FROM VERTEX OPERATOR SUPERALGEBRAS TO GRADED-LOCAL

CONFORMAL NETS AND BACK
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ABSTRACT. We generalize the Carpi-Kawahigashi-Longo-Weiner correspondence between
vertex operator algebras and conformal nets to the case of vertex operator superalgebras
and graded-local conformal nets by introducing the notion of strongly graded-local ver-
tex operator superalgebra. Then we apply our machinery to a number of well-known
examples including superconformal field theory models. We also prove that all lattice
VOSAs are strongly graded-local. Furthermore, we prove strong graded locality of the
super-Moonshine VOSA, whose group of automorphisms preserving the superconformal
structure is isomorphic to Conway’s largest sporadic simple group, and of the shorter
Moonshine VOSA, whose automorphisms group is isomorphic to the direct product of
the baby Monster with a cyclic group of order two.
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1. INTRODUCTION

A remarkable aspect of conformal field theory (CFT) in two space-time dimensions is
that it provides a bridge between many different areas of physics and mathematics such as
critical phenomena in classical statistical mechanics, string theory, topological quantum
computation, infinite dimensional Lie groups and Lie algebras, finite simple groups, tensor
categories, 3-manifold invariants, modular forms, algebraic curves, quantum groups, the
theory of subfactors, noncommutative geometry, see e.g. [EK98, Gan06, DMS97, RW18].

Chiral CFTs, namely CFTs on the “light-ray”, may be considered as the building blocks
of two-dimensional CFTs, see e.g. [AGT23, KL04b].

Two of the major mathematical approaches to chiral CF'Ts are based on vertex operator
algebras (more generally vertex algebras) and conformal nets (on S'). On the one hand,
vertex operator algebras (VOASs) can be seen as an algebraic (not necessarily unitary)
version of Wightman field theories [SW64] in the special case of chiral CFTs, see [Kac01,
Chapter 1], [RTT22] and [CRTT25]. Their axioms were first formulated in connection
with the famous moonshine conjecture by Conway and Norton [Bor86, FLM88]. On the
other hand, conformal nets are the chiral CFT versions of Haag-Kastler nets in the so
called “algebraic approach to quantum field theory” (AQFT) [Haag96].

Although it was rather clear from the first developments that these two approaches share
many structural similarities and should be essentially equivalent (in the unitary case), a
general direct connection between VOAs and conformal nets have been proposed only
recently by Carpi, Kawahigashi, Longo and Weiner [CKLW18], see also [Carl7, Kawl5,
Kaw19]. In [CKLW18] the authors use smeared vertex operators (which turn out to be
chiral CFT versions of Wightman fields [CRTT25, RTT22]) to define a conformal net Ay
from every sufficiently nice unitary VOA V called strongly local. Moreover, they prove
that a strongly local VOA V can be recovered from the the corresponding conformal net
and conjecture that every unitary VOA is strongly local and that every conformal net
comes from a strongly local VOA. The main technical problem in the proof of strong
locality for specific models comes from the fact that the locality axiom of conformal nets
does not follow in an obvious way from the locality property of VOAs. The reason is that
the smeared vertex operators are typically unbounded [Bau97] and the commutativity
properties of unbounded operators are a rather sophisticated matter (“a touchy business”),
see [Nel59, Section 10], [RS80, Section VIIL.5], [CKLW18, Section 2.2] and [CTW22]. This
problem has an old history in quantum field theory, see e.g. [BZ63, LS65, DF77, DSW86,
GJ8T].

The relevance of this correspondence is not limited to the understanding of the structural
similarities between the two-approaches that, in a certain sense, could be explained by
referring to their common physical roots. In fact, it is expected that this correspondence
will provide more direct bridges between different important areas of mathematics such
as the Jones theory of subfactors, the Tomita-Takesaki modular theory of von Neumann
algebras and noncommutative geometry on the conformal net side (see e.g. [BKLR15,
Con94, EG11, EK98, EK23, FRS89, FRS92, GL96, Jon83, Lon89, Lon90, LR95, Was98|)
and modular forms, algebraic curves and finite simple groups on the VOA side (see e.g.
[DM00, FBO1, FLMS88]). This also open the way to transfer results from the VOA setting
to the conformal net setting and viceversa, cf. [CGGH23, CWX].

Since the first step made in [CKLW18], the understanding of the above connection has
been considerably improved in various directions: new examples of strongly local VOAs,
representation theory aspects, relations with Segal CFT, see e.g. [CGGH23, CTW22,
CWX, Guil9l, Guil9Il, Gui, Gui2l, Gui22, Tenl7, Tenl9, Tenl19b, Ten24].
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In this paper we extend the correspondence in [CKLW18] in order to cover the unitary
vertex operator superalgebras (unitary VOSAs) and graded-local conformal nets (also
called Fermi conformal nets), cf. [AL17, CKLO08]. Besides the fact that this generalization is
mathematically natural and physically relevant, there are various other reasons indicating
that it is highly desirable.

First of all, the free fermions give the most obvious example of vertex algebras generating
graded-local conformal nets, but they are not covered by the analysis in [CKLW18] (note
however that the even (Bose) subalgebra of a free fermion VOSAs can be proved to be
strongly local in the the framework of [CKLW18], see [CWX]). This is because the smeared
free Fermi fields are bounded operators, cf. [Boc96, Bau97] and Proposition 4.5 in this
paper. As a consequence the free fermions provide the easiest examples of strongly graded-
local VOSAs (see Definition 4.27), see Example 7.1 and Example 7.2. Moreover, free
fermion VOSAs and their unitary subalgebras play a central role in various works in the
AQFT framework: the construction of finite index subfactors [Was98]; the construction of
operator algebraic Segal CETs [Tenl7, Tenl19, Ten19b]; the analysis of entropy properties
in CFT [CHMP20, LX18, LX21, Xu22].

A second motivation comes from the study of superconformal symmetry and its relations
with Connes’ noncommutative geometry and K-theory [Con94|, which naturally leads to
consider Fermi fields and the corresponding graded-locality (or superlocality) [CCH13,
CCHW13, CH17, CHKL10, CHKLX15, CHL15, CKLO08, Hill4, Hil15].

Finally, we mention some important recent classification results for unitary (or poten-
tially unitary) chiral fermionic CFTs [BLTZ24, CGGH23, HM, JoF21, KMP23, Ray24].
We expect that these will give new and remarkable families of strongly graded-local VOSAs
and hence many new interesting examples of graded-local conformal nets. Some of these
examples are already covered by this paper, see e.g. Theorem 7.19, Theorem 7.21, Theo-
rem 7.22, Theorem 7.23 and Theorem 7.24 and we hope to consider further examples in
the future. In particular, Theorem 7.23 gives new models of graded-local conformal nets
carrying the action of a finite group by automorphisms preserving the N = 1 superconfor-
mal structure, including the super-Moonshine conformal net of Theorem 7.21, described
in [Kaw10]. Among them, we can find many sporadic simple groups: for example, we have
an action of the semidirect product of the Mathieu group Mis of order 95040 with the
cyclic group of order two. Moreover, after a first draft of this paper appeared on the arXiv,
one of us (T.G.) has proved that all the 969 holomorphic VOSAs with central charge 24
and non trivial odd part classified in [HM] are unitary and that at least 910 of them are
strongly graded-local [Gau25]. Furthermore, two of us (S.C. and T.G.) proved that all the
unitary minimal W-algebras classified in [KMP23] are strongly graded-local [CG].

We end this introduction by giving some more details on the content and on the main
results of this paper. Concerning the VOSA — graded-local conformal net correspondence,
we mainly follow the exposition in [CKLW18]. We are able to prove the VOSA version
of essentially all the general results in [CKLW18] such as the equivalence of various def-
initions of unitarity for VOSAs, the essential uniqueness of the unitary structure and its
relations with the properties of the automorphisms group, the unitary subalgebras and
their relations to subnets, criteria for strong graded locality based on VOSAs generators
and the reconstruction of strongly graded-local VOSAs from the corresponding confor-
mal nets. In various cases the generalization is rather straightforward, although it often
requires a certain care in some points where the presence of fermionic fields could make
some relevant difference. We give all the details when the arguments given in [CKLW18|
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(potentially) need some substantial change. In some cases, on the other hand, the argu-
ments in this paper differ considerably from those of [CKLW18]. A remarkable example is
the proof of the Bisognano-Wichman property for smeared vertex operators (acting on the
vacuum vector) that we give in Section 5. This property plays a crucial role in one of the
main technical results of this article namely, Theorem 6.4 which gives a central criterion
for strong graded locality and in the reconstruction of strongly graded-local VOSAs from
the corresponding graded-local conformal nets, discussed in Section 8. Differently from
[CKLW18, Appendix B], in the proof of this Bisognano-Wichmann property we avoid the
use of the theory of covariant nets of real Hilbert spaces, described in [Lon08b], which
is not directly applicable here and rely instead on direct computations in the “real line
picture”, cf. [Gui21b] for related results. As an example of novel result, in Section 3.4, we
derive a PCT theorem for VOSAs, generalizing [CKLW18, Section 5.2] not only from the
VOA setting to the VOSA one, but also to cover the case of VOSAs (and thus VOAs too)
not of CF'T type.

Finally, we mention the fact that we give many examples of strongly graded-local VOSAs
with superconformal symmetry, such as e.g. the N =1 and N = 2 unitary super-Virasoro
VOSAs, the Duncan super-Moonshine VOSA and the remaining N = 1 superconformal
VOSAs classified by Johnson-Freyd [JoF21], see Section 7. Furthermore, thanks to some
recent results and ideas by Gui (see [Gui, Gui2l]) we prove strong graded locality of
the VOSAs associated to any positive-definite integral lattice and of the Hohn shorter
Moonshine VOSA V B!,

Throughout the paper we will freely use some standard concepts from the theory of
operator algebras in Hilbert spaces (C*-algebras and von Neumann algebras) and refer
the reader to standard textbooks on the subject such as [Bla06] and [BRO02] (cf. also
[Con94] and [Ped89]).

This work is based in part on T.G.’s Ph.D. thesis [Gau2l] at Lancaster University.

2. GRADED-LOCAL CONFORMAL NETS

We review the main facts about the orientation-preserving diffeomorphisms of the unit
circle S' and about graded-local conformal nets in Section 2.1 and in Section 2.2 respec-
tively, giving specific references for a detailed exposition. Furthermore, we expose with
proofs and references the fundamental facts about covariant subnets in Section 2.3.

2.1. The diffeomorphisms of the circle. Consider the unit circle:
Sti={zeC||z] =1} = {e”e(C]:ce (—7r,7r]}

with its usual subspace topology. Consider also the Fréchet space C*°(S!) of complex-
valued infinitely differentiable function on S!' and its subset C*°(S!,R) of real-valued
functions. Then we write a smooth real vector field on S' as f%, where f € C*®(S1,R).
Recall that smooth real vector fields form a topological vector space Vect(S!) with the
usual C*° Fréchet topology. Vect(S!) can be used to model Diff"(S1), which is the
infinite dimensional Lie group of orientation-preserving diffeomorphisms of S!, see
e.g. [Mil84, Section 6] and [Ham82, Section I.4], cf. also [PS88, Section 3.3] and [Lok94,
Section 1.1]. Moreover, Vect(S') turns out to be the Lie algebra associated to Diff *(S1),

where the Lie bracket [-,-] is given by the negative of the usual bracket of vector fields,
that is 4 d 4
/ / oo/ gl
— g—] = — — R). 1
[ 9 1=Fa—-9 g VgeCT(S.R) (1)
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Accordingly, we use the usual symbol exp : Vect(S!) — Diff *(S?) for the related expo-
nential map and with an abuse of notation, we use exp(tf) for the one-parameter sub-
group of Diff(S!) generated by the smooth real vector field f% and t € R. Diff"(S1)
is connected, but not simply connected, see [Mil84, Section 10] and [Ham82, Example
4.2.6], cf. also [Lok94, Section 1.1]. Thus, for every n € Z-o, we denote the n-cover of
Diff*(S1) by Diff (S1)(™), and its universal cover by Diff (S1)(°) . We can identify every
v € Diff (S 1)(00) with a unique function ¢, in the closed subgroup of diffeomorphisms of
R defined by

{¢ € C*°(R,R) | ¢(z + 27) = ¢(x) + 27, ¢'(z) >0Vz € R} .
Under this identification, the center of Diff T(S1)(*) is given by

{¢p € DIff*(S1H)>®) | ¢(z) =z + 27k Vz € R, k € Z} = 277,
Accordingly, for every n € Z~q, we have the following identification

Difr* (s1)( = DI (SH™ 0 t)
For every n € Zsg, we use ¢, € Diﬁ+(51)(“) to denote a representative of any vy €
Diff 7 (S1)™ in its 2nmZ-class of diffeomorphisms, which is given by {¢, + 2n7k | k € Z}.
Moreover, note that for all v, 71,72 € Difft(S1)™) ¢, .. and ¢., 0¢,, are in the same class
of diffeomorphisms as well as qﬁ;l and ¢,-1. For alln € Z-oU{oo} and all v € Diff+(S1)(™),
we use 4 for the image of v under the covering map p : Diff ¥ (S1)(>) s Diff*(S') and
exp™(tf) for the lift of exp(tf) to Diff (1)),

Remark 2.1. By the results of Epstein [Eps70], Herman [Her71] and Thurston [Thu74],
cf. [PS88, Proposition (3.3.3)], we know that Diff*(S!) is a simple group. It follows that
every element of DiffT(S') is a finite product of exponentials of vector fields exp(tf),
where f € C®(S!,R) with suppf C I for some interval I C S!, see [Mil84, Remark 1.7]
and [CKLW18, Remark 3.1]. Tt also follows that every element of Diff " (S1)(?) is a finite
product of exponentials of vector fields exp® (tf) with f as above by the proof of [CKLOS,
Proposition 38].

Now, consider the double cover S of the circle S, which we identify with the set
{e’% €C|ze(—2m, 27r]} .
Then every v € Diff ¥ (1)@ acts naturally on it by v(e'3) = ¢’ 2, where ¢~ is one of
the representatives in its 4mZ-class of diffeomorphisms given by (2). Note that the former
action does not depend on the choice of the representative ¢,.
Consider the complexification Vectc(S?) of Vect(S?!) (with the Lie bracket [, -] given by
the natural extension of the bracket given in (1)) and its infinite dimensional Lie subalgebra

spanned by generators [, := —ie'™® % for all n € Z, known as the complex Witt algebra
Witt. Then these generators satisfy the commutation relations:

[y U] = (0 —m)lptm Vn,m € Z.

The Virasoro algebra, see [KR87, Lecture 1] for details, is defined as the non-trivial
central extension 2itt & Ck with commutation relations:

3 _
ek, [l k]=0  ¥n,meZ.

lnvlm: - lnm
s ] = (0= )l + "
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Note that the Lie subalgebra of 2Uitt generated by [, with n € {—1,0,1} is isomorphic
to the finite Lie algebra sl(2,C). Moreover, the smooth real vector fields ily, %

and % generate a Lie subalgebra of Vect(S!) isomorphic to sl(2,R) = PSU(1,1) &

PSL(2, R), which exponentiates to the three-dimensional Lie subgroup Mob(S!) of Diff *(S1)
of Mébius transformations of S'. In particular, with ¢ € R,

r(t) :== exp(itly), d(t) :=exp <tl1 _2l_1> ,  w(t) :==exp (;tlo + itll Zl_1> (3)

are known as the rotation, dilation and translation subgroups of Mdb(S!) respec-
tively. Note also that these transformations act on S! by

r(t)z = e’z VteR, VzelS! (4)
z cosh(t/2) — sinh(t/2)
—zsinh(t/2) + cosh(t/2)
2(4+it) + it
—zit + (4 —it)

o(t)z = VteR, VzeS! (5)

w(t)z = VteR, VzeS!.
Note that equation (4) explains why r(¢) is called a rotation, whereas to better understand

the remaining nomenclature and for further use, we introduce the Cayley transform,
that is the diffeomorphism C : S'\{—1} — R defined by

1— 1+ iz
:2 1 -1 = 2 R
C(z) T Vze S, C™ (x) g Vo € (6)

(Note that lim,_, .+ C(e%) = 00 and lim; 1o, C~1(x) = —1.) Then C6(t)C~1(x) = e'x
and Cw(t)C~Y(z) =z +t for all t,x € R.

For all n € Zso U {oo}, we use M6b(S1)(™ to denote the n-cover of M&h(S') in
Diff*(S1)(™. In particular, Mob(S')?) = SU(1,1) = SL(2,R). Recall that the cov-
ering map p restricts to the one of Mob(S1)(*) on Mob(S'). Moreover, we have the
identifications inherited from (2) for every Mob(S1)(™ | namely

(o0)

. 1
Mob(s1)m =2 MOB(S)™ . v ez,

For every n € ZsoU{co}, we use 7™ (t), (") (t) and w™ (t) for the lifts of the corresponding
subgroups given by the exponential map.

Crucial for our analysis is the representation theory of Diff ¥ (S1)(°) and of M6b(S1)(%),
We do not give here a complete treatment of such theory, which can be found in a resumed
form e.g. in [CKLW18, Section 3.2], but we present some key facts which can be useful to
recall before proceeding further.

For a topological group ¢, a strongly continuous projective unitary represen-
tation U on an Hilbert space H is a strongly continuous homomorphism from ¢ to the
quotient U(H)/T of the group of unitary operators on ‘H by the circle subgroup T of op-
erators with unit norm. Note that although for v € ¢4, U(«y) is defined only up to a phase
as an operator on ‘H, expressions like U(y) € K for a (complex) linear subspace K C B(H)
or U(y)XU(v)* for any X € B(H) are unambiguous for all v € G and are frequently used
in this paper. A strongly continuous projective unitary representation U of Diff ™ (S 1)(00)
restricts to one of the subgroup Méb (S 1)((’O), which can always be lift to a strongly continu-
ous unitary representation U of Mob(S51)(*) | see [Bar54]. U is said to be positive-energy
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if U is, that is, if the infinitesimal self-adjoint generator Lg of the strongly continuous one-
parameter group t — e‘tlo = U (r(>®)(t)) is a positive operator on H, namely, it has a
non-negative spectrum. Note that U factors through a positive-energy strongly continuous
projective unitary representation of Diff ¥ (S1)(2) whenever ¢#™o = 15, In that case, it
restricts also to a positive-energy strongly continuous projective unitary representation of
Méoh(S1)®3).

A positive-energy unitary representation of the Virasoro algebra Yir is a Lie
algebra representation 7w of Uit on a complex vector space V equipped with a scalar
product (+|-) such that:

e 7 is unitary, that is, if L,, := 7 (l,,) for all n € Z, then (a|L,b) = (L_,a|b) for all
n € Z>p and all a,b € V;

e 71 has positive energy, which means that Ly is diagonalizable on V' with non-
negative eigenvalues, namely,

V= @ W, Vi:i=Ker(Lo— Aly);
)\ERZO

e 7 has a central charge c € C, that is, if K := m(k), then K = cly.

Finally, we remark that there is a well-known correspondence between positive-energy
strongly continuous projective unitary representations of Diff ¥ (.S 1)(00) and positive-energy
unitary representations of Uir, which is summarized in [CKLW18, Theorem 3.4]:

Theorem 2.2. Every positive-energy unitary representation w of the Virasoro algebra Uir
on a complex inner product space V integrates to a unique positive-energy strongly contin-
wous projective unitary representation Uy of Diff+(Sl)(°°) on the Hilbert space completion
H of V. Furthermore, every positive-energy strongly continuous projective unitary repre-
sentation of Diff+(5’1)(°°) on a Hilbert space H arises in this way, whenever the subspace
Hin = D.cr., Ker(Lo—aly) is dense in H. The map m — Uy becomes one-to-one when
restricting to representations m on the complex inner product spaces V , whose Hilbert space
completion H satisfies H™ = V. These are exactly those complex inner product spaces
V' such that Vy := Ker(Lg — A\ly) C V is complete (that is, it is a Hilbert space) for all
A € R>g. Finally, Uy is trreducible if and only if m is irreducible, i.e. if and only if the
corresponding Uit-module is L(c,0) for some ¢ > 1 or ¢, = 1 — with integers
m > 2.

6
m(m+1)

The proofs of the facts stated by Theorem 2.2 are essentially given by [GW85] and
[Tol99, Theorem 5.2.1, Proposition 5.2.4] for the integrability statement and by [Lok94,
Chapter 1] and [Car04, Appendix A] for the remaining part, see [GKO86] and [KR87,
Lecture 3] for the definition of the it-modules L(c,0); see also [NS15] and [CDIT22] for
related results.

2.2. Preliminaries on graded-local conformal nets. We recall some preliminaries
about graded-local conformal nets from [CKLO8, Section 2|, see also [CHL15, Section 2]
and references therein.

Let J be the set of intervals of the unit circle S, that is, the open, connected, non-
empty and non-dense subsets of S'. For every interval I € J, we set I’ := S*\I, that is
the complement of I in S'. Set

Diff (1) := {7 € Diff* (1) | y(z) = 2 Vz € I’} VIieJ.
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Accordingly to the notation of Section 2.1, for all I € 7 and all n € Z~oU {oc}, Diff (1)
is the connected component to the identity of the pre-image of Diff(I) in Diff*(S1)(™
under the covering map p : Diff *(S1)(>) — Diff*(S1).

A graded-local Md&bius covariant net on S! is a family of von Neumann algebras
A := (A(I));e7 on a fixed separable Hilbert space H, also called net of von Neumann
algebras, with the following properties:

(A) Isotony. For all I1, I € J such that I; C Iy, then A(17) C A(I2).
(B) Mdébius covariance. There exists a strongly continuous unitary representation
U of M6b(S1)(>) on # such that

UNADU ()™ = AGRI) Yy e Mob(8H)™®), vie J.

(C) Positivity of the energy. The infinitesimal generator Ly of the (universal cover
of) rotation one-parameter subgroup t — U(r(®)(t)), called conformal Hamil-
tonian, is a positive operator on H. This means that U is a positive-energy
representation.

(D) Existence of the vacuum. There exists a U-invariant unit vector Q € #, called
vacuum vector, which is also cyclic for the von Neumann algebra A(S!) :=
Vies A(I), that is the one generated by A(I) for all I € J.

(E) Graded locality. There exists a self-adjoint unitary operator T' on H, called
grading unitary, such that I'QQ = 2 and

TADT = A(I), A(I')C ZA(I)Z* vieJ (7)
with

14 — il
7 = . 8
1—34 (8)

Note that every operator A € A(I) for any I € J can be written as the sum of the two
operators

A+4+TAD e A—-TAT

-2 T

which have the property that T A,T' = (—1)¥ Ay, for all k € {0,1}. Then we call an operator
A homogeneous with degree 0A equal to either 0 or 1 if T'AT is equal to either A or —A
respectively. Contextually, we say A is either a Bose or a Fermi element respectively.
With this notation, graded-locality (7) is equivalent to saying that [A(I1),.A(l2)] = 0
whenever I C I}, where the graded commutator here is defined on homogeneous elements
A and B by

A()Z

[A,B] := AB — (—1)%498BA

and thus extended to arbitrary elements by linearity.

A graded-local Mébius covariant net A is said to be irreducible if A(S!) = B(H).
This is equivalent to say that Q in axiom (D) above is the unique U-invariant vector up
to a multiplication for a complex number and equivalently that all local algebras A(I) are
type 111 factors (provided that A(I) % C for all I € J), see [CKLO08, Proposition 7] and
references therein.

The axioms (A)-(E) above have important consequences. We rewrite here below the
ones which we will use more often throughout the paper:

e Reeh-Schlieder theorem. See [CKLO08, Theorem 1]. The vacuum  is cyclic
and separating for every von Neumann algebra A(I) with I € J.
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¢ Bisognano-Wichmann property. See [CKL08, Theorem 2]. For every I € J,
let 67(t) with ¢ € R be the one-parameter subgroup of Mob(S!) of dilations
associated to I, see [GL96, p. 15], cf. [Lon08, Section 1.1]. Use also j; : S —
St to denote the reflection associated to I, mapping I onto I’, see [GL96,
p. 15], cf. [Lon08, Section 1.6.2]. Let A; and J; be the modular operator and
the modular conjugation respectively associated to the couple (A(I), Q) from the
Tomita-Takesaki modular theory for von Neumann algebras, see [BR02, Chapter
2.5]. Then

UG (—2rt)) =AY VIe J VteR. (9

Moreover, U extends uniquely to an anti-unitary representation of Mob(S 1)(00) X
Zs, where Zy := 7,/27 is the cyclic group of order two, given by

U(j[):ZJ] vieJ
and acting covariantly on A, that is,
UNADUR)* = AGFI)  Vy e Msb(SH)(>®) x Zy VI e T .

e Uniqueness of the Mgbius representation. See [CKLO08, Corollary 3]. The

strongly continuous unitary representation U of Mob(S 1)(00) is unique.
e Twisted Haag duality. See [CKLO08, Theorem 5.

AT = ZA(IVZ* = Z*A(1)Z  NIeJ. (10)

e Vacuum Spin-Statistics theorem. See [CKLO08, Proposition 8 and Corollary
9]. The grading unitary I' is unique and

U (2n)) = Lo =T, (11)

e External continuity. By Md&bius covariance, see [CKLO8, Section 2.2, Remark],
cf. [Lon08, p. 48], it holds that

A= (] AJ) VIeJ. (12)
NEY Y
Strictly speaking, in [CKLO08], the graded-local Mobius covariant nets are assumed to
be irreducible, but the above properties hold also without this assumption, see [GL96] and
[DLRO1].
A graded-local conformal net on S! is a graded-local Mdbius covariant net on S*
with the following additional property:

(F) Diffeomorphism covariance. There exists a strongly continuous projective uni-
tary representation U of Diff* (S 1)(00), which extends U and such that

U () AU ()"t = A(FI) Yy € DiffH($1)>) vIe J;
U (1) AU ()" = A ¥y e Diff(1)™ VA e A(I') VI € J.

With an abuse of notation, we use the same symbol U to denote U,

Note that the Vacuum Spin-Statistics theorem above implies that the representation U
of M6b(51)(>) and consequently its extension to Diff 7 (S51)(>) factor through representa-
tions of Mob(S1)®) and Diff*(S1)®?) respectively, which we still denote by U. Moreover,
we have the following uniqueness result:
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e Uniqueness of the diffeomorphism representation. See [CKL08, Corollary
11]. If A is an irreducible graded-local conformal net, then the strongly continuous
projective unitary representation U of Diff " (S H) (and thus as representation of
Diff*(51)(*) t00) is unique (up to a projective phase).

A graded-local M6bius covariant (or conformal) net such that I' = 14 is said to be local
and simply called M6bius covariant (or conformal) net.

Let (Ay,H1,Q1,Up) and (Az, Ha, Q2,Us) be two graded-local Mobius covariant nets.
We say that A; and Ay are isomorphic or unitarily equivalent if there exists a unitary
operator ¢ : Hi — Ha such that ¢(Q1) = Qy and ¢ A ()¢~ = As(I) for all I € J. By
the uniqueness of the M6bius representation, it follows that

QUL()¢ ! =Ua(y) Wy € Msb(SH)). (13)

We define the automorphism group Aut(A) of the graded-local M&bius covariant net
A as

Aut(A) = {o € UM) | 6(9) =, pAI)¢™ = A(I) VIE T}.

Therefore, equation (13) implies that every ¢ € Aut(A) commutes with U(v) for all
v € Mob(§1)(*). Note also that Aut(A) equipped with the topology induced by the
strong one of B(H) is a topological group. Furthermore, we have the following desirable
result:

Proposition 2.3. Let ¢ : H1 — Ha be an isomorphism between two irreducible graded-
local Mébius covariant nets Ay and As. If Ay and As are also diffeomorphism covariant,
then

¢U1(7)¢* =Ua(7) Vv € Diff (5"

where the equalities are meant in the projective unitary group U(Ha)/T. Furthermore, if
¢ € Aut(A) for an irreducible graded-local conformal net A, then

oU(7)¢" =U(y) ¥y € Diff*(s1)*)
where the equalities are meant in the unitary group U(H).

Proof. Thanks to the Vacuum Spin-Statistics theorem, see (11), the representations Uy,
Us and U of Diff*(S1)(*) factor through representations of Diff*(S1)(?), which we still
denote by the same symbols. Then the first part follows from the uniqueness of the
diffeomorphism representation, see p. 10.

Now, reasoning as in the proof of [CW05, Corollary 5.8], we get that ¢U(v)¢*U(v)*
is equal to a(y)ly for all v € Diff*(S1)?), where o is a continous morphism from
Diﬁ+(81)(2) to the group of complex numbers with norm 1. In other words, « is a char-
acter. Therefore, we have to prove that a(y) = 1 for all v € Diff*(S")(?). To this aim,
let H be the kernel of the character ae. Then p(H ), that is the projection of H under the
covering map p : Difft(S1)(?) — Diff*(S), is a non-trivial normal subgroup of Diff ¥ (S%).
It follows that Diff "(S') = p(H) because Diff 7 (S1) is a simple group, see Remark 2.1.
Hence, Diff 7(S1)®) = H U Hz, where z := r(?)(27) is the rotation by 27 in Diff¥(S1)®),
see (3) for the notation. Suppose by contradiction that z ¢ H. Note that H is closed by
the continuity of v and thus Hz is closed too. This means that Diff*(S1)?) is the union
of two disjoint closed subsets, which contradicts the connectedness of Diff 7(S1)(*). As a
consequence, z € H and Difft($1)?) = H| that is a(y) = 1 for all v € Diff 7 (51)®), as
desired. O
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2.3. Covariant subnets. A Mdbius covariant subnet B of A is a family of von Neu-
mann algebras (B(I))res acting on ‘H with the following properties:

e B(I) C A(I) for all I € J;

e if I; C I, are intervals in 7, then B(I1) C B(I2);

o U(y)B(I)U(v)* = B(3I) for all 4y € M6b(S)(*) and all I € 7.
We use B C A to say that B is a Mobius covariant subnet of A. Define

B(sY):=\/ B(I), HMHp:=BSHACH
Ieg
Ics?t
and denote by e € B(S') N U(Mbb(S)(*)) the projection on the Hilbert space Hg.
Then we have:

Proposition 2.4. Let B be a Mébius covariant subnet of a graded-local Mdbius covariant
net A. Then the restriction maps

T 31w B(D)ey :=B(I) Ty,  Mb(SH) 54 = U(y) [,

define a graded-local Mobius covariant net Be, acting on Hg, which is irreducible if A is.

If A is also irreducible and conformal, then there is a strongly continuous projective
unitary representation Ug of Diff+(51)(°°) acting on the vacuum Hilbert space H of A
such that for any I € J, Ug(y) € B(I) for all v € Diff(I)(>) and Ug(y)*U(y) € B(S'Y
for all v € Diﬁ+(51)(°°). As a consequence, B is a diffeomorphism covariant subnet of
A, that is, U(y)B(I)U(y)* = B(I) for all v € Diff*(S1)(*®) and all I € J. Moreover,
Hp is globally invariant for Us and U(7y) [ngz= Us(Y) Twg for all v € Mob(S1)(). In
particular, Ug 4, makes Bey into an irreducible graded-local conformal net.

Remark 2.5. Note that Hp = H if and only if B(I) = A([) for all I € J, see [Tenl9,
Proposition 2.30]. This means that € is generally not cyclic for B(S') and thus B does
not determine a graded-local Mobius covariant net on H.

Proof. If A is a graded-local M&bius covariant net, then properties (A)-(D) are clearly
satisfied by Be, and U(-) [4, on the Hilbert space Hp with vacuum 2. It remains to
prove the graded-locality (D) of B.,. By the Vacuum Spin-Statistics theorem and the
Mébius covariance of B, it is clear that I'B([)¢,I" = B(I)y, for all I € J. Moreover, by
the graded-locality of A, we get that

B(I'YC A(I'YC ZA(I)Z* C ZB(I)'Z* VIe J,

which implies the graded-locality of B.,. If A is irreducible, then clearly €2 is the unique
U-invariant vector in Hp. To sum up, we have proved that B., is a Mobius covariant net
on Hp, which is irreducible if A is.

The second part follows by a rather straightforward adaptation of the results in [Wei05,
Section 6.2] to the graded-local case, cf. [CKLW18, Section 3.4]. For the convenience of
the reader, we outline here some of the main results of [Wei05, Section 6.2] and we give
few hints for their adaptation to the graded-local case. The starting point is the unitary
representation of the Virasoro algebra on H® with central charge ¢ > 0 associated with
the projective unitary representation U making A conformal, see Theorem 2.2. This
representation is used to define another unitary representation of the Virasoro algebra
on H by operators Lf , n € Z, having non-negative central charge cg < ¢ and leaving
Hp N HI globally invariant, see the paragraph before [Wei05, Eq. (6.31)]. Thanks to
the estimates in [Wei05, Proposition 6.2.23] and to [Tol99, Theorem 5.2.1], the latter
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representation integrates to a strongly continuous projective unitary representation Ug of
Difft (S 1)(Oo) on H having H? has an invariant subspace. The fact that, for any I € 7,
Ugs(v) € B(I) for all v € Diff(I)(>), follows from [Wei05, Eq. (6.19)] together with the fact
that the group generated by the exponentials of smooth real vector fields on S! having
support contained in I is dense in Diff(I)(®), cf. [Car04, Subsection 2.4]. On the other
hand, the fact that Ug(y)*U(y) € B(S') for all v € Diff *(S1)(>) follows from (the proof
of) [Wei05, Proposition 6.2.28]. Note that the proof of [Wei05, Corollary 6.2.13] uses
[Car04, Proposition 3.7|, which can be adapted to the graded-local case, as done e.g. in
the proof of Theorem 4.28. Note also that in the proof of [Wei05, Proposition 6.2.23],
results from [K6s02] are used. Anyway, these are expressed in a wider generality for von
Neumann algebras and thus they can be used in the graded-local setting too, using the
version of [K6s02] (see the discussion just after the proof of [K6s02, Theorem 5]) given by
[Kos]. O

Thanks to the above result, we may denote the net B, by just B, eventually specifying
if it acts on Hp or H respectively, whenever confusion can arise. Furthermore, we can
refer to a Mobius covariant subnet simply as a covariant subnet.

We end with some examples and general constructions. A first example of covariant
subnet is the trivial subnet, which is defined by B(I) := Clcq for all I € J with
Q:=1€C.

Example 2.6. Let A be a graded-local conformal net and G be a compact subgroup of
Aut(A). We define the fixed point subnet A“ with respect to G as

AG(I) = {A e Al) | gAg~t = A Vg € G} VieJ.

