = (A(A) Y, (B.6)
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and using this it is easy to verify that u(A,a)D = Du(A,a), so that u(A,a) is well defined
as an operator on Hom. Equation (B.6) also implies pS(A) = S(A) p', with p’ = A(A) 1p
(recall that p, being covariant, transforms under A as (Ap), = py (/\—1)"u = ((A—l)t)u" Pv),
which, together with (u(A,a)f) (p) = e'P2S(A) fA(/\(A)*lp), the Lorentz invariance of the
measure d3p/2u (p) [RS75, appendix to 1X.8], and S(A)TyPS(A) = y°, entails unitarity of

u(A,a) on Hy. The strong continuity of the unitary representation u of 33 thus defined,
is a consequence of an argument, based on the dominated convergence theorem that is
essentially a particular case of the argument used below to show that the charge carried by
the Majorana field is ultraviolet stable, so we don’t repeat it here and refer the reader to the
proof of proposition B.5.

The last piece of structure that we have to introduce on the single particle space Hp,
is charge conjugation: define the antilinear operator C on C* by Cu := iy?u, where the
bar denotes complex conjugation.?) Since iy? = (iy?)" = (iy?)!, it is readily verfied that
C2=1 and C' = C, where, being C antilinear, C' is defined by (C'u,v) = (Cv,u), and,
using Dirac matrices anticommutation relations, Cy*C = —yH. We then define an antilinear
involution I on Hom by (I f)(x) := Cf(x), which is well defined, since it anticommutes
with D. Furthermore, using some y-gymnastic, one verifies that iy?P. (p)iy? = P=(—p)',
which implies that I" is antiunitary, (I f,I'g)m = (g, f)m, and it extends then to Hy,. One
also has iy2S(A)iy? = S(A), so that I commutes with the action of the Poincaré group on
Hm.

We consider then the CAR algebra 2((Hr,) over Hy, [BR79b], generated as a C*-algebra
by elements a(f), f € Hy, such that f — a(f) is antilinear, and

{a(f),a@)"t =(f.g)ml,  {a(f),a(g)} =0={a(f)",a(g)"}. (B.7)

By unicity of the CAR algebra, the representation u of 331 on Hp, induces an automorphic
action o of #1 on 2(Hp), defined by

aaa(@a(f)) :=au(Aaf), (Aa)e Pl feHn,

and, by the fact that ||a(f)|| = || f||m and strong continuity of u, it follows that this action is
strongly continuous, i.e. (A,a) — a(a 4)(B) is norm continuous for each B € 2A4(Hm).
We restrict our attention to the elements B(f) € 24(Hn) given by

B(f):= (rf)y+a(f), f € Hy, (B.8)

it

and to the sub-C*-algebra %5 (Hny) of 2((Hn,) they generate, and we consider on this algebra
the state w defined by

Q)(B(fl) . B(f2n+1)) = 0,

W(B(f1)...B(f)) = (—1)" 7 " . (B.9)

2 aezzn Sgncll]“_ foiy> Togizn)dm,+:

3The appearing of y2 in the definition of C depends on the chosen representation of the Dirac matrices.



66 APPENDIX B — AN EXAMPLE OF ULTRAVIOLET STABLE CHARGE

where Py, C Soy is the set of pairings of {1,...,2n}, i.e. permutations o € Sy, such that
o(1l) < --- < a(n), and o(i) < o(i+n), i =1,...,n, and where (-,-)y 4+ is the positive
energy part of (-,-)m, obtained from it by dropping the term containing P_.

Since o) (B(f)) = B(u(A,a)f), the action a of ?71 restricts to B(Hm), and w
is left invariant by a, because, by the same calculation showing that u(A,a) is uni-
tary, (Fu(A,a)f,u(A,a)g)m+ = (I'f,g)m 4. If we then consider the GNS representation
(T, 2#,Q) induced by w, we get on 7 a unitary strongly continuous representation U of
971 leaving Q invariant and such that (1,U) is a covariant representation of (8(Hp),a).

