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Abstract: We prove an equivalence between the following notions: (i) unitary Mobius
vertex algebras, and (ii) Wightman conformal field theories on the circle (with finite-
dimensional conformal weight spaces) satisfying an additional condition that we call
uniformly bounded order. Reading this equivalence in one direction, we obtain new an-
alytic and operator-theoretic information about vertex operators. In the other direction
we characterize OPEs of Wightman fields and show they satisfy the axioms of a ver-
tex algebra. As an application we establish new results linking unitary vertex operator
algebras with conformal nets.
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1. Introduction

Two-dimensional conformal field theory has attracted the attention of physicists and
mathematicians for its rich algebraic and analytic structures (see e.g. [DMS97]). There
are several well-developed approaches to axiomatizing unitary two-dimensional chiral
conformal field theories (chiral CFTs), and in recent years the problem of reconciling the
various approaches has garnered considerable interest. In this article, we will compare
two formulations of two-dimensional unitary chiral conformal field theories, namely the
vertex algebra approach (in terms of formal power series) and the Wightman approach
(in terms of operator-valued distributions on the circle). While these two axiomatizations
are supposed to describe the same theories, the manners in which they do so are quite
different. In particular, Wightman fields rely on nontrivial analytic properties which are
not readily visible in the vertex algebra formulation.

Our main result is that unitary Mdbius vertex algebras are equivalent to Mdbius-
covariant Wightman field theories that satisfy an analytic condition which we call uni-
formly bounded order. The adjective “Mobius” describes the underlying symmetry of
the theories under consideration, which is s[5 at the infinitesimal level or PSU(1, 1) at the
global level. The main result is summarized in Theorem 3.12. A highlight of the result
is that we do not impose any extraneous constraints on the vertex algebras under con-
sideration, which is a departure from other results comparing axiomatizations of chiral
CFTs. We establish the main result by giving a careful axiom-by-axiom comparison of
the two notions, with emphasis on the key properties of locality and M&bius covariance.

The uniformly bounded ordered property arises in our treatment of the locality axiom,
and it seems that this property had not been noticed in earlier comparisons of vertex
operators and Wightman fields at a physical level of rigor (e.g. [Kac98, §1.2]; see Sect. 3.4
for further discussion). We use the locality axiom of vertex algebras to show that unitary
Mbobius vertex algebras satisfy uniformly bounded order, which yields new analytic
information about these theories. On the other hand, we observe that uniformly bounded
order for Wightman fields allows us to construct a vertex algebra structure. This amounts
to showing operator product expansion for Wightman fields (cf. [Bos05]).

As an application, we are able to obtain further results comparing unitary vertex
operator algebras (VOA) with conformal nets, another well-studied axiomatization of
two-dimensional unitary chiral conformal field theories in the spirit of the Haag-Kastler
axioms for algebraic quantum field theory (AQFT). First, starting from a conformal net
we construct a canonical unitary VOA structure on a subspace of the finite-energy vectors
of the theory. We show that this subspace is, in fact, the entire space of finite-energy
vectors whenever the conformal net “comes from” a unitary VOA in a loose sense. This
construction applies to arbitrary conformal nets, extending a result of [CKLW 18] (based
on the construction of [FJ96]). Second, we construct conformal nets from unitary VOAs
possessing a strong commutativity property, which reproduces a result of [CKLW18]
without requiring the technical assumption of “polynomial energy bounds.”

The article is organized as follows: In Sect. 2 we describe the vertex algebra and
Wightman formulations of unitary two-dimensional chiral conformal field theories. We
also give preliminary results constructing Wightman fields from unitary vertex algebras.
In Sect. 3 we give a careful comparison of the two different axiomatizations, with partic-
ular attention to locality and Mobius covariance. Here, we prove our main result giving
an equivalence between the two notions. In Sect. 4 we discuss conformal nets and give
several applications of our results in this context.
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2. Two Formulations of Chiral CFT

In this section we introduce our two formulations of chiral CFT, namely unitary Mdbius
vertex algebras and Mobius-covariant Wightman field theories.

2.1. Positive-energy representations of the Mobius group. We denote by Mob the group
of holomorphic automorphisms of the unit disk, which we identify with fractional-linear
transformations via

Mob = PSU(I, 1) = {(g 2) s a,beC, lal*— b= 1} /{£Id}.

It is a three-dimensional real Lie group with Lie algebra denoted Lie(Mob). If we
consider M6b as a subgroup of the group Diff(S!') of orientation-preserving diffeo-
morphisms of the unit circle S' C C, Lie(M&b) is identified with a three-dimensional
subspace of the space of smooth vector fields Vect(S!) on S'. Each vector field is identi-
fied with a differential operator f (¢ 9)% for some smooth function f (€'?), and the Lie
bracket is given by [f 44, gL] = (f'g — fg')&, where f’ denotes %. Note that this
bracket is the opposite of the bracket of vector fields, which is the natural choice when
identifying Vect(S') with the Lie algebra of Diff (S!). This gives rise to an embedding
Lie(M6b) C Vect(S!), and the complexification Lie(Mdb)c = s[(2, C) of Lie(Mdb)
is spanned by the elements {L_1, Lo, L1}, where L,, is the complexified vector field
—ietm? j—o. The vector fields L,, satisfy the commutation relations

[Lm, Lyl = (m —n)Lypsp, m,n=-1,0,1

A representation of Lie(Mob) on an inner product space V is called a unitary rep-
resentation if (L,,u, v) = (u, L_,,v) forallu,v € Vandm = —1, 0, 1. Here we have
extended the representation of Lie(Mob) to its complexification, and, as an abuse of
notation, used the same symbols L,, for operators on the representation space. We are
interested in positive-energy representations of Lie(Mob), which are unitary represen-
tations with the additional property that L is a diagonalizable operator with non-negative
eigenvalues. Any positive-energy representation of Lie(Mob) in which Lg has integral
spectrum can be integrated to a continuous (in the strong operator topology, SOT) uni-
tary representation of Mob on the Hilbert space completion H of V (see e.g. [Lon0S],
[Wei05, Appendix A], or [CKLW18, §3.1]).

Conversely, an SOT-continuous unitary representation H of Mob is called a positive-
energy representation if the generator of the rotation subgroup is a positive operator
(with necessarily integral spectrum). In this case, the representation is the integration of
a positive-energy representation of Lie(Mob) on the dense subspace V of finite-energy
vectors (that is, the algebraic span of eigenvectors of the generator of rotation). In this
article, we will emphasize positive-energy representations in which the generator of
rotation Lg € Lie(Mob)c has finite-dimensional eigenspaces.

2.2. Unitary Mobius vertex algebras. In this section, we define (unitary) Mobius ver-
tex algebras, which were introduced under the name quasi-vertex operator algebra in
[FHL93]. The reader is cautioned that other authors have used the term Mobius ver-
tex algebra to refer to a more general notion, in particular relaxing the requirement of
finite-dimensionality of the weight spaces (e.g.[BKO08]).



302 C. Raymond, Y. Tanimoto, J. E. Tener

If Vis a vector space, we denote by End (V) [[z*1]] the set of formal power series in 7+l
with coefficients in End(V). Given v € V and A(z) = Y, Anz" € EndOV)[[zE!]],
we can consider a formal series A(z)v = ), A,vz" in the variables 7+ with coeffi-
cients in V. Furthermore, for any B € End(V) we have [A(z), B] = )_,[A,, BIZ" €
End(V)[[z*']]. If B(w) is another formal series, then the expression [A(z), B(w)] makes
sense as a formal series in z*! and w*!.

Definition 2.1. An (N-graded) Mdobius vertex algebra consists of a vector space V
equipped with a representation {L_1, Lg, L} of Lie(M&b)c, a state-field correspon-
dence Y : V — End(V)[[z¥!]], and a choice of vector Q € V such that the following
hold:

(VA V = ;2 V(n), where V(n) = ker(Lo—n) and each V(n) is finite-dimensional.

(VA2) Q is Lie(Mob)-invariant, i.e. Ly Q2 = 0 fork = —1,0, 1, and Y (2, z) = Idy.

(VA3) Y (v, )2 has only non-negative powers of z for all v € V.

(VA4) [Lg, Y (v, )] = Y55 ()10 v (Lo 1v, ) and Y (Lo v, 2) = Y (v, 2) for
allve Vandk =—-1,0, 1.

(VA5) (z — w)N[Y (v, 2), Y (u, w)] = O for N sufficiently large.