It is easy to check that A is actually a graded-local conformal net because every automor-
phism g is in U(Diff*(S1)(*))" by Proposition 2.3. If G is finite, we call A an orbifold
subnet. A" := AL} the set of Bose elements of A is a conformal net, usually called
the Bose subnet of A.

Example 2.7. The graded tensor product of two graded-local conformal nets A; and
As, see [CKLO08, Section 2.6] for details, is the isotone map of von Neumann algebras
J > I+ (A1®As)(I), acting on the tensor product Hilbert space H1 ® Hs with grading
unitary I'y ® 'y and vacuum vector 2; ® 29, defined by the following tensor product:

R "
Ar(I)@ Az (1) = {Al ® Az, Bi1®1ly,, I''®@Bs | AI’BI%“X.Q: 3123;%16“42(1)} :

The definition above moved from the necessity that the Fermi elements on the right of the
tensor product must anticommute with the ones on the left and vice versa. For a graded-
local conformal net A and for every I € J, let us denote by A¢(/) the Fermi subspace
of A(I), that is, the subspace given by the Fermi elements. Accordingly, A;(I)®As () is
the vector space direct sum

Ay (1) @ A (1) © Aip (DT @ Agg (1) © AT (DEL @ Ao (1) @ A (1) @ Ay* (1) -

Bosons Fermions

Moreover, we have the following isomorphisms of von Neumann algebras
AL := A (1) ® 19, = A (1)
As(1) := (13, © Ap* (1)) V (T1 @ Azf (1) = 13y, ® Az(I) = As(I)
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for all I € J. Furthermore, we have that
AlD®A(T) = Ay(D) v Ay(D),  [AL(T), As(D)] =0 VIe€J.

Example 2.8. The coset subnet B¢ of a covariant subnet B of a graded-local conformal
net A is the covariant subnet of A defined by the graded-local von Neumann algebras

B(I) = {A e A(I) | [A,B] =0 VB € B(sl)} VIieJ.

3. VERTEX OPERATOR SUPERALGEBRAS

First, we introduce the basic theory of vertex superalgebras with their conformal and
unitary structures and their module theory in Section 3.1. Section 3.2 is about invari-
ant bilinear forms. Here, we also characterize the unitary structure of vertex operator
superalgebras in terms of their even and odd parts. After that, we generalize most of the
results given in [CKLW18, Chapter 4 and Chapter 5] to the vertex superalgebra setting
from Section 3.2 to Section 3.5. (Some of these generalizations have been already treated
in [Ten19, Section 2.2], cf. [Tenl9b, Section 2.1].) For this reason, we will keep a nota-
tion consistent with the one used in [CKLW18] as close as possible. We also generalize
[CGGH23, Appendix A] at the end of Section 3.3.

3.1. Unitary VOSAs and unitary modules. We introduce unitary vertex operator
superalgebras and correlated objects following mostly [KacO1] for the general theory of
vertex algebras !, see also [FLM8S8], [FHL93] and [LL04] for the module theory, whereas
[AL17] and [Tenl19b, Section 2.1] for the unitary setting (cf. also [RTT22, KMP22] for
more general notions of unitarity in the vertex algebra framework).

A vertex superalgebra is a quadruple (V,Q,7T,Y") such that:

e V is a complex vector superspace, namely a complex vector space equipped with
an automorphism I'y; such that I'?, = 1y and V' decomposes as the direct sum of
the following vector subspaces

0—{a€V|FV —a} and VT::{aGV\Fv(a):—a}

where p € {0,1} denotes an element of the cyclic group of order two Zy := Z/27.
Hence, we say an element a € Vj is even, whereas a € V5 is odd. Moreover, we
say that a € V has parity p(a) :==p € {0,1} if a € V.
e () € V5 is called the vacuum vector of V.
e T is an even endomorphism of V', called the infinitesimal translation operator.
e Y is a vector space linear map, called the state-field correspondence, defined
by
Voar—Y(a,2) =) ap? e (End(V))[[z,27Y]]
nez
where (End(V))][[z, z~!]] is the complex vector space of doubly-infinite formal Lau-
rent series in the formal variables z and 2! whose coefficients are endomorphisms
of the vector space V. Furthermore, Y must satisfy the following properties:
— Parity-preserving. a(,)V, C V, @ for all a € V), all n € Z and all
p € {0,1}.
— Field. For all a,b € V, there exists a non-negative integer N such that
amyb =0 for all n > N. Then we call Y (a, 2) a field.

INote that in [Kac01], the author uses the term “vertex algebra” for both of what we call “vertex
algebra” and “vertex superalgebra”.
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— Translation covariance. [T,Y (a,2)] = £V (a,2) for alla € V.

— Vacuum. Y (Q,2) =1y, TQ =0 and Q2 =aforalla e V.

— Locality. For all a,b € V with given parities, there exists a positive integer
M such that (as formal distributions, see e.g. [Kac01, Section 2.3])

(z—w)N[Y(a,2),Y(b,w)] =0
for all N > M, where
[Y(a,2),Y(bw)] :=Y(a,2)Y(bw) — (—1)PDPOY (b w)Y (a, z) (14)

is the graded commutator of the fields Y (a, z) and Y (b, w). Hereafter, with
an abuse of notation, we use (—1)P(@P(®) as in (14) to denote (—1)P*P>, where
Pa; Db € {0,1} are representatives of the remainder class of p(a) and p(b) in
Zo respectively.
Every Y (a, z) with the properties above is called a vertex operator.
An important consequence of the above axioms, see [Kac01, Section 4.8], is the so called
Borcherds identity (or Jacobi identity):

55(?)<“"””Lmuwﬂcz

7= (15)

= i a n

— (j ) (amtn-gbiess) = (CDPOPO D) by ) ¢
§=0
for all a,b € V with given parities, all ¢ € V and all m,n,k € Z. Putting n = 0 in
the Borcherds identity, we get the famous Borcherds commutator formula for two
arbitrary vectors a,b € V with given parities, see [Kac01, Eq. (4.6.3)]:

> m
m)s 0 = . N b Va,b,c eV VYm,k € Z. 16
[agm): beele ;;(])(a(y))(mk_j)c a,b,¢ m (16)

Instead, choosing m = 0, we get the Borcherds associative formula:

o0
n
(apmb)gye =Y (~1) (J) (a-pbuss = (CDPPO(1)bg 5 pagy) e (17)
§=0
for all a,b € V with given parities, all c€ V and all n, k € Z.
A further property which we will use considerably is the skew-symmetry, see [Kac01,
Eq. (4.2.1)]: for any a,b € V with given parities,

Y(a,2)b = (—1)P@OPOlel-1y (h —2)a. (18)

An even element v of a vertex superalgebra (V,Q,T,Y) is called a Virasoro vector of
central charge ¢ € C if the following commutation relations hold

3_n)

12
where Ly, 1= v(,11). Then Y (v, 2) is called a Virasoro field. If L is diagonalizable on V'
and L_; =T, then v is called a conformal vector, Ly a conformal Hamiltonian and
Y (v, z) an energy-momentum field. A vertex superalgebra with a fix conformal vector
is called a conformal vertex superalgebra. Therefore, we define a vertex operator
superalgebra, briefly called VOSA, as a conformal vertex superalgebra (V,Q,T,Y,v)
with the additional properties:

c(n

Ly, L] = (n —m)Lpym + On,—mly Vn,m € Z (19)
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o V, :=Ker(Ly—nly) = {0} if n ¢ 3Z with V5 = @,,c; V» and Vf = ®REZ—% Vi

e dimV,, < +oo for alln € %Z and there exists an integer N < 0 such that V,, = {0}
for all n < N.

With an abuse of notation, we will often use V' in place of the quintuple (V,Q,T,Y,v).
A vertex operator superalgebra V is said to be of CFT type if the corresponding
conformal vector is of CFT type, that is V,, = {0} for all n & 1Z> and V; = CQ.
Every non-zero element a € V,, with n € %Z is called homogeneous with conformal
weight d, := n. Accordingly, we rewrite

—n—d o
Y(CL, Z) = Z anz e ) an = Q(n+d,—1)
NEZ—dg

for all homogeneous a € V. For our convenience, if d, € Z, we set a,, := 0 for allm € Z — %;
whereas if d, € Z — %, we set a, := 0 for all n € Z. Then for arbitrary a € V and n € %Z,
we denote by a, the finite sum of the coefficients of index n of the fields corresponding
to the homogeneous components of a, which is well-defined thanks to the linearity of
the state-field correspondence. Furthermore, every homogeneous vector a € V is called
primary if L,a = 0 for all n € Z~(, whereas it is called quasi-primary if just Lia = 0.
It is not difficult to prove that 2 is a primary vector in Vj (see [CKLW18, Remark 4.1]),
whereas v is a quasi-primary vector in V5 which cannot be primary if ¢ # 0 (see [Kac01,
Theorem 4.10]). We have the following useful commutation relations, see e.g. [Kac01,
Section 4.9]:

[Lo, an] = —nay, (20)
[L_1,an) = (—n —dg + 1)ap—1 (21)
[L1,an] = (=n+da — 1)an+1 + (L1a)n+1 (22)

for all @ € V and all n € %Z. Moreover, if a is primary, then, see e.g. [Kac01, Corollary
4.10],

1
[Lim, an] = ((de — 1)m — n)amn Vm € Z Vn € 52.

To introduce a unitary structure on a VOSA, we need to define (antilinear) ho-
momorphisms between the VOSAs (V,QV, Ty, Yy, vY) and (W, QW Ty, Yiy,v"W) as
a vector space (antilinear) map ¢ between V and W with the additional conditions:
dlamyb) = ¢(a)m)¢(b) for all a,b € V and all n € %Z (¢ respects the (n)-product),
o(Qy) = Qw and ¢(ry) = vw. These imply that ¢ commutes with every L, for
n € Z and thus it is also parity-preserving. We also define (antilinear) isomor-
phisms and (antilinear) automorphisms of VOSAs in the obvious way. If the con-
dition ¢(vy) = v is removed, then ¢ is simply said a vertex superalgebra (antilinear)
homomorphism/isomorphism/automorphism. We denote by Aut(V) the group of VOSA
automorphisms of V. Note also that Aut(V') is a subset of the group [], . 1z GL(V,) of

grading-preserving vector space automorphisms of V. Therefore, Aut(V') can be turned
into a metrizable topological group if it is equipped with the relative topology induced by
the product topology of ], . 17 GL(V,,). We say that an (antilinear) automorphism ¢ is
an involution if ¢? = 1.

Note that I'y is an involution of V. By the parity-preserving property, we deduce that
I'y commutes with every (antilinear) automorphism of V. We also set the following vector
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space automorphism of V:
_1v—ZTV 1_1V‘|’ZTV
1—¢ 141
Note that Zy preserves the vacuum and the conformal vectors, but it is not a VOSA
automorphism of V' because it does not respect the (n)-product. Indeed, we have that

ZV : Z‘;

Zy(amyb) = { iagyb if pla) =1+ p(b)
(23)

(Zva)(n)(ZVb) = ia(n)b .if pla) = 1+ _(b)

for all a,b € V with given parities and all n € Z. Hence, (23) can be rewritten in the
useful formula

Zy (agyb) = (—1)P PO Zya,) (Zvh)

for all a,b € V with given parities and all n € Z.

A unitary vertex operator superalgebra is a VOSA V equipped with an antilin-
ear VOSA automorphism 6, which we call the PCT operator, associated with a scalar
product (i.e., a positive-definite Hermitian form, linear in the second variable) (-|-) on V
such that:

e 0 is an involution, that is, #2 = 1y, (see Remark 3.1 below);
e (-|-) is normalized, which means that (2|Q2) = 1;
e (-|-) is invariant, that is, (see [AL17, Section 2.1])

(Y(6(a), 2)b|c) = (b|Y(eZL1(—1)2L3+L°z_2L0a, 2 He) Va,b,c eV (24)
or equivalently (see [Ten19b, Definition 2.3])
(Y (0(a), 2)ble) = (b]Y (e*L1 (1271?20 Zya, 271)e) Va,b,c eV (25)

where (24) and (25) are to be understood as equalities between doubly-infinite
formal Laurent series in the formal variable z (which is not affected by the complex
conjugation) with coefficients in C. (The operators showing up in (24) and (25)
can be understood as defined on homogeneous elements in the obvious way and
extended by linearity to V.) Note that

—1)¢ ifdeZ
_1)2d°+d _ ( 9
(=1) (—1)%: ifdez—1 (26)

so that the equivalence of (24) and (25) follows from i2F0 Zy, = (—1)2E6+Lo,

Remark 3.1. In the references [AL17, Section 2.1] and [Tenl19b, Definition 2.3] given
above for the definition of unitary VOSAS, it is required that the PCT operator 6 is an
involution. For our convenience, we have kept this axiom. Nevertheless, we point out that
it is not necessary because we will prove that it is actually a consequence of the other ones
in (i) of Proposition 3.13.

If a (unitary) vertex (operator) superalgebra V' has V5 = {0}, then it is a (unitary)
vertex (operator) algebra, briefly V(O)A, as defined in [CKLW18].
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Remark 3.2. Let V be a unitary VOSA. The real subspace
Ve :={a €V |6b(a) =a}

contains the vacuum and the conformal vectors because they are #-invariant. Moreover,
Vi inherits the structure of a real VOSA from the one of V. Note also that V is the
vector space complexification of Vg because V = Vg + iVg and Vg NiVg = {0}. Then
Vi is known as a real form for V, see [CKLW18, Remark 5.4] and references therein.
Restricting the scalar product on V' to Vg, we obtain a positive-definite normalized real-
valued R-bilinear form with the invariant properties (24) and (25). Conversely, if V' is a
real VOSA with a positive-definite normalized real-valued invariant (in the meaning given
just above) R-bilinear form (-, ), then its complexification Ve is a VOSA with an invariant
scalar product which extends (-,-). Furthermore, (Vo)r = V.

We say that a vertex superalgebra homomorphism ¢ between unitary VOSAs V and W
with scalar products (+|-)y and (-|-)w respectively is unitary if (¢(a)|p(b))w = (a|b)y for
all a,b € V. We denote the subgroup of Aut(V) of unitary automorphisms by Aut.;.)(V).

In the following, we introduce some useful relations for a unitary VOSA (V, (+|-)) with
PCT operator 6. Due to the antilinearity of §, we have that

Zv0Zy = 0. (27)

If a € V is homogeneous of conformal weight d,, then Llla is still homogeneous of conformal
weight d, — [ for all [ € Z>( thanks to (20). Then by replacing a with §(a) in (24) and (25)
and remembering that Zy and 6 commute with every L,, for all n € Z, we can calculate
the following equation:

2 (0Lt a) e , b|(ZyOLa) e
(anb|c) — (_1)2da+da Z ( ‘( }‘ n ) _ Z2da Z ( ‘ l!l ) ) (28)
l€Z>o l€Z>o
for all b,c € V, all homogeneous a € V and all n € %Z. In particular, if a is quasi-primary,
we have that

(anble) = (—1)2%+4a (b](Ba)_pc) = 2% (b|(Zv6a)_nc) = 2% (B(02y ) —ne)  (29)
(blanc) = (—1)*5F((6a)_nble) = i7** (02 a)-nblc) = i ((ZvBa)-nblc) . (30)

Then we say that the field Y (a, z) for any quasi-primary vector a € V, is Hermitian
(with respect to (-|-)) if (anblc) = (bla—nc) for all n € 1Z and all b,c € V. Moreover,
equation (29) says that

(Lpalb) = (a|L_pb) Va,beV VnelZ (31)

which also implies, choosing n = 0, that (V;|Vy) =0 for all [,k € %Z such that [ # k.

It is important to introduce the notion of vertex subalgebra of a vertex superalgebra
V. This is given by a vector subspace W of V' containing the vacuum vector 2 and such
that a,)/W C W for all @ € W and all n € Z. By the vertex superalgebra axioms, it
follows that T'a = a(_5)(2 for all a € V. Accordingly, W is automatically T-invariant and
therefore (W, Q, T [w,Y (-,2) lw) is a vertex superalgebra. It is then clear that C$2 and
V5 are vertex subalgebras of V', which are also vertex algebras. Given a subspace § of V,
we define W (§) as the smallest vertex subalgebra of V' containing § and we say that W (§)
is generated by F.

An ideal of a vertex superalgebra V is a T-invariant vector subspace _# such that
amyf € F foralla € V and all n € Z. From [Kac0l, Eq. (4.3.1)], we have that
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amV C # foralla € ¢ and all n € Z. As usual, we say that a vertex superalgebra V'
is simple if the only ideals which it contains are {0} and V itself.

The graded tensor product V!&V? of two VOSAs (V7,0 Y;,17) for j € {1,2}, see
[Kac01, Section 4.3], is the VOSA given by

(Ve v?2 0l @ 0%, VieYs, v @ Q2 + Q! @ 1?)
where
(V18Ys)(a! ® a?, 2) := Yi(a, z)FZ‘j,(la% ® Ya(a?, 2) Vo' ®a®? e VIR V2.
Clearly, the parity operator is given by I'y; ® I'y,,. Consider the operators

1y1 ®@ 1y —il'y, @ 'y 11 — 'y, 1y2 — 'y
ZV1®V2: 1—3 : 27 ZVlzﬁa Zv2: 1—3 2.
Then it is not difficult to show that
Zyigya(a' @ a?) = (=17 70, (a1) @ Zya (a?) (32)

al)p(a?) »— =
Zybgye(a' @) = ()PP Z0H ) @ 23 ()

for all vectors with given parities a/ € V7 with j € {1,2}. Finally, by (2) of [AL17,
Proposition 2.4], see also [Tenl9, Proposition 2.20], if for j € {1,2}, (V7,(-|");,0;) are
unitary, then (V1&V2, (-|-)1(-]-)2, 01 ® 02) is unitary too.

We end this section introducing some basic notions of the VOSA module theory with
some examples. Let V be a VOSA, then a V-module is a Zy-graded complex vector space
M = Mgz ® M7 with the following structure:

e a vector space linear map Y defined by

Voar—YMa,2):=> allz""" € (End(M))[[z,27"]]
nez
and with the following properties

— Parity-preserving. a, )M C My p(a) for all a € Vyq), all p € {0, 1} and all
n € 7.

— Field. For all a € V and all b € M, there exists a non-negative integer N
such that i, )b =0foralln>N.

— Vacuum. YM(Q, 2) = 1,,.

— Borcherds identity. For all a,b € V with given parities, all ¢ € M and all
m,n,k € Z, it holds that

i(m) (a(n+j)b)M =

o\ (m+k—j)

[e.e]

(T M b M M

S 19 (5) (abhenmy ey~ COPPO D)o

j=0

o Let YM(v,2) =3, ., LM27"72 then M has a grading compatible with the parity
given by the eigenspaces of L}, that is for every n € C set M, := Ker(L} —nlyy),
then

M=@M, M=PMnM,) vpec{0I1}
neC neC
with dimM,, < +oo for all n € C and M,, # {0} at most for countably many n.
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Any V-module M satisfies the translation covariance property, see e.g. [Ten19b, Propo-
sition 2.11], cf. [LLO4, Proposition 4.1.5]:

d
(LM, YM(a,2)) = gYM(a, 2) =YM(L_ja,z) Va eV .

Moreover, if ¢ € C is the central charge of V', then the following Virasoro algebra commu-
tation relations hold, see [Li96, Remark 2.3.2], cf. [LL04, Proposition 4.1.5]:
3 _
LM LM = (n —m)LM,, + C(len)én’mlM Vn,m € 7.

A submodule S of a V-module M is a vector subspace of M invariant for the action
of V. M is called irreducible if there are no non-trivial submodules.

We define a V-module (antilinear) homomorphism f between M! and M? as a
vector space (antilinear) map from M?* to M2 such that f(YM'(a,2)b) = Y™’ (a, 2)f(b)
for all @ € V and all b € M'. Further definitions of V-module (antilinear) endomor-
phisms/automorphisms/isomorphisms are given in the obvious way.

Example 3.3. The basic example of a V-module is the adjoint module, which is ob-
tained by choosing as vector space V itself and setting YV := Y. Then note that the
VOSA V is simple if and only if its adjoint module is irreducible. A further example is
the contragredient module M’ of a V-module M, which is defined as the graded dual
vector space
M= (M N M,)* & @(Myn M,)*
neC neC
and the state-field correspondence Y defined by the formula
(M (0,208, ¢) = (0, VM (e (1)Ko, 2 )

for all a € V, all ¢ € M and all ¥ € M’, where (-,-) is the natural pairing between
M and M'. Any YM'(a,z) is called the adjoint vertex operator of Y™ (a,z). The
proof that (M’, Y M") defines an actual V-module is an adaptation of the proof of [FHL93,

Theorem 5.2.1], see [Yam14, Lemma 2]. We denote by (V’,Y”) (instead of using YV") the
contragredient module of the adjoint module.

A unitary V-module, see [Ten19b, Definition 2.10], cf. [AL17, Section 2.1] and [DL14,
Definition 2.4], of a unitary VOSA V is a V-module M equipped with a scalar product
(+|-)as such that

(YM(0(a), 2)b|c)pr = (b\YM(eZLl(—1)2L%+L02_2L0a, e Ye)y YaeV Vbce M.

Example 3.4. If V is a (unitary) VOSA, then Vj is a (unitary) VOA with V§ as (unitary)
Vg-module by restricting the (unitary) VOSA structure of V' in the obvious way. Suppose
that V is also simple and note that [LL04, Proposition 4.5.6] still works in the VOSA
setting, cf. [Li94b, Lemma 6.1.1]. It implies that if b is any non-zero vector in V', then
V must be linearly generated by elements of type a,b where a € V and n € %Z. If we
choose b even, then V; must be linearly generated by elements of type a,b for a € Vi; and
n € Z. In other words, Vj is simple. Similarly, if we choose b odd, then V7 is generated by
elements of type a,b for a € V5 and n € Z, that is V7 is irreducible.

Example 3.5. Given a module M on a unitary VOSA V, we define the conjugate
module M of M as the complex vector superspace constituted by M itself as a set and
the scalar multiplication by A € C, realized via the usual scalar multiplication on M by
its complex conjugate \. Vertex operators on M are defined by Y (a, z) := YM(0(a), 2)
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for all @ € V, where 6 is the PCT operator of V. It is not difficult to prove that M so
defined is a V-module.

3.2. Invariant bilinear forms and unitarity. We give the definition of invariant bilin-
ear form for a VOSA and we prove some related results. Beyond the general interest, the
current section presents results which are fundamental to develop the following remain-
ing ones as for example, the equivalence between simplicity and CFT type condition for
unitary VOSAs. As novel result, we show that the unitary structure of a simple unitary
VOSA is determined by the unitary structure of its even and odd parts.

Definition 3.6. Let V be a VOSA. An invariant bilinear form on V is a bilinear form
(+,-) on V such that

(Y(a, 2)b,c) = (b,Y (e"F1 (—1)2otLo,2Log ~1Ye)  Va,bce V.
Moreover, (-,-) is said to be normalized if (Q2,Q) = 1.

Remark 3.7. Note that if V' is a unitary VOSA with scalar product (-|-) and PCT
operator 6, then (-,-) := (6(-)|-) is a normalized non-degenerate invariant bilinear form on
V.

Fasily from the definition, for all homogeneous a € V', we have that

l
(anb, c) = (—1)%datda 3~ (b(Lll?)‘"c) Vn € %Z Vb,ce V.
ZGZZO ’
In particular,
(Lpa,b) = (a, L_,b) Vn€Z Va,beV, (33)

which implies that (V;, V%) = 0 for all [,k € %Z such that | # k. Moreover, using the
straightforward commutation identities (verified on homogeneous elements first and thus
extended by linearity, cf. [FHL93, Eq. (5.3.1)])
»2Logz 'Ly _ 2Ly ,—2Lo
2 (34)
(_1)2L0+L067ZL1 — €ZL1 (_1)2L0+L0

one can prove the inverse invariance property:

(¢,Y(a,z)b) = (Y(eZLl(—1)2L3+L02_2L0a, 2 He,b) Va,b,ce V.

Proposition 3.8. Let V be a VOSA, then:

(i) Ewvery invariant bilinear form on 'V is symmetric, that is,
(a,b) = (b,a) Va,be V.

(ii) The map (-,-) — (,+) v, realizes a linear isomorphism from the space of invariant
bilinear forms on V to Home(Vo/L1V1,C) = (Vo/L1V1)*.

(iii) IfV is simple, then every non-zero invariant bilinear form on 'V is non-degenerate.
Furthermore, if (-,+) is a non-zero invariant bilinear form on V', then every other
invariant bilinear form on 'V is given by a(-,-) where a € C.

(iv) If V' has a non-degenerate invariant bilinear form and Vo = CS), then V is simple.

Proof. The statements (iii) and (iv) are proved as [CKLW18, (iii) and (iv) of Proposition
4.6] respectively. (i) and (ii) are [Yam14, Proposition 1]. In particular, (i) can be proved
by adapting [FHL93, Proposition 5.3.6], whereas (ii) by adapting [Li94, Theorem 3.1], cf.
also [Roi04, Theorem 1]. O
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Remark 3.9. Let V be a VOSA. Suppose that Vy = C(2, then V has a non-zero invariant
bilinear form if and only if L;V; = {0} as a consequences of (ii) of Proposition 3.8.
Moreover, in the latter case, there is exactly one non-zero invariant bilinear form which is
also normalized. Suppose instead that V is simple, then there is at most one normalized
non-degenerate invariant bilinear form by (iii) of Proposition 3.8.

A first view on the link between simplicity and CFT type condition for VOSAs is
given by Proposition 3.8 and Remark 3.9 in presence of an invariant bilinear form. More
generally, simplicity turns out to be an important feature to develop interesting results in
what follows. In this light, it is useful to have the following characterisation of simplicity:

Proposition 3.10. Let V be a unitary VOSA. Then the following are equivalent:
(i) V is simple;
(i) Vo = CQ;
(iii) V is of CFT type.

Proof. (i) implies (ii) is a straightforward adaptation of the proof of [CKLW18, Proposition
5.3]. The statement (ii) implies (i) is (iv) of Proposition 3.8, noting that (6(-)|-) realizes
a non-degenerate invariant bilinear form on V. (iii) implies (ii) is trivial by definition. So
the only remaining implication is (ii) implies (iii). Let N € 1Z be such that Viy # {0}
and V,, = {0} for all n < N. Pick a € Vi, then using the Virasoro commutation relations
(19), we have that

2N (ala) = (a|2Lpa) = (a|[L1, L_1]a) = (a|L1L_1a) = (L-1a|L_1a) > 0 (35)
which implies that N > 0 because (a|a) > 0 too. Therefore, V' is of CFT type. O

Proposition 3.8 has a crucial role in the proof of the following result. It is partially
inspired by [DL14, Theorem 3.3], where the authors construct the entire structure of
unitary VOA supposing some extra hypothesis, such as rationality, Cs-cofiniteness, see
e.g. [ABD04] and references therein, and the existence of a map whose characteristics
make it suitable for constructing a PCT operator. Instead, our focus is on characterizing
the unitary structure on a VOSA in terms of the unitarity of its even and odd parts.

Theorem 3.11. Let V be a simple VOSA. Then V is unitary if and only if Vg is a unitary
VOA and V7 is a unitary Vg-module. In both cases, we automatically have that V is simple
and V7 is irreducible.

Proof. The last claim and the “only if” part are given by Example 3.4.

Conversely, let (:|-)g and 65 realize the unitary structure on V5 and denote by (-|-)1
the scalar product on the unitary Vg-module V5. (-,-)5 := (65(-)|-)5 is a non-degenerate
invariant bilinear form on Vj, thus there exists a non-zero invariant bilinear form (-, )
on V which extends (-,-); thanks to (ii) of Proposition 3.8. Moreover, (-, ) is also non-
degenerate by the simplicity of V, see (iii) of Proposition 3.8. Since (V5, V) = 0 by (33),
the restriction (-,-)7 of (-,-) to V§ must be a non-degenerate bilinear form.

Consider the conjugate module 7T of V7, see Example 3.5. Then we have an isomorphism
of Vg-modules induced by the following pairings:

VT vl

N

(36)
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Indeed, it is easy to see that f(Y(a,2)b) = g~ (Y (6(a), 2)b) for all a € Vg and all b € V7,
which implies the Vz-module homomorphism property. Note that the Vz-module isomor-
phism (36) can be considered as a vector space antilinear automorphism of V7, call it 6,
with the property that

QT(anb) = 95(a)n9T(b) Va € V@ Vb e VT Vn € 7.

Moreover, we have that (61(a)|b); = (a,b) for all a,b € Vi by construction. 0? is an
automorphism of the 1rredu61ble Vg-module V7 and thus it must be a multiple of the identity
by Schur’s Lemma, cf. [LL04, Proposition 4.5.5]. Let r € C\{0} such that 0% = rly;. Then
we have that

F(ala); = (63(a)|a)y = (61(a),a) = (a,61(a)) = (67(a)|67(a))7 >0  Va € V{\{0}

where we have used the symmetry of the bilinear form as in (i) of Proposition 3.8. It follows
that r must be a positive number. Accordingly, we can renormalize the scalar product
(+]-) in such a way that » = 1 and consequently the renormalized 67 is an involution.

Now, we prove that the scalar product (-|-) := (-|-)g®(-|-)1 and the vector space antilinear
map 0 := 05 ® 6y give a unitary structure on V. By construction ((-)|-) = (-,-), which
assures us that (-|-) is normalized. Then to prove the invariance property, we need to
show that 6 is a well-defined VOSA antilinear automorphism. We have already proved
that @ is an antilinear automorphism of the vector space V preserving the vacuum and the
conformal vectors. Moreover, we have also proved that 82 = 1. So it remains to prove
that 0 respects the (n)-product. We already know that 6(a,b) = 0(a),0(b) whenever
a€ Vi neZandbecV. Suppose that a € V; and n € Z — % Then we want to prove
that 6(a,b) = 0(a),0(b) for all b € V. First, we have that 6(L,,b) = 0(v),,0(b) = L,,0(b)
for all b € V and all m € Z, that is, § commutes with L,, for all m € Z. It follows that if
b € V5, then we have that

0(Y (a,2)b) = ((~1)P POty (b, —z)a)
= (— 1P P01y (0(b), —2)0(a) = Y (6(a), 2)0(D)
where we have used the skew-symmetry (18) twice, proving that 6(a,b) = 6(a),0(b) when-

ever b € V5. Hence, using the fact that 6? = 1y and the invariance property of the bilinear
form, we compute that

(O(Y(8(a), 2)0(u))v)

= (Y(0(a),2)0(u),v)

= (O(u), Y (71 (=1)*H5 1 0272106 (a), 7))

= (u|Y (e*11 (=1)2E6+ Lo 72Log(a), 2 M) Yue Vg VweV

(Y (a, 2)ulv) =

which is the invariance property of the scalar product in a specific case. Furthermore,
substituting a with z2L0(—1)~2L3—Loe==2L14 and using (34) in the two sides of (37), we get
the following inverse invariance property

(Y (0(a),z)v|u) = (U\Y(@ZLl(—1)2L3+Loz_2L0a, 27 Hu) Vue Vg YoeV. (38)
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Consequently, if b € V7, then
(0(Y (a, 2)b)|c) = (Y(a, 2)b, )

b, Y(GZLI (_1)2L3+LOZ—2LOG7 2—1)6)

O(b)|Y (1 (—1) 2ot Eo~2hog 57 1)e)

= (Y (0(a),2)0(b)|c) Vee Vg

=
= (
=

where we have used the invariance property of the bilinear form for the second equality
and the inverse invariance property (38) for the last one. By the non-degeneracy of (-|)
on Vg, it follows that 6(a,b) = 6(a),0(b) whenever b € V7, concluding the proof that ¢
respects the (n)-product. Then the invariance property of the scalar product (-|-) follows
just proceeding as in (37). O

Remark 3.12. Theorem 3.11 can be slightly generalized to cover the case where V =
V@V, where VT are the eigenspaces of a general automorphism of V of order two,
not only the parity operator I'y, see [Gau2l, Section 2.7] for details.

3.3. Uniqueness of the unitary structure and automorphisms. In the present sec-
tion, we investigate conditions which ensure the uniqueness of the unitary structure in-
troduced in Section 3.1. For this reason, we show the relation between invariant scalar
products and invariant bilinear forms, introduced in the preceding sections. We further
describe and characterize the automorphism groups of unitary VOSAs.

Thanks to Proposition 3.8, we can prove the following result:

Proposition 3.13. Let V be a VOSA with a normalized scalar product (-|-), which is
invariant with respect to an antilinear automorphism 6. Then we have that:

(i) € is an involution and thus (V,(-|-)) is unitary with PCT operator 6. Moreover, 6
is antiunitary, that is, (6(a)|0(b)) = (bla) for all a,b € V.

(ii) 0 is the unique PCT operator associated with (-|-). Moreover, if V is simple, then
(+|-) is the unique normalized invariant scalar product associated with 6.

Proof. We can prove (i) and the first claim of (ii) as in [CKLW18, Proposition 5.1]. Re-
garding the second claim of (ii), (6(-)|-) defines a normalized non-degenerate invariant
bilinear form on V. According to (iii) of Proposition 3.8, if V' is simple, then (0(-)|-) must
be unique, which implies the remaining part of the proposition. O

Claim (ii) of Proposition 3.13 says us that for simple unitary VOSAs, a PCT operator
determines the associated normalized invariant scalar product and vice versa. Never-
theless, we can still have different choices for the PCT operator or equivalently for the
normalized invariant scalar product, which can give us different unitary structures. From
this point of view, it is even more interesting to introduce the following result, which
is proved by straightforwardly adapting [CKLW18, Proposition 5.19] and its immediate
consequences [CKLW18, p. 38].

Proposition 3.14. Let V be a simple VOSA. Let (0, (--)) and (6,{-]-}) be two unitary
structures on V.. Then there exists h € Aut(V') such that:

(i) {a|b} = (h(a)|h(b)) for all a,b € V, that is, h realizes a unitary isomorphism
between (V,0, () and (V,0,{-]-}). Consequently, if Aut(V) = Aut(y(V), then
the unitary structure on V' is unique.

(ii) @ = h=0h; Oh0 = h™L; (alha) > 0 for all non-zero a € V.



24 SEBASTIANO CARPI, TIZIANO GAUDIO, AND ROBIN HILLIER

Proposition 3.14 relates the uniqueness of the unitary structure of a unitary VOSA with
its automorphism group. Then we give the following result to investigate the structure of
the automorphism group of a unitary VOSA.