Definition B.1. The free Majorana field of mass m > 0 is the operator valued distribution
f € PRY;CH) — W(f) € B(H) given by Y(f) :==m(B(f)), f € Z(R*;C*), where on the
left hand side f is identified with its image in Hy,.

If we introduce a formal column matrix of fields of operators Y(x), x € R4, such that
W(f) = R4d4x (WEO*)'Y £ (%),

from W(r f) = Y(f)* we find CY(x) = iy?P(x)* = —Y(x), i.e. Y(x) is neutral (the overall
phase —1 being irrelevant).

As customary, Ay = (2m)*i(dQ —dQp,)Y, will be the commutator distribution for the
Klein-Gordon field of mass m, where dQ are the positive Radon measures on R* defined

by

+ B d3p \
495 (p) f(p)—/Rs 20m(D) f(2om(p),p), T €Co(RY).

We shall indicate by (-,-) the canonical pairing between . (R*) and .#'(R*). We then
summarize in the following proposition the main properties of the Majorana field.

Proposition B.2. With the above notations, there holds:
(i) wis covariant with respect to U,

U(A,a)p(f)U(A,2)" = W(u(A,a)f),

the spectrum of the representation of the translation group a — U (1,a) is contained in
the forward light cone, and Q is the unique (up to a phase) translation invariant unit
vector in JZ;
(ii)
{l]J( f)’ llJ(g)*} = <fB * [(Vo(iﬁ + m))aBAm] 7GG)]]"
and in particular {Y(f),p(g)* } = 0 if the supports of f and g are spacelike separated;
(iii) for any f € 2(R*,C*), (@ +im)f) =0, i.e. Y is a distributional solution of the
Dirac equation.

Introducing the 4 x 4 matrix of tempered distributions Sy, := (id +m)Ay, the anticom-
mutation relations in (ii) can be formally written as

Wn,w@ = [ d% [ dya00"ySnx=y)f()

which is frequently found in physics texts.
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Proof of proposition B.2. Itis standard, so we can be brief. (i) Covariance of s is immediate
from the definitions. To show that the translations satisfy the spectrum condition, we first
note that for any choice of fi,..., fn, 1,...,9n in 2(R*,C*) and h in L1(R*) with supph
disjoint from V., we have, using the shorthand notation p = (tn(p),p),

n
d4ah (fi,u(1,a)g;)
II_| I |
/R . I'|d pi A(pry ++-+ Pns) r|f pis) P4 (PG (Pis) =0,

since, being pi; € Qf, p1+ + -+ pny € V4. Then, by the defintion of w this implies

[L.8an(@ (@(f)... w(0) QU (La)(g) - ¥(gn))
= [, d*ah(@w(B(Tf2)... BT )B(u(L,2)g1) ... B(u(1,&)gm) =O.

for any choice of the functions fj, gj and h as above, and, as Q is cyclic for T(8(Hm)),
this is sufficent to conclude that SpU(1,-) C V. To show that Q is the unique translation
invariant vector, it is sufficient to show that clustering holds, and in particular that

Jim (QU(1) W()aa(W(g:)--- W(gn)) Q)
— (QW(f1) ... W(f2)Q) (Q|W(g1) .. W(gm)Q),

for any choice of the functions f;, gj in 2(R*,C*), but this is a consequence of the vanishing
of the truncated n-point functions and of the fact that, due to the smoothness of f and g,

lim (f,u(1,a)g)m+ = lim d*pe®?f(p,)"Py(p)d(p4) =0.
8] |l =+ /RS
(ii) From the definitions, we have {W(f),p(g)*} = ({B(f),B(r'g)}) = (g, f)mL and a
calculation using (B.3) shows that the formula in the statement holds. In particular, since
suppAm C V [RS75, thm. 1X.48], {w(f),w(g)*} = 0 if supp f is spacelike separated from

suppg.
(iii) Immediate. O

We now turn to the consideration of the net of local von Neumann algebras associated
to the free Majorana field, and defined by