For v € V, the field Y (v, z) associated with v can be expanded as a formal series
Y(v,2) =) ez v(m)z_’"_l, where v(,;) € End(V). A vector v € V is called homoge-
neous (with conformal dimension d) if it lies in V(d). As a direct consequence of the
axioms, when v is homogeneous with conformal dimension d we have

[Lo, Y(v,2)] = 2V (L_1v,2) + Y (Lov,2) = 24 Y (v,2) +dY (v, 2)
= Z(d —m — 1)v(m)z_m_1.

mez

By comparison of formal series, one can deduce that [Lo, vin)] = (d — m — D)vgy. It
follows that v(,,) maps V(n) into V(n +d —m — 1).

An (antilinear) automorphism of V is an (anti)linear bijection ® : )V — ) that fixes
€2, commutes with the L,,, and satisfies ® (v(,)u) = O (v)(,)O(u) forall v, u € V and
n € Z. A vector v € V is called quasi-primary if it is homogeneous and Ljv = 0. The
field Y (v, z) associated with a quasi-primary vector v is called a quasi-primary field.

An invariant bilinear form (-, -) on a Mobius vertex algebra V is a bilinear form such
that

(Y(v, D)u, t) = (u, Y (&L (—z72) Loy, z7Hu).

Definition 2.2. A unitary Mobius vertex algebra is a Mobius vertex algebra )V equipped
with an inner product (-, -) and an antilinear automorphism ® such that the following
hold:

1. (L_pv,u) = (v, Lyu) forallv,u € Vandn = —1,0, 1 (i.e. V is a positive-energy
representation of Lie(Mob)c).

2. 12| = 1.

3. (-, ®-) is an invariant bilinear form.
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Note that we follow the convention that the inner product is linear in the first variable. As
in [CKLW18, §5], the operator ® is automatically an involution, and a unitary Mdbius
vertex algebra is simple (has no proper ideals) if and only if V(0) = CQ2. Moreover if
V(0) = CL, then there is at most one involution ® making ) into a unitary Mobius
vertex algebra, and so in this case we can omit ® from the extra structure needed to
specify unitarity.

If v € V is homogeneous with conformal dimension d, then we write v, := Vura—1)
for the degree-shifted mode, and we extend this definition to arbitrary v € )V by linearity.
The shifted modes have the property that v,V (m) C V(m —n). For convenience of calcu-
lation, we will make use of both conventions throughout the paper. As in [CKLW 18], we
call a quasi-primary field Y (v, z) Hermitian if (v,u, u’) = (u, v_,u’) foreveryu, u’ € V
and n € Z. This last condition is equivalent to requiring ®v = (—1)%v, where d, is the
conformal dimension of v.

LetS C V be a set of homogeneous vectors. We say that the fields {Y (v, z) : v € S}
generate V if

V = Span{(v()(ny) - - (W) ¥t = vj,u €S, nj € Z, k € Z>o).

We have the following version of [CKLW 18, Proposition 5.17] for Mobius vertex alge-
bras, proven exactly the same way as for vertex operator algebras in the reference.

Proposition 2.3. Let V be a N-graded Mobius vertex algebra with V(0) = CQ. Sup-
pose that V is equipped with an inner product such that ||| = 1 and such that the
representation of Lie(Mob)c on V is unitary. Then 'V is a unitary Mobius vertex algebra
if and only if it possess a generating family of Hermitian quasi-primary fields.

2.3. Mobius-covariant Wightman fields. We now give an alternate axiomatization of
two-dimensional chiral CFTs, in terms of Wightman fields. The Wightman axioms are
usually defined on the Minkowski space R?*!, but they can be adapted to chiral conformal
field theory.

Let H be a Hilbert space, and let D C H be a dense subspace. An operator-valued
distribution on the unit circle S! with domain D is a continuous linear map

¢ : C*(S"y > Hom(D, H),

where Hom(D, 'H) is the space of linear maps D — 'H, equipped with the topology of
pointwise convergence. We regard ¢( f) as an unbounded operator! on H with domain
D.

An operator-valued distribution ¢ with domain D is called adjointable (or an ad-
jointable field) on D if there exists an operator-valued distribution ¢ with domain D
such that

(P(f)®, W) = (D, 0" (HW)

for all ®, ¥ e D. Equivalently, ¢ is adjointable if D C Dom(g(f)*) for every f €
C>®(S"), in which case the adjoint distribution is given by §0T (f) == @(f)* |p. Note that

1 Following standard references, the domain Dom(A) of an unbounded operator A is treated as part of the
data of A. If B is the restriction of A to a subspace Dom(B) C Dom(A), then we write B C A. The adjoint
A* of A is defined on W € H for which there exists a constant C4 such that |[(A®, W)|| < C4||®| for all
® € Dom(A), and it is characterized by (®, A*W) = (A®, ¥). An unbounded operator is called closed if
its graph is a closed subspace of H x H, and called closable if the closure of its graph is the graph of some
(closed) operator. See e.g.[Rud91,Ped89] for basic notions of unbounded operators.
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continuity of f — ¢'(f)® is automatic, by the closed graph theorem. If ¢ is adjointable,
then so is ¢ and ¢'" = . It follows that when ¢ is adjointable the operators ¢( f) and
@' (f) are closable. Note that an adjointable field with domain D remains adjointable
when restricted to a dense subspace D’ C D.

We now assume that our Hilbert space carries a positive-energy representation of
Mob. Following [CKLW18, §6], for y € Mob we denote by X, € C*>(S") the function

. d .
X, () = i log(y (¢)),

which takes values in the positive real numbers since y is an orientation preserving
diffeomorphism of S'. For f € C*(S!) and d € Z> we denote by B, (y) f € C>®(S")
the function

BaH@D =Xy N @) (2.1)

Now, let D be a dense subspace of H. An operator-valued distribution with domain D
is called Mdobius-covariant of degree d (in the Wightman sense) if for every y € Mob
we have U(y)D = D and

Ue(HUW* = eBa(y) f)
for every f € C°°(S'), where the equality is that of maps D — H.

Remark 2.4. The function X, € C*(S 1) is characterized in terms of the pushforward
of the vector field [% € I'(T'S") by the identity y*% =(X,o0 y_l)%. It follows that
when d > 0 the operation 4 (y) can be understood in terms of pushforwards of sections
of the tensor product bundle 7®¢~15!:

d ®Rd—1 d ®d—1

7 (F557) = B 4

Thus in some contexts the input to a Wightman field of degree d is best understood as

4 ®d—1
a0 1

12]). Indeed, the same holds when d = 0, with L%(XF interpreted as d6.

a tensor field f of degree d — 1 rather than a function f (see [Leel3, Chapter

A set F of operator-valued distributions on §!' with common dense domain D C H
invariant under ¢ (f) € F, together with a SOT-continuous unitary representation U of
Mob and a vector 2 € D, are called a Mobius-covariant Wightman field theory on
S if they satisfy the following axioms:

(W1) Mébius covariance: For every y € Mob, U(y) preserves D. For each ¢ € F
there is d € Z~ such that ¢ is Mdbius-covariant of degree d.

(W2) AdjOilTltZ Each ¢ € F is adjointable and F is closed under the involution sending
ptop'.

(W3) Locality: If f and g have disjoint supports, then ¢ (f) and ¢,(g) commute for
any pair ¢1, @2 € F.

(W4) Spectrum condition: The generator L of rotations U (Ry) = etfLo jg positive.

(W5) Vacuum: The vector €2 is the unique (up to scalar) vector that is invariant under
U, and 2 is cyclic for F in the following sense: whenever ¢y, ..., gx € F and
flooos fr € C(SY) we have @i (f)---¢1(f1)Q € D, and moreover D is
spanned by vectors of this form.
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It follows automatically that expressions such as ¢1(f1)--- @ (fr)2 are jointly
continuous in the f;. Indeed, f; — @(f1)...@(fr)2 has a closed graph, because
fi = {o(fj)P, W) is continuous for any ®, ¥ € D and D is dense. As C®(SYHisa
Fréchet space, the map is therefore continuous. Hence the expression ¢ (f1) ... o (fr)2
is separately continuous in the f;, and separately continuous maps from Fréchet spaces
into a Fréchet space (the Hilbert space ) are jointly continuous (see e.g.[Rud91, The-
orem 2.17]).