Proposition 3.15. Let V be a vertex superalgebra with a conformal vector v with respect
to V is a VOSA such that Vo = CQ and having a non-degenerate invariant bilinear form.
Suppose that there exists another conformal vector v with respect to V is a VOSA having
a non-degenerate invariant bilinear form. If vy = Lo = Ly =: 1/21), thenv =1'.

Proof. The proof is obtained by applying [CKLW18, Proposition 4.8] to the vertex subal-
gebra Vj. U

The following corollary is proved by adapting the proof of [CKLW18, Corollary 4.11].

Corollary 3.16. Let V be a VOSA with a non-degenerate invariant bilinear form (-,-)
and such that Vo = CQ. Let g be either a linear or an antilinear bijective map of the
vector space V' preserving the vacuum vector and the (n)-product. Then the following are
equivalent:

(i) g is grading-preserving, that is, g(V,,) = V,, for all n € %Z.

(ii) g preserves (-,-), that is: if g is linear, then (g(a),g(b)) = (a,b) for all a,b € V; if

g is antilinear, then (g(a),g(b)) = (a,b) for all a,b € V.
(iii) g(v) =v.

At this stage, we have all the ingredients to prove the following statements by adapting
the proofs of [CKLW18, Lemma 5.20 and Theorem 3.21] (cf. the proof of Theorem 7.11).

Theorem 3.17. Let V be a unitary VOSA. Then Aut (V) is a compact subgroup of
Aut(V'). Moreover, if V is simple, then the following are equivalent:

(+|-) is the unique normalized invariant scalar product on V;
Aut(|)(V) = Aut(V);

0 commutes with every g € Aut(V);

Aut(V) is compact;

Remark 3.18. Consider a simple unitary VOSA V. Following the proof of [CKLW18,
Theorem 5.21], we have that g € Aut(V') is unitary if and only if (g(6(a))|g(b)) = (0(a)|b)
for all a,b € V. On the other hand, (6(g(a))|g(b)) = (0(a)|b) for all a,b € V thanks to
(ii)«<(iii) of Corollary 3.16. It follows that ¢ is unitary if and only if it commutes with
f. Hence, g is unitary if and only if it restricts to an automorphism of the real VOSA
Vr defined in Remark 3.2. Conversely, every VOSA automorphism of Vx extends to an
automorphism of its complexification V. Thus, we can identify Aut..)(V) and Aut(Vg).

We end this section investigating further the group of unitary automorphisms of unitary
VOSAs, straightforwardly adapting [CGGH23, Appendix A], which we refer to whenever
details are not given.

From now onwards, let V' be a simple unitary VOSA. For any closed subgroup G of
Aut(V), recall the definition of the fixed point subalgebra of V' with respect to G:

VG::{QGV]g(a):aneG}.

Note that V5 = Vv Iv} and thus if G is a closed subgroup of Aut(V), the quotient group
G/{1y,T'v} can be embeds into Aut(Vj).



FROM VERTEX OPERATOR SUPERALGEBRAS TO GRADED-LOCAL CONFORMAL NETS 25

Define the subset of Aut(V') of strictly positive automorphisms by
Auty (V) :={g € Aut(V) | (alga) > 0 Va € V\{0}} .

We have that 1y € Aut4 (V). Moreover, it can be shown that Aut, (V') is path connected
and thus it is contained in Aut(V')g, that is the connected component to the identity of
Aut(V). Note that g~ € Aut (V) for all ¢ € Aut, (V) and if g and h are any two
commuting elements in Aut; (V'), then gh = h%gh% € Auty (V). If Aut(V)y is abelian,
then Aut4 (V) is an abelian closed and path connected subgroup of Aut(V).

Now, for any g € Aut(V), set g* := 6g~10, so that (a|g(b)) = (g*(a)|b) for all a,b € V.
Note that g € Aut(V) is unitary if and only if g* = ¢g~!. Furthermore, g*g € Aut, (V) for
all g € Aut(V). Therefore, proceeding as in the proof of [CGGH23, Proposition A.1], we
have a polar decomposition for the automorphisms of V:

Proposition 3.19. Let V be a simple unitary VOSA and let g € Aut(V). Then there
exist a unique |g| € Aut, (V) and a unique u € Aut(.\(V) such that g = ulg].

The following two results can be proved as in [CGGH23, Proposition A.2 and Proposi-
tion A.3| respectively.

Proposition 3.20. Let V be a simple unitary VOSA and let ¢ : Aut(V) — Aut(V)/ Aut(V)g
be the quotient map. Then q [au ,(v): Aute)(V) = Aut(V)/Aut(V)o is a surjective
group homomorphism. In particular, Aut(V') is almost connected, i.e. Aut(V')/ Aut(V)g is
compact. Furthermore, if Aut(V') is a finite dimensional Lie group, then Aut(V')/ Aut(V)o
is a finite group and the map g [Aut(,m(V): Auty (V) = Aut(V)/ Aut(V)o factors through
an isomorphism of Aut(..)(V)/ Aut()(V)o onto Aut(V)/ Aut(V)o.

Proposition 3.21. Let V be a simple unitary VOSA. Then VAU (V) = yAut(V),
We have the following characterization of Aut..)(V):

Theorem 3.22. Let V' be a simple unitary VOSA and assume that Aut(V) is a finite
dimensional Lie group. Then Aut ) (V') is a mazimal compact subgroup of Aut(V).

Proof. Let G be a compact subgroup of Aut(V') containing Aut(...,(V'). Then by Proposi-

tion 3.21, VG = vAuH (V) and thus VGG/“VIV} _ VaAUt(.|.)(V)/{1V,FV}. Moreover, G is a

compact Lie group being a compact subgroup of the finite dimensional Lie group Aut(V).
It follows that the quotient of G by the its closed normal subgroup {1y,I'y} is a compact
Lie group too. Hence, G/{1y,Tv} = Aut()(V)/{1ly,I'v} by the Galois correspondence
in [DM99, Theorem 3], which implies that G = Aut.;.,(V') as desired. O

The proof of [CGGH23, Proposition A.5] works also for the following one:

Proposition 3.23. Let V' be a simple unitary VOSA and assume that Aut(V) is a fi-
nite dimensional Lie group. If G is a compact subgroup of Aut(V'), then there exists an
invariant normalized scalar product {-|-} on V such that G C Autyy(V), namely the
automorphisms in G are unitary with respect to {-|-}.

Remark 3.24. Note that if V is a finitely generated VOSA, then there is a N € Zx>
such that V' is generated by the finite dimensional vector space V< := ®neZ, n<N Vn and
the map g — ¢ [v., is a topological isomorphism of Aut(V') onto a closed subgroup of
GL(V<y). Tt follows that if V' is finitely generated, then Aut(V) is a finite dimensional Lie
group. Finally, note that if V' is simple, then V' is finitely generated if Vj is by Example
3.4.
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3.4. The PCT theorem in the VOSA setting. The main topic of this section is to
characterise the unitarity of a VOSA equipped with a scalar product, whose invariance is
unknown a priori. The convenience of this approach is twofold. On the one hand, it is
natural from the point of view of Quantum Field Theory (QFT). Indeed, we obtain also
the VOSA version of the PCT theorem, see [SW64, Section 4.3]. On the other hand, in
the construction of examples of unitary VOSAs, we often have to find a PCT operator for
a given scalar product, which we start with. It would be useful to have different methods
to check the existence of the unitary structure, which avoid the direct search for a PCT
operator. We also highlight that this section not only generalizes [CKLW18, Section 5.2] to
the VOSA setting, but also cover the case of VOSAs (and thus VOASs too) not necessarily
of CFT type, which is instead the case in the PCT theorem in the VOA setting [CKLW18,
Theorem 5.16].

As mentioned above, the Wightman axioms [SW64, Section 3.1] for QFT require for the
unitarity at least that: (i) “the spacetime symmetries act unitarily”; (ii) “the adjoints of
local fields are local”. We translate these requirements introducing the following definitions
respectively:

Definition 3.25. Let V' be a VOSA with a normalized scalar product (-|-).
(i) The pair (V,(+])) is said to have unitary Mobius symmetry if
(Lpald) = (a|L_pb) Va,beV ¥Yne{-1,0,1}.
(ii) An element A € End(V') has an adjoint on V' (with respect to (+|-)) if there exists
AT € End(V) such that
(a|Ab) = (AT alb) Va,be V.

It is clear that if an adjoint exists, then it will be unique and we will call it the adjoint
of Aon V. Of course, A can be treated as a densely defined operator on the Hilbert space
completion Hy,(.|.)) of V and thus AT exists if and only if V is contained in the domain
of the Hilbert space adjoint A* of A, in which case AT C A*. It is not difficult to verify
that the set of elements having an adjoint on V is a unital subalgebra of End(V') closed
with respect to the adjoint operation, that is

(A +BB)t =aAt + BT VA,B € End(V) Va,B € C
(AB)" = BT A" VA, B € End(V)
ATt =(ANHt =4 VA € End(V).
By adapting the proof of [CKLW18, Lemma 5.11], we get:

Lemma 3.26. Let (V,(:|-)) have unitary Mdébius symmetry. Then for every homogeneous
a €V and everyn € %Z, a; exists on V. Moreover, for allb € V, there exists N € %Zzo
such that a®,b=0 for alln > N.

If (V, (-|-)) has unitary Mobius symmetry, then Lemma 3.26 allows us to define for every
a € V, a parity-preserving field by

Y(a,z)t = Z a&)z"Jrl = Z atniz)z_"_l . (39)
neZ nez

Hence, we adapt (ii) of Definition 3.25 to the field setting, saying that for any a € V, the
field Y (a, 2) has a local adjoint if for every b € V, Y (a,2)" and Y (b,2) are mutually
local, that is, there exists N € Zx>¢ such that

(z—w)N[Y(a,2)",Y(b,w)] = 0.
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Accordingly, we set V() as the subset of V consisting of all the elements a € V such that
Y (a, z) has a local adjoint. One proves that V() is a vertex subalgebra of V retracing
the proof of [CKLW18, Proposition 5.14] step by step. If V = V() we say that V has
local adjoints. Furthermore, the same proof of [CKLW18, Lemma 5.15] gives:

Lemma 3.27. Let (V,(-]-)) have unitary Mébius symmetry and let a € V) be a quasi-
primary vector. Then there is a quasi-primary vector @ € V1) with dg = d, and such that
272y (a,2)* =Y (a,z) or equivalently a;f =a_, for alln € 1Z.

As announced at the beginning, we prove the VOSA version of the PCT theorem:

Theorem 3.28. Let V be a VOSA equipped with a normalized scalar product (-]-) and
such that Vo = CQ. Then the following are equivalent:

(i) (V,(:|")) is a unitary VOSA.

(i) (V, (:|")) has unitary Mébius symmetry and local adjoints, that is, V(1) =V,
Proof. The proof of [CKLW18, Theorem 5.16] does the job with just minor changes as we
are going to explain.

(i) = (ii). We can proceed as in the proof just cited, using the correct formulae with
respect to our framework: for every homogeneous vector a € V', we have from (28) that

LY0(a))n
afn _ (_1)2d§+da Z (1l('a)) VneZ—d, (40)
lEZZO ’
% + _ (_1)2d3+da Y (Li8(a),z)z>% !
(a7 Z) - (_ ) Z I

lEZZo

which are well-defined because Lib € Vy,_; for all homogeneous b € V' thanks to (20).
(ii) = (i). The first step for this proof in [CKLW18, Theorem 5.16] is to prove the
simplicity of V. The argument there use the fact that if W is any VOA with Wy = CQ,
then W is of CFT type by [CKLW18, Remark 4.5]. In our setting, we cannot conclude
that V is of CFT type by adapting the same argument. Nevertheless, thanks to the fact
that V has unitary Mobius symmetry, we can anyway conclude that V is of CFT type by
reasoning as in (35). It follows that V' is simple and the remaining part of the proof works
as for [CKLW18, Theorem 5.16]. O

Thanks to the theorem above and by adapting the proof of [CKLW18, Proposition 5.17],
we have the desired characterization of the unitarity for VOSAs:

Proposition 3.29. Let V be a VOSA equipped with a normalized scalar product (-|-) and
such that Vo = CQ. Then the following are equivalent:
(i) (V,(-]")) is a unitary VOSA.
(ii) Y (v, 2) is a Hermitian field and V is generated by a family of Hermitian quasi-
primary fields.

We point out that the condition that Vj = CS in Theorem 3.28 and in Proposition 3.29
can be cut out thanks to the following result, which is of course applicable to the VOA
case to0o.

First of all, we introduce some definitions. For a given N € Z~q and a family {V/ }évzl of

unitary VOSAs of CFT type with normalized invariant scalar products {(-|-); };V: 1 respec-
tively, the vector superspace V := @;V: 1 V7 with the normalized invariant scalar product
(<) == %@é\f:l (+]-); is a unitary VOSA. We say that V' is a direct sum of unitary VOSAs of
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CFT type. Similarly, if {VJ ;VZI is a family of VOSAs of CFT type, equipped with normal-
ized scalar products {(-[-);};%; with respect to (V7,(-[);) has unitary Mobius symmetry
and (V9)(1)i = VJ for all j € {1,..., N}, then the vector superspace V := @j\;l V7 has
the M&bius symmetry with respect to the normalized scalar product (+|) := % @é.v: 1 G195

and satisfies V(1) = V. Accordingly, we say that (V,(:|-)) is a direct sum of VOSAs of
CFT type satisfying the Mobius symmetries and closed for local adjoints.

Proposition 3.30. Let V be a VOSA. Then we have the following:

(i) V' is unitary if and only if it is a direct sum of unitary VOSAs of CFT type.

(ii) V' has a normalized scalar product (-|) such that (V,(:|-)) has unitary Modbius
symmetry and V1) =V if and only if (V, (:|.)) is a direct sum of VOSAs of CFT
type each of which has unitary Mobius symmetry and local adjoints.

Proof. Proof of (i). Note that the “if” part is the trivial one by definition. Accordingly,
suppose that V' is a unitary VOSA with normalized invariant scalar product (-|-) and PCT
operator 6. We first prove that V4 can be turned into a finite dimensional commutative
C*-algebra. The argument as in (35) shows that V,, = {0} whenever n < 0. It follows
also that if a € Vp, then L_ja = 0. Hence, for all a € Vp, a(,—1) = an = 0 whenever
n#0as 1Y(a,2) = Y(L_1a,2) = 0, see [KacOl, Proposition 4.8(a)]. By the Borcherds
commutator formula (16), we get that agbgc = bragc for all a € Vy, all b,c € V and all
k € 1Z; whereas from the Borcherds associative formula (17), we get that (agb)xc = agbic
foralla € Vp, all b,c € V and all k € %Z. Therefore, we define a structure of commutative
associative algebra on Vy with unit by setting ab := agb € V; for all a,b € V. Moreover,
Vo is also a x-algebra with the involution Vjy 3 a — 6(a) € Vp (recall that 6 preserves
v and the (n)-product and thus the grading of V). Restricting the scalar product (-|-)
of V to Vy, we have that Vj is also a finite dimensional Hilbert space. Then the left
regular representation L : Vj — End(V}), given by L(a)b := ab = agb for all a,b € Vj,
is a faithful *-representation. Accordingly, the commutative *-algebra V with the norm
Il a|l| :==||L(a)|| for all a € V; is a finite dimensional commutative C*-algebra.

Let N := dim(Vj), then there exists an orthogonal basis {0 }5\7:1 of Vp of #-invariant
vectors such that Q = Zé\le O and Vp = @;VZI CQY, so that 1y, = Zjvz1 Qf and {1,
are the corresponding central projections of Vj, see e.g. [Dav96, Section III.1]. Thanks to
the fact that Qga(_1y = a(_1)Q forall j € {1,..., N} and all a € V, we have that {2},
is a family of orthogonal projections on V too. Hence, it is easy to check that the vector
subspaces of V

VIi=V ={a ¥ |aeV} Vjie{l,...,N}

are VOSAs of CFT type, with of course 7 and 17 := u(_l)Qj as respective vacuum and
conformal vector and state-field correspondence inherited from the one of V. Furthermore,
V is the direct sum of these VOSAs {V7 é\le, which are also unitary with the normalized
invariant scalar product {(-|-); := (Q/|Q7)~1(-|-) j=1, satisfying the desired property.
Proof of (i#i). Also in this case, the non-trivial statement is the “only if” part. So
let us suppose that V has a normalized scalar product (-|-), that (V,(-|)) has unitary
Mobius symmetry and that V) = V. Thanks to the Mobius symmetry, we have that
V., = {0} whenever n < 0 and that L_ja = 0 for all a € Vj by the argument as in
(35). Again by the fact that LY (a,2) = Y (L_1a,2) = 0, see [Kac0l, Proposition 4.8(a)],
a(n—1) = an = 0 whenever n # 0 for all a € Vp. By Lemma 3.27, there exists a € Vp such
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that Y (@, z) = Y(a,2)* = aJ, that is @y = af . Then the proof follows as for part (i), first
proving that Vj is a finite dimensional commutative C*-algebra, with the difference that
this time the *-structure is given by the involution Vj 3 a +— @ € Vj. O

We finish with a further characterization of unitarity for VOSAs (and thus VOAs too),
again in the spirit of the PCT theorem, cf. [CT23, Section 2]:

Theorem 3.31. Let V be a VOSA equipped with a normalized scalar product (-|-). Then
the following are equivalent:
(i) (V,(:]")) is a unitary VOSA.
(ii) There exists an antilinear vector space involution V'3 a— a € V such that v = v
and that (anb|c) = (bla_nc) for all a,b,c € V and alln € 7.

Furthermore, Q = Q and the PCT operator is related to the antilinear involution in (i)
by the following formula:

a=cl(—1)2tdag(q)  VaeV.

Proof. The equivalence between (i) and (ii) follows from Theorem 3.28 with Proposition
3.30. Regarding the last statement, it is easy to see that Q = €. Moreover, if V is unitary,
then there exists a PCT operator § (which is also unique by (ii) of Proposition 3.13)
satisfying the desired relation, see (40). O

3.5. Unitary subalgebras. In what follows, we introduce unitary subalgebras, graded
tensor products, cosets and fixed-point constructions, relying on some of the results of
Section 3.4.

Definition 3.32. A unitary subalgebra W of a unitary VOSA V is a vertex subalgebra
of V such that:

(i) W is compatible with the grading, that is, LoW C W or equivalently W =
@nE%Z(W N Vn);

(ii) az;)b € W for all a,b € W and all n € Z.

Note that aa) exists for all @ € W and all n € Z by Lemma 3.26. Moreover, (ii) is
equivalent to say that afb € W for all a,b € W and all n € %Z, provided that (i) holds.

We characterize a unitary subalgebra with the following result.

Proposition 3.33. Let W be a vertex subalgebra of a unitary VOSA V. Then W is a
unitary subalgebra of V' if and only if LW C W and 6(W) C W.

Proof. The proof follows the one of [CKLW18, Proposition 5.23], provided that we use
(28) instead of [CKLW18, Eq. (84)] whenever appropriate. O

Example 3.34. Let V be a unitary VOSA and G C Aut(..)(V) be a closed subgroup. By
Proposition 3.33, the fixed point subalgebra
VG i={aeV|gla)=a Vg€ G}

is a unitary subalgebra. When G is finite, V¢ is known as orbifold subalgebra. For
example, the even subspace Vj is the orbifold subalgebra yivlv

Now, note that the projection operator ey on a unitary subalgebra W C V is a
well-defined element of End(V') thanks to the grading compatibility of W and the finite
dimensions of the eigenspaces V,, for all n € %Z. We prove the following structural result
for unitary subalgebras by adapting [CKLW18, Lemma 5.28 and Proposition 5.29].
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Proposition 3.35. Let V be a simple unitary VOSA with conformal vector v, scalar
product (-|-) and PCT operator 6. Let W be a unitary subalgebra with the associated
projector operator eyy € End(V). Then [Y(a,z),ew]| = 0 for all a € W, [Lyp,ew] = 0
for alln € {—1,0,1}, [0,ew] = 0 and ewY (a, z)ew = Y(ewa, z)ew for all a € V. If we
define VW = eyyv € W, then:

1) YW, 2) = X,cp LYW 2772 is a Hermitian Virasoro field on 'V and such that
LY lw= L, lw for alln € {—1,0,1};
(ii) vW is a conformal vector for the vertex superalgebra (W, QT Tw,Y (-, 2) [w), so
that W has a VOSA structure;
(i) (W, QT [w,Y (-, 2) Tw, v, (), 0 Tw) is a simple unitary VOSA.

Of course, the trivial VOA, that is the vector space C with Q := 1, Y(2,2) = 1¢,
v:=0, (ala) = a and 6(a) =@ for all a € C, is a unitary subalgebra for any simple unitary
VOSA. Another example is given by the coset subalgebra of a vertex subalgebra W of a
vertex superalgebra V' (it is called centralizer in [KacOl, Remark 4.6b]). This is the vertex
subalgebra of V' given by the vector subspace

We={aeV|[V(a,2),Y(bw)=0V¥beW}= {a €V | byya=0 v\jbggo}

where the last equality is obtained by the Borcherds commutator formula (16). Then we
have the following result:

Proposition 3.36. Let V be a unitary VOSA with conformal vector v and let W be a
unitary subalgebra. Then W€ is a unitary subalgebra of V. If V is simple, then we also
have that v = v" +vW* and the operators LY/ = V(VIV) and LY = 1/8/)C are simultaneously

diagonalizable on V' with non-negative eigenvalues.

Proof. A straightforward adaptation of [CKLW18, Example 5.27] proves that W€ is a

unitary subalgebra of V. For the remaining part, it is sufficient to proceed as in the

proof of [CKLW18, Proposition 5.31]. We just clarify that for any z; € C\{0}, the
w

operator zlLU = elog(2)Lg" is well-defined on the VOSA V as [Lo, LY] = 0 by (i) and

(ii) of Proposition 3.35 and provided that a suitable branch of the complex logarithm is

. Lo—L¥ LY —Lo .
chosen. Nevertheless, note that for any a € W, the expression z; 70 Y (a, 2)zy° ?is

independent on the choice of the branch as [Lo— L/ ,a] = 0 by (i) of Proposition 3.35. O

4. FrROM VOSAS TO GRADED-LOCAL CONFORMAL NETS

In this section, we show how to define a graded-local conformal net from a given unitary
VOSA under natural assumptions. This construction extends the one given in [CKLW18,
Chapter 6] between unitary VOAs and conformal nets. To aid reading, we collect here
below the objects which will be used throughout the exposition.

Definition 4.1. Let (V,(+|-)) be a unitary VOSA with PCT operator §. We set ||-|| as

the norm induced by the scalar product (-]-), that is ||v|| = (v\v)% for all v € V, and
H = Hy,.|)) as the Hilbert space completion of V' with respect to (+|-). Moreover, we
define I and Z as the extensions to H of the operators I'yy and Zy respectively.

Note that T =T"!=T* and Z~! = Z*.
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4.1. Energy-bounded VOSAs and smeared vertex operators. In this first part,
we introduce the concept of energy bounds for unitary VOSAs and we construct certain
operator-valued distributions associated to the vertex operators, called smeared vertex
operators.

Definition 4.2. Let k be a non-negative real number. Then a € V, or equivalently the
corresponding field Y (a, z), satisfies k-th order (polynomial) energy bounds if there
exist non-negative real numbers M and s such that

1
landl| < M(n| + 1)%||(Lo + m’%” ne L WeEV. (41)

More specifically, a satisfies linear energy bounds if k£ = 1; whereas if k is not specified
then it is simply said that a satisfies energy bounds. Accordingly, we say that V is
energy-bounded if every a € V satisfies energy bounds. Similarly, a unitary subalgebra
W of V is said to be energy-bounded if every a € W satisfies energy bounds, cf. [CT23,
Remark 3.13].

Proposition 4.3. Let V be a unitary VOSA generated by a family of homogeneous vectors
satisfying the energy bounds. Then V is energy-bounded too.

Proof. The proof is the same as in [CKLW18, Proposition 6.1], just replacing [CKLW18,
Eq. (103)] there with the Borcherds identity for the superalgebra case (15). O

Corollary 4.4. IfV! and V? are energy-bounded VOSAs, then VI&V? is energy-bounded.

The following proposition gives sufficient conditions of energy-boundedness and it will
be useful in the production of examples in Section 7.

Proposition 4.5. Let V be a simple unitary VOSA. Suppose that V is generated by
ViUV UF where § C Vs is a family of quasi-primary 0-invariant Virasoro vectors. Then

V2 s energy-bounded.
Proof. Suppose that Vi # {0}, otherwise the proposition is [CKLW18, Proposition 6.3].
2
For a,b € V1, the Borcherds commutator formula (16) becomes
2

1

= (m—1 1
[@m,, bl = E < j 2> (a(j)b) 1) c VYm,k € Z — B VeeV. (42)
i=0

Note that a(;b € V_; for all j € Z>¢ by (20) and that V' is of CFT type by Proposition

3.10. Hence, a(;)b = 0 for all j € Z~¢ and a(g)b = af2 for some a € C. Thanks to (30), we
calculate that

—(0(a)[b) = —((0(a)) (—1)2b) = —((6(a)) -1 D) = (Qa1b) = (Qa()d) = «(Q[Q) = o
Accordingly, (42) is equivalent to
(s bile = —(0(@)|D)om e Ym,k € Z — % VeeVv

which implies, choosing b = 6(a), k = —m and recalling that 0 is antiunitary by (i) of
Proposition 3.13, that

1
—[6(a) —my amle = —[am, 0(a)—mle =||0(a)|*c =lal*c  VmeZ- 5 Veev.
Then for all m € Z — % and all ¢ € V, we have that

2
lamell* < llamel* +[|6(@)mel|” = (c] = [am, 6(a)-m]e) =llall*|lcl|* -
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It follows that, for any a € V1 and any m € Z — %, am is bounded on V and thus it satisfies
2

0-th order energy bounds as in (41) with s = 0 and M =||a||>. Proceeding as in the proof
of [CKLW18, Proposition 6.3], based again on the argument in [BS90, pp. 112-113], cf.
also [CT23, Proposition 3.4 and Proposition 3.6], we get that any a € V; U satisfies linear
energy bounds. Thus, V is energy-bounded by Proposition 4.3. g

Now, two useful lemmata, which are the version for odd vectors of [CT23, Lemma 3.5]
and of [CT23, Lemma 3.7], cf. also [CTW22, Proposition 3.1]. Cf. also Theorem 3.31 for
some notations.

Lemma 4.6. Let V be a simple unitary VOSA. Let a € V be a homogeneous vector in Vg

and set @ := el (—1)2L8TL0g(a). Then |jamb||> < (m + d) " (b|(a_q_1a)ob) for allb € V
and all m € Z~q — d.

Proof. If b is any homogeneous vector of V', we can rewrite the Borcherds identity (15) as:
foralmeZ,alln e Z — % and all k € %Z, it holds that

s m
Z (j) (a”+jb)m+k =
=0
i (ntd-1 p(a)p(b) (_1yn+d
> (" (amn-sbhnss = (CUPOPO 1) 4o 1amii1-a)
=0

which can be actually extended to all b € V' by linearity. Choosing m = 0, we can specialize
it to the Borcherds commutator formula, cf. (16), so that it is easy to calculate that

(a—a—1@o= Y (i —da_ja;+ Y (j+d)aja;.
j=d+1 j=1-d
Hence, we get that
(bl(a—g1@ob) = Y G—d[apb]|*+ Y. G+dad|]” eV
j=d+1 j=1-d
and the result follows. 0

Lemma 4.7. Let V' be a simple unitary VOSA. Let a be a primary odd vector with
conformal weight d € Z>q + % and let k be any non-negative real number. Then we

have three cases: if d = %, then a satisfies 0-th order energy bounds; if d = % and

ai(Lo+ 1V)*kH < 400, then a satisfies (k + 2)-th order energy bounds; if d € Z>q + %
1 >

and Ha;(LO + lv)*kH < 400, then a satisfies (k + 1)-th order energy bounds.
2

Proof. If d = %, then we have already proved the result in the proof of Proposition 4.5. If

d € Z>o + 3, then we have that [Lim,ay] = ((d = 1)m — %)am+% for all m € Z. Now, if

deZso+ %, then (d — 1)m — % = 0 for all m € Z. Therefore, we can apply the argument
in the proof of [CT23, Lemma 3.7] to conclude. Instead, if d = 2, then (d —1)m — =0
if and only if m = 1. Hence, for m # 1, we can obtain (k + 1)-th order energy bounds for

every a, with n # %, applying the same argument as before. In particular, this implies
that Ha*%(LO + 1v)_k_1H < +400. Moreover, [Lg,afé] = (2d — %)a%, which allows us to
obtain the (k + 2)-th order energy bounds for as by the same argument as before, so
concluding the proof. O
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Thanks to the above lemmata, we can prove the following:

Theorem 4.8. Any simple unitary VOSA V is energy-bounded if and only if Vi is an
energy-bounded unitary subalgebra of V.

Proof. If V' is energy-bounded, then the claim is trivial. By Example 3.4, V is generated
by V5 and any non-zero odd vector a. We can choose a as the primary odd vector of lowest
conformal weight. Suppose that V5 is an energy-bounded unitary subalgebra of V. Thus,
V' will be energy-bounded if a satisfy energy bounds by Proposition 4.3. If d, = %, then
a satisfies the 0-th order energy bounds by the proof of Proposition 4.5 and the result
follows. If d, # %, we can adapt the argument in the proof of [CT23, Theorem 4.1].
Indeed, note that x := a_g,_1a with

@ = el (—1)28+10g(a) = (~1)%+36(a)

see (26), is an even vector. Then z satisfies energy bounds and thus there exists some

72k‘

non-negative real number k such that on(Lo +1y) ‘ < +o00. Hence, by Lemma 4.6,

x( is a positive operator and for any homogeneous b € V', we have that
e ||? AN —k - —k
‘ (Lo + 1y) bH < |d,+ B ((Lo + 1y) b’(a—da—la)O(LO +1y) " "b)

ai
2

1\
B (da + 2) (Lo + 1v)"blzo(Lo + 1v) ~*b)

-1
- (da + ;) (blzo(dy + 1)~ 2kb)

-1
_ (da + ;) (blzzo(Lo + 1v) D)

1 -1
< (da + 2) on(Lo + 1v)72kH < 400.

Then the result follows by Lemma 4.7. O

Remark 4.9. It is not difficult to generalize Theorem 4.8 in the following way, see again
the proof of [CT23, Theorem 4.1]: if G is a compact group of unitary automorphisms of a
simple unitary VOSA V, then V is energy-bounded if and only if V¢ is an energy-bounded
unitary subalgebra of V.

Our aim is to define some operator-valued distributions from energy-bounded vertex
operators. Therefore, our next step is to introduce some test function spaces for these
operator-valued distributions. Consider the Fréchet space C*°(S!) of complex-valued in-
finitely differentiable functions on S! and its subset C*°(S!,R) of real-valued functions.
Consider also the function

y:8' 5 C, z=¢%es
where x € (—m, 7]. We define the following spaces of functions:
C(Sh) = {Xh |he cm(sl)} )
C(SYR) i= {g € C(SY) | g(2) €R Vz € 51}.
Note that C’;O(Sl,R) # xC*(S1,R). For any g = xh € C’;o(Sl), we also set g(z) :=
x(2)zh(z) for all z € S, so that g € C°(S!). The Fréchet topology on C>°(S') induces
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a Fréchet topology on C3°(S 1), making the latter a Fréchet space as well. With an abuse
of notation, for every f € C*(S') and g € C(S'), we will write f(z) and g(x) to mean
the functions of real variable o defined by f(e®) and g(e®) respectively. Then we write

PR =E@, 9e)= P = e+ @)

where z = €' for some x € (—7, 7] and g = yh for some h € C>°(S?!).

Now, let (V,(:|-)) be a unitary VOSA and consider its Hilbert space completion H, see
Definition 4.1. Note that for every a € V' and for every n € Z, a(y) is an operator on H
with dense domain V. Furthermore, a(,) is closable as it has a densely defined adjoint
thanks to the invariance property of the scalar product. By definition, for every a € V'
and every n € %Z, an is a closable operator on ‘H with dense domain V. Suppose further
that V is energy-bounded and consider f € C*°(S') and g = xh € C’;O(S’l) with their
Fourier coefficients:

N d 1 /7 .
fn = f(z)z™" Z = / f(x)e " dx Vn eZ
g1 2miz 21 J_, (44)
-~ n 1 " —inx 1
n = h2n2—1 =% ) g(x)e dz Vn € Z— 3

For every non-negative real number s, define the following norms on C*°(S') and C5°(S1)
respectively:

Ifll =Y +nD*|fa| and lgll,:= D" (1+Inl)°[Gal

nez nGZ—%
for all f € C*(S") and all g € C°(S"). Then for every a € Vy and every b € Vi, we define
the operators Yy(a, f) and Yy(b, g) both with domain V' by

Yo(a, f)e = Z ﬁlanc YeeV, Yo(b, g)c = Z gnbpc Yee V. (45)

nez nEZ—%

Note that the latter operators are densely defined on H because the series in (45) converge
in H thanks to the energy bounds and the rapidly decaying of the Fourier coefficients fn
and g,. Moreover, both Yy(a, f) and Yy(b, g) have densely defined adjoints thanks to the
invariance of the scalar product, and we give the following definition:

Definition 4.10. Let (V,(:|-)) be an energy-bounded unitary VOSA. For all a € Vj,
beVrandall f e C®(Sh), g e C(S!), we define Y (a, f) and Y (b, g) as the closure on
the Hilbert space H of the operators Yy(a, f) and Yy(b, g) respectively, as given in (45).
We call them smeared vertex operators.

In order to define a net of von Neumann algebras from the smeared vertex operators,
we need to find a common invariant core for them and their adjoints. This is what we do
in the following, rewriting with some more details the argument in [CKLW18, p. 47| and
extending it to the super case.