F(0):={W(f) : suppf C 6}, (B.10)

for & c R* open and bounded. On this net the group Z, acts by an automorphism By induced
by the automorphism of 5(Hy) defined by B(f) — —B(f) (which is in turn the restriction
to B(Hy,) of the automorphism of 2(Hp,) defined, through CAR unicity, by a(f) — —a(f)),
which leaves the vacuum state w invariant. This also implies that By is implemented by a
unitary operator V (k) on # such that V (k)? =V (k?) = 1. V (k) then induces a direct sum
decompostion ¢ = ;. @ .#_ according to its eigenspaces, i.e. V (K) [ 7% = %1 4, which
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is clearly preserved by the operators F € .% (&) which are Z-invariant, Bx(F) = F, as well
as by U(A,a) for each (A,a) € 2, since a and [ clearly commute, so that we can define
Ui (A a) :=U(A,a) | %, and the net of observable von Neumann algebras associated to
the free Majorana field as

oA (0) = F(O)L2| H#,. (B.11)

That in this way we get an example satisfying the assumptions made in section 3.2 is the
content of the following proposition.

Proposition B.3. With the above notations, let Tt be the representation of the quasi-local
algebra o defined by 1z (A | 52, ) := A. Then 112 is well defined, (., 7,U,,Q) is a
Poincaré covariant observable net, and (1t#,.#,V,k,U) is a Poincaré covariant, normal
field net with gauge symmetry over (7%, %7,U,, Q). Furthermore

Tz (2 (0)) = {W(f)W(g) : supp f, suppg C 6}, (B.12)

and if we denote by 2(&) the sub-C*-algebra of &7 (&) of those A € /(&) such that
se 951 — 0s(A) is norm continuous, then &7 (&) = A(0)~.

Proof. As usual, the fact that 1i# is well defined will be a consequence of the Reeh-
Schlieder theorem, once we will have shown that .% is a covariant normal field net. Isotony
and Poincaré covariance of & — .% (&) and of & — &/ () are evident from the defini-
tions, since supp u(A,a)f = A(A)supp f +a. We also note that U, factors through 2
since from u(—1,0)f = —f (S(—1) = —1), U(—1,0) =V (k) follows. In order to prove
normality, we first show that

F(0) = F(0)"2={W(f)W(g) : supp f, suppg C O}".

Provided that Ttz is well defined, we have Tz (=7 (6)) = % (€)%2, so that from the above
formula we will get (B.12). The inclusion {(f)y(g) : supp f,suppg C O} C .F(0)%2
is evident. To prove the converse one, note that % (€)%2 = m(Z(0)), with m = (1 +
Bx)/2 the invariant mean over Z; (1 being the identity automorphism of %#(7#)). Then
since .#(0) is the weak closure of the span of elements y(f1)...(fn), supp fi C &, and
m(P(fr)...P(fn)) = W(f1) ... W(f2n), m(W(F1)...Y(fant1)) = 0, we get that F(&)%2 is
the weak closure of the span of elements W(f1)...W(f2,), supp fi C &, which coincides
with the von Neumann algebra generated by W(f)w(g), supp f, suppg C &. Analogously
one finds that .#(&')_ is the weakly closed span of products of an odd number of Y(f),
suppf C &. Thenif supp fi C &1, i=1,...,n,suppgj C &, j=1,...,m, and &1 C 0,
we have, from proposition B.2(ii), Y(fi)W(g;) = —Ww(g;)W(fi), and then

W(f) ... w(fa)W(g1) - - W(gm) = (=)™ W(g1) .- W(Gm)W(F1) ... W(fn),

which implies normality of commutation relations for .%, and spacelike commutativity for
&/ . Positivity of the energy for U, and hence for U, as well as uniqueness of the vacuum,
have been proven in proposition B.2, thus the quasi-local algebras .%#, 7 are irreducible on
the respective Hilbert spaces. It remains only to show that &7 (&) = 2((&)~, but this is an
immediate consequence of the strong continuity of the action of 951 on 1(B(Hm)), pointed
out before, and of formula (B.12). O
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In the next proposition, the very simple superselection structure of .27 described by the
field net % is analysed.