Let V be the finite-energy vectors V = @30:0 V(n), where V(n) = ker(Lo — n) and
the direct sum is the algebraic direct sum. In this article we will emphasize theories that
also satisfy:

(W6) The eigenspaces V(n) = ker(Lo — n) of Lo are finite-dimensional.

Examples of Wightman field theories that do not satisfy (W6) can be produced by the
infinite tensor product construction, as in [CWO05, §6].

We claim that if a Wightman field theory F satisfies (W6) then V C D. First, from
the Mobius covariance axiom we see that the subspace WV of D given by

W = span{ g (fo) - o1(f)Q : f; € Clz*N, ¢ € F, k € Zx)

is contained in V and invariant under Lg. Thus W = @2020 W(n) with W(n) C V(n).
Since D is dense in H and expressions of the form ¢ (fi) - - - ¢1(f1)S2 are continuous
in the f;, W is also dense. But this means that YV(n) is dense in V(n), and since V(n)
was assumed finite-dimensional we must have WW(n) = V(n). We conclude that )V C D
as claimed.

For v € V, expressions of the form ¢ (fx) - - - ¢1(f1)v are jointly continuous in the
fj by the same argument given above in the case v = . The Wightman fields that
correspond to unitary Mobius vertex algebras satisfy an additional, apparently stronger,
requirement that we now explain. For N € R, the N-Sobolev norm on C®(Sh is
given by

172
ISl = (Z |fm)a +n2)N> . (2.2)

nez

The Hilbert space completion of C*(S 1y under this norm, denoted HY (S!), can be
identified with the subspace of L*(S') consisting of functions with finite N-Sobolev
norm. The topology on C*°(S') is induced by the norms ||-|| v, and a linear map from
C*(S") to a Banach space is continuous precisely when it extends to a bounded linear
map on some HY (S1). Thus, we extend the domain of the expression @1 (f1) - - - ok (fr)v
from C°°(Sl)k to HN(Sl)k for some N that depends on v.

We consider the following additional property, asking that N can be chosen indepen-
dent of v:

(W7) Uniformly bounded order: For every collection ¢1, ..., ¢ € F, there is a posi-
tive number N such thatforevery v € Vthemap (f1, ..., fi) = ¢r(fr) - -@1(f1)v
extends continuously to H NS l)k.

Remark 2.5. We do not know if the condition of uniformly bounded order follows from
the other axioms. Since we will show that M&bius-covariant Wightman field theories
with uniformly bounded order correspond exactly to unitary Mobius vertex algebras, the
uniformly bounded order condition is automatic if and only if every Mobius-covariant
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Wightman field theory corresponds to a vertex algebra. The axioms of a vertex algebra
essentially require the existence of operator product expansions (OPE), while from the
Wightman point of view a form of OPEs has been proved under additional analytic
conditions (see e.g.[Bos05]). On the other hand, if we assume uniformly bounded order,
then we prove that the fields generate a Mobius vertex algebra, and OPE A(z) B(w) =
ley:})l(iw,Zch (w)+ : A(z)B(w) :) as formal series follow [Kac98, Theorem
2.3), and this equality holds as distributions.

Remark 2.6. The definition of uniformly bounded order given here implicitly assumes
that VV C D, which will usually only occur when the weight spaces V(n) are finite-
dimensional. If the V(n) are infinite-dimensional, then the condition (W7) should be
modified to only require that the vectors v liein V N D.

2.4. Adjointable fields from unitary Mobius vertex algebras. Let ) be a unitary Mobius
vertex algebra. In this section, we show that the formal distributions Y (v, z) correspond
to adjointable operator-valued distributions on S!, and that these distributions can be
repeatedly applied to the vacuum. This is a first step in constructing a Wightman field
theory from V. Other conditions of Wightman fields, such as Mobius covariance and
locality, will be studied in Sect. 3.

Recall that for v € V we have a formal series Y (v, 2) = ), vz~ ~1 with Vi) €
End(V). For f € C*®(S"), we wish to define an unbounded operator Y°(v, f) on the
Hilbert space completion H of V by the formula

n

YO0, fiu = Zf(n)vnu, uev. (2.3)

nez

Here, f (n) are the coefficients of the Fourier series of f, and the degree-shifted mode
v, is given by v, = v(y+4—1) When v is homogeneous with conformal dimension d, and
otherwise extended linearly. Formally, the map Y°(v, f) corresponds to the smeared
field fsl Y (zEov, 2) f(z)ds, where ds is normalized arclength measure.

We will see shortly that with this formula Y°(v, f) indeed maps V into the Hilbert
space completion H of V, for any smooth f. The key estimate is given by the following
lemma.

Lemma 2.7. Let V be a unitary Mobius 2 vertex algebra. Then for all vl vk uu e
V, there exists a polynomial p such that

<Ur1nlv72n2 . Ufnku, u/) <|p(my,...,mg)|
forall (my,...,myg) € ZK. The polynomial depends on the vectors v/, u, and u', but

the degree of p may be bounded independent of u and u’.

Proof. We proceed by induction on k. The case k = 0 is vacuous and the case k = 1 is
immediate as (vy,u, u’) is nonzero for only finitely many m. Now suppose the result has
been proven for a value k — 1, with k > 2. We assume without loss of generality that
each v/ is homogeneous with conformal dimension d ;, and similarly for u and u’.

2 For this lemma, the statement and proof go through equally well with V a N-graded vertex algebra and
u’ in the restricted dual @ V(n)*.
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First, observe that when my < —d,s we have (v,,lu v,zn2 . v’,;ku, u’) = 0 by unitarity,
and thus we need only consider m > —d,,. We have
1.2 k T k oyl ’ 1 2 k /
(Vg Vg = Ut ) = ((vm2 e vmk)vm]u, w)+ [V, Uy oo U Jus u'). (2.4)

We show separately that the two terms on the right-hand side are bounded by polyno-
mials in the m ; (with degrees controlled by the v/). We begin with the first of these two
2 kool

terms. Observe that when m; > dy, we have (v,,, - - U, V,, 1, u') = 0, and thus we are

left with finitely many values of m to consider. For each fixed value of m the inductive

hypothesis asserts that | (v,zn2 e v,’jl . (v,lnl u), u') | is bounded by a suitable polynomial in
ma, ..., my, which completes the argument for the first term.

For the second term on the right-hand side of (2.4), we write

k

1 2 4 k /
([Ugy, Uy 0 = (g, [ogys vl 1o v '),
=2

As the sum on the right-hand side is finite, it suffices to bound each term separately by
a suitable polynomial. We will now apply the Borcherds commutator formula (see e.g.
[Kac98, Section 4.8]), which is given in terms of degree-shifted modes by

dy+dp—1

dg —1
lam, by] = Z (m * sa )(as—da+lb)m+n

s=0

when a and b are homogeneous (with conformal dimensions d, and dj, respectively).
The commutator formula yields

2 1 k no_
(Um2 .. .[Uml s vm[] PN Umku’ u ) —
dy+dy—1
_ mi+di =1\ 5 1 ¢ k / 25
- Z s (vlﬂz...(vs—d1+lv )ml+mé.-.vm1{u’u)' ( . )
s=0
By the inductive hypothesis, for each s we may bound
2 1 ¢ k / ~
|(vm2-~~(vs_d1+lv )m1+mg"'vmk”’” )’ <|p(my,...,mi+mg,...,mg)|
=Ip(mi,....mg)|

for a polynomial p in the m ;. As s takes only finitely many values we may choose a
single p that works for all s. Note that the degree of p, and thus of p, may be bounded
independent of u and u’, by the inductive hypothesis.

Taking absolute values in (2.5), we now have

dy+dy—1

mi +d1 —1
|<U312"'[Ur1n1’ Uﬁlz]..~vfnku,u/)| <|p@my,...,mg)| Z < )

S
s=0

Observe that (™"~ ]) is a polynomial in m of degree s, and thus the above sum of

binomial coefficients is a polynomial in m | of degree at most dy +dy — 1. This shows that
[(v2, - [V, Vb, 1+ - - b, 1, u')| is bounded by a suitable polynomial, which completes

the proof. O
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If f is a Laurent polynomial (i.e. if f has only finitely many nonzero Fourier coeffi-
cients), then the map Yo(v, f) defined in (2.3) is a finite linear combination of v,)’s and
thus Y°(v, f) defines a map V — V. We have the following estimate for these maps.