For every k € Z>¢, set #* the domain in H of the positive self-adjoint operator L’(‘j. Note
that H* is complete with respect to the scalar product (-|-) := ((1¢ 4+ Lo)* - |(13 + Lo)*-).
Define V¥ as the Hilbert space completion of V with respect to (|-), and consider the
corresponding induced norm ||-||,. Then we have that V¥ = H*. Indeed, if V were not
||| ,-dense in H¥, there would exist a non-zero vector v € H*\V* such that

(1 + Lo)*|(1y + Lo)*a) =0 Va eV & (v|(ly+Lo)*a)=0 YaecV
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which implies that (v|b) = 0 for all b € V', which is impossible because V is||-||-dense in H
by construction. As usual, see [Nel72, Section 1] and [GW85, Section 2], see also [Tol99,
p. 481] and [Lok94, Section 1.5], define the dense subspace of H of smooth vectors for
Lo as H*® == iez., H* equipped with the Fréchet topology given by the norms |||, for
all k € Z>p. Then a routine proof gives us the following:

Lemma 4.11. H*> is a common core for all the smeared vertex operators Y (a, f) and
Y (b, g) witha € Vg, b€ Vg, f € C®(S') and g € C’;O(Sl). Moreover, Y (a, f) and Y (b, g)

are continuous in H™ satisfying, for some non-negative real numbers M, s and k,

1Y (a, fe|| < MIFIl||(ZLo + 1a)¥e||  VeeH®

(46)
1Y (5, 9)e]| < Mllgll,

(Lo + 1H)’€CH Ve e 1.
Consequently, for every ¢ € H, the two maps

C®(SHY s f—Y(a,flceH and C;O(Sl) 59— Y(bg)ceH (47)
are continuous and linear, that is, they are operator-valued distributions.

The invariance of the common core H* for all smeared vertex operators, is a conse-
quence of the following standard argument.

Lemma 4.12. Let a € Vg and f € C*(SY). For all t € R, define the C>(S')-function
fi(2) := f(e7®%). Then we have the following equalities:
ey (a, fe = Y (a, f)eoc Vee H™® VteR (48)
iLoY (a, f)e = =Y (a, f)e +iY (a, f) Loc Ve e H™. (49)
In particular, Y (a, f)c € H™® for all c € H™.
Let b € V§ and g = xh with h € C®(SY). For all t € R, define the C°°(S')-function
hi(2) == h(e~%2). Then we have the following equalities:
ety (b, g)c = Y (b, e 2 yhy)ei0e  Vee H® Vi eR (50)
iLoY (b,g)c = =Y (b,g')c+iY (b, g) Loc Ve e H™. (51)
In particular, Y (b, g)c € H™® for all ¢ € H>.
Proof. Equations (48) and (49) are stated in [CKLW18, p. 47|, following an argument
similar to the one here below, which we use to prove the second part.
Note that the bounded operator e?*%0 on H preserves V and H>, whereas Y (b, g)c € H

for all ¢ € H>. We prove (50) for homogeneous vectors b € V3 and ¢ € V first. On the
one hand, for all ¢t € R, we have that

eitLOY(byg)C: Z :dneitLOan: Z eit(dc_n)/g\nbnc
nEZ—% nEZ—%

where we have used (45) and successively (20) to prove that dp,,. = d.—n for alln € Z—1.
On the other hand, just note that for all ¢ € R,

T 1 L 1
(xht),, = (ht)% =™ 1th% = ezée_mtgn Vn € Z — 3

It follows that the two sides of (50) are equal when ¢ € V, and the general case with
¢ € H> follows by Lemma 4.11. Finally, equation (51) can be proved by showing, with
routine functional calculus arguments, that the right-hand side of (50) is differentiable in
t = 0 with derivative =Y (b, ¢')c + 1Y (b, g) Loc. O



36 SEBASTIANO CARPI, TIZIANO GAUDIO, AND ROBIN HILLIER

It is useful to note that formula (48) implies the following equality between operators:
for all @ € Vi and all f € C°°(S!), we have that

ety (a, fe o =Y (a, f;) vVt eR. (52)
Similarly, formula (50) gives: for all b € V5 and all g = xh with h € C°°(S!), we have that
etLoy (b, g)e o = v (b, e_’%xht) VteR. (53)

Now, by (28), we can easily calculate that for all homogeneous a € V', all b,¢ € V and
all f either in C°°(S) or in C’;"(Sl) depending on p(a),

(Y(a, f)dle) = (b]Y (a, f)"e)

where we have defined

l l

2d2+d, Y(0Lia, f) ;2da Z0L1a f)

V(o f)* = (-1 3o SRR a5 (54
I€Z>0 l€Z>0

which is well-defined because Lia € Vy, ; for all | € Z>o and thus the sum in (54) is finite.

This implies that Y (a, f)T C Y(a, f)* and thus H* is an invariant core for the adjoints

of all smeared vertex operators.

To sum up, we have proven that:

Proposition 4.13. Let V' be an energy-bounded unitary VOSA. Then H™ is a common
inwvariant core for all smeared vertex operators and their adjoints.

4.2. Strong graded-locality and the graded-local conformal net. In this second
part, we introduce the central concept of strong graded locality for a simple unitary VOSA
V and we define the graded-local conformal net on S! associated to it. We refer to
Definition 4.1 for some notations.

For any index set 7 and any family of closed densely defined operators {A4; | j € Z} on
a given Hilbert space G, define

W*({4; | e1}) =\ W*(4,

JjET
W*(A;) :={B € B(G) | BAj C AjB, B*A; CA;B*}Y VjeZI (55)

which are called the von Neumann algebra generated by {A4; | j € Z} and by A;
respectively. Recall that (55) is the smallest von Neumann algebra to which the operator
A; is affiliated, see e.g. [Bla06, 1.7.1.3] and [Ped89, Section 4.5 and Subsection 5.2.7] for
details, see [CKLW18, Section 2.2] for a summary, see also [Guil9l, Appendix B.1]. Two
closed densely defined operators A and B on a given Hilbert space G commute strongly
if W*(A) C W*(B)'. For later use, recall the following functional analytic fact:

Proposition 4.14. Let A and B be closed densely defined operators on a Hilbert space
H and let D be a common invariant domain for them. Assume that W*(A) C W*(B)'.
Then ABa = BAa for all a € D.

Thanks to Proposition 4.13, we can give the following:

Definition 4.15. Let (V, (-|-)) be an energy-bounded unitary VOSA. Define a family of
von Neumann algebras Ay, (.. on the Hilbert space completion H := Hy,(.|.)) of V by

a€ Vg, feC=(SY), suppf CI
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We can now prove the cyclicity of the vacuum vector Q € V for the family Ay, (.|,
which is part of the axiom (F) in Section 2.2.

Proposition 4.16. Let (V,(-|-)) be an energy-bounded unitary VOSA. The vacuum vector
Q of V is cyclic for the von Neumann algebra

Aw (8" =\ Aw )
1eg

Proof. Let E be the projection from H onto the closed subspace Ay, (.1 (S1)Q C H. We
want to prove that E'V is dense in H, which implies the cyclicity of €. We split the proof
of this fact into the following three steps.

First, we prove that EV C V. To do this, note that

Loa=Y (v, fla=Y (v, fi)a+Y(v, f2)a Ya eV

where f(z) = 1 for all z € S and f; € C°(SY,R) are such that f = f; + fo and
suppf; C I; for some I; € J. Note that E € Agy,.;))(S')" and that Lo is a self-adjoint
operator. Hence, using (54), we have that
(LoblEa) = (Y (v, f1)b|Ea) + (Y (v, f2)b| Ea)

— (BB (v, f1)a) + (EBY (v, f2)a)

= (Eb|Lga) = (b|ELpa) Ya,be V.
This implies that if a € V is homogeneous, then Fa is an eigenvector of Lg in H with
eigenvalue d,. Then EV C V.

Second, we prove that EV = EH N V. On the one hand, EFV is contained in both EH
and V and thus in their intersection. On the other hand, if Fa € EH NV with a € H,
then

Fa = E?a= E(Ea) € EV
and thus EH NV is contained in EV, that is, EV = FHNV.

Third, we prove that EV = V. Let a € EV and b € V. Suppose initially that b is
even. If f € C(S!) with suppf C I € J, then Y (b, f) is affiliated with Ay (. (). This
implies that

EY(b,fla=Y (b, f)Ea=Y(b,f)a = Y(b,f)a€e EH
for all f € C>(S') with suppf C I € J. Therefore, we obtain that
Voba=Y(0, fn)a=Y(,gn)a+Y(bhyac EH Vn € Z

with f,(2) = 2" and gn, hy, € C°°(S!) such that f,, = gy + hn, suppg, C I, and supph,, C
Iy, for some Iy, I, € J. Therefore,

bpa € EHNV =EV Vbe Vg Yaec EV. (56)

Now, the identity operator is in A(y,(..y)(S?) and thus EQ = Q, which implies that Q €
EV. Hence, we can choose a = 2 and n = dj, in (56) to obtain that b_yQ2 = b € EV for
all b € V5. In a very similar way, we can prove that b € EV for all b € V7, which implies
that EV = V. This concludes the proof of the cyclicity of €2 because V is dense in H. [

The first step to discuss the covariance of the family Ay, is to prove that it is
generated by the quasi-primary vectors of V.

Lemma 4.17. Let V be an energy-bounded unitary VOSA. Let A be a bounded operator
onH and let I € J. Then we have two cases:
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(0) Let a € V. Then AY (a, f) C Y(a, f)A for all f € C*®(S1) with suppf C I if and
only if (A*c|Y (a, f)d) = (Y(a, f)*c|Ad) for all c,d € V and all f € C®(S',R)
with suppf C I.

(1) Let b € V5. Then AY (b,g) C Y (b,g)A for all g € C;O(Sl) with suppg C I if and
only if (A*c|Y (b, g)d) = (Y (b, g)*c|Ad) for all ¢c,d € V and all g € C3°(S',R) with
suppg C I.

Proof. (0) This is exactly the proof of [CKLW18, Lemma 6.5].
(1) We can use the same proof of [CKLW18, Lemma 6.5] with minus changes. Indeed,
it is sufficient to use formula (53) instead of (52) whenever the latter occurs.

g

Proposition 4.18. Let V be a simple energy-bounded unitary VOSA. Let A be a bounded
operator on H and let I € J. Then we have that: A € Aw,..y(I)" if and only if

(A%c|Y (a, f)d) = (Y (a, f)*c|Ad) and (A%c|Y (b, g)d) = (Y'(b, g)"c|Ad)
for all quasi-primary a € Vi and all quasi-primary b € Vg, for all ¢c,d € V, for all

f € C*(SY, R) with suppf C I and all g € C’;O(Sl,R) with suppg C I. In particular, for
al I €J, Aw,.y) is equal to

a € Upez Vier Lia=0, f e C®(SYR), suppf C I }

wr {Y(a,f),Y( 9) beUpez 1Vk,L1b—0 geC’oo(S1 R), suppg C I

Proof. The proof of [CKLW18, Proposition 6.6] still works in this case, provided that we
use the following precautions due to the presence of odd vectors. Indeed, we have to use
the generalized formula for the adjoint smeared vertex operators, which we get by (54),
namely

Y(a, f)c = (=1)2%atday (9a, f)*c = i 2%V (0Z%a, f)*c
for all quasi-primary a € V, for all ¢ € V and all f either in C*°(S* R) or C’;O(SI,]R)
depending on p(a). O

From now on, suppose that the energy-bounded unitary VOSA V is also simple. The
next step is the definition of the representation of Diff* (S 1)(0") on H. By Theorem 2.2,
the positive-energy unitary representation of the Virasoro algebra on V', which we have
from the conformal vector v of the theory, gives rise to a positive-energy strongly continu-
ous projective unitary representation of Diff (51)(>), which factors through Diff* (1))
because e™Lo = 14,. In particular, as well-explained in [Tol99, Theorem 5.2.1 and Propo-
sition 5.2.4], for all t € R, all f € C*°(S',R) and all A € B(H), we have that

(exp (tf)) — eitY(V,f) U(exp (tf))AU(eXp (tf)) — Y () gp—itY (v.f)

where exp(®)(¢f) is the lift to Diff+ (Sl)( ) of the one-parameter subgroup exp(tf) generated
by the real smooth vector field f-& gz- Moreover, we have that U(y)H> = H> for all
v € Diff*(§1)?) and that U(r®)(t)) = Lo, where 7 (t) is the lift to Diff*(S')?) of the
rotation subgroup, where ¢ € R is the angle of rotation. In particular, U (r( (2r)) = e*27Lo
acts on V as the parity operator I'y and thus U(r(®(27)) =T.

Remark 4.19. For every real smooth vector field f%, the unitary operators U (exp®) (tf)) =
e (.f) define a strongly continuous one-parameter unitary group on H. Moreover, for
any ¢ € H>®, the function R 3 t — €Y ¢ H>® is differentiable with derivative

Y WD)y (v, f)e, see [Tol99, Corollary 2.2].
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A further step is to define a representation of Diff *(S*) on C*°(S") and one of Diff *(S1)(®)
on CP(S'). Let v € Diff *(S') and consider the function X, : S' — R defined as in
[CKLW18, Eq. (117)], cf. [CKLOS, Eq. (40)], that is

T

Xy(2) = —iilog('y(eix)) z=¢€e", rze(-mmn|.

dx
In other terms, X, (z) = d(%(x) for all z = ¢ with z € (—m, 7], where ¢, € Diff (S")(>)
is any representative of the 27Z-class of v, that is it satisfies y(e*) = /() for all

z € (—m, 7|, see Section 2.1. It follows that X,(z) > 0 for all z € S'. Furthermore, it is
easy to prove that X, € C°°(S') and that

X’Y1’YQ(Z) = X’n (VQ(Z))X’YQ (Z) V1,72 € Diﬁ+(51) Vz € st

For every d € 370, we define a family of continuous operators {34(v) | v € Diff *(S!)}
on the Fréchet space C*°(St) by, cf. [CKLO08, Eq. (43)] and [CKLW18, Eq. (119)]:

d—1
Ba) ) = [0 )] ST vreo™(s) vae st (1)

Moreover, for all d € %Z>o, 4 defines a strongly continuous representation of Diff *(S1)
on C*(S1), preserving the subspace of real-valued functions C*°(S*, R). Tt is not difficult
to prove that:

Lemma 4.20. For all f; € C*(SY,R) and all fo € C>(S1), the map
R >t Ba(exp(tfi)) f2 € C(S")

1s differentiable and
d
3 [Balexpfi) o] g = (d = Dfifo = fif5-

To define a representation of Diff *(S1)(2) on C°(S1), consider for every v € Diff ™ (SHP),

a representative of its 4nZ-class of diffeomorphisms ¢., € Diff*(51)(%) so that y(e'2) =
- dy (@)
¢z forallz € (—2m, 27], see Section 2.1. We define the function Y, : S' — C by

Py (z)—x .
Y,(z) :=¢ R z=e€", x € (—m,m]

which is well-defined because it does not depend on the choice of the representative in the
class of diffeomorphisms {¢., + 4k7 | k € Z}.

Lemma 4.21. Y, € C*®(S") for all v € Diff 7(S")? and
Ve (2) = Y5, (92(2)) Y5y (2)  ¥a1,72 € Diff T (51 vz e ST (58)
Proof. Tt is useful to recall that every ¢ € Diff+(S1)(>) satisfies
¢(x + 2km) = ¢(x) + 2k VreR VkeZ. (59)

For all v € Diff+(81)2), f,(:r) := Y, (') for all z € R is clearly an infinitely differentiable
function. Moreover, it is 27-periodic, indeed

—~ i¢7(z+27r)7(z+27r) i¢7(z)+27r71727r Z“b"/(z>71

Yi(x+2m) =e P =e 2 =e' 2 :g(x) VreR

where we have used (59) for the second equality. Therefore, Y, € C*°(S!) for all v €
Diff*(S1)3). To prove (58), let 1,72 € Difft(S1)2). Write z = ¢ with € (-, 7] and
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for every such z, consider k., (z) € 27Z such that ¢,,(z) + k, () is in (-, w|. Hence, we
have that

Sy (g (@) —a Gy (D (@) =byp (@) Py (@)=
(2 ) (2 3 (2

[ 2

Yo, () =e
. Pyq (Dyg (2) Fhryg (2)) = (Dryg (2) +hvyy () .
— o 1 (P79 2 2 Y2 V2 Y'yz (Z) _ Y'Yl (ez(qsﬁ,2 (z)-i—kw(a:)))y’y2 (2’)

= Y’Y1 ('Y'Q(Z))Y’Yz (Z) Vz € Sl

where we have used the group properties for the representative, see Section 2.1, for the
first equality and (59) for the third one. O

The following definition is inspired by [Boc96, Appendix A] and [Lok94, Section 1.1] (cf.
also [Pal, Section 2 and Section 3]). For all d € Z~q — 3, we define a family of continuous
operators {ag(v) | v € Diff*(51)®)} on the Fréchet space C(Sh) in the following way:
let g = xh with h € C°°(S') and define

(@a(1)9)(2) = X(2)Y,1 (2)(Ba(P)h)(z) vz e S (60)
By Lemma 4.21, a4 defines a strongly continuous representation of Diff*(S51)) on (S b,

which preserves C2°(S',R) as it is explained in the following Remark 4.22.

Remark 4.22. Let v be a generic element in Diff 7(S1)?) and write every z € S! as €®
for the unique = € (—m, 7|. Then we have that

Yy (2)x(2) = €750 = A(eF) = e, (2)x(3(2))  Vze S

where €, (2) € {£1} is defined as follows: for all 2 € S!, there exist a unique ¢ in
{¢ + 2km | k € Z} such that ¢ (x) is in (—m, 7]; then

25(@) =0y (x) o
ey(2) =e P Vz=1¢e"€e 5. (61)

Note that definition (61) does not depend on the representative ¢,. Thus, we can rewrite
(60) as

d—1
(o)) = [X:(71 )] e (2)eliM(2) Ve oR(sh) vae st (62)

which clearly assures us that aq(v) preserves C3°(S 1 R) for all v € Diff*(S1)®?). Finally,
note that (62) corresponds to the one in [Boc96, Eq. (78)] for Mob(S1).

With a standard argument, we can prove the following result:
Lemma 4.23. For all f € C*(S",R) and all g € C(S), the map
R >t — aq(exp®(tf))g € CL(S)
1s differentiable and
d
< @) (¢ ] —(d-1)fg—fd.
q |calexp 2 (tf))g) = (d=1)fg~fg
The following proposition is the key result to prove the Mdbius covariance of the family
of von Neumann algebras Ay, (.|.)).-

Proposition 4.24. Let V' be a simple energy-bounded unitary VOSA. Then we have that:
forall I € T,
(0) if a € Vi is a quasi-primary vector then U ()Y (a, f)U(y)* =Y (a, B4, () f) for all
f € C>®(S1) with suppf C I and all v € M&b(S?).
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(1) ifb e Vi is a quasi-primary vector then U ()Y (b, 9)U(v)* = Y (b, g, (7)g) for all
g e C;O(Sl) with suppg C I and all v € Méb(Sl)@),

Proof. The proof of (1) is an adaptation of [CKLO08, pp. 1100-1103], similar to what is

done in the proof of [CKLW18, Proposition 6.4], which is exactly the case (0).
First, from equations (20)—(22), we see that for every quasi-primary vector b € V

[Lonsbn] = ((dy — D) — n)bman  ¥m € {—1,0,1}. (63)

Second, note that M&b(S!) is generated by the one-parameter groups generated by the
exponential map of the three real smooth vector fields lmc%. given by

lo(Z) = 1, Y(I/, lo) = Lo,

z+ 271 L+ L_
h(z)="5—,  Y(nh) =57, (64)
z— 271 Ii1—L_,
l-1(2) = 5 Y(v,lo1) = -

In other words, Mob(S?!) is generated by exp(tl) with [ € C*°(S,R) and such that Y (v, 1)
is a linear combination of L,, with m € {—1,0,1}. Consequently, M&h(S)® is generated
by the corresponding one-parameter subgroups exp? (tl).

Fix a quasi-primary odd vector b € V, a function g € C3°(S 1) and consider any [ €
C*>°(S,R) such that exp®(tl) € M&h(S")? as explained above. By Proposition 4.13,
H° is an invariant core for all the smeared vertex operators and thus we can write, using
(63) and (64),

ilY (v,1),Y(b,g)lc =Y (b,(dy — 1)l'g — lg')c Ve e H™. (65)
By Lemma 4.23 and Lemma 4.11, we have that the map
R 3t Y (b, ag,(exp® (t))g)c € H®

is differentiable on H for all ¢ € H*°. Moreover
d

7 Y& ag, (exp® (tl))g)C} = i[Y (1,1),Y (b, g)lc (66)

by equation (65).
For every c € H* define

c(t) ==Y (b, ag, (exp(Q) (tl))g)U(exp(z) (th))c

which is a well-defined vector in H*> because this core is invariant for the smeared vertex
operators and the representation U. Using again Lemma 4.11, Lemma 4.12 and Remark
4.19, it is possible to prove the differentiability of ¢ + ¢(t) on H> and using (66), that

d .
Ec(t) =Y (v,l)c.

t=0

This means that c(t) satisfies the Cauchy problem on H*

%c(t) =Y (v,1)c(t)
c(0) =Y (b, g)c

whose unique solution is given by

U(exp® (t1))Y (b, g)c.
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It follows by the definition of ¢(t) that
Y (b, aug, (exp@ (1)) g)U (expP (1)) = ¢(t) = U(exp® (#))Y (b, g)c ¥Vt e R.
Hence, by the arbitrariness of ¢ in the core H*°, we can conclude that
U(exp® (81))Y (b, 9)U (exp® (=t1)) = Y (b, ag, (exp™ (t1))g)
which is the desired result as Mob(?) (S1) is generated by the subset {exp®(tl) | t € R}. O

Remark 4.25. As in [CKLW18, Proposition 6.4], substituting quasi-primary vectors with
only primary ones, we can prove the covariance properties (0) and (1) in Proposition 4.24
for all v € Diff 7(S') and all v € Diff*(S)?) respectively.

Proposition 4.26. Let V' be a simple energy-bounded unitary VOSA and Ay, ..y be the
associated family of von Neumann algebras on S*. Then Aw,(1)) is an irreducible graded-
local Mébius covariant net on S except for the graded-locality, which might not hold.

Proof. We need to prove that Ay, (.|.y) satisfies properties (A)—(D) as in Section 2.2. The
isotony (A) is clear from Definition 4.15 of the net. The Mobius covariance (B) with
respect to the representation U as defined at page 38 is proved thanks to Proposition
4.24 together with the fact that Ay, (.)) is generated by quasi-primary vectors as showed
by Proposition 4.18. As far U is a positive-energy representation, as required by (C),
follows by simplicity as Proposition 3.10 implies that V is of CFT type. Moreover, € is a
vacuum vector for Ay, (1. as it is U-invariant and cyclic by Proposition 4.16, so proving
(D). Since V' is of CFT type, 2 must be the unique vacuum vector and thus Ay .|.)) is
irreducible, concluding the proof. O

As Proposition 4.26 above suggests, it is unknown whether the net Ay, (.|.)) satisfies the
axiom of graded-locality (E) as in Section 2.2, despite the locality of vertex operators.
Indeed, by a result of E. Nelson, see [Nel59, Section 10] and see also [RS80, Section VIIL.5],
there exist two von Neumann algebras W*(A) and W*(B), generated by two unbounded
self-adjoint operators A and B, which commute in a common invariant core, but such
that W*(A) is not a subset of W*(B)’. This implies that the locality of vertex operators
does not automatically assures the graded-locality of the family of von Neumann algebras
Aw,(|.))- Therefore, we need to introduce the following important definition, see Definition
4.1 for the notation.

Definition 4.27. A unitary VOSA (V,(:|-)) is called strongly graded-local if it is
energy-bounded and Ay, .. (I") € ZAw, (1) Z* for all I € J. (Of course, a strongly
graded-local VOA is a strongly local VOA in the sense of [CKLW18, Definition 6.7].)

Therefore, assuming the strong graded locality, we have the desired irreducible graded-
local conformal net:

Theorem 4.28. Let (V,(:|-)) be a simple strongly graded-local unitary VOSA. Then the
family Aey,.|.y) is an irreducible graded-local conformal net on St

Proof. We have already proved properties (A)-(D) and irreducibility as in Section 2.2 by
Proposition 4.26. Hence, it remains to prove properties (E) and (F).

It is easy to prove that T'Ay,(..))(I)I' = Ay, (I) for all I € J and thus the graded-
locality (E) is assured by Definition 4.27.

To prove the diffeomorphism covariance (F) of Aw,(1.)), we could proceed as explained
in Remark 6.5, but it would require further results such as Theorem 6.4 and Remark
4.25. Therefore, as a matter of convenience, we present here below a simpler proof,
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which instead makes use of strong graded locality. This alternative proof is obtained by
adapting the argument in the proof of [Car04, Proposition 3.7 (b)], cf. also the proof of
[CKLO08, Theorem 33]. The adaptation is as follows. By Remark 2.1 and Definition 4.15,
we have that, for any interval I € J, U(y) € Ay, (I) for all v € Diff(1)®). Now,
fix an interval I € J and let v € Diff*(S1)®) be such that I = I (for the sake of
readability we omit the upper dot on 7). For all J € J containing I, it is possible to find
v7 € Diff(J)® such that v/ [;= v | and 719/ € Diff(I")®. The latter implies that
Uy~ v7) € Aw,(1nU") € Aw,.) (1) by the argument above, the strong graded locality
of V' and the fact that every operator U(g) commutes with the operator Z. We then have
that

Aw, 1))

1

U(v!)A v, (DU
UMUG ) Aoy (DU () U ()
UMNAw,( (DU UG ) U ()
=U)Aw, DU
By the external continuity (12), we have that
UM A, nDU)* € Ay p) ¥y e DiffT(SHP st yI=1.  (67)

Now, let v be an arbitrary diffeomorphism in Diff¥(S1)®). We can always find 7 €
M6b(S1)(?) such that 31 = vI. Then we have that

UM Aw, oy OU)* =U@UA ')Ay, pOUA ) UF)*
CUMAw,nDHUR)*
= Aw, 1)) = Aw,1 (W),

where we have used: (67) for the second step because 7'~ = I; the Mobius covariance
of Ay, for the second equality. By the arbitrariness of I € J, we can conclude that
(v,(|-)) is diffeomorphism covariant. O

Theorem 4.29. Let (V, (:|")v) and (W, (:|-)w) be two simple strongly graded-local unitary
VOSAs. Then V and W are isomorphic VOSAs if and only if A,y and Aw,(|)w)
are isomorphic graded-local conformal nets. In particular, if (-|) cmd {]'} are two unitary

structures on V', then Ay, (|.y) and Ay, (.|} are isomorphic.

Proof. In the following, we use V and W as upper and lower indices to denote the structural
mathematical objects related to the VOSAs V and W respectively.

Let ¢ be an isomorphism between V and W. It is not difficult to check that {:|-}y =
(0= 1()|e~(:))v with PCT operator pfy o~ is a unitary structure for W. By Proposition
3.14, there exists h € Aut(W) such that {-|-}w = (h(-)|h(:))w. This implies that hep is
a unitary isomorphism between (V,(:|-)yv) and (W, (:]-)w), and hy uniquely extends to
a unitary operator ¢ between H(y,(|.),) and Hw,.|.),,). Moreover, #(QV) = QW and
oLy = LYV . The latter implies that SHF (19v)) = Hav () and thus ¢Yy (a, Hot =
Yw (¢(a), f) for all a € V5U Vg and all f in either C*°(S) or C;O(Sl) depending on p(a).
This implies that ¢.Av.(), (1)~ = Aw,(|yn)(I) for all I € J. To sum up, ¢ realizes
an isomorphism between Aw, (1)) and Agy,(yy,)- In particular, we have that Ay (..
and A(y,;.|.}) are isomorphic.

Vice versa, let ¢ : H(‘ﬂ(-\-)v) — Hw,(|-)w) be an isomorphism between Ay (|.),,) and
Aw,(|)w)- Then H(QV) = QY and as a consequence of (13), ¢L) = LWQS for all n €
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{-1,0,1}. It follows that, ¢(V) = ¢(H?‘I}7(,|.)V)) = H?II}V,(-L)W) = W, where H?“}’H,)V) and
H?ﬁ‘v7(.|_)w) denote the subspaces of Hy,(|.),,) and Hy,(.|.),,,) respectively of finite energy

vectors, i.e., linear combinations of eigenvectors of Lg and LgV respectively. We also have
that
oYy (a, 2)0 1 Q) = oYy (a, 2)QY = (beZLKla = eZLEVHb(a) YaeV.

Now, note that for any a € V, the formal series ¢Yy (a,2)¢~! is a field on W. Moreover,
for any b € W, ¢Yy(a,z)¢p~! and Yy (b, z) are mutually local in the Wightman sense
thanks to the graded locality of Ay (..),,) and of Ay, (|.),,) With Proposition 4.14. Thus,
they are mutually local in the vertex superalgebra sense thanks to Proposition A.1. By
the uniqueness theorem for vertex superalgebras [KacO1l, Theorem 4.4], it follows that
#Yv(a,2)¢p~t = Yw(é(a),z) for all a € V, that is ¢ respects the (n)-product. As a
consequence, we have that ¢(v") is a conformal vector for W and since ¢(V},) = W,, for
all n € $Z>0, we have that (6(" )y = y(Wl). Moreover, (¢(-),¢(-))w is a non-degenerate

invariant bilinear form on W with respect to ¢(VV). By Proposition 3.15, (b(yv) =W
and thus ¢ restricts to a VOSA isomorphism between V' and W. (Note also that as ¢ is
unitary, it restricts to a unitary VOSA isomorphism.) O

Definition 4.30. Ay denotes the unique, up to isomorphism, irreducible graded-local
conformal net arising from a simple strongly graded-local unitary VOSA V as given by
Theorem 4.28 and Theorem 4.29.

Remark 4.31. If (V,(-[)) is a (not necessarily simple) unitary VOSA, then it is a direct
sum of unitary VOSAs of CFT type {(V7, (|)J)}§V:1 by (i) of Proposition 3.30. Moreover,

if V' is also strongly graded-local, then Ay (.y) is the direct sum @;VZI Ay of irreducible
graded-local conformal nets and it is also independent, up to isomorphism, of the choice
of the scalar product (:|-), cf. also [KL04, Lemma 2.1].

We also get that:

Theorem 4.32. Let V' be a simple strongly graded-local unitary VOSA. Then Aut(Ay) =
Aut( (V). If Aut(V) is compact, then Aut(Ay) = Aut() (V) = Aut(V).

Proof. The proof of [CKLW18, Theorem 6.9] can be used with the following prescriptions.
We have to replace [CKLW18, Proposition A.1, Corollary 4.11 and Theorem 5.21] there
with Proposition A.1, Corollary 3.16 and Theorem 3.17 respectively, whenever the former
occur, cf. the proof of Theorem 4.29. g

We end the current section with the following conjecture:

Conjecture 4.33. FEvery simple unitary VOSA V is strongly graded-local and thus it gives
rise to a unique, up to isomorphism, irreducible graded-local conformal net Ay .

5. A BISOGNANO-WICHMANN PROPERTY FOR SMEARED VERTEX OPERATORS

This whole section is dedicated to the proof of Theorem 5.4, which is crucial in the
proof of Theorem 6.4 and in the development of the theory in Section 8.

Notation and convention. We identify the spaces of square-integrable functions L?(S')
and L?([—m,n]) through the isometric isomorphism f(z) — fV(z) := f(e™®) with z = €@
for some x € (—m,w]. With an abuse of notation, we still use f in place of fV. The
convention for the convolution product * for L?([—, r])-functions is

Fro)@ =2 [ fwge—ydy Veel-mal

T o _7r
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and thus for the Fourier coefficients as in (44), we have that

o —

(f*9)y=Faln Vne %Z. (68)

The convention for the Fourier transform for L?(R)-functions is
f(p) = L / f(z)e P dx Vp e R.
V2m Jr

where [, stands for fj;o Finally, |||, will denote the usual norm on L!(R).

Preliminarily, we prove some facts about the relationship between the real and the
complex picture. To do that, recall the notation in (43) and consider the dense subspace
C2(SM\{—1}) of C*°(S') N Ce(Sh) = C°(S'\{—1}) of complex-valued functions with
compact support in the punctured circle S1\{—1}. Moreover, let C2°(R) be the space of
infinitely differentiable complex-valued functions with compact support in R respectively.
Then we define isomorphisms between C°(S1\{—1}) and C°(R) through the Cayley
transform (6), that is the diffeomorphism C : S1\ {1} — R defined by

1—|—%1:

— =
1—230

11—z
1
142’

C(z) =2 C~N(x)

Then for all d € %Z, there is an isomorphism given by:

C&(SN\{~1}) «—— CX(R)

h(z) —— h¥(z) :

Il
VR
=
+
| 8,
~—

0
o
>
—
Q
iR
o)
~

9 d—1
<(1 Lz) ) h(C(2)) = hE(2) «— h(a).
Remark 5.1. We highlight that C°(S'\{—1}) & C°(R) would have been a perfectly fine
choice as test function space to define smeared vertex operators as in (45). Accordingly,
following the argument in Section 4, we would have obtained a family of von Neumann
algebras on R (instead of S') associated to every simple strongly graded-local unitary
VOSA V. Of course, this family turns out to be the restriction of Ay to a net on R in
the sense of [CKLO08, Section 3.1]. Similarly, choosing the space of infinite differentiable
complex-valued functions on the double cover S1() as test function space to define smeared
vertex operators, it would have brought to the promotion of Ay to a net on S(M2 in the
sense of [CKLO08, Section 3.2]. See [Gau2l, Section 3.3] for details.

Therefore, we have the following result.

Proposition 5.2. Let (V,(:|-)) be an energy-bounded unitary VOSA. Let a and b be quasi-
primary vectors in V and f,g € C>°(S1\ {—=1}). We have the following formula for the
“two-point function”:

a +0o0 = —
(@ NI .9)9) = e [ R g peap,
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Proof of Proposition 5.2. The proof is given by the following sequence of equalities [A]-
[D], which we prove separately below:

(Y (a. NV (b.0)2) = (@lb)osa, Y <d_;fd‘a1>fngn
neZ—d,
n<—dg,

[B] d“wd“ dw dz
2 (alb)ba,, lim ﬁfg e e O

e—0t 2miw 2wz

€ (alb)dd,ay / 7 (y) fR(z)
+00 —

_ dydx
(2m)2i2da e—>0+ —-5- z4y)a: —y(1—§) — ie]?da Y

(D] (a|b>5dd/ R /@_ 24,1
T 2m(2de — 1) fR(=p)g*(—p)p dp.