Proposition B.4. The representation T of &« given by T := 11%(-) [ 2 is irreducibile
and satisfies the DHR criterion, and any irreducible representation of .« appearing in ¢
is equivalent either to 1, the identity representation, or to Ti_. Moreover, if ps is the auto-
morphism of 7 induced by the 1-dimensional Hilbert space H¢ = Cy(f), with supp f C &,
If=fand|f|m=+2, then ps is localized in & and transportable, and ps = Tr_.

Proof. The irreducibility of 1 follows from the arguments in [DHR69a], since from
Tz ((0)) = F(0)”2 and irreducibility of .#, Tz (/)" =V (Z,)" follows, and 5 is
the subspace associated to the irreducible representation k — —1 of Z, in the factorial de-
composition of V. This also implies that any other irreducible representation of &7 in 5 is
equivalent to 1 or TL_. To show that Tt satisfies the DHR criterion, fix a double cone & and
an f € 2(0;C*) with T f = f and || f||m = v/2. Then

WO =000 = (1 = 2 {0(D), w0} = 21 {31 =1,

i.e. Y(f) is unitary, and, since %% is spanned by products of an even (odd) number of
field operators applied to the vacuum, Y(f).##% = J7%. Let then V¢ := Y(f) | 2, and
g,h € 2(6",C*). We have

Ve (W(g)w(h)) = W(F)w(g)w(h) [ 22 = W@)wh)w(f) [ 2 = P(g)(h)Vr,

so that V¢ intertwines between T | &/ (&”) and | [ &/(&"). Finally this also shows that if
TizPt (A) = P( )1z (A)Y(F)* then ps is localized in &, and Vs intertwines between T and
ps, and if supp f1 C &1, V = Y(F)W(f1)* [ #; intertwines between ps, and ps, which is
therefore transportable. O

Finally we come to the proof of the fact that the charge & := [t_] in the above proposition
is ultraviolet stable, in the sense of definition 3.10. To this end, since the Hilbert spaces
inducing the various p; are 1-dimensional, it is sufficient to find, for every double cone
0, a family (fy)re(o,qy Of functions such that supp fy C AG, [|fy|lm = V2, and such that
condition (3.11) is satisfied with W(A) = W(fy).

Proposition B.5. For every double cone &, there exists f € @(ﬁ;@“) such that, if
fy € 2(\0;C*) is defined by

B0 =M 4 A1), Ae(0,1],
then || fy||m = v/2 and I f, = f, for A € (0,1], and

lim su a fa)) —w(f) Q|| =0. B.13
(A,a)ﬁ(ﬂ,o)xe(&] | [atana) (W(FA)) —w(fH)] Q|| (B.13)

In the course of the proof of this proposition, we will need the following simple result
concerning the action of the Lorentz group on Minkowski space.

Lemma B.6. Fix a mass m > 0. For any sufficiently large R > 0, there exists a neighbour-
hood of the identity .4 in SO'(1,3) such that, for any p €V, with 0 < p? <m? and |p| > R,
and for any A € .4/, it holds, for p’ := Ap, |p'| > |p|/V/2.
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Proof. To simplify the notation, we will write /A - p for the spatial part, in a given Lorentz
frame, of the 4-vector Ap, A € SO'(1,3), p € R*. One should always keep in mind, how-
ever, that A - p depends on the time component pg of p as well. Let A1(s), s € R, denote the
1-parameter group of boosts in the p; direction.

If p e R* is such that [p;|?> < |p2|? + | ps|?, since A1(s) leaves the components p,, ps
unaffected, we have, for any s € R, |A1(s)-p|? > |p2|® +|ps|?> > |p?/2.