Lemma 2.8. Let V be a unitary Mobius vertex algebra. Let vl vk u eV, and ler

flo..os fr € ClztN be Laurent polynomials. Then there is a positive number N, which
depends only on the v/, such that

[P0k, o YO fiu| = ClLfilly - il

The constant C depends on the v/ and u.

Proof. Recall that || f||y refers to the Sobolev norm (2.2). The definition of a unitary
Mbobius vertex algebra implies that

(Vau, 1) = (u, ("' (=DF0OV)_ u')

n
for all u, u” € V (see e.g. the proof of [CKLW18, Theorem 5.16]). Thus, setting =
el (—=1)Lo@v/ we have
2
Y05 s - YOl fou]” =
=" A frtmy) - filn) filme) @1, 55, 0k o) u,u).

By Lemma 2.7 we may choose a polynomial p such that

~1 ~k k 1
|1, - 05 o, v s w)| < I pGmu, o omgng )]

forall n; and m ;, with the degree of p bounded independent of u. Choose M sufficiently
large that

k
IpGmy,...ome o)l < C [ [ +mHM A+
j=1

for some constant C. Note that we may choose M independent of u (although the constant
C does depend on u).
We then have

k
Y00, fo - YOl foul® <€ ST [T @) fimp|+nMa+m2)™

b
k 2
=[] <Z | fim|a +n2)M>
j=1\'n
< C' AW yer - I fcl 30 »

where in the last inequality we apply the Cauchy-Schwarz inequality to the expression
|fj(n)|(1 + }12)M+1/2 -(1+ nz)_l/z. Note that there is no issue of convergence, as the
fj are Laurent polynomials and all sums are finite. This establishes the desired estimate
with N =2M + 1. m|
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In particular we have H YO(v, f)u” < C|flly when f is a Laurent polynomial.

Thus, if f € C°°(S') and f; is a sequence of Laurent polynomials that converges to f
in C*°(S1), we have

Jim YO, fiou =3 fmvau,

nez

with convergence in H. We may therefore define Y'(v, f) : V — H as in (2.3) for
arbitrary f € C*°(S'). As noted in the proof of Lemma 2.8, the definition of a unitary
Mobius vertex algebra implies that

(o, 'y = (u, (" (=D OV)

’
at)

for all u, u’ € V. Extending by continuity, we have
(Yo, fuu') = u, YO (=DM 0, flu')
for f € C*°(S'), and thus we have an extension of unbounded operators
Yo (=Drev, f) c YO, fH*.

In particular Y°(v, £)* is densely defined, and consequently the operators Y (v, f) are
closable. We denote the closure of Y°(v, f) by Y (v, f). Taking closures in the above
extension, we obtain

Y (—=D)Eev, ) Cc Y(v, f)*. (2.6)

A variant of the above argument shows that smeared fields Y (v, f) may be repeatedly
applied to finite-energy vectors.

An expression of the form Y (WK, fi) -+ Y (v, f1) thus denotes a product of closed
operators. Expressions Y (v, f;)--- Y (v!, f)u obtained by applying this product of
operators are continuous in the f;, and thus this expression is also the continuous ex-

tension of the canonical map C[z*']¥ — V defined on Laurent polynomials to a map
C®(SH* - H.
Proposition 2.9. Let V be a unitary Mobius vertex algebra, let v', ... v € V, and let

flooos fx € CO(SY). Then V is contained in the domain of Y (W, fi)---Y(v', f1).
Moreover, there exists a number N such that for every u € V we have

[y e fo- vl fou) = iy il

for some constant C (that depends on u).

Proof. We proceed by induction on k. Suppose that k£ > 1 and that the result holds for
k — 1 (with the base case k = 0 being vacuous). By the inductive hypothesis we may
choose N such that

YR e @ o

=Clfilly - fe=1lly -

By Lemma 2.8 and the following discussion, there is a continuous multilinear map
X: HN/(Sl)k — H such that when f1, ..., fr—1 are Laurent polynomials

X(fioeoos ) = YOO, fOY QX ficn) - Y, fu
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Making N or N’ larger if necessary, we assume without loss of generality that N = N'.

Nowlet f1, ..., fr € C°°(S1),and forj =1, ..., k—1choose sequences of Laurent
polynomials f; , such that f;, — f;in H N(S1). Then, by the inductive hypothesis,
we have

lim Y fii ) Y, fidu =Y fim) - Y, fu
n—0o0
in H. Moreover, since X is continuous we have that
lim Y5, fi)Y 057 fiin) - YU fiu = Gm X (Fias -y fimtns fi)
n—oo n—oo

=X(ft, s S

Since Y (v%, fi) is closed, it follows that ¥ (V! fy_1) --- Y (v', f1)u lies in the domain
of Y(vk, fx), and that

Y, f0Y 0 o) - Y, fou = X (A o) (2.7)

Since u € V was arbitrary, we have that V is contained in the domain of the prod-
uct Y (WK, f) -+ Y (v, f1). The desired estimate on || YK, fi)--- Y (!, fl)u“ follows
immediately from (2.7) and the continuity of X, completing the proof. O

Remark 2.10. The natural analog of Proposition 2.9 with the vertex operators Y (v, z)
replaced by a unitary module action Y ¥ (v, z) also holds, with the same proof. However
we will not discuss modules for vertex algebras in this article.

Corollary 2.11. Let V be a unitary Mébius vertex algebra and let v € V. Let
D = Span{Y (%, fi)--- Y (', f)Q : v/ eV, fj € C®(SY), k € Zso).

Then the assignment ¢, (f) = Y (v, f) |p is an adjointable operator-valued distribution
onD. If v = eF1 (=)0, then ¢ = ;.

Proof. The fact that ¢, and @3 are operator-valued distributions on D follows immedi-
ately from Proposition 2.9. Adjointability and the formula for gol' now follow immediately
from Equation (2.6). |

Note that Corollary 2.11 applies to an arbitrary unitary Mobius vertex algebra V,
in contrast to earlier results (e.g. in [CKLW18]) which rely on specialized analytic
assumptions on V, such as polynomial energy bounds.

3. Vertex Operators and Mobius-Covariant Wightman Fields

In this section, we will show that the distributions described in Corollary 2.11 satisfy
the axioms of Wightman field theory. We will also establish a converse result, that the
space of finite-energy vectors in a Wightman field theory with uniformly bounded order
can be equipped with a structure of M&bius vertex algebra.

One of the technical challenges in establishing the Wightman axioms is that all fields
act on a common domain D which is in turn determined collectively by all of the fields
(as it is spanned by expressions of the form i (fx) - - - @1 (f1)€2). It is easier to consider
properties that can be studied for each field separately, which we will do by restricting
our Wightman fields to the smaller domain of finite-energy vectors V. In this section,
we will formulate a notion of “quasi-Wightman field theory” which corresponds to a
family of operator-valued distributions with domain V that satisfy analogs of the axioms
of Wightman fields, and we will show that, under the assumption of uniformly bounded
order, Wightman field theories and quasi-Wightman field theories are both equivalent to
unitary Mobius vertex algebras.
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3.1. Regularity of adjointable fields on V. As before, fix a Hilbert space H carrying
a positive-energy representation U : Mob — U(H) of Mob, and denote by V =
Dz 0 V(n) the dense subspace of finite-energy vectors. We assume that each V(n) =
ker(Lo — n) is finite-dimensional and that dim V(0) = 1.

As discussed above, it will be a useful technical tool to consider a variation of the
Wightman axioms in which the operator-valued distributions have domain V, and not a
larger invariant domain. Working with such theories, which we call quasi-Wightman
field theories, involve several technical trade-offs. For our purposes, a key benefit is
that quasi-Wightman field theories are easier to construct than Wightman field theories,
since almost all of the imposed conditions are phrased in terms of properties of individual
fields as opposed to interactions of families of fields.

We will now study general properties of operator-valued distributions defined on the
domain V. Write V = [lez. , V(n) for the algebraic completion of V, namely, the set of
all sequences (vy, v2, -+ +) with v, € V(n), equipped with the product topology. We have
inclusions V C 'H C V as linear spaces. The inner product on V gives an identification
of V with V", the algebraic dual space of the complex conjugate of V. We will generally
use (-, -) to denote both the inner product on H and the induced sesquilinear pairing
of V w1th V adding subscripts to clarify when necessary. The topology on V is induced
by the family of linear functionals (-, u), foru € V.

Lemma 3.1. Let ¢ be an operator-valued distribution with domain V. Then the following
are equivalent:

1. ¢ is adjointable.
2. The map ¢ : C®(S') x V — H extends to a continuous map C*®°(S') x H — V.