Proof of [A]. From [Kac01, Eq. (4.1.2)], we have that Y (a,2)Q2 = e*l-1a for all a € V,
which means that

too l —n—d,
cneda _ N~ (Lm1)'a (L-1)™""%a _,_q,
R P e U A

n€Zl—dg =0 n€Zl—dg
n<—dg

This implies that for any a € V', we have that
(L_y)nda
a " da . a, ) = (jnfda)!a n < —d,
0 —d,

It follows that
(Y (@, HAY (b, 9)) = ( D Faan] D> Gubm)

nEZ—dqy mEZ—d,

= Z Z E@\m(angwmﬂ)

NEZ—dg, meZ—dy,

= Y Y Rgma )

n€Z—da meZ—dy,
n<—dqe m<—dy

de—m—1\ 7.
(alb)ddpdy Y < o d > fnGn
nEZ—d, “
n<—d,

where we have used (31) and the formula Lic™™ % = (d, —m — 1)c~™ %1 for all quasi-
primary ¢ € V and all m € Z —d,, which can be easily deduced by an induction argument,
for the last equality.

Proof of [B]. For all 1 > e >0 and d, € %Z>0, consider the integral

zdaqyda dw dz
—_— . 73
%91 jil (z—(1—¢) )Qdag(w)ﬂz) 2miw 2miz (73)

where, for d, € Z~g — 5, the integrand has been extended to zero to S! x S' thanks to
the smoothness and the compact support of f and ¢g. By the change of variables ¢'® := z
and €% := w with z,y € [—m, 7], we rewrite (73) as

za: )da T
/_ / ez T—y) _ - ))Qd g( Zy)f( 117) gﬁ% (74)
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For all 1 > € > 0 and d, € 1Z~, define the following functions in L2(S1) = L?([—m, ])

Zda

(= (-

Recall that * denotes the convolution between functions in L?([—,n]). Then we can
rewrite the integral (74) as

[ @rha)@T@ 5 = 3 (g hea)di= Y Galheaddn  (79)
- n€Z—d, n€Z—d,

he,da (Z) =

where we have used Parseval’s Theorem [Rud87, (6) of Section 4.26] first and the property
(68) of the convolution after. It remains to calculate the Fourier coefficients of the function
he d,, which are

— Zla—n—1 dz
(i) = § =
g1 (z— (1 —€))?de 2714

[ Res(hea,z27 " 51 —¢) n < dqg
a { Res(hea, 2" 1,0) + Res(heg, 2" 1 —€) n>d, Vn€Z—da.
Next, we calculate that
1 d2da71
—n—1 _ _ . dg—n—1
Res(hed, 21 =€) = —y; lim [szda—l <z )]
da —n—1 —n—dg
( Cn—d, )(1—6) n < —d, (76)
— 0 —d, < n<d,
( dan—f—_nd; 1 ) (71)2da—1(1 _ 6)_n_d“ n>d,

whereas, for n > d,, we have that

1 dnfda 1
Res(heq,27" ", 0) (n — dg)! 250 [dz"—da ((z - (1- 6))2d“)]

(77)
_(_1)\2da _ \—n—dq n + da -1
=(=1)*(1—¢) ( n—d, )
From (76) and (77), we obtain that
da, - n — 1 —n—d
— — n—aa < —
(he,da)n — ( —n — da ) (1 6) n < da (78)
0 n > —d,
Putting (78) in (75), we have that the right hand side of equality [B] is equal to
. e deg —m—1\ 7.
(@4, lm S (1= < o ) T (79)
n€<Z:jla

Therefore, noting that the binomial product in (79) is a polynomial in the variable n with
degree 2d, — 1 and that fn and g, are rapidly decaying, we can swap the limit with the
series in (79) to get the proof of equality [B].

Proof of [C]. Just apply the change of variables given by the Cayley transform, that is
x:=C(z) and y := C(w).
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Proof of [D]. Fix dq € Z~¢. For all 0 < e <1 and all y € R, set the L?(R)-function

Be(y)

Qey(T) i= = oy Ve e R

where

y(1—§) +ie R
c :_— d (y) = (1— - —i~
ae(y) [ an Be(y) 5 iy

Now we can use the Plancherel’s Theorem, see [RS75, Theorem IX.6], so that

/ dey(@) FE(@) da = / (0 FR(p) dp. (30)
R R

To calculate gc,, note that Im(ce(y)) > 0 for all 0 < e < 1 and all y € R. Thus, we can
use the well-known procedure by Jordan’s Lemma and Residue Theorem (see e.g. [AF03,
Lemma 4.2.2]), to obtain that

Gey(p) = {\%R@S@eye 2 ac(y)) p<0 -

0 p>0

where we have that for all p < 0,

R —ipz _ Be(y) li 2ol —ipz
es(qeye 7, ae(y)) = m Z_>1am(y) W(e )

2d—1, (v) (82)
N )
Therefore, using (81) and (82) in (80), we have that
2dat2, /o i
/q@y(x)fR(a:) dp = 2 *°° (=) / Bely)e P e(y)fR( )p2da=1dp.
R C(2d, — 1)
Thus, the left hand side of [D] is equal to
(a[b)3d.a, (=1)*%+ / / o—ipac) a1 TR )
- e dp Be . (83
(2d, — 1)!( 27r3/2 6_>0+ fR(p)dp Be(y)g () (83)

We can swap the limit with the integrals in (83) because f¥,¢® have compact support in
R and ’e*ipaé(y)’ <lforall0<e<1,ally € R and all p € (—o00,0). Moreover, for all
y€R, ac(y) — y and Be(y) — 1 as € — 0F. Therefore, (83) is equal to

(alb)dg, g, (—1)2da T fR P21 gy
27(2d, — 1
which completes the proof after exchanging the variable p with —p. O

For all d € %Z>0 and all v € Mob(S!), we rewrite the map in (57) as

77 !(2)

d—1
wdw)f)(z):[j;(v%z)) ] Foi =) Ve C=(sY).

Note that every B4(7y) preserves the subspace C°(S'\{—1}). Moreover, if for all d €
3750, aq is as in (60), then aq(v)(f) = Ba(¥)(f) for all v € Msb(S1)? and all f €



FROM VERTEX OPERATOR SUPERALGEBRAS TO GRADED-LOCAL CONFORMAL NETS 49

C°(S™\{—1}), cf. Remark 5.1. Now, a dilation 6(\) € M&b(S!) of parameter A € R, see
(5), is given by the formulae: for all z € S*,

zcosh(A/2) — sinh(A/2)

- zcosh(\/2) + sinh(A\/2)
I(AN)(z) := —zsinh(A\/2) + cosh(\/2)

zsinh(\/2) + cosh(A/2)

and (N 7H(z) =

Note that every dilation (\) preservers the point —1 € St and thus it preserves S'\{—1}
too. Moreover, a straightforward calculation give us that

1422
z

(Ba(6(M)f)(z) = FENT(2)

sinh(\) + cosh(X)

for alld € Z~g, all A € R, all f € C*°(S') and all z € S'. Thus, we can state the following:

Corollary 5.3. Let (V,(:|-)) be an energy-bounded unitary VOSA. Let a and b be quasi-
primary vectors in'V and f,g € C°(SY\ {~1}). Then for all X € R,

(a‘b)éda,db

+oo ————
(Y(a, Ba, (6(N) )Y (b, 9)2) = )!/o eMa fR(—eAp)gR(—p)p*datdp.

- 2m(2d, — 1
Proof. A straightforward calculation gives that
(Ba, BO))F)™ () = XD fR(eAz) AR Vo €R.

Thus, the result follows by Proposition 5.2 and observing that

o —

(3. GO )| ) = XD )] () = Mo fR(Np) AER VpER.

Now, we are ready to formulate the main theorem of this section:

Theorem 5.4. Let a be a quasi-primary vector of a simple energy-bounded unitary VOSA
V. Define the self-adjoint operator K := in(Li — L_1) and let f € C°(S™\ {—1}) with
suppf C S}r. Then Y (a, f)S2 is in the domain of the operator e% and

e2Y(a, f)2 = %Y (a, f 0 §)Q
where j(z) =% = z~! for all z € S*.

Until the end of the current section, a and b are two fixed quasi-primary vectors in V'
and we use the notation as in Definition 4.1. Furthermore, let U be the positive-energy
strongly continuous unitary representation of Méb(S 1)(2) on H induced by the conformal
vector v of V as in p. 38. Then see Section 2.1 for notation, we have that

e = U@ (—2nt)) VieR.

Since 84 and ayg coincide on C2°(S*\{—1}), we obtain by Proposition 4.24 and Corollary
5.3, that for all f,g € C>°(S™\ {-1})

(Y (b, )" Y (a, /)Q) = (Y (b, 9)2[U (8P (=271))Y (a, f)2)

+00 = —
T A
0

(84)
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(bla)daq,q,

27 (2da—1)!"
K

domain in C to get the desired expression for ez Y (a, f)Q2 by a limit procedure. To

further simplify the notation, for all x € V set the function

for all t € R and Cyp, := Our aim is to extend (84) by analyticity to some

h()Q2: CP(R) 3 h ———— ¢ (R)Q =Y (2, hC 0 j)Q e H.

Note that for all h € C°(S\{—1}), (hoj)® = kR o jo, where jo(t) := (C5O~1)(t) = —t
for all t € R. Therefore, excluding the case dq4, 4, = 0, we obtain the following formula:
for all f,g € C°(R) and t € R

Fla(t) := Cy 2 (¢6(9)e™  ¢a(£)Q) = C, 1 (Y (b, g% 0 §)Qe" Y (a, 1€ 0 5)Q)

+oo - (85)
= [ e Fe .
0

The aim is to find a suitable range for z € C, where the following expression makes sense
as analytic function:

+oo .
F;‘}(z) = /0 ’g‘(p)e—%zdaf(e—27rzp)p2da—1dp (36)
for all f,g € CZ°(R) with suppf C (—00,0) and
F(¢) = V%/ﬂgf(fv)e‘i@dx V¢ eC

which is an entire function by [Rud87, Section 19.1(b)]. Set D := {z eC|—3 <Im(z) < 0}

and consider its closure D, then we have the following:

Proposition 5.5. For all f,g € C°(R) with suppf C (—o0,0), F;‘} :D = Cisa
well-defined continuous function on D and it is the unique analytic extension on D of

F}lz : R — C. Moreover, for all z € D, F;C}(z) is linear in f and antilinear in g.

Proof. Throughout the proof, f and g are functions in CS°(R) with suppf C (—o0,0).
Furthermore, we set A(z) := e~27%da,



FROM VERTEX OPERATOR SUPERALGEBRAS TO GRADED-LOCAL CONFORMAL NETS 51

~

First, we prove that for all z € D, fz( ) := f(e=?™*p) is a rapidly decreasing function
of p on (0, +00):

WA f
P s @)

~

‘= sup
B pe(0,400)

—27z

1 / o
= sup |— | flzx)p¥—=e7"®  Pdzx
pe(0,400)| V2T JR ) da?

_ B8 «a . _omz\fB _—ie 2T ipg
= sup / x)p*(—ie ) e dx
pe(0,400)| V2T J -0
da xﬁf 2 s —2mz
= sup (:U)( e~ 7TZ)ﬁ_o‘e_Ze Prdy
pE(0,+00)| V 277 dz

27z

(:L') —ie” px d.f

627r(a—ﬁ)z 0 qo (LL’Bf)
= sup =
pe(0100)| V2 J oo dz
627r(a—ﬁ)z 0 qo (CL’Bf)

je—2mRe(z) ¢

—i27Im(z)
Prdg

< +00 Va, B € ZZO

= sup x)e !
pe(0to0)| V21 Jooo dz® )
e?ﬂ'(a—ﬁ)z 0 a3
< sup ‘ / d (l‘ f)( ) e—e_QWRe(Z)sin(QWIm(z))pxdx
pe(0toc)  V2m  Jooo| da®
e o ety
<1 ()| de
V2 Coo| dz®
=1,
_ da ‘ 2r(a—p)z

Vor

where we have used the integration by parts o times jor the fourth equality. This assures
us the convergence of the integral in (86) for all z € D, proving that F;‘} is a well-defined

function. Moreover, for all z € D, F;‘} (z) is linear in f and antilinear in g by the properties
of the scalar product.

Now, we prove that for all f,g, FZ‘} is continuous on D. Let ¢ € D and let Dy be a
closed disk of radius r > 0 centred in (. Without lose of generality, consider as range for
z the bounded region D := DZ N D. Our aim is to prove that for all € > 0 there exist
0 > 0 such that

‘Fd“ (s ‘— <e  (88)

30) (AL0) - AQOJ() P ap

whenever |z — (| < §. On the one hand, note that there exists a py > 0 such that

<§ Vz € De. (89)

oo —
[0 (A0 E0) - AQK®) 5
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Indeed, since g € C°(R), g is a rapidly decreasing function and thus L!-integrable. Ac-
cordingly, we can choose a pg > 0 such that

-1
€

+oo
/ 190)| P 'dp < |2/|f], max| A(2)|
PO ZGD(

Thus, the left hand side of (89) is bounded by
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On the other hand, let xg < 0 be such that suppf C (x,0), then
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where M (z) is the function on D¢ defined by

—27z

MC(Z) ‘= max ’A(Z)eiie p$_A(C)€7ie—27r§px .

zo<x<0
0<p<po

Note that |A(z)e% P — A(C)e‘ie_%cpx’ is a continuous function in the three variables
(2,p,x) on the compact domain D¢ x [0, po] X [0, 0], which assures us that M¢(z) is non-

negative, well-defined and continuous on D¢. Thus, M¢(¢) = 0 and by continuity, there
exists § > 0 such that

0 -1
M) < (Il [ la ] S o)

for all z € D¢ such that |z — (| < 6. Hence, using equation (91) in (90), we obtain that

[0 (46 F0) - QR0 2 a| < (92)

for all z € D¢ such that [z — (| < 0. Therefore, the continuity of F;‘} on D is proved
estimating (88) by (89) and (92).
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To prove analyticity, note that

d

L [Femp) = ~amemep

1 s —27z
—_— z)(—iz)e ¢ Py
= | i o

—27z

:—27Tp\/127r/Rf(:13)(i6_2m1:)e_i6 PPy
df.
—2m (p)

for all p € (0,+00), Which is a rapidly decreasing function of p on (0,+00) by (87).
Therefore, for all f, g, 8z g f exists on D, i.e., for all f, g, F;"} is analytic on D. It remains
to show that F;‘}( ) is the unique analytic extension on D of ngf}(t) for t € R. Let G
an analytic extension on D and set H(z) := F;‘}(z) — G(z). H(t) =0 for all t € R,
then by the Schwarz reflection principle (cf. [SW64, p. 76]), H extends to D UR U D™/
where DM are the set of complex conjugates of elements of D. Then H(z) =0 in D by

the identity theorem (cf. [AF03, p. 122]), i.e. for all f, g, ng‘}(z) is the unique analytic
extension on D of F;‘} (t). O

A further step in the proof of Theorem 5.4 is to use the function ng?(z) to define an
antilinear functional on H. To this end, define the Hilbert spaces

Hoi= {0a(0)2 [ g€ CER) | CH,  Haim L((0,+00), 20 dp)  (94)

and denote by |-[[,, the norm of H,. Note that Hgf)a(g)QH = ‘Ca,aH|:q\H2,a by (85). In

particular, if {¢q(gn)Q} is a convergent sequence in H, then {gn},cz  will be a

nEZZO
convergent sequence in H,. Let ¢ € H, and pick any sequence {gﬁl}nez>0 convergent to

some g, € ﬁa and such that ¢ = lim,, ¢,(g,)Q2. Define

+00 N
F(z) = / go(p)e 2™ f (e p)p*®~1dp (95)
0

where f € C2°(R) with suppf C (—o0,0) and z € D. Then the content of the following
result is an extension of the properties proved in Proposition 5.5 to F gaf (2).

Proposition 5.6. For all f € C>°(R) with suppf C (—00,0) and all p € H,, Fgaf : D —
C is a well-defined function, analytic on D and continuous on D. Moreover, for all z € D,
Fg:‘f(z) is linear in f, antilinear in ¢ and Fg’“f(z) = F;C}(z) whenever ¢ = ¢q(g)2 for
some g € CZ(R).

Proof. Throughout the proof, f € C°(R) with suppf C (—00,0), z € D and ¢ € H,,
unless it is differently specified. Furthermore, we set A(z) := e2"*da,
Let {g/;l}n€Z be a sequence convergent to some g, € H, and such that ¢ = lim,, ¢q(g, )2

To prove that Fd“f is a well-defined function, we have to show that the integral in (95)

exists and that for all ¢ € H,, g, is independent of the choice of the sequence {gn}nez>0

Equation (87) says us that for all f, ¢, z, F o f( z) exists. To prove the independence from
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the sequence, let {l;} be another sequence convergent to [, € ﬁa and such that
nesli>qo

@ = lim,, ¢ (1,)Q2. Then for all € > 0, there exists N > 0 such that

e I e N e
19 = Gall o +|Caa| " 6algn — )@l +|[F ]|
=19 = Gally +1Caal ™ 9l = datt) +[fn = Lo,

€ € €
-4+ -+ -= Vn > N
<3—|-3—i-3 € n >

where we have used (85) in the second raw. It follows that F| j"f is well-defined.
Equation (93) implies that for all f, ¢, F gaf is analytic and thus continuous on D. To
prove that for all f, ¢, Fgaf is continuous on D, let ¢ € D and without loss of generality,

consider D¢ := DE N D as range for z, where DZ is a closed disk of radius r > 0 centred
in . Our aim is to prove that for all € > 0 there exist § > 0 such that

ELy(z) = Fy(0)] < e
whenever |z — (| < §. We have that for all f

~

fz(p)rpw“‘ldp>

“+o00
sup ||fz|| = sup /
ZED( 2,a ZGDC 0
‘gif oo 3
IO{
S sup 1 eQﬂ'az / p2da—l—2adp < 400
zeD; V2T 0

where we have used (87) with f = 0 and a positive integer a > d,. Therefore, using
Holder’s inequality, there exists N > 0 such that

da da ~
’Fg f(z) - F¢,f(z)‘ < Hgn - gs@Hz,a‘A('Z)”

s

Vz € DC (96)

~ €
fz 2,a < g
for all n > N. Then choosing n > N, we can conclude that

(i) = By Q| < |Fep(a) = Fyfe 1) [ g () = Fge O]+ Fign () = Fi(©)

€ € €
< g + g + § =€

whenever |z — (| < § with § > 0 given by the continuity (88).

The remaining part is a straightforward consequence of the definition of F g:‘f (z) and of

what above.
O

Finally, we can prove Theorem 5.4:

Proof of Theorem 5.4. The following argument is inspired by [Ara76, Lemma 3.5]. Let
a € V be a quasi-primary vector with conformal weight d,. Let z € D, ¢ € H, as defined
in (94) and f € CX(R) with suppf C (—o00,0). Consider Fg:lf(z) as in (95), which is
well-defined as stated in Proposition 5.6.

First, note that H = H, @ (H4)* with respect to (-|-) because H,, is a closed subspace

of H. Accordingly, we set in f(z) = 0 for all o+ € (Hq)' and we extend it to H by
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antilinearity. Consider the group of unitary operators on H given by e®¥ for all t € R
and looking at their action on ¢, (f)€2, note that by Proposition 4.24 and the Mob(S!)(2)-
invariance of the vacuum vector, it preserves H,,. Consequently, it preserves its orthogonal
complement (#H,)" too. Consider the set of vectors D(K )i C H whose spectral measure
with respect to K has compact support. Then 1 € D(K)f if and only if 1 belongs to
the range of some spectral projection of the self-adjoint operator K associated with a
compact interval of R. Then it follows by the spectral theorem that D(K)"™ is a dense

subspace of entire analytic vectors for K and for e%, see the beginning of [RS80, Section
X.6]. Accordingly, it follows from Nelson’s analytic vector theorem [RS80, Theorem X.39]

that the restrictions to D(K)f" of K and of e are essentially self-adjoint operators on H.
Hence, since self-adjoint operators are maximally symmetric, D(K)f" is a core for both K

fin

and e2. Note also that z — (e ¢|@) is an entire analytic function for all ¢ € D(K)
and all ¢ € H.

Since 5N, = H, for all t € R, the projection onto H, commutes with all the spectral
projections of K. As a consequence, we have the direct sum decomposition

D(K)™ = D(K)" & D(K)g",

where D(K)fi" := D(K)™ N, and D(K)&" := D(K)™ 0 (#a)*.

Now, let ¢ € D(K)f. We have ¢ = ¢ 4+ ¢+ where ¢ € D(K)* and y+ ¢ D(K)OLL
We can find a sequence {¢q(gn)} in D(K)fi" such that 1 = lim, ¢4(g,)2. Then
for all t € R, we have that

(e plga(£)Q) = (7™ P|¢a(£)Q) + (e ¢t |ga(f)R)
= lim (eiitKQSa(gn)mﬁba(f)Q)

nEZZO

n—-oo
= Jim_ Coallg, 0, (t) (97)
— Coa (F;jff(t) + Fl f(t))

= Cua P (t)

where we have used (85) (K is self-adjoint), the orthogonality condition and the continuity
given by (96). Thus, combine the Schwarz reflection principle and the identity theorem as
in the proof of Proposition 5.5, we have that for all f and all ¢ € D(K)fi

(e K l6a(£)Q) = CouFley(z)  Vze DUR (98)

Now, Eq. (98) extends by continuity to D. Thus, taking the values at z = —i/2 we obtain
that

(€2 0|¢a()Q) = CauFyp p(—i/2)
= lim CaaF g)Qf( i/2)

n——+o0o

= lim Cogq Gn(p)ei™ e f(—p)p*®—tdp (99)

n—-+00 0
= Jim_(9a(gn) Q™Y (@, £)0)
= (ple™ Y (a, fO)Q) Ve € D(K)™
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where we have used again the orthogonality condition and the continuity given by (96) as
in (97). Being D(K)f a core for the self-adjoint operator e, (99) implies that ¢4 (f)Q2
is in the domain of e and that

=Y (a, f€0 )R = €% ¢ (f)Q = ™Y (a, fO)Q = %Y (a, f©)0
for all f € C°(R) with suppf C (—o0,0). This is equivalent to
e2Y(a, f 0 ) = i%Y (a, £)Q2
for all f € C°(S\{~1}) with suppf C S%, which implies the desired result. O

6. FURTHER RESULTS ON THE CORRESPONDENCE

We present some further results on the correspondence V +— Ay as shown in Section 4.
Beyond the general interest, these results will be useful in the production of examples in
Section 7.

We fix the following notation: let p € Zg, d € %Zzo and S be any subset of a vertex
superalgebra V', then

soraty._ ) C=(SY) if p=0 | By it dez
C(sh) '_{ Cx(8Y) if p=1 a(7) '_{ OZ(V) if deZ—} WGG(H)O)

Sﬁi = (S N Vﬁ) U (S N VT)

where G can be Mob(S1)2) or Diff 7 (S1)?), see Section 2.1, (43), (57) and (60) for notation.

6.1. Unitary subalgebras and covariant subnets. In the current section, we show
that there is a one-to-one correspondence between unitary subalgebras of a simple strongly
graded-local unitary VOSA V and covariant subnets of the associated irreducible graded-
local conformal net Ay . As a consequence, we also prove that the correspondence V' +— Ay
preserves the fixed point and the coset constructions. See Section 2.3 and Section 3.5 for
notation.

Theorem 6.1. Let V' be a simple strongly graded-local unitary VOSA. If W is a unitary
subalgebra, then the simple unitary VOSA W is strongly graded-local and Ay embeds
canonically as a covariant subnet of Ay. Conversely, if B is a Méobius covariant subnet
of Ay, then W := Hp NV is a unitary subalgebra of V' such that Ayw = Beg. In other
terms, the map W — Aw gives a one-to-one correspondence between unitary subalgebras
of V and covariant subnets of Ay .

Proof. The first and the second statement are obtained by adapting the proofs of [CKLW18,
Theorem 7.1 and Theorem 7.4] respectively. We use the notation as given in Definition
4.1 and in (100).

Suppose that W is a unitary subalgebra of V. By proposition 3.35, W with the restric-
tion of (-|-) is a simple unitary VOSA. Moreover, by the definition of vertex subalgebra,
for all a € W, the vertex operator Yy (a,z) of W is equal to the restriction of the vertex
operator Y (a, z) of V to W. It follows that T is a simple energy-bounded unitary VOSA.

If ey is the orthogonal projection onto the Hilbert space closure Hyy of W, then W =
ewV =Hw NV. Hence, for all a € W51, all f € C’;fa)(Sl) and all b € V', we have that

Y(a, flewb € Hw , Y(a, f)*ewb € Hw .
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Therefore,
(blewY (a, f)e) = (¥ (a, ) ewble) = (¥ (a, f)*ewblewe)
= (ewb|Y(a, flewc) = (b|Y (a, f)ewc) Va € W51 Vb,ceV.
Recall that V' is a core for every smeared vertex operator Y (a, f) and thus the calculation
above implies that every Y (a, f) with a € W51 and f € Cgﬁa)(Sl) commutes with ey .
By the definition of vertex subalgebra and by Proposition 3.33, L_1, Ly and L; preserve

W and thus we can prove that they commute with ey, just proceeding as above. This
implies that ey € U(Mb(S1)(>)). Therefore, the isotonous family By of Ay defined by

Bw(I) = Av(I) N {ew}/ VieJ

is a Mobius covariant subnet of Ay. Moreover, for all I € J, every smeared vertex

operator Y (a, f) with a € W51 and f € Cg&)(Sl) such that suppf C I is affiliated with

Bw (I). Consequently, Hp, = Hw and thus By becomes irreducible when restricted to
‘Hw by Proposition 2.4. By twisted Haag duality (10), we have that

ZBw(Dew ) Z* = Z*Bw(@ew)' Z = By (I")ey, Vie J.
Moreover,

D(Yw(a, f)) = ewD(Y(a, ) =D(Y(a, f)) N Hw  Vae Wy Vf € Cpy(S")
because every Y (a, f) commutes with ey and it coincides with Yy (a, f) on W. Accord-
ingly, for every a € W1 and every I € J, Y (a, f) must be affiliated with (ZBw (I')ey, Z*)'
Bw (I)ey,, whenever f € C;(‘;)(Sl) has suppf C I. Thus, for all I € J, the von Neumann
algebra on Hyy

Aw (1) =W~ <{Yw(a, fllaeWst, f€ ng’a)(Sl) suppf C I})

is contained in By (I)e,, . This means that W defines a simple strongly graded-local unitary
VOSA because By (+)e,, is a graded-local Mobius covariant net. Thus, by Theorem 4.28,
A is an irreducible graded-local conformal net and by twisted Haag duality (10),

Aw(I/) - BW(I/)eW = ZBW<I)/5WZ* - ZAV[/(I)/Z* = .AW(I/) vieJ

which implies that Ay (I) = Bw (I)e,, for all I € J, so concluding the proof of the first
part.

Conversely, suppose that B is a Mdbius covariant subnet of Ay and set W :=HgNV.
Both Q € W and L,W C W for all n € {—1,0,1} because Hp is globally invariant for the
unitary representation U of Méb(Sl)(oo) on H. Now, if a € W, then a(_)Q2 =a € W and

1 1
a(,n,l)Q = E[L_h a(,n)]Q = EL_la(,n)Q Vn € Z
thanks to the commutation relation (21). Using the inductive step, we can deduce that
am§ is in W for all n € Z. It follows that Y(a, f)2 € Hp for all a € W51 and all
fe C’;’E’a)(Sl). Let eg be the orthogonal projection of H onto Hp and for any I € J, let
e be the unique vacuum-preserving normal conditional expectation of Ay (I') onto B(I'),
see e.g. [Lon03, Lemma 13]. If a € Ws1. [ € C;’E’a)(Sl) with suppf C I and A € Ay (I'),
we have that
Y(a, f)epZAZ*Q =Y (a, [)ZepAZ*Q =Y (a, f) Zep (A)Z*Q

= Zep(A)ZY (a, f)Q) = ZepAZ™Y (a, )2
=egZAZ*Y (a, /)Y =egY(a, f)ZAZ*Q
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where we have used that ey (A)eg = egAep and that ey (A) € B(I'). By a slight mod-
ification of [CKLW18, Proposition 7.3], ZAy (I')Z*Q is a core for every Y (a, f) with
a € Wgg and f € C;E’a)(Sl) such that suppf C I, so that every such Y(a, f) com-
mutes with eg. Consequently, Y (a, f) and Y (a, f)* with suppf C I are affiliated with
B(I)=Ayv(I)n{ep}. If f € ;f’a)(Sl) (that is without any restriction on the support),
we can find g,h € C;Z’a)(Sl) such that f = g + h, suppg C I, and supph C I, for some
I, I, € J. Then Y (a, f)e =Y (a,g)c+ Y(a, h)c for all ¢ € H*® thanks to the linearity of
the maps in (47). Hence, Y (a, f) commutes with ep for all a € W51 and all f € C’;E’a)(Sl)
because H™ is a core for all smeared vertex operators. Now, proceeding similarly to the
proof of Proposition 4.16, we can prove that a,b € W and ab € W for all a,b € W.
Recalling that LoW C W, we conclude that W is a unitary subalgebra of V. From the
first part, it follows also that Ay = Be,, so concluding the proof. O

Implementing the same proof of [CKLW18, Proposition 7.6], we get that:

Proposition 6.2. Let V be a simple strongly graded-local unitary VOSA. If G is a closed
subgroup of Aut|y(V) = Aut(Ay), then Aye = AG.

Theorem 6.1 allows us to prove the following result about the coset construction.

Proposition 6.3. Let V' be a simple strongly graded-local unitary VOSA and let W be a
unitary subalgebra. Then Awe = Aj,.

Proof. This proof is adapted from the one of [CKLW18, Proposition 7.8]. We use the
notation specified in (100).

First note that Ay, and Ay are covariant subnets of Ay, thanks to Proposition 3.36 and
Theorem 6.1. By Proposition 3.35, we have two positive-energy unitary representations
of the Virasoro algebra on V' via the operators LY and L“ with n € Z. Thus, we can
extend them to two positive-energy strongly continuous projective unitary representations
Uw and Uyye respectively on H of Diff *(S 1)("0) in the usual way, cf. p. 38 and references
therein. In particular, we have that Ux (exp®)(tf)) = €Y ™./ for all f € C*°(S,R)
with X € {W,W¢}. Now, we give some properties of these representations. For every
f € C®(SYL,R), both Y(¢",2) and Y (v, 2) satisfy linear energy bounds (k = 1 in
(46)). Furthermore, by Proposition 3.36, the vertex operators Y (v, z) and Y (v"°, 2)
commute. Thanks to these two properties, we can apply the argument given in [BS90, p.
113], based on [DF77, Theorem 3.1], see also [GJ87, Theorem 19.4.4], [Tanl16, Theorem
C.2] and [CTW22, Theorem 3.4], to conclude that also Uy (y) and Upe(y) commute for
all v € Diff+(S51)(>). Moreover, we have that

U(y) =Uw(7)Unwe(y) Yy € Difft(s1)), (101)

Let Y(a,g) be any smeared vertex operator with a € W51 and g € C’;E’a)(Sl), f e
C>(S',R) and ¢ € H>®. For every t € R, define the vector in H>

c(t) ==Y (a, g)Upe(exp® (tf))e = Y(a’g)eitY(uWC,f)c‘

Due to Proposition 3.36, [Y (", f),Y (a,g)] = 0 and thus, from Lemma 4.11, Lemma
4.12 and Remark 4.19, it follows that ¢ — ¢(t) is differentiable on H> and satisfies the
Cauchy problem on H°:

e =iy (", Ne(t)
c(0) =Y (a, g)c
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ity (v

which has e o )Y (a, g)c as unique solution. Therefore, for all ¢ € R,

Y (a, 9)Uwe(exp®) (tf))e = e(t) = ™ DY (a, g)e = Upe(exp™) (L)Y (a, g)c.

By the arbitrariness of the choices made above, we have that Y (a, g) and Upye (exp(®)(t£))

commute for all a € W1, all g € C;?a)( D), all f € C*(SY,R) and all t € R, that is,

Upe(exp®)(tf)) € Aw(I) for all I € J. By (101), what above implies that

U(exp® (tf)) AU (exp@ (tf))* = Uw (exp®™) (t£)) AU (exp™) (¢ £))*

for all t € R, all feC®(SLR), all A€ Ay(I) and all I € J. Similarly, we can prove
that Uy (exp(®)(tf)) € Awe(I) for all t € R, all f € C>®°(S',R) and all I € J. Pick
I € Jand A€ Awe(I). For any I; € 7, let B € Ay (I1) and choose a composition v of
exponentials of vector fields such that 4I; = I’. Thus, we have that

AZBZ* = Uy (7)*AUw (v)ZBZ* = Uw (v)*AZUw (y)BZ*
=Uw()"AZBUw (v)2" = Uw ()" AZB"Z"Uw (7)
=Uw()" 2B Z"AUw (v) = ZBZ " Uw (7)"AUw (7)
=ZBZ*A

where

BY :=Uw (7)BUw(v)" = U(})BU ()" € Aw(I") € Av(I').
The above means that for every I € 7, every A € Aye(I) commutes with Ay (I7) for all
Iy € J, that is Ay C Af,.

Conversely, there exists a unitary subalgebra W of V' such that A}, = A by Theorem
6.1. As a consequence, for every a € Wﬁj and every [ € Cg?a)(S DY, Y(a, f) is affiliated
with ZAw (S')Z*. This implies that [Y(a, 2), Y (b,w)] = 0 for all b € W by Proposition
4.14, that is, a € W¢. Therefore, we can conclude that W C W¢ and thus Ay C Awe, so
finishing the proof. O

6.2. Strong graded locality through generators. In the current section, we prove
that a simple energy-bounded unitary VOSA is strongly graded-local if the family of von
Neumann algebras affiliated to a set of quasi-primary generators of the VOSA is graded-
local. One of the consequences is that tensor products of simple strongly graded-local
unitary VOSAs are strongly graded-local.

Let V be a simple energy-bounded unitary VOSA and let § be a subset of V. Then for
every I € J we define a von Neumann subalgebra of Ay (I) by

Ag(I) = W* {(af) Y(b,9)

aeVsnNg, feC®(Sh), suppf Cl (102)
be VN3, geCoo(Sl), suppg C I :

Theorem 6.4. Let § be a subset of a simple energy-bounded unitary VOSA V' and assume
that § contains only quasi-primary vectors. Moreover, suppose that § generates V and that
there exists an I € J such that Az(I') C ZAz(I)'Z*. Then V is strongly graded-local and
Az(I) = Ay (L) forall I € J.