Assume now that |p;|? > |p2|? + |pa|?. This implies |p1| > |p|/v/2 and, since for any
sufficiently large R > 0,

p| Ip|

inf — > inf ——>0
os‘pfsmz IPol ~ 1pI>R 1/|p|2 + m2
p|>R

we can find a & > 0 such that, if |s| < J,

|(A1(s)p)1| = |sinhs po + coshs p1| > |p1| — |sinhs|po > %

forany p € V, with 0 < p? <m? and |p| > R, so that

p*

Aa(s)-pl* > +m+% >

Then, if we identify in the canonical way SO(3) with a subgroup of SOT(1,3), since |R-p| =
|p| for any R € SO(3), we conclude with .#" :={R1A1(S)R2 : [|s| <&, R;,R, € SO(3)}. O

Proof of proposition B.5. In order to shorten formulae, we will use the notation p; 4 =
(m(p),p), as well as the notation A - p introduced in the proof of the above lemma.
Also, |-| will denote the norm of a vector both in R® and in C*. A calculation shows

d®p - 2
2 _ 2
1605 = 11050 = [, 2 (g 21V Er +Am) ()"

and then, in order to show that there is an f € 2(&,C*) such that || fy||m = v2 and I f\ = f,
for each A € (0, 1], it is sufficient to exhibit an f € 2(&,C*) such that I f = f, and for which
B+ f( p) is not identically zero on each hyperboloid Q, := Q:{ uQ., u>0. Adirect
check shows that these conditions are met by f(x) := g(x)(1+iy?) (1 0 0 0)" where
g€ 92(0;R).

We show then that for any f satisfying the stated conditions, (B.13) holds. Since
VP = 1)Y= [IYOYHYP¥H] = 1 (norm in M4(C)), we have [[yO(by+ +Am)|| <
m(P) +3[p| +Am < 5wym(P), and then, being u(A,Aa) f, = (u(A,a)f), , we have, writing
P == Pa,+:

H[O‘(AAa)(‘P(fA))— fx 1o = Juaa)f — 5, .
[ M 7o 0+ Am) (7 2S(8) FA) ) = (o))
5

<l | e 2s(A) F(AR) o) — (o)
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where we also used wyn(p) > |p|. Then denoting ||| the standard norm in
L?(R3,d3p/|p|) ® C*, and using repeatedly the triangle inequality,

(A2 = Flams </ { IS [ FA® ) = o),
+[|(e™2 = 1) f(py)] ] (B.14)
S SGESTHENY

where, for more clarity, we indicated explicitly the variable of integration inside the norms.
The last term in this equation can be estimated uniformly in A by the fact that, being
fe Y(R“;C“), there are constants C > 0, n > 1, such that

d3p 1 d3p 1
f( gc/ ap SC/ S R
/11%3 p| ‘ P2 ‘ r® [p| (14 wm(p)2+|p|?)" g |p| (142[p|?)"

so that it can be made arbitrarily small, as A — 1, uniformly in A € (0,1]. For the second
term in square brackets in (B.14), we have, by an application of Lagrange theorem to the
exponential, and using wym(p) < wm(p) for A € (0,1],

&p pooN 2 d*p [oam (P)I* + [Pl
— (&' —1)f <C(|a%?% + az/ ——

and then, if n > 2, this term is also uniformly small in the relevant limit. Finally, we use the
above lemma to estimate the first term in square bracket in (B.14). For each sufficiently large
R > 0 let 4% be a neighbourhood of the identity in SL(2,C), such that A(4)) C SO'(1,3)
is as in the lemma. Then, for |p| > R, A € AR,

A~ _ £ 1 L
AR p) = T(p)] SC[(1+2|/\(A)1-|0x|2)“ * (1+2|m|2)“}

1 1
SC[<1+|p|2)n * <1+2|p|2)n]'

Thus, again by Lagrange theorem, we have, for A € AR,

d3p, » d3p[ 1 1 ]2
—f <C/ - +
Loprlfe@ e =ienP<c | T8 oy (1+2|p|2>“

+ofZ 1AM~ 1|7 |p| 2 (e ()P +[PP2)-

and the A independent right hand side can be made arbitrarily small by taking R sufficiently
large, and A in a corresponding neighbourhood A C AR. O
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