Proof. Note that joint and separate continuity of maps C®(S!) x H — Y are equivalent
by the Banach-Steinhaus theorem for Fréchet spaces (see e.g. [Rud91, Theorem 2.17]).
First assume that ¢ is an adjointable field. For each f € C*(S 1) we extend o(f)to

amap H — Y as follows. For & € H, we define ¢(f)& € y=yp* by requiring
(0(NE V)py =& o (Hu)n

The latter expression is evidently continuous in § and f separately, hence jointly.
Conversely, assume that ¢ extends to a continuous map C*®°(S') x H — V. We use
the symbol ¢(f) to denote both the map ¥V — H as well as the extension H — V. For
each f € C*®°(S") and v € V the map H — C given by & — (¢(f)E, v) is continuous
by assumption. Restricting to & € V we have v € Dom(p(f)*) for every f. Define
el C®(SH xV > H by the formula ot (Hv = e(F)*v. By construction we have

(€. 9" (Dvyn = (9(HE v)p

for £, v € V, and by continuity this extends to all £ € . By assumption the right-
hand expression is continuous in f. Thus f > ¢'(f)v is continuous as a map into
equipped with the weak topology. This then implies that this map is continuous into H
with the norm topology by the closed graph theorem (see e.g. [Rud91, Theorem 5.1]),
and thus ¢ is an operator-valued distribution. O

Asaconsequence of Lemma 3.1, when ¢ is an adjointable field with domain V we will
implicitly extend ¢( f) to a continuous map ¢(f) : H — V. We will generally consider
compound expressions which define vectors in V or some subspace. For example, if ¢
and y are adjointable fields and u € V), then we have o(f)¥(g)u € V.
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As described in Sect. 2, Wightman fields arising from vertex operators are not only
adjointable; they also satisfy a certain uniformity condition on the orders of the distri-
butions. We describe this analog of the uniformly bounded order condition below in the
context of a single operator-valued distribution with domain V. In contrast, the condition
(W7) of uniformly bounded order for a Wightman field theory is apparently stronger, as
it is a condition on a collection of Wightman fields acting on an invariant domain. We
will see later (Theorem 3.12) that these two notions of uniformly bounded order are, in
fact, equivalent. The uniformly bounded order condition will eventually play a crucial
role in comparing locality of fields in the Wightman sense with locality in the sense of
vertex operators.

Definition 3.2. An adjointable operator-valued distribution ¢ with domain V is said to
have uniformly bounded order if there is a positive number N such that the assignment
f — @(f)v extends to a continuous map H" (§') — H for every v € V.

Note that for each v we are guaranteed that the map f +— ¢ (f)v extends continuously
to HV (S!) for some N by the definition of the topology on C*°(S'), but in Definition
3.2 we insist on choosing N independent of u.

We have the following analog of Lemma 3.1.

Lemma 3.3. Let ¢ be an adjointable field with domain V. Then the following are equiv-
alent:

1. ¢ has uniformly bounded order. N
2. For some N > 0 the map ¢ : C®(SY x H — V extends to a continuous map
HN(SY xH — V.

Proof. This can be proved in a parallel way as in Lemma 3.1, replacing the Fréchet
space Cc®(sh by the Hilbert space HN(SY. O

3.2. Mobius covariance for adjointable fields. As above, let H be a Hilbert space car-
rying a positive-energy representation U : Mob — U (H), and let ) be the subspace of
finite-energy vectors, with finite-dimensional weight spaces V(n) = ker(Loy — n) and
dim V(0) = 1. As described in Sect. 2.1, U is the exponentiation of a positive-energy
representation of Lie(M0ob). Given a complexified vector field g% € Lie(Mob)c, we
write n(g%) € spanc{L_1, Lo, L1} for the corresponding operator, which we may
regard as a map of )V into V or as a map of Vinto V. Thus, if ¢ is an adjointable field,
we may consider expressions n(g%)gp(f)u eV and o(fm(g %)u € 'H. This allows

us to state transformation rules for ¢ under the action of Lie(M0Ob) in terms of familiar
commutation relations.

Remark 3.4. If g% € Lie(Mob), then i (g %) is a linear combination of L, Ly and
L_4, and so it is essentially skew-adjoint on V' by the commutator theorem [RS75,
Theorem X.37] and the explicit estimates in [Lon08, Section 1.5]. Hence the domain of
its closure on V coincides with the domain of (7 (g %) |y)*. From this point of view, the
operator n(g%) can be seen as a map from H to Y and the domain of the closure of

n(g%) |y consists of the vectors & € H such that n(g%)é‘ e H.

An adjointable field ¢ on V is called Mobius-covariant (or quasi-primary) with
degree d, in the Wightman sense if, for every f € COO(S]), u €V, and y € Mob, we
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have’® ¢(f)U (y)*u € H, and moreover ¢ satisfies the covariance condition

UW)e(HU @) u = @Ba(y) fu,

where B, is defined in (2.1). Similarly, an adjointable field ¢ on V is called Mobius-
covariant (or quasi-primary) with degree d in the vertex algebra sense if it satisfies
the infinitesimal covariance condition with degree d:

[7(g L), o(/)lu=p((d— 1% f— g%y 3.1)

for all g% € LieMob)c, u € V,and f € C>(ShH. For a quasi-primary field ¢ with
degree d, we have a formal series expansion ¢(z) =), @(en)z "4, where e, (e'?) =

¢ By taking g(e'?) = —ie'k?, we see that Mobius covariance in the vertex algebra
sense is equivalent to the familiar condition

[Li, $()] = L+ (k+ DFd)gz),  k=-1,0,1. (3.2)

Lemma 3.5. Let ¢ be an adjointable operator-valued distribution with domainV and let
d be a non-negative integer. Then ¢ is Mobius-covariant with degree d in the Wightman
sense if and only if it is so in the vertex algebra sense.

Proof. First assume that ¢ satisfies the infinitesimal covariance condition (3.1). Let
g% € Lie(MO0b) be a real vector field, and let y; = exp(tg %) € MGoGb be the corre-
sponding one-parameter group. Note that the exponential map from Lie(Mob) to Mob
is surjective, so it suffices to prove covariance for transformations of the form y;. The
operator (g %) is skew-adjoint (we work with the closure of the operator defined on

finite-energy vectors) and we have U(y;) = e'™” @ 7) (see [Lon08, Section 1.5]). Fix
u €V, and let

ur(t) = o(NHUy-Du, and  wuz(t) = U(y—)e(Ba(yi) Hu.

Note that u naturally takes values in Y and uy naturally takes values in ‘H. We would
now like to show that u; = up. As both u;(¢) and u;(#) are continuous in f (as maps
into V), we may assume without loss of generality that f is a Laurent polynomial.

We first argue that both ©1 and u5 extend to holomorphic functions on a neighborhood
of R. Indeed, by [Wei05, Proposition A.2.9], the function U (y_ ) u=U (y—1, )U (V—(1—10) )t
extends to a holomorphic function into H defined on a neighborhood of an arbitrary
to € R. Composing with the continuous linear map ¢(f) : H — ) yields a V-valued
holomorphic extension of #; (see [Rud91, Definition 3.30]).

We now consider 5. As each y; maps S! onto itself, the map ¢ — y; has a holomor-
phic extension to a neighborhood of R, taking values in Mobius transformations that
map S into C*. Since f is a Laurent polynomial, the map (¢, z) +— (B4 (y;) f)(2) has
an extension to a neighborhood of R x S! which is (separately, and therefore jointly)
holomorphic. Thus the function  — B4(y;) f extends to a holomorphic function from a
neighborhood of R into C*°(S 1y since the z-derivatives of (Ba(yr) f)(2) are uniformly
continuous in a compact neighborhood of S!'. Composing with the continuous linear
map ¢ shows that t — ¢(B4(y;) f)u has a holomorphic extension as a map into H.
Hence,

(ua(t), v) = (@ (Ba(yr) HHu, U(y—)*v)

3 While a priori (YU (y)*u € Y we require that it is, in fact, in H.
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has a holomorphic extension for every v € )V, We conclude that u» extends to a holo-
morphic map from a neighborhood of R into V.

As both u; and u are analytic, it suffices to show that their Taylor series centered at
t = 0 coincide. For u1, it is straightforward to compute the derivatives

d d _
(), v) = (U -, 6" (Nv) = (p(NHU (-7 (=g fg)u, v).