Proof. The proof is an adaptation of the one of [CKLW18, Theorem 8.1], which we are
going to organize in five parts. We use the notation fixed in Definition 4.1 and in (100).
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Step 1. We prove that Az(I) = Agzugi)(I) for all I € J. Indeed, let a € § and
fe C;fa)(sl) with suppf C I € J, then Y (a, f) is affiliated to Az(I). Let A € B(H) be
such that Y (a, f) commutes with A and A*. Then we have

(A*c|Y (B(a), f)d) = (Y (0(a), f)d[A*c) = (~1)2%+(Y (a, f)*d[Ac)
= (~1)2%+ 4 (Ad]Y (a, f)c) = (~1)*%+a(Y (a, f)c|Ad)
= (Y(0(a), f)*c|Ad) Ve, deV

where we have used (54) for the second and the last equality, whereas Lemma 4.17 for
the third one. The equality above is equivalent to say that Y (6(a), f) commutes with A
and A* by Lemma 4.17. Thus, we can conclude that Y (a, f) and Y (6(a), f) are affiliated
to the same von Neumann algebra, that is, Ag(/) = Agzusz)(I) as desired. From now
onwards, we suppose, without loss of generality, that § = 0(5F).

Step 2. We prove that Az defines an irreducible graded-local M&bius covariant net on
St acting on H. First of all, Ag is clearly isotonous and it is also Mébius covariant thanks
to Proposition 4.24. It follows that

A(I') C ZA(IVZ*  VIe J.

Now, define for all I € J, Pz(I) as the algebra generated by all the smeared vertex

operators Y (a, f) where a € § and f € C;(oa)(Sl) with suppf C I. From the #-invariance

of §, we deduce that all Pz(I) are x-algebras and moreover they have H> as invariant
domain. Thus, it makes sense to define for all I € J, Hz(I) as the closure of Pz(I)S.
By Proposition 4.24 and recalling that H*° is an invariant domain for all U(vy) with
v € M6b(51)?), we obtain that

UMY (" ") Y(a', fHQ=UMY (", fHU)U() - Y(a', fHU(7)"Q
=Y (a", tap ()™)Y (a!,1q, (1) fH)Q
for all ¥ € Mob(S')®) where {a™, f™} is any finite collection of vectors in § and functions

in C7F oy (S 1Y respectively. Passing to the closure, it follows that U(y)Hg(I) = Hg(F1) for

all v € M6b(S1)® and all I € 7. Then

U v0Hs() =15 := P50 (103)
YEMEb(S1)(2)

where Pz is the *-algebra with H> as invariant core, generated by all smeared vertex
operators Y (a, f) with a € § and f € C;E’a)(Sl) without any restriction on the support.

Moreover, noting that for all @ € § there exists a f € C;E’a)(S 1Y such that

a=a—)Q=Y(a,f)Q

we can conclude that V' C Hz by the fact that § is generating. Therefore, Hz is equal to
‘H. Now, we adapt the proof of [Bor68, Theorem 1], cf. also [Lon08, Theorem 3.2.1], to
prove that Hz(I) = H for all I € J, that is, a Reeh-Schlieder property for fields. Fix an
I € J and consider v € ‘H orthogonal to Hz(I). We want to prove that v = 0. Let Iy € J
whose closure is contained in I, thus there exists a neighbourhood N of 0 small enough
such that r(t)Ip C I for all t € N. We have

F(t):= (UrP@t)w) =0  Vte N Yw e Hg(Ip)

because U(r®(t))w € Hz(I) as we have proved above. The generator of the rotation
subgroup is positive by construction and therefore by [HP57, Theorem 11.4.1], F' can
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be extended to a continuous function, still called F', on the upper half-plane {z € C |
Im(z) > 0}, which is analytic on {z € C | Im(z) > 0}. By the identity theorem [AF03,
p. 122], F' = 0, which implies that v is orthogonal to U () (t))Hz(I) for all t € R. Now,
the generator of the translation subgroup of Mob(S 1)(2) is also positive, see e.g. [GF93,
Lemma 2.6], cf. [Lon08, Proposition 1.4.1]. Hence, we can apply the same argument above
for the generator of rotations to the generator of translations and consequently conclude
that v is orthogonal to U(v)Hg(I) for all 4 € M6b(S')®), just recalling that Mob(S1)?)
is generated by rotations and translations. By (103), v is orthogonal to Hz = H, that is,
v = 0. This shows that Hgz(I[) = H for all I € J. Now, let a € § and Y (a, f) be affiliated
with Ag(I) for some I € J. There exists a sequence of operators {A,} C Az(I) such
that limy, 4o Ane = Y(a, f)c for all ¢ € H™, see e.g. [CKLW18, Section 2.2]. Therefore,
it is easy to see that Agz(I)Q N H™ is invariant for the left action of Pz(I). It follows
that Pgz(1)Q C Az(1)S? and thus Az(I)Q2 = H for all I € J. This means that the vacuum
vector (2 is cyclic with respect to the net Ag, which then defines an irreducible graded-local
Mobius covariant net on S' acting on H.

Step 3. We use the last three parts to prove that Ay (I) C Az(I) for all I € J,
which will conclude the proof. Thanks to the Mobius covariance of the net Ay given
by Proposition 4.26, it is sufficient to prove the inclusion above for the upper semicircle
S}r € J only. Accordingly, consider the Tomita-Takesaki modular theory associated to
the von Neumann algebra A@(Si) and the vacuum vector €2, that is, the modular operator
A, the modular conjugation J and the Tomita operator S = JA%, see [BR0O2, Definition
2.5.10]. We are going to prove that Z.J defines an antilinear VOSA automorphism of V.
Let j be the orientation-reversing isometry of S!, that is, j(z) =z = 2z~ ! for all z € S'. By

the Bisognano-Wichmann property, see p. 9, U extends to an antiunitary representation
of M6b(S1)(*) x Zs, which we still denote by U, such that U(j) = ZJ and

ZJIAZ(NZJ = Az(j(I)) VIieJ (104)
ZJU(NZJ =U(joyoj)  Vye Mdb(sh) (), (105)

We obtain that L, commutes with Z.J for every n € {—1,0, 1} (consider the one-parameter
subgroups exp(tl) as in the proof of Proposition 4.24 in (105) and derive them for ¢ = 0).
Proceeding with an argument as in the first part of the proof of Proposition 4.16, we have
that ZJV C V. This implies that for all a € V, the formal series

0o(2) =Y ZJagyZJz "

neL
is a well-defined field on V such that
[L_1,®q(2)] = dicba(z), Do(2)Qm0 = ZJa, Pu(2)Q=¢TZJa.
z

If a € V' is homogeneous, define the following operators acting on V:

Cuo(flci= Y faZlanZlc V€ CY,(S') VeeV.
NEZ—dg

Note that every ®,(f) is closable (and we use the same symbol for its closure) thanks
to the energy bounds and that they have H* as common invariant core. Moreover, Z.J
preserves H™ too as it is an antilinear isometry which commutes with Ly. Thus, we have
that

bu(f)c=2JY (a,foj)Z]c Ve, (S") VeeH>.
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Now, Y (a, foj) is affiliated to Ag(j(I)) whenever suppf C I for some I € J. Therefore, if
suppf C I for some I € J, then ZJY (a, foj)ZJ = ®,(f) is affiliated to ZJAz(j(I))ZJ,
which is exactly Az([) thanks to (104). Now, by the graded locality of Az and by Propo-
sition 4.14, we can prove that for all a,b € §, ®,(z) and Y (b, z) are mutually local in the
Wightman sense as defined in Appendix A. By Proposition A.1, for all a,b € §, ®,(2)
and Y (b, z) are mutually local in the vertex superalgebra sense. Combining the generating
property of § and Dong’s Lemma [Kac01, Lemma 3.2], we can then prove that ®,(z) and
Y (b, z) are mutually local (in the vertex superalgebras sense) for all @ € § and all b € V.
Noting that ®,(z) = ZJY (a,2)ZJ, we have that also Y (a,z) and ®(z) are mutually
local for all @ € § and all b € V. Thus, using again that § generates V and Dong’s
Lemma [Kac01, Lemma 3.2], we can conclude that ®,(z) and Y(b, z) are mutually local
for all a,b € V. Using the uniqueness theorem for vertex superalgebras [Kac01, Theorem
4.4], it follows that ®,(z) = Y (ZJa,z) for all @ € V and thus ZJ defines an antilinear
automorphism of the VOSA V.
Step 4. Now, we want to prove the useful formula:

SY (a, f)2 =Y (a, f)*Q (106)

for all quasi-primary element a € V and all f € C;fa)(S 1Y with suppf C S}r. To this aim,

fixaeFand f € C’;E’a)(Sl) with suppf C S%. We have that

0ZA2Y (a, /)= 0Ze=Y (a, f)Q = 0Zi%Y (a, f 0 j)Q = Y (a, £)*Q = JAZY (a, f)Q

where we have used: the Bisognano-Wichmann property (9) for Az for the first equality;
Theorem 5.4 (see p. 44 for notations) for the second one; equation (54) for the third one;
the fact that Y(a, f) is affiliated with Ag(S}) for the last one, cf. [BR02, Proposition
2.5.9]. Consequently, using (27), we have that

ZJATY (a, f)Q = 0AZY (a, £)Q. (107)

Using that Z.J and 6 both commute with L,, for alln € {—1,0,1} and again the Bisognano-

Wichmann property (9) for Ag, we prove that ZJA3Z.J and 0A36 are both equal to A3,
This implies from (107) that ZJY (a, )Q is equal to 6Y (a, f)Q2. Again ZJ and 6 both
commute with Ly and thus ZJY (a, g, (r (1)) £)Q is equal to 0Y (a,tq, (r®(t))f)Q for
all t € R. Therefore, using a partition of unity, we prove that ZJY (a, f){2 is equal to
0Y (a, f)Q2 for all f € C’;’E’a)(Sl) and consequently it must be (ZJ)(a) = 6(a). From the
arbitrariness of a € §, which generates V and the fact that ZJ and 6 are antilinear
automorphism, it follows that ZJ = 6. By Theorem 5.4, we can conclude that for every
quasi-primary element a € V and every f € C’;E’a)(Sl) with suppf C S}, Y(a, f)Q2 is in
the domain of the operator S and equation (106) holds.

Step 5. In this last step, we are going to prove that Y (a, f) is affiliated to Ag(I) whenever
a € V is any quasi-primary vector, f € C;fa)(Sl) with suppf C S_l|r and I € J containing
the closure of S1. This will bring us to conclude that Ay (I) C Ag(I) for all I € J, proving
the theorem. Let I € J containing the closure of S1 and let A € Ag(I') C Az(SL). Then
by the Mdbius covariance of Az, there exists § > 0 such that e*loAe~Lo ¢ Az(S) for
all t € (—6,0). Proceeding similarly to the proof of [CKLW18, Lemma 6.5] (cf. the proof
of Lemma 4.17), it is possible, for all s € (0,6), to construct an operator A(ys) such that
(cf. [DSW86, Lemma 5.3] for a similar argument)

Aps) € Az(SY), Alps)c € H® Yee H™, lim A(ps)e = Ae Vee#H.  (108)
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Now, let X1, X5 € P5(SL) and B € Az(S}) C ZAz(SL) Z* by graded locality, we have:
(ZX] Al XaSBQ) = (ZX] A1) X9 B*9)
— (22 BZX; Alp) X:000)
= (ZX]A(ps)X2Z* BQIQ)
= (BQIZX5A(ps)" X19) .
where we have used (108), the properties of Z as in Section 3.1 and the commutation

relation between smeared vertex operators and affiliated bounded operators. Because S is
antilinear, the equation above implies that ZX{ A(ps) X2 is in the domain of S* and

S*ZXTA(ps) X2 = ZX5A(ps)* X19. (109)
Fix a quasi-primary vector @ € V and a function f € C’;E’a)(sl) with suppf C S}_. For
every X1, X2 € P3(S1) and every s € (0,6), we have the following equalities
(X1Q|A(ps) Z7Y (a, £) 2 X582) = (X1Q[A(ps) X2Z27Y (a, [)S)
ZXQA(%)*leY(a,f)Q)
ST ZXTAlps) X2Q[Y (a, f)$2)
SY (a, f)QUZXT A(ps) X202)
Y(@ FVQUZXTA(ps) X2Q2)
X1Z* (a, f)" ZQ A(ps) X202)
Y (a, )" ZX19Q|A(ps) X2Q)
= (le?’Z*Y(a, ) ZA(ps)X202)
where we have used: the twisted Haag duality (10) for Az with Proposition 4.14 for the
first and for the seventh equality; (109) for the third one; equation (106) for the fifth one;
the usual properties of Z as in Section 3.1 and (108) in general. As we have proved in
Step 2 that Pz(SL)N is dense in H and therefore
Alp)Z*Y (a, ) ZXQ = Z*Y (a, ) ZA(p) XQ VX € Pz(S1) Vs € (0,0)
which implies, thanks to the properties in (108), that AX is in the domain of Z*Y (a, f)Z
for all X € Pz(S1) and that
AZ*Y (a, f)ZXQ = Z*Y (a, [)ZAXQ VX € Ps(SL). (110)

Moreover, Pz(S1)Q is a core for all (Lo + 14)* with k € Zg. Indeed, choose I; € J such
that I; C SL. Then there exists a positive real number ¢ such that e®I; C S for all t €
(—6,9). By the Mobius covariance of the vertex operators, U (r(?) (t))P5(I;)2 C Ps(SL)Q
for all t € (—6,6), see Step 2. By [CKLW18, Lemma 7.2], it follows that Pz(S1)Q is a
core for every (Lo + 1%)* with k € Z~( and thus it is also a core for Z*Y (a, f)Z thanks
o (46). Therefore, (110) implies that AZ*Y (a, f)Z C Z*Y (a, f)ZA. By the arbitrariness
of the choices made above, it follows that Y (a, f) is affiliated with ZAz(I')'Z* = Az(I)
(twisted Haag duality (1 )) for all I € J which contains the closure of S1, all quasi-
primary a € V and all f € C’;’E’a)(sl) with suppf C S%. Applying Proposmon 4.18, we
get that Ay (SL) C Ag(I) for all I € J which contains the closure of S}. The external
continuity (12) for Az concludes the proof as:

Av(S1) C [ AsD) = Az(S1).

a1
stcr

AAA/_\/_\,_\
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g

Remark 6.5. Let V be a simple strongly graded-local VOSA. As a representation of the
Virasoro algebra, V is generated by the conformal vector and by primary elements, see
e.g. [CTW22, Remark 3.9]. Then thanks to Theorem 6.4 and Remark 4.25, we can deduce
the diffeomorphism covariance of the net Ay, (.) by an alternative argument to the one
given in the proof of Theorem 4.28.

Corollary 6.6. Let V' and V? be simple strongly graded-local unitary VOSAs. Then
VIQV? is strongly graded-local and Ay g2 = Ay1®Aye.

Proof. V1®V? is energy-bounded by Corollary 4.4. Call §' and §? the sets of all quasi-
primary vectors of V! and V? respectively. V1&®V? is generated by the set of quasi-
primary vectors § := (F' ® Q%) U (Q! ® §2). Moreover, Az(I) = Ay1(I)®Ay2(I) for all
I € J. In particular, if we call Z1, Zo and Z the operators (8) for Ay1, A2 and Ay1 @Ay 2
respectively, then we have that
Az (I') = A (IN&@Ay2(I') = (Z1 A (1) Z7) & (Zo Ay (1) Z3)
C Z(Ap(D&A(D) 7" = ZA;(1) 2 NIeJ

where we have used the twisted Haag duality (10) and (32). Then we get the desired result
just applying Theorem 6.4. O

Here below, another useful consequence of Theorem 6.4:

Theorem 6.7. Let V' be a simple unitary VOSA generated by V% UViUS where § C Vs

s a family of quasi-primary 0-invariant Virasoro vectors. Then V is strongly graded-local
and Ay = AV% UVLUZ -

Proof. We use the notation introduced in (100). First, by Proposition 4.5 and its proof,
V is energy-bounded and in particular, every smeared vertex operator Y (a, f) with a €
V% Ulhugand f € Cg?a)(S 1) satisfies linear energy bounds. Second, using Proposition

A.1, we have that the vertex operators Y'(a,z) with @ € Vi U V; U § are mutually local
2
in the Wightman sense. Therefore, we can use the argument in [BS90, p. 113], based

on [DF77, Theorem 3.1], see also [GJ87, Theorem 19.4.4], [Tanl6, Theorem C.2] and
[CTW22, Theorem 3.4], to show that the family of von Neumann algebras Ay, j1,u5([)

with I € J satisfies the graded-locality condition required by Theorem 6.4. fherefore,
we can conclude that V' is strongly graded-local and that Ay, y,uz = Ay by the same
2

theorem. g
The following result is inspired by the proof of [CGGH23, Theorem 5.5].

Theorem 6.8. Let V be a simple energy-bounded unitary VOSA. Then V is strongly
graded-local if and only if Vg is a simple strongly local unitary VOA and there exists a
quasi-primary vector v € V¢ such that Ay (I') € Z Ay uguy (1)’ Z* for some I € J.

Proof. We use the notation introduced in Definition 4.1 for V', as well as in (100) and in
(102).

If V is strongly graded-local, then the result follows from Theorem 6.1.

Vice versa, set § := {v,0(v)}. By Step 1 in the proof of Theorem 6.4, Ay, (1) = Az(I)
for all I € J. Moreover, Az is isotonous and it is also Mobius covariant by Proposition
4.24. Similarly, Avaus is isotonous and M&bius covariant too. Thus, by Mobius covariance,
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Az(I') € ZAyug(I)'Z* for all I € J. Call W the subalgebra W (F) generated by §. Using
(22), it is not difficult to show that W is L;-invariant and thus W is a unitary subalgebra
of V' by Proposition 3.33.

Let Ay be the irreducible (local) conformal net arising from the simple strongly local
unitary VOA V5. Moreover, as V is energy-bounded, we can define an isotonous family
of von Neumann algebras on H from the smeared vertex operators Y (a, f) for all a € Vj
and all f € C*(S'). To avoid confusion, we call it B instead of using the notation fixed
in (102). By Proposition 4.24, we have that B is also M6bius coviant. In the following, we
are going to prove that it is (graded-)local too.

Let E be the projection from H onto the Hilbert space completion Hg of V5 with respect
to (+|-). Proceeding as in the third step of the proof of [CGGH23, Theorem 5.5], we prove
that EB(I)E = Ay, (1) for all I € J.

Fix I € J and let I, I € J be such that I; C I and I C I'. Consider Ay € B(I1)
and Ag € B(I2) and set M := V NKer([A1, As]). Since EA;E € Ay (I;) for all j € {1,2},
we have that [A1, A2]b = 0 for all b € Vj;, that is V; C M. Furthermore, by hypotheses, if
J € J issuch that JNI; = () for all j € {1,2}, then [A1, A2]Y (a, f)b =Y (a, f)[A1, A2]b =0
foralla € §,all f € C’;O(Sl) with suppf C J and all b € M. Now, fix any J € J as above
and for all ¢ € V, let K. be the closed subspace generated by vectors of type Y'(a, f)c
where a € § and f € CF° (S1) with suppf C J. By a Reeh-Schlieder argument as in the
Step 2 of the proof of Theorem 6.4, we can prove that X, contains all the vectors of type
Y(a, f)c with a € § and f € C;O(Sl). This implies that a¢,)c € K. for all a € § and
all n € Z, so that a,)b € M for all a € §, all n € Z and all b € M. It follows from
the Borcherds identity (15) that M is a W-submodule of V' containing V5 and thus M
contains W - Vg, that is the linear span of vectors of type a(,)b with a € W, n € Z and
b € V5. By skew-symmetry (18), V5 - W C M, that is the linear span of vectors of type
binya with b € Vg, n € Z and a € W. Hence, V§ C M, see Example 3.4, so that V' C M.
This implies that [A;, As] = 0 and thus B(I2) C B(I1)’. By Mébius covariance, it follows
that B(I") C B(I)', that is B is local.

We know Vj is generated by a set of primary vectors and the conformal vector v (as it
is a sum of irreducible positive-energy unitary representation of the underlying Virasoro
algebra, see e.g. [CTW22, Remark 3.9]), say §5. Recall from Example 3.4 that V is
generated by V5 and v as Vz-module. Hence, we can conclude that V' is strongly graded-
local by applying Theorem 6.4 to the subset of quasi-primary generators g5 U §. O

Remark 6.9. With no major difficulties, Theorem 6.8 can be proved replacing V5 and v
with a generic unitary subalgebra W and a generic subset of quasi-primary vectors § of
V respectively, and asking in addition that V is generated by W U § as W-module (this
last condition is automatic when W = V5 and § = {v} by Example 3.4).

7. EXAMPLES AND SUPERCONFORMAL STRUCTURES

At the present, we are ready to construct the most famous examples of graded-local
conformal nets starting from VOSAs through the machinery which we have developed
throughout the present paper. Most of the VOSA examples are constructed starting from
Lie superalgebras (see [Kac77]), following the general theory developed in [Kac01, Section
4.7 and Section 4.10]; further useful references will usually be given for every specific ex-
ample. Moreover, we introduce the superconformal structure in both frameworks, showing
how they are related. We conclude by proving the strong graded locality of VOSAs, which
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gives us new models of irreducible graded-local conformal nets, but relying also on tools
and results coming from the representation theory of VOAs.

Example 7.1 (The free fermion). Let A be a one-dimensional C-vector space equipped
with a non-degenerate symmetric bilinear form B(-,-). We can always identify A with
Cyp, where ¢ € A is such that B(p,¢) = 1. As in [Kac01, Section 2.5], we consider the
Clifford affinization of A, i.e., the Lie superalgebra

odd even
’ N ~ =
f:=A®cClt,t7'|®& CK
with commutation relations:

[f’ K] =0, [awna/@@m} = aff0n,—mK Va,B € C Yn,m € Z — %

where v, = p® "3 foralln € Z — % f is known as fermion algebra and we sometimes
call p the free fermion vector of A. Let U(f) be the universal enveloping algebra associated
to f. We denote the generalized Verma module V() associated to | by

Fom Vi) = UMK ~1, puom I n5 > 3.

V1(f) has a structure of simple VOSA, see e.g. [Kac01, Theorem 3.6, Theorem 4.7 and
Proposition 4.10(b)], called neutral or real free fermion VOSA, which we sum up in
the following. F' is linearly generated by the vacuum vector §2, which is the class of 1 € C
in F, and the following ordered strings of vectors in U (f) with related parities:

1
{‘Pns""Ple ’ _5 Zny = - Zns}7 p(‘PnS"'(Pnlg):§€ZQ.
The state-field correspondence can be derived from

Y(p_ 19,2) = Z(%%Q)(n)z_"_l v (Pl =1 VREZ.

ne”L

The vector v := %(p_g p_1£) gives a Virasoro algebra with central charge ¢ = %, where
2 2

S
1
Lop—n, -+ p—n, 2= an Pny Py 2 Vs € Lo Yni,...,ns GZ>0_§

j=1
1
L 1o nQ=np_n,_1Q Vn € Zsy— 3

Clearly, F' is generated by the Lg-eigenspace F1 = Cp_1€2, where ¢_1€) is a primary
2 2 2

vector. It is known, see [KR87, Lecture 4] and [KT85, Section 4], that F' has a scalar
product (+|-) such that (©|Q2) =1 and

1
(pnalb) = (alp—_nb) Vn € Z — B Va,be F
(Lpalb) = (a|L_,b) Vm € Z Ya,b e F.

Therefore, ' has a unitary structure by Proposition 3.29, which is even unique, up to
unitary isomorphism, by simplicity, see Proposition 3.14. Alternatively, the unitarity of

F can be established as in [AL17, Section 2.3]. To sum up, F is a simple unitary VOSA

generated by a primary vector of conformal weight % and thus it is strongly graded-

local thanks to Theorem 6.7. This means that F := Ap is an irreducible graded-local
conformal net, actually known as the neutral or real free fermion net. Finally, note
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that F is exactly the net of graded-local algebras of the chiral Ising model affiliated with
the Majorana field, which gives the generators of the Araki’s self-dual CAR~algebra, see
[Boc96, Section 2.1] and [Ara70, Section 2]. In particular, the Majorana field (z) in
[Boc96, Section 2.1] is our vertex operator Y((p_%Q, z).

~ d
Example 7.2 (d free fermions). By Corollary 6.6, F? := ®j:1F for d € Z~ is a simple
strongly graded-local unitary VOSA with central charge ¢ = %, which we call the d free
fermions VOSA. Furthermore, we have an irreducible graded-local conformal net:

~ d
d . _ —
.7: = ®j=1f - AFd 5

called the d free fermions net. In particular, 72 is known as the charged or complex
free fermion net. It is worthwhile to note that F'¢ can be alternatively realized through
a procedure similar to the one in Example 7.1, starting with a d-dimensional C-vector
space A equipped with a non-degenerate symmetric bilinear form, see e.g. [Li96, Section
4.3], [Kac01, Proposition 4.10(b)] and [AL17, Section 2.3].

Remark 7.3. It follows from Example 7.2 and Theorem 6.1 that every unitary subalgebra
W of the free fermion VOSA F? is strongly graded-local. In particular, if W is contained
in the even subalgebra Fad of F% then W is a strongly local VOA. Actually, the latter fact
can be proved directly in the setting of [CKLW18] without using the theory developed in
this paper, see [CWX].

Remark 7.4. In [Tenl7], see also [Tenl9, Tenl19b, Ten24], the author construct a chiral
CFT model of the charged free fermion using the Graeme Segal approach to CFT [Seg04],
called Segal CFT. Without going into details, it is shown that Segal’s approach allows to
construct graded-local conformal nets from simple unitary VOSAs through the so called
bounded localized vertex operators, see [Tenl9, Definition 4.7 and Proposition 4.8], and a
charged free fermion net is given. This also allows to construct several other chiral CFT
models in the Haag-Kastler approach, as free bosons, some of WZW, lattice, Virasoro and
super-Virasoro models, see [Ten19, Example 4.14 — Example 4.17], using that some of the
VOSA versions of those models can be included, as unitary subalgebras, in some d free
fermions VOSA F? of Example 7.2. Thanks to Example 7.2, Theorem 6.1, Corollary 6.6
and their Segal’s CFT counterparts, see [Tenl9, Remark 4.18], the graded-local conformal
nets constructed via the two different approaches (from the same simple unitary VOSAs)
actually coincide.

Example 7.5 (N = 1 super-Virasoro models). The Neveu-Schwarz or N = 1 super-
Virasoro algebra NS is the Lie superalgebra

even odd

NS ::@CLm@CC@ @ CG,

meZ nez—1i
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with the commutation relations:

3 _

m My .C  VYmneZ
12 ’

m

1
[Lim, Gp] == <2—n> Gmtn VYm € Z VneZ—§

[Lin, L] := (m —n) Ly +

(111)
(G, Gl = 2L yn + E <m2 - 1) Om,-nC  Ym,neZ— 1
3 4 ' 2
[NS,C]:=0.
Let U(NS) be the universal enveloping algebra of NS and define, for every ¢ € C, the
N S-module

VANS)=UNS)/( P Clme P CGn, C—o).

mEZE()fl neZZO_%

Let J¢ be the maximal N S-submodule of V¢(NS), then the quotient N S-module V¢(NS) :
‘N/C(NS)/JC has a unique structure of simple VOSA with central charge ¢ € C by [Kac01,
Theorem 4.7 and Lemma 5.9], see also [Li96, Section 4.2] and [KW94, Section 3.1]. They
are known as Neveu-Schwarz or N = 1 super-Virasoro VOSAs. More specifically,
every V¢(NS) is generated by the conformal vector v = L_5 and the so called super-
conformal vector 7 := G7%Q with state-field correspondence:

Y(v,2z) = Z Lz "2, Y(r,2) = Z Gnz ™75 .

nez nEZ—%

In particular, from the commutation relations (111), we have that 7 is a primary vector:

Ll’]': —[G_%,Ll]QZ QG_%QZO, LQT: _[G_%7L2]Q: gG%Q =0.

Lg produces a %Z—grading of the vector space given by the following action on the ordered
elements: for any positive integers s,r, any integers mgs < -+ < m; < —2 and any
semi-integers n, < --- <ny < —%

S T
LoLm, -+ Ly G, Gy Q= | =Y mj = nj | Lin, -+ Lyn, G, - - G, Q.
j=1 j=1
Moreover, by [FQS85], [GKO86, Section 4], [KW86, Theorem 5.1, if
either 02§ or c:§ 1—L for m > 2 (112)
2 2 m(m + 2)

then there exists a scalar product on V¢(NN.S) with respect to which Y (v, z) and Y (7, 2)
are Hermitian fields. Using Proposition 3.29, V¢(NN.S) has a unitary structure provided
that ¢ is as in (112), see also [AL17, Section 2.2] for a different proof of the unitarity.
It follows from [CKLOS8, Eq.s (26) and (27)] and Proposition 4.3 that every V¢(NS) is
energy-bounded. The family Ay, -y of von Neumann subalgebras of Ay (yg) defined as in
(102), coincides with the so called N = 1 Super-Virasoro net SVir., defined in [CKLO0S,
Eq. (32) and Theorem 33|, which satisfies the graded locality, see [CKL08, Eq. (33) and
Theorem 33]. By Theorem 6.4, we can conclude that for every ¢ as in (112), V¢(NS) is
strongly graded-local and Ay(yg) = SVire.
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The example of the N = 1 super-Virasoro models enables us to talk about the super-
conformal structure which we naturally encounter in both the graded-local conformal net
and the VOSA setting. In other words, we can wonder whether or not a given VOSA or
a graded-local conformal net contains a N = 1 super-Virasoro model. More precisely:

Definition 7.6. (See [CHL15, Definition 2.11]). A graded-local conformal net A with
central charge ¢ € C is said to be N = 1 superconformal if it contains SVir. as M&bius
covariant subnet and

UDiff (1)) c SVir,(I) C A(I) VIe J

that is, SVir. contains the Virasoro subnet Vir. generated by the conformal symmetries,
see [CKLW18, Example 8.4].

Definition 7.7. (See [Kac01, Definition 5.9]). A VOSA V with central charge ¢ € C is

said to be N = 1 superconformal if there exists a superconformal vector 7 associated to

the conformal vector v, that is, an odd vector whose operators G,, with n € Z — %, given

by Y(7,2) = >, cn_1 Gnz "2, satisfy the NV = 1 super-Virasoro algebra relations (111).
2

Furthermore, if V' is unitary, then we say that V is a unitary N = 1 superconformal
VOSA if W({v,7}) is a unitary subalgebra.

Clearly, if ¢ is in the unitary series (112), then V¢(INV.S) as in Example 7.5 is a simple
unitary N = 1 superconformal VOSA.

Lemma 7.8. Let V¢(NS) be the N =1 super-Virasoro VOSA with central charge ¢ € C.
If g is either a linear or an antilinear VOSA automorphism of VS(NS), then g(1) = £7.
If ¢ is in the unitary series (112), then V¢(NS) has a unique unitary structure and the
unique PCT operator acts as the identity on the generators. Furthermore,

Aut(SVirc) = Aut(‘)(VC(NS)) = Aut(VC(NS)) = Zg .

Proof. By definition, V¢(NS)s = Cr, where 7 = G_3Q. This means that there exists
2

2
a € C\ {0} such that g(7) = ar. By the commutation relations (111), see [Kac01,
Proposition 5.9(i)], we have that G_17 = 2v and thus
2

aQG_%T:g(G_%T) =2¢9(v) = 21/:G_%7’

which implies that &« = £1 as desired. This also implies that any PCT operator 8 satisfies
6(7) = 7 by (40) and the fact that Y (7, z) is a Hermitian field. Any PCT operator must
be the antilinear vector space automorphism of V¢(NS) acting as the identity on the
generators Ly, -+ Ly, Gn, - - Gp,Q, see Example 7.5. (Cf. [AL17, Section 2.3].) Thus,
any PCT operator commutes with every g € Aut(V¢(NS)) = Za, so that the remaining
part follows from Theorem 3.17 and from Theorem 4.32. O

Now, we can prove the following correspondence:

Theorem 7.9. Let V' be a simple unitary VOSA. Then we have the following:

(i) If V is N = 1 superconformal, then V is unitary N = 1 superconformal if and only
if the superconformal vector is PCT-invariant. In both cases, W ({v,T}) is (up to
isomorphism) the N = 1 super-Virasoro VOSA V¢(NS) for some c in the unitary
series (112).

(ii) If V is strongly graded-local, then V is unitary N = 1 superconformal if and only
if Ay is N =1 superconformal.
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Proof. To prove (i), first suppose that the superconformal vector is PCT-invariant, that
is O(1) = 7. Then W := W({r,7}) is a unitary subalgebra of V' by Proposition 3.33.
Vice versa, suppose that V is a simple unitary N = 1 superconformal VOSA. If W is a
unitary subalgebra of V', then it has a structure of simple unitary VOSA by Proposition
3.35. Accordingly, it must be isomorphic to V¢(N.S) of Example 7.5 for some ¢ € C\ {0}.
Moreover, ¢ must be a positive real number because of, see [Kac01, Theorem 4.10 (a)],

c
0< (vlv) = (L_2Qv) = (Q|Lev) = =
The PCT operator 6 of V restricts to an antilinear automorphism of W. By Lemma 7.8,
0(1) = 7, otherwise §(7) = —7 and from (40) applied to 7 and [Kac01, Proposition 5.9
(ii)], we have that
2c

0 < (rfr) = (G_gQ7) = (QU(0(7))37) = —5 <0

which is impossible. Moreover, it implies that Y (7, 2) is a Hermitian field of V' and thus
of W with respect to (:|-). Hence, (W, (:|-)) realizes a unitary representation of N.S and
thus ¢ must be in the unitary series (112), see Example 7.5 and references therein.

To prove (ii), suppose that V is a simple strongly graded-local unitary VOSA. If V
is also unitary N = 1 superconformal, then W := W ({r,7}) is a unitary subalgebra
and, by Theorem 6.1, it gives rise to a covariant subnet Ay = SVir. of Ay, containing
the Virasoro subnet Ayy(f,3) = Vire for some ¢ as in (112). Thus, Ay is an irreducible
N = 1 superconformal net. Vice versa, if Ay is an irreducible N = 1 superconformal
net, then it contains the covariant subnets Vir, C SVir. for some ¢ as in (112), where
Vire = Ay ({,}). On the one hand, by Theorem 6.1, there exists a unitary subalgebra w
of V such that Ay = SVirc. On the other hand, SVir, = .AV,» (ns) as in Example 7.5 and

thus W = V(N S) by Theorem 4.29. This 1mphes that W is a unitary subalgebra of V
generated by v and a superconformal vector T associated to it, that is V' is unitary N =1
superconformal. O

Now, we look at those automorphisms preserving the N = 1 superconformal structure
in both settings.

Definition 7.10. Let V be a N = 1 superconformal VOSA. Aut®(V) is the closed
subgroup of Aut(V') formed by those automorphisms fixing the elements of W ({v,7}). If
V is also unitary, set

Aut{,) (V) := Aut> (V) N Aut) (V).
Therefore, we have a result similar to Theorem 3.17:

Theorem 7.11. Let V' be a unitary N = 1 superconformal VOSA. Then Aut?ﬁ.)(V) is a
compact subgroup of Aut(V'). Moreover, if V is simple, then the following are equivalent:

(i) (+) is the unique normalized invariant scalar product which makes V a simple
unitary N = 1 superconformal VOSA;

(ii) (-|-) is the unique normalized invariant scalar product on V' such that the corre-
sponding PCT operator 0 fizes the superconformal vector T;

(i) Aut{i, (V) = Aut™(V);

(iv) 0 commutes with every g € Aut®(V);

(v) Aut*(V ) zs compact;

(vi) Autf), is totally disconnected.
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Proof. The first claim follows from Theorem 3.17. For the “TFAE” part, we straightfor-
wardly adapt the proof of [CKLW18, Theorem 5.21]. We prove the following implications:

(i) <= (ii) == (iii) %(vi) .

(i)<(ii) follows by (i) of Theorem 7.9.

(ii)=(iii) follows from the fact that if there exists g € Aut™(V)\ Aut{],(V), then
(g9(-)|g(+)) defines a new invariant scalar product on V, which is different from (-|-) and
such that the corresponding PCT operator g~ 'fg fixes 7.

Regarding (iii)<(iv), we have that g € Aut®**(V) is unitary if and only if (gfa|gb) =
(Aaldb) for all a,b € V. On the other hand, (fga|gb) = (Aalb) for all a,b € V thanks to
(i)« (iii) of Corollary 3.16. It follows that ¢ is unitary if and only if it commutes with 6.

(iii)=-(v) is immediate from the first part. Checking the construction of the automor-
phism h € Aut(V) of Proposition 3.14 in the proof of [CKLW18, Proposition 5.19], we
note that h € Aut®(V) if we are dealing with PCT operators which preserve 7. Then the
proofs of (v)=-(ii) and (vi)=-(ii) are as in the proof of [CKLW18, Proposition 5.21]. Also
(iii)=(vi) is proved as in [CKLW18, Proposition 5.21]. O

Here is a criterion for a VOSA to be unitary N = 1 superconformal:

Proposition 7.12. Let V be a simple unitary VOSA. Suppose that V is N =1 supercon-
formal and Aut(V') is a finite dimensional Lie group. If there exists a compact subgroup G
of Aut*(V) such that (VY)s is one-dimensional, then there exists a normalized invariant
scalar product {:|-} on V' such that G C Auty,(V) and V is a simple unitary N = 1
superconformal VOSA (with respect to {-|-}).

Proof. Let v and 7 be the conformal and the superconformal vector of V, so that (V)5 =
2

Cr. If G is compact, then there exists a normalized invariant scalar product {-|-} on V' such

that G C Aut{.‘.}(V) by Proposition 3.23. This also implies that every ¢ € G commutes

with the PCT operator 0 associated to {-|-}, see the proof of (iii)<(iv) of Theorem 7.11
(note that this fact does not rely on the unitarity of the N = 1 superconformal structure,

cf. also the proof of [CKLW18, Theorem 5.21]). Thus, g(8(7)) = 6(7) for all g € G and
thus 0(7) € Cr as () € Vs (this is due to the fact that every PCT operator preserves
the conformal vector v and thus the Lo-grading too). By Proposition 3.33, W ({v,7}) is a
unitary subalgebra of V, that is V' is a simple unitary N = 1 superconformal VOSA. [

Definition 7.13. If A is a N = 1 superconformal net, denote by Aut®(A) the group of
those automorphisms of the net fixing the elements of the covariant subnet SVir,.

Note that Lemma 7.8 tells us that whenever ¢ is as in (112), then
Aut®(SVir,) = Aut?‘?l_)(Vc(NS)) = Aut™(V(NS)) = {lvevs)}-
More generally, proceeding similarly to the proof of Theorem 4.32, we have that:

Theorem 7.14. Let V be a simple strongly graded-local unitary N = 1 superconfor-
mal VOSA. Then Aut™(Ay) = Aut{f,(V). Moreover, if Aut>(V) is compact, then

Aut™(Ay) = Aut (V) = Aut™(V).
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The following result can be inferred from Theorem 6.8 by an argument based on the
fact that superconformal vectors satisfy linear energy bounds.

Theorem 7.15. Let V be a simple energy-bounded unitary N = 1 superconformal VOSA.
Then V' 1is strongly graded-local if and only if Vi is strongly local.

Proof. We use the notation as in (100) and we follow the strategy as in [CTW22, Lemma
3.6]. Our aim is to apply Theorem 6.8 to the superconformal vector 7 of V. By (i) of
Theorem 7.9, 7 is Hermitian and thus Y'(7,g) is self-adjoint whenever g € C}° (SL,R),
see (54). By [CKLOS8, Eq. (27)], 7 satisfies linear energy bounds. Fix some I € J and
consider Y'(a, f) where a € Vg1 and f € C’;?a)(Sl) with suppf C I. Let g € C°(S',R)
be such that suppg C I’. Adapting the proof of [Tol99, Proposition 2.1], for all ¢ € R
and all ¢ € H®, ¢(t) := ZY (a, f)Z*e"Y (79 ¢ is a well-defined vector of H>. Moreover,
R >t ¢(t) € H* is differentiable by Lemma 4.11, Lemma 4.12 and [Tol99, Corollary
2.2]. Recalling that [Y(7,9),Y (a, f)] = 0, it is not difficult to see that c(t) satisfies the
Cauchy problem on H°:

§ic(t) = Y (1, 9)c(t)
c(0) =ZY (a, ) Z*c

which has €Y (79) ZY (a, f)Z*¢ as unique solution. Therefore,
ZY (a, f) 2 9 = ¢(t) = eV D 2ZY (a, ) Z*¢  VEteR

which implies that Ay (') € ZAy (I)'Z* C Z Ay -y (1)'Z*, so that we can apply The-
orem 6.8. 0

Now, we can continue our exposition of classical examples accompanying it with the
superconformal theory just developed.

Example 7.16 (Supercurrent algebra models). Let g be a simple complex Lie algebra of
finite dimension n. If b is the dual Cozeter number associated to g, see [Kac95, Chapter
6], then for every k € C\{—h"}, the simple quotient V*(g) of the Verma module from
the affinization g of g has a structure of simple VOA with central charge ¢, = %,

see [Kac01, Theorem 5.7]. For specific values of k, V¥(g§) owns a unitary structure and
they turn out to be strongly local, see [CKLW18, Example 8.7] and references therein.
The corresponding irreducible conformal nets are usually denoted by A, where G is the
compact connected simply connected real Lie group with simple Lie algebra the compact
real form gg. Therefore, the tensor products of V¥(g) with the unitary d free fermion
VOSA F? of Example 7.2 are simple strongly graded-local unitary VOSAs by Corollary
6.6. The corresponding irreducible graded-local conformal nets Ag, ®F¢ are known as
supercurrent algebra nets. The special cases where d = n are called Kac-Todorov
models, see [KT85], [KW94, Section 2.1] and [Kac01, Section 5.9]. The corresponding
graded-local conformal nets are the ones presented in [CHL15, Section 6], see also [CH17,
Example 5.14]. They are N = 1 superconformal nets as proved in [CHL15, Proposition
6.2], which means that V*(g§)®F" are simple strongly graded-local unitary N = 1 super-
conformal VOSAs by Theorem 7.9 (cf. [Kac01l, Theorem 5.9] for an explicit determination
of the superconformal structure). We remark that the simple VOSAs V¥(§)®F9 can be
equivalently realized from Lie superalgebras as done in [Li96, Section 4.3]. Of course,
they give rise to a class of irreducible graded-local conformal nets, which are respectively
isomorphic to the ones constructed above by Theorem 4.29.
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Example 7.17 (N = 2 super-Virasoro models). The Neveu-Schwarz N = 2 super-
Virasoro algebra N2 is the Lie superalgebra

even odd
N2:=PCL, e PCl.aCCas P CGIe P CaG,
meZ meZ nEZ—f nez_,

with the commutation relations:

m3—m

[Lm, Ln] = (m — n)Lm+n =+ T5m7_nc Vm, n e Z
1
[Lon, GE] = (gl—n>G§+n Ym € Z VneZ—§
[Lin, Jn] = —ndmin Vm,n € Z
TR 1 9 1 1
{Gmﬂ Gn] = 2Lm+n + (m — n)Jm+n + g m- — Z 5m,,nC Vm, nel— 5
1
GE, Jn) i=FGr,, YmeZ- 5 VnEZ
1
[GﬁijL] =0= [G;wG;L] vmanGZ_§

[Ty Jn] == gmém_n VYm,n € Z
[N2,C]:=0.

For every c € C, we construct the N2-module:

VEN2):=UN2)/{ @ CLno P Cine P cGie P cG,, ¢-¢

m€Z>0—1 meEZ>o n€Zso—3% n€Z>o—%

where U(N2) is the universal enveloping algebra of N2. The simple quotient modules
V¢(N2) have a structure of simple VOSA with central charge ¢, see [Kac01, p. 182], called
N = 2 super-Virasoro VOSAs. In particular, the vertex operators Y (v, z), Y (J, z) and
Y (GY,z2) for all j € {1,2} generate V¢(NS), where

Gt +G- ) Gt -G~
= T and Gri= i
\/§ an ! \/i

Moreover, V¢(NS) has a scalar product for the following values of the central charge c:

3
either ¢>3 or c¢= n Vn >0 (113)
n+2

making Y (v, 2), Y (J, z) and Y (G7, 2) for all j € {1,2} Hermitian, see [CHKLX15, Theorem
3.2] and references therein. Thus, V¢(NS) has a unitary structure by Proposition 3.29
and it is energy-bounded by [CHKLX15, Eq. (3.1)] and Proposition 4.3. The family of
the von Neumann subalgebras of Ay yg) defined as in (102) from the four quasi-primary
generators v, J and G7 of V¢(N2), coincides with the so called N = 2 super-Virasoro
net SVir2., defined in [CHKLX15, Eq. (3.2) and Theorem 3.3]. The latter satisfies the
graded locality, see the proof of [CHKLX15, Theorem 3.3]. By Theorem 6.4, we have that
for every c as in (113), V¢(N2) is strongly graded-local and Aye(yg) = SVir2.. Note that
every V¢(N2) is a simple N = 1 superconformal VOSA because it contains (at least) two
copies of the N = 1 super-Virasoro VOSA of Example 7.5, given by the generators G’
for all j € {1,2}. According to Theorem 7.9, see also [CHKLX15, Definition 3.5] and

Ji=J1Q, G':= with  GF :=G*,Q.
2
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there below, if ¢ is as in (113), then V¢(NN2) is a simple unitary N = 1 superconformal
VOSA and SVir2. is a N = 1 superconformal net. Now, let Vr,, be the simple unitary
VOA associated to the even rank-one lattice Loy, see e.g. [DL14, Section 4.4], [CKLW18,
Example 5.9], [CGH19, Section I1.B] and references therein, and let V*(g) be the simple
unitary VOA constructed from the Lie algebra g := s[(2,C) at level k, see e.g. [DL14,
Section 4.2], [CKLW18, Example 5.7] and references therein. The interesting fact is that,
see [CHKLX15, Theorem 3.2] and references therein, for all ¢ = n?% with n € Z~g, the
simple unitary VOSA V¢(N2) can be constructed as the coset of the unitary subalgebra
ViLy(niay Of the tensor product V(g)@F?, where F? is the charged free fermion of Example
7.2. V"(g) as well as Vi, are strongly local, see [CKLW18, Example 8.7 and Example
8.8] respectively, and thus by Corollary 6.6 and by Proposition 6.3, we have that
SVil‘Qn%LQ = A€/ = A%(I)Z(n+2) C ASU(Q)n®f2 Vn € Zg .

Lo(nt2)

Remark 7.18. In complete analogy with the N = 1 superconformal structures introduced
in Definition 7.6 and in Definition 7.7, there exists an obvious notion of N = 2 super-
conformal nets and of N = 2 superconformal VOSAs, see [CHKLX15, Definition
3.5] and [Kac01, Section 5.9] respectively. Accordingly, we say a N = 2 superconfor-
mal VOSA V be unitary N = 2 superconformal if it is unitary as VOSA and if
W({v,J,G",G™}) is a unitary subalgebra of V. If V is also simple, this is equivalent to
say that W ({v, J,G*,G™}) is (up to equivalence) V¢(N2), for some ¢ as in the unitary
series (113). Also in this case, we have that a simple strongly graded-local unitary VOSA
V is unitary N = 2 superconformal if and only if Ay is a N = 2 superconformal net.
It is worthwhile to note that an analogue of the first statement of (i) of Theorem 7.9 for
unitary N = 2 superconformal VOSASs is not possible as the unitary structure on V¢(N2)
is unique only up to equivalence. Indeed, for all real number 8 > 0, there are non-unitary
VOSA automorphisms gz of V¢(N2) defined by: gs(v) = v, gg(J) = —J, gg(G*) = G~
and g3(G~) = B7'G*. Then for all 1 # 8 > 0, g can be used to model a new unitary
structure on V¢(N2) from the one constructed in Example 7.17 and equivalent to it, see
Proposition 3.14. Of course, if 0 is the PClT operator arising from Examplle 7.17, then
G++(g,3\/9§93)(G+) and Q28 — _Z.G+*(9@\/9§gﬁ)(6'+)

Hermitian with respect to this new corresponding unitary structure.

the superconformal vectors G1# := are

It is known that we can extract a unique, up to isomorphism, simple VOSA structure
from any finite rank positive-definite integral lattice as stated by [Kac01, Theorem 5.5 and
Proposition 5.5], see also [TZ12, Section 5|. Furthermore, these VOSAs are unitary thanks
to [AL17, Theorem 2.9]. In [Gui21, Theorem 5.7], the author shows that all these unitary
VOAs are strongly local, proving [CKLW18, Conjecture 8.17]. Thus, the corresponding
conformal nets are the ones constructed in [DX06, Section 3], see [Gui, Theorem 2.7.11].
Here below, we prove that all the lattice type unitary VOSAs are strongly graded-local,
heavily relying on [Gui21, Theorem 5.7] and [Gui, Theorem 2.7.9], which make massively
use of the theory of intertwining operators, see e.g. [FHLI3, Section 5.4], the representation
theory of VOAs, see [HLI5I, HL95II, HLI5III, Hua95, Hua08| (see [HKL15, Section 2] for
a brief review, cf. also [Guil9l, Section 2.4] or [Gui21, Section 4.1]) and its unitary version
[Guil9l, Guil9ll]. See also [Gui22, Definition 1.8] for the related notion of completely
unitary VOAs. See e.g. [EGNO15] and [NT13] for the general tensor categorical setting.

Theorem 7.19 (Lattice type models). Let Vi, be the simple unitary VOSA associated to
any finite rank positive-definite integral lattice L. Then V7, is strongly graded-local, so that
to any such lattice L is associated an irreducible graded-local conformal net A, := Ay, .
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Proof. We use the notation as in (100). Set V := Vi, with state-field correspondence Y
and use the notation as in Definition 4.1. By Example 3.4, Vj is a simple unitary VOA
and V7 is an irreducible Vz-module. In particular, the latter is generated, as Vz-module,
by any odd vector of V. Choose any odd quasi-primary vector w of V. Hence, our goal is
to apply Theorem 6.8 with w.

It is easy to verify that V5 is a simple unitary lattice VOA, see e.g. [CGGH23, Table 1]
for definition and properties. By [Gui21, Theorem 5.8], these kinds of VOAs are completely
unitary and thus the Vg-modules form a unitary modular tensor category Rep"(Vg). From
now onward, we use X to denote the categorical tensor product of VOA modules to not
confuse it with the regular one ®. Therefore, V7 can be considered as a Za-simple current
in Rep"(V), see [CKLR19, Theorem 3.1 and Remark A.2] and [CGGH23, Remark 4.3]
(see also [DLMO96] for simple current extensions of VOAs). Accordingly, we implement the
following identifications of unitary Vg-modules: V, ¥V, = V,4, for all p,q € {0,1}. Note
also that Vi has twist w(Vy) = —1y; as it is given by the action of e?mLo on the vector
space V7. Moreover, it satisfies the braiding relations

bVHvVT = 1VT = bVT»Vﬁ and bVT7VT = *1\/6 (114)

as a consequence of the skew-symmetry (18) of V, cf. also [CGGH23, Remark 2.20]. For
all a € Vi and all b € V7, define

Yﬁ,ﬁ(a’ z) =Y (a,z2) lve  and Yﬁi(a, 2) :=Y(a,z2) v s
Yi5(b,2) ==Y (b, 2) [y and Yii(b,2) :=Y(b,2) g -

By the Borcherds identity (15) for the state field-correspondence Y of V, it follows that

they define intertwining operators of V5 of type (606) and (GIT)v (Tlﬁ) and (TOT) respectively.

In particular, Y6,6 and YG,T are vertex operators of the Vj-module Vi and V7 respectively.
It follows from [Gui21, Theorem 5.7], see also [Gui, Theorem 2.7.9], that Vj is completely
energy-bounded, see the beginning of [Gui, Section 2.1] for the general definition. This
implies that the intertwining operators in (115) satisfy energy bounds (this is a general-
ization of the usual notion of energy bounds for vertex operators, see [Guil9l, Definition
3.1]). Noting that for every homogeneous vector ¢ € V', the vertex operator Y (¢, z) can
be written as the direct sum of two intertwining operators in (115), we can conclude that
also Y (¢, z) satisfies energy bounds (as vertex operator). Thus, we can assume that V' is
energy-bounded.

Define Hg, H1 and H as the Hilbert space completions of V5, Vi and V respectively with
respect to the scalar product on V. Therefore, H = Hg® Hy and H> = HZ® S HT", where

M is the subspace of Hy of smooth vectors for LXT = Lo [v; as defined at p. 35. The
complete unitarity of Vj fixes the invariant scalar products on the Vz-modules V), XV, for
all p,q € {0,1} and the corresponding Hilbert space closures can be naturally identified
with #H,, respectively. For all I € J, define the continuous function arg; : I — R by
arg;(z) = x where z = € for the unique z € (—m, 7). Then for any homogeneous vector
ceVand f € C';(oc)(Sl) with suppf C I for some I € J, we have that

Yi’%‘l(@ f) = Y(C, f) f?—t;;o Vp,q € {6, T}

where Y, 4(c, f) is a smeared intertwining operator in the sense of [Guil9l, Section 3.2]
and f is the arg-valued function (f - z%~! arg;) in the sense of [Gui2l, p. 815]. By
[Gui21, Theorem 5.7], see also [Gui, Theorem 2.7.9], the unitary intertwining operators of
V satisfies the strong intertwining property [Gui, Section 2.3|, cf. [Gui21, Definition 4.10],

(115)
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and the strong braiding [Gui, Section 2.5], cf. [Gui2l, Defition 4.13]. Of course, also the
intertwining operators in (115) satisfy those properties.

First, we prove that the strong intertwining property implies the strong commutativity
of Y(a, f) and Y (w, g) whenever a € Vg, f € C®(S') and g € CP(S') with suppf C I
and suppg C I’ for any I € J. Fix a, f and g as just explained. The strong intertwining
property says that the two diagrams

o Yoo(af) ~ w  Yoi(@h) .
,Hﬁ Hﬁ /HT /HT
Y7 5(w,9) Y7 5(w,9) Y1 7(w.9) Y7 1(w,g)
Ya,T(G’?f) Y676(a7f:)
M HY Mg o

commute strongly in the sense of [Gui, Definition 1.2.6], cf. [Gui2l, Definition 4.6]. This
means that the diagram on the left implies that the closures of the following two pre-closed
operators on the Hilbert space H := Hg @ Hg © Hy © Hy commute strongly (now in the
meaning given at p. 36):

0 0 00 0 0 0 0

R 0 0 00 o .| Yogle /) 000
L7 vig(w, g) 0 00 b 0 0 0 0
0 YT,G(wag) 00 0 0 Yﬁi(a,f) 0

with domains D(R1) = HZ® @ H® © Hy @ Hy and D(S1) = HF @ Hy & HYP © Hy
respectively. Similarly, the diagram on the right implies that the closures of the following
two pre-closed operators on the Hilbert space Hy := H7®Hy® Hy® Hg commute strongly:

0 0 00 0 0 0 0

. 0 0 00 g Y51(a, f) 0 0 0
27| Yii(w,9) 0 00 2 0 0 0 0
0 Yii(w,g) O 0 0 0 Yﬁﬁ(a,f) 0

with domains D(Rp) = H @ H @ Hg © Hg and D(S2) = HY & Hy & HF & Hp
respectively. It follows from [Gui2l, Lemma 5.6] that the closures of the following two
pre-closed operators on the Hilbert space Hi @ Ho commute strongly:

R 0 ST 0
Rlzlz<01 R2> S12¢=(01 Sz>'

Now, note that we can write

Vogaf) 0 0 v
Y(a, f) Tye= < 000 Yaf(a,f) ) Y (w,g) [yeo:= < y; } 110 ) _
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Then it is not difficult to find a unitary operator U from Hi ® Hs to H D H ®H & H such
that:

0 0 0 0
UR U™ = y<w,§> o 8 8 8
0 Y(wag) [#oe 0 0
0 0 0 0
usi = | Y 00 :
0 0 Y(a, f) [1oo O

Using the polar decomposition as in [Guil9l, Proposition B.5], it is not difficult to check
that the strong commutativity of the closures of U RioU* and US1oU* implies the strong
commutativity of Y (w, g) and Y (a, f), as desired.

Second, we prove that the strong braiding implies the strong commutativity of ZY (w, f)Z*
and Y (w, g) whenever f,g € C’;O(Sl) with suppf C I and suppg C I’ for any I € J. Fix

f and g as just explained. Let L7 [5 and L7 |1 be the intertwining operators of type (Tlﬁ)
and (TOT) respectively as defined in [Gui2l, Eq.s (4.20)—(4.22)], see also the beginning of
[Gui, Section 2.5]. Following [Gui2l, Eq.s (4.23)], define two intertwining operators of
type (') and (;'5) by

R Ig (v,2)a = by oLy g (v,2)a and Ry [t (v, 2)u = bypve L1 I1 (v, 2)u

respectively for any a € V5 and any u,v € V7. Since (Tlﬁ) = C¥75 and (TOT) = C¥ig,
there exist unique «, 8 € C\{0} such that Ly [5= aYig and L1 [g= BY77. Then using the
braiding relations (114), we also have that Ry [5= aYi5 and Ry [;= —BY77. Then the
previous identities together with the strong braiding, as defined e.g. in [Gui271, Definition
4.13], implies that the two diagrams

o ¥y 5(w, f) ~ o —Y7 1(w,f) ~

Y7 5(w,9) Y7 1(w,9) Y7 7(w,3) Y1,5(w,9)
. 1(w,f) - - Yi 5w, f) -
HT Hﬁ Hﬁ HT

commute strongly, again in the sense of [Gui, Definition 1.2.6], cf. [Gui21, Definition 4.6].
Thus, from the diagram on the left, we have that the closures of the following two pre-
closed operators on the Hilbert space H3 := Hy @ Hy © Hy ® Hy commute strongly:

0 0 00 0 0 0 0

. 0 0 00 5 Yig5(w, f) 0 0 0
57 Yig(w, ) 0 00 3 0 0 0 0
0 }/T,T(whg) 00 0 0 —Y%T(w,f) 0

)

with domains D(R3) = HF @ HY @ Hy © Hg and D(S3) = HF & Hy & HY & Hp
respectively. Similarly, from the one on the right, we get that the closures of the following
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two pre-closed operators on the Hilbert space Hy := Hy® Hg® Hg® Hy commute strongly:

0 0 00 0 0 0 0

R 0 0 00 o | - T1(w, f) 0 0 0
T vip(w, ) 0 00 4 0 0 0 0
0 Yig(w,g) 0 0 0 0 Yig(w,f) 0

with domains D(R4) := HY @ H3® © Hg @ Hy and D(Ss) = HYF @ Hy & HF® © Hy
respectively. Using again [Gui2l, Lemma 5.6], we get that the closures of the following
two pre-closed operators on the Hilbert space Hs & H4 commute strongly:

Ry 0 Sy 0
R34::< 03 R4> S34::< 03 S4>'

Now, note that we can write

ZY(’LU,f) [3400 7% — < Z 0 _Z.Y%,T(wmf) )

Y(w,g) e = < Ym(ow,g}) YIJ(OUJ,Q) > )

As done before, it is not difficult to find a unitary operator V from Hz®H4 to HEHEHPH
such that:

0 0 0 0
VRsV" = y<w,§> ygoe 0 0 o
0 Y(w,g) [gee 0 0
0 0 0 0
visv = | DY@ =20 0 0
0 0 ZY(w,f) = Z* 0

Using again the polar decomposition as in [Guil9I, Proposition B.5], we obtain the strong
commutativity of Y (w,g) and ZY (w, f)Z* from the one of the closures of VR34 V* and
ViSs V*.

The argument above implies that Ay, (I") € Z Ay gy (1)’ Z* for all I € J. Therefore,
all the hypotheses of Theorem 6.8 are satisfied, so that V is strongly graded-local. 0

The proof above is a rather simple illustration of the fact that the strong braiding and
the strong intertwining property for the smeared intertwining operators can be a very
powerful tool for proving the strong (graded) locality of VO(S)A extensions. Indeed, this
method is generalized to the case of arbitrary simple current VOSA extensions in [Gau25,
Lemma 2.39]. A more sophisticated analysis shows that in fact this strategy works for
many important examples, cf. [Guib].

Remark 7.20 (Rank-one lattice type models). For all M € Zsq, let Ly; be any of the
rank-one positive-definite integral lattices on R such that Ly; = v MZ. We can prove the
strong graded locality of all unitary rank-one lattice type VOSAs V7,,,, without relying on
the representation theory of VOAs as done in the proof of Theorem 7.19, in the following
way. By [Kac01l, Example 5.5a], V7, and the charged free fermion F? of Example 7.2
are isomorphic VOSAs. Therefore, V7, is strongly graded-local and by Theorem 4.29,
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Ap, = AVLl is an irreducible graded-local conformal net isomorphic to F2. Note that

Ly is isomorphic to a sublattice of the lattice ZM, sending VM1 € Ly to (1,...,1) €
ZM. This map induces an isomorphism between V7, and a unitary subalgebra of F2M,
Hence, Theorem 6.1 and Theorem 4.29 imply that Vz,,, is strongly graded-local and that
ALy = Ay, is a covariant subnet of F2M_ Note that this gives another proof of the
strong locality of the unitary VOAs Vz,,, with M € 2Z, firstly given in [CKLW18, Example
8.8]. Tt is also interesting to note that Vi, and V1(NN2) are isomorphic VOSAs by [KacO01,
Example 5.9¢], so that by Theorem 4.29, SVir2; = Ay, which can then be considered as
a covariant subnet of F°.

In [Dun07, Theorem 4.5], the author constructs a simple N = 1 superconformal VOSA
cA7% as a complexification of a real VOSA. Moreover, it is proved that Aut™ (A7) = Coy,
that is Conway’s largest sporadic group, see [Dun07, Theorem 4.11]. Actually, (CAfh is
isomorphic by a boson-fermion correspondence [Kac01, Section 5.2] to the (complex) odd
lattice VOSA VD1+2, see the proof of [Dun07, Proposition 4.1] and [DM15, Section 4.1] for

details. Thus, A/% is a simple strongly graded-local unitary VOSA by Theorem 7.19 and
the irreducible graded-local conformal net A/% := "4@ r4 is isomorphic to A D, by Theorem

4.29. In [DM15], Af? is denoted by V/% and we will keep this notation in the following
2. We call V/? the super-Moonshine VOSA as it can be considered as a super version
of the famous Moonshine VOA V¥, see [FLMS88] and [Miy04], see [KL06, Theorem 5.4]
and [CKLW18, Theorem 8.15] for the conformal net version. Therefore, we are able to
prove the following result:

Theorem 7.21 (The super-Moonshine model). The super-Moonshine VOSA V1% is a
simple strongly graded-local unitary N = 1 superconformal VOSA. Consequently, there
exists an irreducible N = 1 superconformal net A% := Ay, such that Aut>(A/%) is
isomorphic to the Conway’s largest sporadic group Coy.

Proof. We have already proved that V /% is a simple strongly graded-local unitary VOSA
and we have already observed that it has a N = 1 superconformal structure, which we
choose in the following way. By [DM15, Proposition 4.4], for a given choice of the isomor-
phism Aut*(V7/%) 2 Coy, there is a unique one-dimensional subspace of (V/ h)% fixed by

Aut* (V). Moreover, a suitable scaled vector, say 7, in this one-dimensional subspace is
a superconformal vector for V2. V is finitely-generated and thus Aut(V) is a finite dimen-
sional Lie algebra, see Remark 3.24. Then by Proposition 7.12, we can choose the normal-
ized invariant scalar product (-|-) on V/% in such a way that Au ?,Cl.)(th) = Auts(V /1) =~
Co; and that V7% is a simple unitary N = 1 superconformal VOSA. Therefore, by (ii)
of Theorem 7.9, Af% is a N = 1 superconformal net and Aut*¢(A/%) = Aut??l.)(th) =
Aut*(V7%) = Coy by Theorem 7.14. O

Note that the N = 1 superconformal net A/? constructed above is isomorphic to the
one described in [Kaw10, Theorem 4.2] and we call it the super-Moonshine conformal
net. We also highlight that the N = 1 superconformal VOSA V! is characterized as the
unique, up to isomorphism, strongly rational (that is, self-dual, Cs-cofinite, rational and
of CFT type, see e.g. [ABD04, HA15, DH12], see also [HM, Section 2.3] for a more general
brief review, and references therein) N = 1 superconformal VOSA with central charge

2Note that the same symbol is used to denote the real form of a different VOSA V7% in [Dun07, Section
6], which is anyway isomorphic to ¢ A",
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¢ = 12 and trivial subspace of weight %, see [Dun07, Theorem 5.15]. Furthermore, the
strongly rational holomorphic (that is, the only irreducible VOSA module is the VOSA
itself) VOSAs with ¢ < 12 are completely classified in [CDR18, Theorem 3.1]. They
are: the d free fermions VOSAs F? for 0 < d < 24, which are strongly graded-local by
Example 7.2; the tensor product of the lattice VOA Vg, with the d free fermions VOSA
F? for all 0 < d < 8, which are strongly graded-local by [Gui21, Theorem 5.7], Example
7.2 and Corollary 6.6; the super-Moonshine VOSA V. whose strong graded locality has
been established in the discussion just before Theorem 7.21. Thus, we have the following
result:

Theorem 7.22. All the strongly rational holomorphic VOSAs with central charge ¢ < 12
are strongly graded-local.

The super-Moonshine VOSA V7% of Theorem 7.21 has been shown in [JoF21, Section
5, Theorem] to be part of the family of unitary VOSAs with a N = 1 superconformal
structure and such that they contain no vectors of conformal weight % and their even part
is equal to a unitary affine VOA for some semisimple (finite dimensional) Lie algebra g
(note that these VOSAs are automatically strongly rational, see references given above).
These VOSAs are classified in [JoF21, Section 1, Theorem]|, up to some special cases in
the F-series for g. Thanks to our results, we are able to prove that the unitarity condition
is automatic. Moreover, all the classified VOSAs are strongly graded-local. This gives
in turn a different proof of the strong graded locality of V%, relying on the properties
of affine VOAs instead of even lattice type ones, other than new examples of irreducible
N = 1 superconformal nets with the corresponding groups of automorphisms preserving
the N = 1 superconformal structure.

Theorem 7.23 (N = 1 superconformal extensions of affine VOAs). Let V be a simple
VOSA such that Vg is an affine VOA associated to a semisimple Lie algebra. Then V
is unitary and energy-bounded. Suppose further that V is N = 1 superconformal with no
vectors of conformal weight % and that Vg is not one of the affine VOAs VQ(E7), Vl(E7) ®

VI(E7) or VQ(Eg). Then V is a strongly graded-local unitary N = 1 superconformal
VOSA. Then there exists an irreducible N = 1 superconformal net Ay associated to V,
whose Aut**(Ay) is equal to the finite group Aut®*(V), classified in [JoF21, Section 1,
Theorem)].

Proof. First, note that V5 is simple and V5 is an irreducible Vz-module by Example 3.4.
Recall that any semisimple Lie algebra is a direct sum of simple Lie algebras and that
the corresponding VOA is a tensor product of those associated to the simple summands,
see [Kac01, Remark 5.7(c)]|. Similarly, every irreducible module for V5 is a tensor product
of irreducible modules for its VOA components arising from the corresponding simple Lie
algebras, see [FHL93, Theorem 4.7.4]. It follows that V7 is a unitary Vg-module by [DL14,
Theorem 4.8 and Porposition 2.10], implying that V' is unitary by Theorem 3.11. Recall
also that Vj is strongly local by [CKLW18, Example 8.7 and Corollary 8.2]. Moreover,
V5 is generated by vectors of conformal weight 1, satisfying linear energy bounds, see the
proof of Proposition 4.5 and references therein. By the proof of Proposition 4.3, cf. also
[CT23, Proposition 3.14], V; is a energy-bounded unitary subalgebra of V. Hence, V is
energy-bounded by Theorem 4.8.

Now, assume that V is N = 1 superconformal with no vectors of conformal weight %
and that V5 is not one of the affine VOAs V2(Ey), V1(Er;) @ VY(Er) or V?(Eg). Then
the existence and the uniqueness of V' are proved and all possible VOSAs of this type are
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listed in [JoF21, Section 1, Theorem|, where their groups of automorphisms preserving
the N = 1 superconformal structure are established. To do so, the author constructs
the N = 1 structure of V, choosing a superconformal vector 7 in a real form for V, see
Remark 3.2, on which the normalized invariant scalar product of V is positive-definite,
see the beginning of [JoF21, Section 3]. Then 7 turns out to be f-invariant. By (i)
of Theorem 7.9, V' is unitary N = 1 superconformal and thus strongly graded-local by
Theorem 7.15. Alternatively, the fact that V is unitary N = 1 superconformal can be
deduced by Proposition 7.12, noting that V is finitely generated, see Remark 3.24, and
that Aut®*(V) is a finite group, which preserves a unique one-dimensional subspace of V% ,
see [JoF21, Section 4 and Section 5].