Repeatedly differentiating (while noting that 7 (— g%) maps V into itself) we obtain

u”(0) = o(f)m(—g L) u. (3.3)

We now turn our attention to u;. Recall from Remark 2.4 that B8;(y;) f is given by
the pushforward

7 (F557) = Paemrr 5557,

where in the case d = 0 we formally set 75 d S = d6f. We thus have

L A TR
(3.4)

——C 4 (ﬂd()fz)fd®d 1)

<(d - 1),1 Ba(ye) f — gd@ ['Bd(y’)f]) & 1’

where L is the Lie derivative of tensor fields (see [Lee13, Chapter 12]). As f +— ¢(f)u
is continuous, we can plug in the formula for C%ﬂd(y,) f from (3.4) and compute

d d
E(fﬂ(ﬂd()/z)f)u, 8 ag) )

d
= (p((d - DB Bsy) f — g L[Ba(yi) f])u, ™ a0 v)

d tn(gi)
+ {9 Ba(yr) fu, w(g gz)e ™ °do v).

d —
E(uz(l‘)a U> -

By the infinitesimal commutation relation (3.1), 7 (g %)(p(ﬁd (y¢) f)u is alinear com-
bination of vectors in H, and thus lies in H as well. By Remark 3.4, (84 (y:) f)u lies in
the domain of the skew-adjoint unbounded operator n(g%). We can now continue the
above calculation:

d d d
(), v) = {7 f5). ¢(Bay) ), eTCaT) vy — (g L) (Ba(yr) fHu, €78 v)

d
= {@(Ba(r) ) (~g Gy, ™ E a8 v)

173 55) d
= (e d6°@(Ba(ye) f)m (=g gg)u, v).
We now repeatedly apply this computation to conclude that

n

d
o a0, v) = (€T p(By(y) ) (—g L) u, v).
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Combining this with (3.3), we obtain

u$"(0) = () (—g)"u = ul" (0)

for all n > 0. As u; and up are analytic, we conclude that u; = u;. The map u;
takes values in H, so it follows that 1 does as well. Hence ¢(f)U (y—;)u € H, and
multiplying u; and up by U(y;) we get

Uy)e(HU(y—pu = o(Ba(ys) Hu,

completing one direction of the proof.

Now assume conversely that ¢ satisfies the Wightman version of Mobius covariance.
Without loss of generality we take f to be a Laurent polynomial as above, as the infinites-
imal covariance condition is continuous in f. It suffices to consider gc% € Lie(Mob),
and we take y; as above. The functions u| and u5, defined as above, are analytic, and
this time by assumption we have 1| = u,. Evaluating the derivatives as before, we have

i (0) = —p(fIm(gL)u

and

Wy (0) =~ (g Lyp(fu+(d — )% f — g4u.

The infinitesimal covariance condition follows immediately from the equality of these
two quantities. O

3.3. Locality for adjointable fields. We continue with our Hilbert space H carrying a
positive-energy representation U of M6b. We have finite-energy vectors V = ;- V(n),
with each V(n) finite-dimensional and dim V(0) = 1. We now turn to discussing the
notion of locality for a pair of adjointable fields ¢ and i with domain V. Using the
extension of adjointable fields to maps H — V from Lemma 3.1, we may consider
products like ¢ ()1 (g) as maps V — V), and we can define locality in terms of these
products.

Our goal is to relate adjointable fields to point-like formal distributions as studied
in the context of vertex algebras. Let ¢ be an adjointable field with domain V' that
is Mobius-covariant with degree d. Let ¢, = ¢(e,), where ¢,(z) = 7", and observe
that ¢, € End(V) by rotation covariance. The associated formal distribution ¢(z) €
End(V)[[z*']] is given by

9@ = guz " (3.5)

nez

Now let ¢ and v be a pair of Mobius-covariant adjointable fields with domain V, and
let ¢ and I/Af be the associated formal distributions. We say that ¢ and v are relatively local
in the vertex algebra sense if for N sufficiently large we have an equality of formal
series (z — w)V[¢(2), ¥ (w)] = 0. On the other hand, ¢ and ¥ are called relatively
local in the Wightman sense if whenever f, g € C®(S 1) have disjoint support we
have o(/)V(g) = ¥ (g)e(f) as maps V — V.

The equivalence of Wightman and vertex algebra locality was established in [CKLW 18,
Appendix A] under the hypothesis of polynomial energy bounds. It is not known whether
every unitary VOA satisfies this property. Below, we observe that the argument from
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[CKLW 18] goes through under the weaker hypothesis of uniformly bounded order (Def-
inition 3.2), which we have shown holds in every unitary Mobius vertex algebra (see
Proposition 2.9).

First, we need a technical result. Recall that a distribution on S! x S! with order N
is a distribution that can be written as ) _, 9 f,, where f; are continuous functions on
S! x S! and « are multi-indices with |o| < N.

Lemma 3.6. Suppose A is a distribution on S' x S supported on the diagonal z = w
which has order N. Then there are distributions cj on Sl,for j=0,..., N, such that

AGow) = YN 08z — wej(w). In particular, Az, w)(z — w)V*! = 0.

Proof. For adistribution A on R supported on a point p with order N there are constants
cy such that A = ZID{ISN caD*8), (see [Rud91, Theorem 6.25]). The same holds for a
distribution A on S!, because this property is determined in a neighbourhood of p.

Let f, g be any smooth function on ST, and let Freo(z,w) = f(z — w)g(w). Then
the map f —— A(Fyy) is a distribution on § I of order N. As this is supported at 0,
it follows that A(Fr.g) = Y i_gc 5,608(f), where § = § is the delta-distribution
supported at 0, with coefficients ¢; , that depend on g.

We claim that the map g — ¢, is a distribution on § ! Indeed, if we choose a
test function f such that only the j-th derivative does not vanish at 0 (among 0-th to
N-th derivatives), the map g > A(Frg) = Y_o¢jgd8(f) = ¢j o fV(0) isa
distribution. That is, we found distributions c¢;(g) = c;j g.

For any pair of test functions f and g we have A(Fyg) = Zj’vzo Cj (g) fY(0), which

is to say that A coincides with ) _ c; (w)81(1,j s (z—w) on such pairs. As A is a distribution,
this equality extends to any two-dimensional test function [Tre67, Theorem 39.2]. O

We can now establish the equivalence of Wightman and vertex algebra locality under
the hypothesis of uniformly bounded order.

Lemma 3.7. Let ¢ and  be adjointable fields with domain V. Suppose that ¢, V, 0",
and " have uniformly bounded order. Then ¢ and  are local in the Wightman sense
if and only if they are local in the vertex algebra sense.

Proof. Since the fields have uniformly bounded order, we may invoke Lemma 3.3 to see
that the assignments (f, g) — @(f)¥(g)u and (f, g) = ¥ (g)@(f)u give continuous
bilinear maps H" (S') x HN(§') — V for some number N which does not depend on
u. By Lemma B.1, for any u, v € V we have a continuous functional X, , : HM(S! x
Sy — C determined by

Xup(f(2)gw)) = ([9(f), ¥ (g)]u, v)

with M = 2N + 2. This is a distribution of order M + 2 as we noted in Appendix 4.
Furthermore, M is independent of u and v. From here, we proceed as in [CKLW18,
Proposition A.1].

First assume that ¢ and i are local in the Wightman sense. Then the distribution
Xy, 18 supported on z = w, and by Lemma 3.6 we infer that (z — w)M+3X,,,U = 0.
Specializing f and g to functions of the form z* and w’, we get the same identity at the
level of formal distributions:

(z — w3 ([((2), ¥ (w)u, v) = 0.
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As u and v were arbitrary and M did not depend on these vectors, we obtain the vertex
algebra locality condition (z — w)M*3[¢(z), U (w)] = 0.

Conversely, suppose that ¢ and Y are local in the sense of vertex algebras. By [Kac98,
Corollary 2.2], we have that X, ,, is supported on the diagonal and thus [¢(f), ¥ (g)]u =
0 when f and g have disjoint support. O

We note that the property of uniformly bounded order was essential in going from
Wightman locality to vertex locality in the proof of Lemma 3.7, allowing us to conclude
that M was independent of u.

3.4. From vertex algebras to Wightman fields and back. Let us prove the first of our
main results, namely that Wightman fields can be constructed from unitary M&bius
vertex algebras V. Recall from Sect. 2.4 that we define closed unbounded operators
Y (u, f) on the Hilbert space completion H of V, and Proposition 2.9 says that the
domain of Y (u, f) contains expressions of the form Y (W%, fi) - Y (!, f1)Q. LetD =
span{Y(vk, fo Y, v; €V, fj € C>®(S1)}. By Corollary 2.11, we have
adjointable distributions ¢, : C*°(S') x D — H given by

ou(f) =Y, [) |p, (3.6)
and if u is quasi-primary then <p;f = (=) gg,.

Theorem 3.8. Let V be a unitary Mobius vertex algebra with dim V(0) = 1, and let H
be the Hilbert space completion of V. Let S C V be a generating set for V consisting of
quasi-primary vectors, and assume that S = (—1)L00S. Let F = {¢, : u € S}, for ¢,
as in (3.6). Then F is a Mobius-covariant Wightman field theory on 'H with uniformly
bounded order.

Proof. We verify that F satisfies the axioms (W2)-(W7) of a Wightman field theory,
leaving the nontrivial arguments for (W1) and (W3) for the end.

By Corollary 2.11, the ¢, are adjointable distributions and if ¢, € F, then (pZ =
P—1)toeu € F as well. Hence, F satisfies the adjoint axiom (W2). As described in Sect.
2.1, we may exponentiate the positive-energy representation of Lie(Mob)c spanned
by {L_1, Lo, L1} to a positive-energy representation of Mob. As (the closure of) L
is the generator of rotations, the spectrum condition axiom (W4) is satisfied by the
definition of a unitary Mobius vertex algebra. The vacuum axiom (W5) is satisfied by
construction, and we note that D contains V since S is a generating set, and thus D
is dense. Finite-dimensionality of the Lg-eigenspaces (W6) is part of the definition of
Mobius vertex algebra. The fields ¢, € F satisfy the uniformly bounded order axiom
(W7) by Proposition 2.9. It remains to check Mobius covariance (W 1) and locality (W3).

We first consider Mobius covariance. From the definition of a Mobius vertex algebra,

if u is quasi-primary we have [Ly, Y (u, 2)] = (zk“% + (k + 1)zkdu> Y (u, z) for k =

—1,0, 1, which implies that ¢, is Mdbius-covariant in the vertex algebra sense. By
Lemma 3.5, it follows that if v € V and y € Mob, we have

U)o (fHv = @u(Ba(y) HU(y)v. (3.7

Consider the expression

UW)ou, (f1) - @u,, (fm)L2,
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where f1, ..., fin are Laurent polynomials and uy, ..., u, € S. We are able to apply
the relation (3.7) repeatedly, as the vector to the right of U(y) is always a finite-energy
vector, yielding

UW)@uy (f1) ** Gu ()2 = 0y Bay W) 1) -+ G (B, (V) i) 2.

Since both sides are continuous in the f; by Proposition 2.9, the relation extends to all
fi € C>®(S1), and we see that U (y)@. (f)U (¥)* = @u(Ba(y)f) as operators on D,
which verifies the Mobius covariance axiom.

We give a similar proof of the locality axiom. Suppose that f; and f; are supported
in disjoint intervals. By Lemma 3.7, ¢, (f1)¢@u, (f2) and ¢, (f2)¢u, (f1) agree as maps
YV — 9 In fact, since V lies inside the domain D, the two agree as maps into the Hilbert
space. Thus if g1, ..., g, are Laurent polynomials and vy, ..., v, € S we have

Guy (SDPur () [@01(81) * + - 00, (8m) ] = @y (f2)Puy (f1)[ 001 (1) - - @, (8m) 2]

Since such expressions are continuous in the g;, by the vacuum axiom we see that
Ou; (f1)0uy (2) = @u, (f2)@u, (f1) as operators on D, completing the proof. |

For the other direction, it is convenient to first introduce a weaker notion of Wightman
fields, which will be sufficient to construct unitary vertex algebras.

Definition 3.9. Let 7 be a Hilbert space carrying a SOT-continuous unitary representa-
tion U of Mob. Let V = @5 V(n) be the finite-energy vectors, where V(n) = ker(Lo—n),
and assume that each V(n) is finite-dimensional. A quasi-Wightman field theory on V
is given by a family F of adjointable operator-valued distributions on S! with domain
V, along with the representation U and a vector €2 € V, such that the following hold:

(QW1) Mobius covariance: Each ¢ € F is Mobius-covariant in the Wightman sense.

(QW2) Adjoint: F is closed under ¢ — ¢.

(QW3) Locality: If f, g have disjoint supports, then then o1 (f)@2(g) = ¢2(g)e1(f) as
maps V — V.

(QW4) Spectrum condition: The generator L of rotations U (Rg) = e is positive.

(QWS5) Vacuum: The vector €2 is the unique (up to scalar) vector in V that is invariant
under U, and V is spanned by expressions of the form # ¢ (z") - - - g (Z%)Q
where ¢; € Fandn; € Z.

i6Lg

Note that a family of fields satisfying all of the conditions of Definition 3.9 except for the
cyclicity of the vacuum yields a quasi-Wightman field theory on an appropriate subspace
of H.

The difference between quasi-Wightman field theories and Wightman field theories is
that in quasi-Wightman field theories we do not assume that the operators ¢ ( f) preserve
the domain in general. However one of our main results (Theorem 3.12) implies that this
property is automatic under the additional condition of uniformly bounded order.

We say that a quasi-Wightman field theory F has uniformly bounded order if every
¢ € F has uniformly bounded order (Definition 3.2). The following is almost immediate.

Proposition 3.10. Let H be a Hilbert space carrying a positive-energy representation
of Mob, let V be the finite-energy vectors, and suppose that each weight space V(n) is

finite-dimensional. Let F be a Wightman field theory on H. Then F= {oly : v € F} is
a quasi-Wightman field theory on V. If F has uniformly bounded order then so does F.

4 Note that o (7""7) € End(V) by Mabius covariance.
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Proof. Observe that V C D since dim V(n) < oo, as described in Sect. 2.3. An ad-
jointable field remains adjointable when restricted to a dense subspace of the domain, so
in particular each ¢|y is adjointable. Each condition of the definition of quasi-Wightman
field theory follows directly from the corresponding property of a Wightman field the-
ory. O

We now give a converse to Theorem 3.8 by constructing a unitary Mdbius vertex
algebra from a (quasi-)Wightman field theory.

Theorem 3.11. Let 'H be a Hilbert space carrying a positive-energy representation of
MOb, with finite-energy vectors V. Assume that the weight spaces V(n) = ker(Lg — n)
are finite-dimensional and that dim V (0) = 1. Let F be a quasi-Wightman field theory
on V with uniformly bounded order. Then there is a unique structure of a unitary Mobius
vertex algebra on V such that for every ¢ € F there is a quasi-primary v € V such that

e(f) =Y, PHlv.

Proof. We note that the uniqueness of such a vertex algebra structure is guaranteed by
the fact that the condition ¢(f) = Y (v, f)|y determines the modes of the generating
fields.

Recall from (3.5) that for a field ¢ € F which is Mobius-covariant of degree d, the
associated point-like field is ¢(z) = ), 7 onz "%, where ¢, = @(z"). Let

F=1{pQk) :¢ecF}

be the family of point-like fields associated to F.

First, we construct an N-graded Mdbius vertex algebra structure on V by showing
that  satisfies the six hypotheses of Theorem A.1. The first two hypotheses of Theorem
A.1 hold by assumption. By Lemma 3.5, each field of F is Mobius-covariant in the
vertex algebra sense, and thus the fourth hypothesis holds for F. By assumption, any
pair of fields in F is relatively local in the sense of Wightman fields. It follows that the
point-like fields in F are relatively local in the sense of vertex operators by Lemma 3.7
and the uniformly bounded orders of the fields. This shows that the fifth condition of
Theorem A.1 is satisfied. The sixth condition, that V' is generated by modes of fields
from F, is immediate from the definition of quasi-Wightman field theory.

It thus remains to show the third condition, namely that ¢(z)Q2 has a removable
singularity at z = 0. That is, we must show that ¢_,Q2 = 0 forn < d — 1. When
n < 0 the positivity of Lo implies that ¢_, = 0. It remains to consider the cases
n =0,1,...,d — 1. For such n, the Mobius covariance of ¢ (3.2) and the Mdbius
invariance of €2 yield that

9nQ= (L 1 o o= L 1o Q.

Iteratively applying this identity, starting with n = 0, yields
0=po=9_1Q2="=9¢_@-nS,

as required.