By (ii) of Theorem 7.9 and Theorem 7.14, there exists an irreducible N = 1 super-
conformal net Ay associated to V' such that Aut**(Ay) = Aut?ﬁ.)(V) = Aut®(V), whose
possible occurrences are listed in [JoF21, Section 1, Theorem)]. ]

Now, we move to the proof of the unitarity and of the strong graded locality of the
shorter Moonshine VOSA V B!, constructed for the first time in the Ph.D. thesis
[Hoh95], see also [Yam05, Section 4] and [H6h10, Section 1]. Similarly, we call the irre-
ducible graded-local conformal net Ay gy arising from it, the shorter Moonshine con-
formal net. The proof uses the methodology developed in the proof of Theorem 7.19 and
thus we refer to the references given there for non-explained mathematical notions.

Theorem 7.24 (The shorter Moonshine model). The shorter Moonshine VOSA V BY is
a simple strongly graded-local unitary VOSA. Then there exists an irreducible graded-local
conformal net Ay gy such that Aut(Ay, gy) is isomorphic to the direct product of the baby
Monster B with a cyclic group of order two.

Proof. Consider the even shorter Moonshine VOA VB%. As well explained in e.g. [Yam05,
Section 4], this is a vertex subalgebra of the Moonshine VOA V¥, constructed as the
coset of a vertex subalgebra isomorphic to the Virasoro subalgebra L(3,0), see [CKLW18,
Example 8.4]. Recall that V' is unitary by [DL14, Theorem 4.15]. Moreover, it is possible
to choose L(%, 0) in such a way that it turns to be a unitary subalgebra of V1. Indeed,
V% is constructed in [Miy04] from a real form Vﬂg, see Remark 3.2, which is obtained as
extension of a tensor product of 48 copies of a real form of L(%, 0). In particular, it is
proved that Vﬂg has a real invariant bilinear form, which is also positive-definite. Then V¥
has a unitary structure inherited from Vg, making the 48 copies of L(%, 0), obtained as
complexification of the corresponding real forms, unitary subalgebras of V¥, see [CKLW18,
Example 5.33]. By Proposition 3.36, cf. also [CKLW18, Example 5.33], VB% is unitary.
Now, it is known that V¥ is a strongly rational holomorphic VOA, which is also strongly
local by [CKLW18, Theorem 8.15]. Thus, V¥ satisfies [Gui, Condition B] and it is also

completely energy-bounded, see the beginning of [Gui, Section 2.1]. By [Guil9II, Theorem
8.1], L(%, 0) is completely unitary. Furthermore, VB% is regular by [Yam05, Lemma 4.2].
Hence, we fulfill the hypotheses of [Gui, Theorem 2.6.6 and Corollary 2.6.7], which implies
that VB% satisfies [Gui, Condition B], it is completely energy-bounded and the unitary
intertwining operators satisfy the strong intertwining property and the strong braiding.

By [Gui, Theorem 2.4.1], VB% is completely unitary. Note that VB% is also strongly

unitary, that is every irreducible VB%—module can be equipped with a unitary structure,
see [Ten18§].
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By Example 3.4, we have that VB% is an irreducible VB%—module and thus it is also
unitary by the strong unitarity of VB%. By Theorem 3.11, we have that V Bf has a unitary

structure. To prove the strong graded locality of V BY, we can therefore proceed as in the
proof of Theorem 7.19. Indeed, all we need is the fact that V BY is a simple unitary VOSA,
obtained by a Zs-simple current VB% of a strongly local, completely unitary and completely

energy-bounded VOA VB%, whose intertwining operators among unitary VB%—modules
satisfy the strong intertwining property and the strong braiding. Finally, by Theorem 4.32
and [H6h10, Theorem 1], we can conclude that Aut(Ay i) = Aut(.‘.)(VBh) = Aut(VBY) =
B x Zs. O

We highlight that we can produce far more examples picking graded tensor products
of the simple strongly graded-local unitary VOSAs considered in the examples above. A
large exposition of this kind of examples of graded-local conformal nets and of N = 1
superconformal nets are given in [CH17, Section 5.2].

We finish with a useful theorem with important consequences about the unitarity of
the N = 1 and N = 2 superconformal structures of some VOSA models. We work in
the setting of [CGGH23, Section 4] and thus we refer to it and references therein for
unexplained notations and definitions.

Theorem 7.25. Let U be a simple unitary VOSA and let V' be a vertex subalgebra with
the same conformal vector. Assume that: Vg is strongly rational; non-zero vectors of the
irreducible V5-modules have non-negative real conformal weights; Vi is the only irreducible
V5-module with a non-zero vector of conformal weight zero. Then V is a unitary subalgebra

of U if and only if Vg is.

Proof. If V' is a unitary subalgebra of U, then so is V. Vice versa, suppose that V5 is a
unitary subalgebra of U. Let Y be the state-field correspondence of U and 6 be its PCT
operator. Consider the Vz-module given by the vector space (V1) with the usual scalar
multiplication and state-field correspondence Y?(V1) := Y. Then 0 induces an isomorphism
between 0(V7) and the conjugate module 7T, see Example 3.5, which is in turn isomorphic
to Vi, see (36). Thus, 6(V4) and Vi are equivalent Vg-submodules of U.

Suppose by contradiction that 6(Vf) # V. Then it must be dim Homgep, vz (Vf, U) > 1.
On the one hand,

dim HomRep(Ua) (Uﬁ X VT’ U) = dim HomRep(Vﬁ) (VT7 U)

by [KO02, Theorem 1.6 (2)], cf. also [CKM21, Lemma 2.61] (this can be considered as a
VOA version of the ao-reciprocity for conformal nets, see e.g. [BE98, Theorem 3.21]). On
the other hand,

dim HomRep(Uﬁ) (Uﬁ X VT? U) = dim HomRep(Uﬁ) (UT? U)
because Uy X V; = Ut as Uy-modules by [CGGH23, Proposition 4.23]. Then
dim Homgep vz (Vi, U) = dim Homgep, 1) (U X Vi, U) = dim Homgep, 1) (Ug, U) = 1
which leads to the contradiction that concludes the proof. O

Corollary 7.26. The simple CFT type VOSA extensions of the (simple) N = 1 and
N =2 super-Virasoro VOSAs with central charge in the respective unitary discrete series,
classified in [CGGH23, Section 6], are simple unitary N =1 and N = 2 superconformal
VOSAs respectively.
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8. BAcK TO VOSAS

First, we show how to explicitly reconstruct the VOSA structure of a simple strongly
graded-local unitary VOSA V from its irreducible graded-local conformal net Ay. This
can be considered as a different proof of the “if” part of Theorem 4.29. In this way, we also
introduce a more general theory, which allows us to give sufficient conditions in order that
a given irreducible graded-local conformal net arises from a simple strongly graded-local
unitary VOSA.

The fundamental idea for the theory we are going to present in the following is to
construct certain quantum fields starting from an irreducible graded-local M&bius covariant
net. This construction relies on the idea developed in [FJ96] by Fredenhagen and Joérf3, who
construct certain pointlike localized fields associated to an irreducible M&bius covariant
net by a scaling limit procedure. Instead, we use and naturally generalize the alternative
construction based on the Tomita-Takesaki modular theory for von Neumann algebras
(see e.g. [BRO2, Chapter 2.5]) presented in [CKLW18, Chapter 9].

For the reader’s convenience, we recall the following standard argument.

Remark 8.1. Let M be a von Neumann algebra on a Hilbert space H with a cyclic
and separating vector 2 € H for M. As usual, we denote by S,A and J the Tomita
operator, the modular operator and the modular conjugation associated to the pair (M, )
respectively. Recall that S is an antilinear operator such that SAQ = A*Q) for all A € M,
S*AQ = A*Q for all A € M’ and S = JAZ. For an arbitrary vector a € H, we define the
following linear operator with dense domain:

LM —H, AQ+— Aa.
If @ is in the domain D(S) of S, then
(8 AQ|BQ) = (ASa|BQ) = (a|S*A*BQ)
= (B*AQ|a) = (AQ|Ba)
= (AQL°BQ) VA, Be MQ

that is, £0, C (£2)*. Hence, .2 and .Z§, are both closable operators and their respective
closures %, and Zs, satisfy ZLs, C ZF for all a € D(S). We also have that for all
a € D(S), the operators ., and L, are affiliated with M.

The operator .Z, with a € D(S) of Remark 8.1 can be interpreted in certain situations,
see [Car05], as abstract analogue of smeared vertex operators, see also [BBS01]. We ex-
plain this point of view in the following, constructing a family of localized fields associated
to a given irreducible graded-local Mobius covariant net A on S'. Let H be the vacuum
Hilbert space of A. We call an eigenvector a € ‘H of the grading unitary I' even or odd
if it has eigenvalue 1 or —1 respectively. Accordingly, the parity p(a) € Zy of a is 0 or 1
respectively. Let U be the positive-energy strongly continuous unitary representation of
M6b(S1)(*), Recall that the conformal Hamiltonian Lo, that is, the infinitesimal genera-
tor of the one-parameter subgroup of U (Mah(S1)(*)) of rotations, is a positive self-adjoint
operator on H. By the Vacuum Spin-Statistic theorem (11), U factors through a repre-
sentation of Mob(S 1)(2), which we denote by the same symbol. Accordingly, the spectrum
of Lo is contained in %Zzo and we set the usual definition

W™= P Ker(Lo—nly) CHCH

nE%ZzO
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where H is the dense subspace of smooth vectors for Ly, see p. 35 and references therein.
Therefore, U differentiates uniquely to a positive-energy unitary representation of the
Virasoro algebra Uit on H™ and thus it restricts to a unitary representation of sl(2, C)
on Hi the complexification of s[(2,R), see Section 2.1 and references therein. The latter
representation is spanned by the operators L_;, Ly and Ly on H, satisfying L; € L*; and
the usual commutation relations

[L1,L_1] =2Lg, [L1,Lo] = L1, [L_1,Lo) =—L_1. (116)

A vector a € H is called homogeneous of conformal weight d, € %Z, if Loa = dga,
so that a € Hi". By the Vacuum Spin-Statistics theorem (11), if d, € Z, then a is even,
otherwise it is odd. Moreover, a homogeneous vector a € H is said to be quasi-primary,
if Lia = 0. Fix a quasi-primary vector a € H. With a standard induction argument, we
can prove that the commutation relations (116) imply that the vectors

L™ a

a = — € i Vn € Z>g
n! =

satisfy
Loa" = (n+dy)a™ Vn € Z>o, Lia" = (2d, +n — l)an_1 Vn € Z~g .

Moreover, it is not difficult to prove that
2d -1
ol = @l = (47Tl e 2o, (117
n >

By (117), we can prove that for all f € C’;’z’a)(Sl), see (100) for the notation, the series
Zn€Z>g f_n_da a™ converges in H* to an element, which we denote by a(f). Furthermore,
f = a(f) defines a continuous linear map from C’;E’a)(S 1) to H* and thus proceeding as

done to prove Proposition 4.24, we have that:
Proposition 8.2. Let a be a quasi-primary vector in H. Then for oll I € J, we have
that U(y)a(f) = a(eq, () f) for all v € M'db(Sl)(Q) and all f € C’;E’a)(sl) with suppf C I.
1
Now, consider for every interval I € J, the Tomita operator S; = JrA} associated to
the von Neumann algebra A(I). By the Mobius covariance of the net, we get that
UMSIUW)" =S, UMUM@ =Js,  UMAUG)" = Ay (118)

for all I € 7 and all v € M6b(S1)(?). Furthermore, by the Bisognano-Wichmann property
(9), we have that

wlx

, . 1 -
Agi =c® vieR, A% =ez, K:i=in(Li—L) (119)
+

where K is the infinitesimal generator of the one-parameter subgroup of dilations. We set
0 := ZJSi and we note that § commutes with L_1, Ly and L;. (Indeed, 0 will be the PCT

operator of the unitary VOSA we are going to construct, cf. the proof of Theorem 6.4.)

It should be not difficult for the reader to recognize that an equivalent of Theorem 5.4
can be derived for a(f) here in place of Y (a, f)§2 there. Indeed, although it is stated in
the energy-bounded unitary VOSA setting, a(f) shares with Y (a, f)Q all the properties
necessary to the proof of Theorem 5.4. Hence, we state:
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Theorem 8.3. Let a be a quasi-primary vector in H and let f € C(S1\ {—1}) with
suppf C S}r. Then a(f) is in the domain of the operator e and

K ‘ .
eza(f) =i*"a(f o)
where j(z) =% = 271 for all z € S*.
As an application, we get:

Corollary 8.4. Let a be a quasi-primary vector in H and let I € J. Then a(f) is in the
domain of the operator St for all f € C;?a)(Sl) with suppf C I and

Sra(f) = (~1)*%F(0(a))(F)
Proof. By Theorem 8.3 and (119), we have that

Aéia(f)=e§a(f)=i2d”a(foj) Vfe CP(SN\{-1}) with suppf C SL.

Thus, a(f) is in the domain of S 51 and

Sstalf) = Js Ay a(f) = (~1 4 (0(a))(7)

for all f € C°(S"\ {~1}) with suppf C S1. Let I € J and choose v € M6b(S')) such
that 41 = S1. By the covariance of the modular theory (118) and Proposition 8.2, we get
that a(f) is in the domain of Sy for all f € C’;’E’a)(Sl) with suppf C I because

Sra(f) = U()"Ss U(v)a(f) = U(v)" s alea, (7))

= (=15 U (7)*(0(a)) (14, (1)) = (=15 (8(a)(F) .
This also concludes the proof. ]

By Remark 8.1, we can construct the closed operator .iﬂal( P affiliated to A(I) for all

I € J, where a € H is a quasi-primary vector and f € C’;’fa)(Sl) with suppf C I.

Definition 8.5. For every quasi-primary vector a € H, every I € J and every f €
C’;’E’a)(Sl) with suppf C I, .,Zﬂal( p s called a Fredenhagen-Jor83, shortly FJ, smeared
vertex operator and it is denoted by Yi(a, f).

The notation introduced by Definition 8.5 is justified by the following properties of FJ
smeared vertex operators, which follow directly from the properties of the operators £ al( P
constructed above.

Proposition 8.6. Let a be a quasi-primary vector in H. Then the FJ smeared vertex
operators have the following properties:

(i) Fiz I € J. Then for every f € C> . (SY), A(I)'Q is a core for Yi(a, f) and

p(a)
Yi(a, f)Q = a(f). Furthermore, for every b € A(I)'Q), the map
{f € C2y(SY) | suppf C I} 3 f +— Yi(a, fb e H (120)

is an operator-valued distribution, that is, it is linear and continuous.

(i) If L C Iy in J, then Y7, (a, f) C Y, (a, f) for all f € C’;’E’a)(Sl) with suppf C Iy,
so that the operator-valued distribution f — Y7, (a, f) as defined in (120) extends
to the one f — Y1,(a, f).
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(iii) The following Mdbius covariance property holds:
UM)Yi(a, UM = Yar(a, ta, (7))
for all v € M6b(SY)®), all I € J and all f € o (S1) with suppf C I.

(a)
(iv) The following hermiticity formula holds:

(=1)*%+9Y;(0(a), ) € Yi(a, f)*
forall I € J and oll f € C;(oa)(Sl) with suppf C I.

Thanks to (i) of Proposition 8.6, we can use the usual formal notation of distributions
for FJ smeared vertex operators:

Yi(a,f) = 4 Yila,2)f(z)z -2

g1 2miz

for every quasi-primary vector a € H of conformal weight d,, every I € J and every
fe C’;E”a)(Sl) with suppf C I. Accordingly, we have families of type {Y(a,2) | I € J},
which we call FJ vertex operators or FJ fields. As for the local case, it is unknown
whether the FJ smeared vertex operators admit a common invariant domain and this
prevents us to extend a FJ vertex operator {Y;(a,z) | I € J} to a unique distribution
Y (a, z). This also implies that the FJ fields cannot be considered as quantum fields in the
sense of Wightman, see [SW64, Chapter 3].

Proposition 8.7. Let A be an irreducible graded-local Mdébius covariant net. Then A is
generated by its FJ smeared vertex operators, which means that for all I € 7,

i a € UnelZZO(Ker(LO —nly)), L1a=0,
A(I) - W {Yll(a7 f) f E CZ?(OG)Q(SI), Suppf C Il g I, _[1 E ‘_7 (121)

Proof. We trivially adapt the proof of [CKLW18, Proposition 9.1]. For every I € 7, call
B(I) the right hand side of (121), so defying a graded-local M&bius covariant subnet B of
A. By (i) of Proposition 8.6, for every quasi-primary vector a € H and every f € C’;E’a)(S by,

a(f) belongs to the vacuum Hilbert space Hp = B(S1)Q of B. Since the representation
U of M&b(SM)® on H is completely reducible, all the vectors of type a(f) linearly span a
dense subset of H. Consequently, H = Hp and thus A = B, see Remark 2.5. O

Now, we can prove the first of the two main results of this section. As previously
anticipated, we show that the FJ smeared vertex operators of an irreducible graded-local
conformal net arisen from a simple strongly graded-local unitary VOSA are actually the
ordinary smeared vertex operators. Note that we obtain the “if” part of Theorem 4.29 as
a corollary.

Theorem 8.8. Let V' be a simple strongly graded-local unitary VOSA and consider the
corresponding irreducible graded-local conformal net Ay. Then for every quasi-primary

vector a € V', we have that Yi(a, f) = Y(a, f) for all I € J and all f € C’;E’a)(Sl) with

suppf C I. In particular, one can recover the VOSA structure on V.= H™ from the
graded-local conformal net Ay .

Proof. We easily adapt the proof of [CKLW18, Theorem 9.2]. Note that Y (a, f) is affiliated
with Ay (I) and thus its domain contains Ay (I)'S2, which contains ZAy (I')Q2 N H> by
twisted Haag duality (10). By a slight modification of [CKLW18, Proposition 7.3], the
latter is a core for Y(a, f), implying that also the former is a core for it. By (i) of
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Proposition 8.6, Ay (I)'Q) is a core for every FJ smeared vertex operator Y;(a, f). [Kac01,
Eq. (4.1.2)] says that Y (b, 2)Q = e*l=1b for all b € V. Thus, Y (a, f)Q = a(f) and

Y (a, f)AQ = AY (a, £)Q = Aa(f) = Yi(a, )AQ VA€ Ay(I) .

It follows that the closed operators Y (a, f) and Y;(a, f) coincide on a common core and
thus they must be the same. O

Now, we can move to the last part of this section, which consists of the reconstruction
of a simple strongly graded-local unitary VOSA V from a given irreducible graded-local
conformal net A such that A = Ay. To reach this goal, we note that a necessary condi-
tion is that for every quasi-primary vector a € H, the corresponding FJ vertex operator
{Y1(a,z) | I € J} satisfies energy bounds, i.e., there exists non-negative real numbers
M, s and k such that

[Yi(a, £)b]] < M| ],

(Lo + 1)

forall I € J,all f € C’;E’a)(Sl) with suppf C I and all b € A(I)'QNH>. We are going to
prove that the energy bound condition for the FJ smeared vertex operators is actually a
sufficient condition.

We say that a family of quasi-primary vectors § C H generates A if the corresponding

FJ smeared vertex operators generate the graded-local von Neumann algebras, that is, if
A(l) = W ({Yh(a,f) la€F, feCx,(SY), swpf CLCI, Ie j}) VieJ.

Next, we present the second main result of this section:

Theorem 8.9. Let A be an irreducible graded-local conformal net. Suppose that A is
generated by a family of quasi-primary vectors §. Suppose further that § is 0-invariant
and that the corresponding FJ verter operators satisfy energy bounds. Furthermore, assume
that Ker(Lo — nly) is finite-dimensional for alln € %Zzo- Then the complex vector space
V = H has a structure of simple strongly graded-local unitary VOSA such that A = Ay .

Proof. The following proof retraces the one of [CKLW18, Theorem 9.3] with very few
adjustments where necessary.

As for the smeared vertex operators in Section 4.1, we can prove that the energy bound
condition implies that H* is a common invariant core for the operators Y;(a, f) with
IeJ,aeFand f € C’;E’a)(Sl) with suppf C I. Let {1, 2} C J be a cover of S! and
let {¢1,p2} C C®°(SY,R) be a partition of unity on S* subordinate to {I, 5}, that is,
suppy; C I; for all j € {1,2} and Z?:l ¢j(z) =1 for all z € S'. Then for every a € §

and every f € C;(Oa)(Sl), we define the operators Y (a, f) on H with domain H> by

2
Y(a, f)b=> Y (a,0;f)b  beH®. (122)
j=1
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Let {I,I} C J be a second cover of S* and let {31, 53} € C=(S1,R) be a partition of
unity on S' subordinate to {I1, I}. Thus, we have that

2
afw=§jm a, i f b—}ij a, ok )b

k,j=1

2
Z @ @rpi b= Vi (a.Gf)b  VbeH
k.j=1 k=1

where we have used (ii) of Proposition 8.6 for the third equality. This means that the
definition (122) of Y(a, f) is independent of the choice of the cover of S! and of the

partition of unity subordinate to it. As a consequence, we have that }7((1, f) =Yi(a, f)
forall a € §, all I € J and all f € C;?a)(Sl) with suppf C I. This implies the state-

field correspondence Y (a, f)Q = a(f) for all @ € § and all f € C’;E’a)(Sl), see (i) of
Proposition 8.6. Moreover, we get the M6bius covariance property and the adjoint relation
for the operators Y (a, f) with f € C’;E’a)(Sl) as stated in (iii) and (iv) of Proposition 8.6
respectively.

By hypothesis, for every a € §, the FJ vertex operator {Y;(a, z) | I € J} satisfies energy
bounds for some non-negative real numbers M, s and k. By the convolution theorem for
the Fourier series, for every ¢ € C°°(S1) and every f € C° (S'), it is not difficult to

p(a)
prove that
@ha| < 3 |Bllensl  vnez—da.
JE€EL—dq
Hence,
leflo= Y (nl+1|@ha|< X 0 (nl+1)|5|16u]
neZ—dg NEZ—dg jEL—dq
=3 > G+l + || 18l <lell 1,

meZ j€L—d,

which implies that

[P = 3 Ve <01 (Sl itz 101
=1 j=1

for all f € C’OE’)(SI) and all b € H>®. This means that the operators Y (a, f) with

fe p(a)(S 1) satisfy energy bounds for some s and k and the non-negative real number
M= (S el )-
For every n € Z and every m € Z — %, define e, € C*(S') and e, € C’;O(Sl) by

en(z) == 2" and e (2) = x(2)z > with 2 € St respectively. For any a € § and any
n € Z —dg,, set a, := Y(a, en). Thus, we have that

m—

lanbll < M(n| +1)°

(Lo + IH)"%H VneZ—d, VbeH™.

By definition, we get that a_q,2 = a(e_q,) = a for all a € §. The Mobius covariance
property implies that e?*foq,e 0 = e=tq for all a € §, all t € R and all n € Z — d,,.
This implies that [Lg, a,)b = —na,b for all a € §, all n € Z — d, and all b € H*> and thus
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an preserves H for all a € §F and all n € Z — d,. By the M&bius covariance property,
we also have the remaining commutation relations [L_1,a,]b = (—n — dgq + 1)a,—1b and
[L1,an)b = (—n +dg — 1)ap41b for all a € §, all n € Z — d, and all b € H*°. Define the
linear span

Vi={(Q, ap a, Q1>1, o/ €F, nj€Z—dy Vje{l,--,1}) CH™

We want to show that V' = H". Let Hy be the closure of V' in H and ey be the orthogonal
projection onto Hy. For any f € C;(Oa)(Sl), > nez—d, fnen converges to f in C;’(Oa)(Sl)
and hence

Y(a,fb= > faanb Va€F Vfe T, (S") VbeH™.

neZ—dg

It follows that Y (a, f)b and Y (a, f)*b are in Hy for all a € §, all f € C;?a)(Sl) and

all b € H™". Considering that Ker(Lg — nly) is finite-dimensional for all n € %Zzo, we
get that eyH™ = V. Consequently, we have that [ey,Y (a, f)]b = 0 for all a € §, all
fe C;E)a)(Sl) and all b € V. But H™ is a core for every FJ smeared vertex operator,

which means that ey Yz(a, f) C Yi(a, fley for all a € §, all I € J and all f € C;E’a)(Sl)
with suppf C I. Thus, using that § generates A, it must be ey, = 14 by the irreducibility
of A. This obviously means that V = #f».

What we have just proved says us that the formal series

Do(2):i= Y apz "™ Vaeg

nelZ—dg

are translation covariant (with respect to the even endomorphism 7' := L_;) parity-
preserving fields on V', which are also mutually local (in the vertex superalgebra sense)
thanks to the graded-locality of A and Proposition A.1. Hence, we have a unique vertex
superalgebra structure on the vector superspace (V,T' [/) thanks to the existence theorem
for vertex superalgebra [Kac01l, Theorem 4.5] with vertex operators satisfying Y (a, z) =
®,(z) for all a € F. Moreover, we have a unitary representation of the Virasoro algebra
on V by operators L,, with n € Z by differentiating the representation U of Diff ™ (S 1)(00)
associated to A, see Theorem 2.2. Consequently, L(z) = >, . L,z"""2 is a local field
on V, which is also mutually local with respect to every Y (a,z) with a € V' thanks to
the graded-locality of A. Furthermore, L(2)Q2 = e*/'-1L_50 and thus L(z) = Y (v, z) with
v := L_9Q by the uniqueness theorem for vertex superalgebras [Kac0l, Theorem 4.4.].
Clearly, v is a conformal vector which makes V' a VOSA.

The scalar product on H restricts to a normalized scalar product on V having unitary
Mobius symmetry as defined in (i) of Definition 3.25. Furthermore, we have that

Y(a,z)t = (=1)2%t%y(9(a),z) Va€eF

where Y (a,z)" is the adjoint vertex operator as defined in (39). This means that every
Y (a,2)t with @ € § is local and mutually local with respect to every vertex operator of

V. Set
_ (_1)2d24da
aeg}, 8_::{—ia (=1) 6(a) ae&}.

a+ (—1)2dit+dag(q)

Sy =
2 2

Note that V' is generated by the family of Hermitian quasi-primary fields {Y(a,z2) | a €

§+ UF_} and thus V is unitary by Proposition 3.29. Furthermore, V is simple by (iv)

of Proposition 3.8 because Vy = CS). V is also energy-bounded thanks to Proposition 4.3
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because it is generated by the family § of vectors satisfying energy bounds. Az as defined
in (102) coincides with A by hypothesis and thus we can conclude that V' is strongly
graded-local and that Ay = A by Theorem 6.4. O

We end with the following:

Conjecture 8.10. For every irreducible graded-local conformal net A, there exists a simple
strongly graded-local unitary VOSA V' such that A = Ay .

APPENDIX A. VERTEX SUPERALGEBRA LOCALITY AND WIGHTMAN LOCALITY

In the current section, we investigate the relationship between the locality axiom in the
vertex superalgebra framework and in the Wightman one. Indeed, as it is well-explained
e.g. in [Kac01, Chapter 1], the vertex superalgebra axioms are motivated by the Wightman
axioms for a QFT, see [SW64, Section 3.1]. Hence, it is likely to have an equivalence
between the locality axioms in the two frameworks at least under certain assumptions.
Those assumptions are represented by a suitable energy bound condition for fields in the
spirit of Section 4.1.

Let Lg be a self-adjoint operator on a Hilbert space H with spectrum contained in %Zzo-
Call V the algebraic direct sum

1 = D Ker(Lo—nly)
TLE%ZZO

which is a dense subspace of H. As usual, denote by H* the dense subspace of H given
by the smooth vectors of Ly, see p. 35 with references therein. Let a := {a,, | n € Z} and
b:={b, |neZ- %} be two families of operators on H with V' as a common domain and
such that

etlog, e~itlo — g=inty VieR VneZ
. . . 1
elthop e=iho — o=inty Y cR VneZ— 5
It follows that

1
apKer(Lg — kly) C Ker(Lg — (k —n)ly) Vn € Z Vk € 5220

1 1
bpKer(Lo — klyy) € Ker(Lo — (kK —n)ly) Vn € Z — B Vk € §Z20'

Consequently, all the operators a,, and b,, restrict to endomorphisms of V' with the property
that for all ¢ € V there exists N > 0 such that a,c = b,c = 0 for all n > N. In other
words, the formal series

D,(2) == Zanzfn, Dy(2) == Z bz "

nez nEZf%

are fields on V as defined in [Kac01, Section 3.1], see also Section 3.1. Moreover, assume
that ®,(z) and ®p(z) satisfy the following energy bounds: there exist non-negative real
numbers M, s and k such that

lancll < M(1 +[n[)*

(Lo + 17.0’“0” VneZ VeeV

1
bnell < M1 +|n])*||(Lo + 1@’%” VneZ -z VeeV.
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Thus, we define the following operators:

Oo(f)ei= Jaanc,  By(flei= Y fznT_lbnc VfeC®(Sh) VeeV.

neL nez—1i

The closures of the above operators, which we still denote by the same symbols, have
H> as common invariant domain, cf. Section 4.1. We call ®,(f) and ®(f) smeared
fields. We say that a,®,(z) and ®,(f) are even, whereas b, ®;(z) and Py(f) are odd.
Accordingly, we say that a has parity p(a) = 0, whereas that b has parity p(b) = 1.

Now, let a' and a? be two families of operators with given parities as above. Let [, ]
be the graded commutator, that is,

[ @1 (), B2 ()] 1= g () @2 () — (—1)POIPEP 2 () (-) . (123)

where, with an abuse of notation, we are using (—1)P()2(6*) as in (123) to denote (—1)PatPa2,
where p,1,p,2 € {0,1} are representatives of the remainder class of p(a') and p(a?) in Zs
respectively. We say that the fields ®,1(z) and ®,2(z) are, accordingly with Section 3.1,
mutually local in the vertex superalgebra sense if there exists an integer N > 0
such that

(z —w)" [Py (2), Py2(w)]c=0 Vn>N VeeV
whereas, we say that the fields ®,1(z) and ®,2(z) are mutually local in the Wightman
sense if

(@41 (1) Paz(f2)]e =0 VeeV

whenever f1, fo € C*(S!) are such that suppf; C I and suppfy C I’ for any I € J.
Therefore, we can state the correspondence between these two definitions of locality:

Proposition A.1. Let a' and a? be two families of operators on H with given parities
and with V' as common domain. Assume further that a' and a® satisfy energy bounds.
Then the fields ®,1(z) and ®,2(z) are mutually local in the vertexr superalgebras sense if
and only if they are mutually local in the Wightman sense.

Proof. The following is an adaptation of the proof of [CKLW18, Proposition A.1].
For every ¢,d € V, define the following formal series in the two formal variables z and

w:
Ged(z0) = (d[ 041 (2), D2 (@)]e) = 3 (dllal,aZle)z " P P2
nEZ—pl
meZ—pa

where py, are either 0 if p(a®) = 0 or 3 if p(a*) = T for k € {1,2}. ¢ a(z,w) can be
considered as a formal distribution on S' x S! as in [Kac01, Section 2.1], that is, Ped
is a linear functional on the complex vector space of trigonometric polynomials in two
variables. Thanks to the energy bounds, ¢4 extends to a unique ordinary distribution
on S' x S' by continuity, that is, a continuous linear functional on the Fréchet space
C>(S! x SY), which we call p.q(f) for f € C(S* x S1). (Recall that C°(S x S1) is
isomorphic to the completion of the algebraic tensor product C*°(S') @ C*°(S1).) The
energy bounds assure us that there exists a N > 0 such that for every c,d € V, there
exists M. 4 > 0 such that

|ped(f)| < Meall flly max O fe,ev)|  VfeC™(8' xS (124)
;,y_GR
where, as usual, s = (s',s%), s/ € Z>o is a multi-index with |s| = s' + s and 0° :=

2

(02)* (9y)*".
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Suppose that the fields ®,1(z) and ®,2(z) are mutually local in the vertex superalgebra
sense. By [Kac01, Theorem 2.3(i)], the ordinary distribution ¢.4 has support in the
diagonal

D :={(z,w) € S* x ' | 2 —w = 0}.
It follows that (d|[®,1(f), ®,2(g)]c) = O for all ¢,d € V, whenever f,g € C>°(S!) with
suppf C I € J and suppg C I’. Due to the energy bounds, we can extend the equality
above to all ¢ € H* (cf. Lemma 4.11) and thus the fields ®,1(z) and ®,2(z) are mutually
local in the Wightman sense.

Conversely, suppose that ®,1(z) and ®,2(z) are mutually local in the Wightman sense,
then the formal distribution ¢, 4 has support in the diagonal D of S 1% S' as defined above.
Moreover, (124) says us that ¢, 4 is a distribution of order N in the sense of [Rud91, p. 156].
We would like to apply [Rud91, Theorem 6.25]. To this aim, consider a finite open cover
{U;} of the diagonal D of the torus S! x S! in such a way that every U; is diffeomorphic
to the open square (—m,7) x (—m, ) of R? and such that D N Uj; is diffeomorphic to a
diagonal of such a square. Complete {U;} to a finite open cover of St x S1, which we
denote by the same symbols. Let {h;} be a partition of unity of S! x S* with respect to
the finite open cover {U;} and set <pid = hjped, s0 that @cq =3, Lpi’d. Every (pi’d can
be considered as a distribution in the angular variables (z,y) € (—m,7) X (—m, 7) and can
be easily extended to a distribution on ]R?. Applying the change of variable [ := = — y
and m := x + y, we obtain distributions ‘bi,d on R? with support in {(I,m) € R? | [ = 0}.
Smearing a distribution gbi 4 With a test function g in the variable m € R, we obtain a new
distribution in the variable [ € R with support in {0} only. Thus, we are in the case of
[Rud91, Theorem 6.25], which says us that ¢, ,(l,9) = SN Kl(9)2°56(1). One can check

that for every s and j, k! is a distribution in the variable m € R. Thus, for every j, we
can rewrite ¢, 4(z, w) = Zévzl k3 (w)d2,6(z —w) for some distributions &7 in the variable w.
By [Kac01, Theorem 2.3], we can deduce that (z —w)" . 4(z,w) = 0 for all ¢,d € V, that
is, the fields ®,1(z) and ®,2(z) are mutually local in the vertex superalgebra sense.  [J
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