By Theorem A.1, we conclude that there exists a N-graded Mobius vertex alge-
bra structure on V such that for all ¢ € F we have ¢(z) = Y (vyp, z), where v, =
lim; 0 ¢(2)Q. Tt follows that ¢(f)u = Y (v, f)u for f a Laurent polynomial, and
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indeed for all f € C*(S") if both sides are regarded as elements of V. The vector vy is
quasi-primary as

Liv, = hm L1Y(v(p, 2)Q = hm[L1, Y (vy,2)]02 = 11m(z - +22dy)Y (vy, )2 = 0.

It remalns to show that ) is unitary. The assumption that F is invariant under  shows

that 1 2(@+ (pT) and 5 75 (@ — (pT) are fields of the vertex algebra which are Hermitian. Such
ﬁelds generate V/, and thus V is unitary by Proposition 2.3. O

In summary, we have given constructions which relate the notions of unitary Mobius
vertex algebra and Mobius-covariant (quasi-)Wightman field theories with uniformly
bounded order. All of these constructions start with a Hilbert space H carrying a positive-
energy representation of Mob. In all of the constructions, we require that the weight
spaces V(n) = ker(Ly — n) are finite-dimensional and that dim V(0) = 1. We write
V = @2, V(n) for the space of finite-energy vectors. The constructions are then given
by the following steps:

1. Starting with a unitary Mébius vertex algebra V and a (—1)%0@-invariant generating
set of quasi-primary vectors S, Theorem 3.8 says that 7 = {¢, : v € S}isa
Mobius-covariant Wightman field theory. Here ¢, (f) is the restriction of Y (v, f) to
the invariant domain D generated from the vacuum by all of the smeared fields. The
resulting Wightman field theory has uniformly bounded order.

2. Given a Mobius-covariant Wightman field theory on a domain D, one may restrict
all of the distributions to the smaller domain V of finite-energy vectors, and the result
is a quasi-Wightman field theory by Proposition 3.10.

3. From a Mdbius-covariant quasi-Wightman field theory F with uniformly bounded
order, Theorem 3.11 asserts the existence of a unique unitary Mobius vertex algebra
structure on V such that for every ¢ € F there is a v, € V such that ¢(f) =
Y (vy, f)ly. There is a canonical (—1)Lo®-invariant generating set S = {vy 1 @ €
Fl.

One may begin with a vertex algebra or (quasi-)Wightman field theory and cycle
through the above steps, returning to the original object. We have therefore proven the
following.

Theorem 3.12. Let H be a Hilbert space carrying a positive-energy representation of
M&b, and let V = @52, V(n) be the finite-energy vectors. Assume that V(n) is finite-
dimensional and dim V(0) = 1. Then the constructions of Theorem 3.8, Proposition
3.10, and Theorem 3.11 provide bijections between the following notions:

1. Unitary Mébius vertex algebra structures on V, equipped with a (—1)20@-invariant
set of quasi-primary vectors that generate V.

2. Wightman field theories on H with uniformly bounded order.

3. Quasi-Wightman field theories on V with uniformly bounded order.

We do not have an example of a (quasi)-Wightman field theory that does not have
uniformly bounded order, and it is possible that this property is automatic. The smeared
fields arising from vertex algebras have uniformly bounded order, so one approach to
demonstrating that this property is automatic for Wightman field theories would be to give
a proof of Theorem 3.11 which does not use the uniformly bounded order hypothesis. In
particular, the only place where this hypothesis is invoked is in the proof of Lemma 3.7
regarding locality, so it would suffice to show that the fields of a Wightman field theory
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were automatically local in the vertex algebra sense. There is a sketch of an argument
demonstrating this in [Kac98, §1.2], but it does not seem Complete.5

4. The VOA Associated to a Conformal Net

In this section, we introduce an operator-algebraic formulation of Mdbius-covariant field
theory. A Mdébius-covariant (Haag-Kastler) net on Slisa triple (A, U, 2), where A
associates to each open nondense nonempty connected interval / of S! a von Neumann
algebra A(I) on H, U is a SOT-continuous unitary representation of Mob on H, and
Q € H such that the following hold:

(HK1) Isotony: If I} C I, then A(I}) C A(l).

(HK2) Locality: If I; N I, = &, then A(I;) and .A(I) commute.

(HK3) Moébius covariance: For y € Mob, U(y)Q = Q and U(Y)ADU(y)* =
A(yI) for each interval I.

(HK4) Spectrum condition: The generator L of rotations U (Ry) = etfLlo ig positive.

(HKS5) Vacuum: €2 is the unique (up to a scalar) vector in ‘H that is invariant under U,
and it is cyclic for \/; c 51 A(I).

While we will primarily be concerned with Mdobius-covariant nets, we will also
briefly discuss diffeomorphism covariant conformal nets, which have the additional
property that U extends to a projective unitary representation of orientation-preserving
diffeomorphisms Diff (S!). This representation is required to satisfy U () AU (y)* =
A(yI) and moreover U (y) € A(I) when y is supported in 1.

Definition 4.1. Let A be a Mobius-covariant net with vacuum Hilbert space H, and
let V = @5V (n) be the space of finite-energy vectors. An adjointable distribution ¢
with domain V is affiliated with A if whenever supp(f) C I there is an intermediate
extension ¢(f) € ¢™T(f) C ¢ (f)* such that ¢ ( f) is affiliated with A(I).

For a discussion on unbounded operators affiliated with a von Neumann algebra, see
[Ped89, §5.2]. We note that the requirement that ¢ (f)* is an extension of ¢ ( f) is the
same as requiring that the domain of ¢ ( £)* contains V.

We will show that the Mobius-covariant fields affiliated with A satisfy all of the ax-
ioms of a quasi-Wightman field theory except perhaps cyclicity of the vacuum (which in
turn produces a quasi-Wightman field theory on a subspace of the finite-energy vectors).
The main step is to check the locality axiom, for which we will use the following basic
lemma.

Lemma 4.2. Let X be a densely defined closed operator on a Hilbert space H, and
suppose that X is affiliated with a von Neumann algebra M C B(H). Then there exists
a sequence x, € M such that x,& — X& for all ¢ € Dom(X) and x;}§ — X*& for all
& € Dom(X*).

Proof. Let f,, : [0,00) — [0, 00) be the bounded function f, () = min(n, ). Let
X = v |X| be the polar decomposition, with v supported on Ran(|X|), and set x, =
vfn(|X]) € M. For any £ € Dom(X) = Dom(|X|) we have f,(|X|)é — |X|&, and

5 On page 11 the operator product expansion of two fields [®,(t), @ (t))] = ijo 8(./)80 — t’)ll/j(t/)

is stated and it is claimed that for W/ the Wightman axioms still hold, without proof. We are unable to justify
this. Cf.[Bos05] which proves a form of OPE under additional assumptions.
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thus x,& — X&. We have X* = (v |X|)* = | X| v* since v is bounded, and thus v* maps
Dom(X™) into Dom(| X|). Thus if & € Dom(X™*) we have

xpE = f(IXDv*E — [X|v*E = X*&
as desired. O

Theorem 4.3. Let (A, U, Q) be a Mobius-covariant net and let F be the family of
Mobius-covariant adjointable distributions with domain V that are affiliated with A.
Then F satisfies all of the axioms of a quasi-Wightman field theory except perhaps for
the cyclicity of the vacuum.

Proof. We must check that F satisfies Definition 3.9. All of the conditions are immediate
except closure under T and the locality axiom.

Let ¢ € F. We must show that ¢ is affiliated with .4 and that it is Mobius-covariant.
Fix a function f € C*°(S') that is supported in /. Since ¢ is affiliated with .A we have
extensions

o(F) C o™ (F) Co'(H)*

with (£ affiliated with .A(7). Taking adjoints (and forgetting the closure of ¢ ( f))
we have

o' () S () Co(H*.

Since the adjoint ¢ (£)* is an extension of ¢’ ( f) and is affiliated with A(I), we have
shown that ¢ is again affiliated with A (see Definition 4.1).

We now check Mabius covariance of ¢'. By Lemma 3.5 we may check that ¢ is
Mobius-covariant in the vertex algebra sense, namely that for all g% € Lie(Mob)c we
have

(g ), " (Nl =o' (@ — D% f — g%,

where 7 is the representation of Lie(Mob)c that integrates to U. Both sides of this
condition depend continuously on f (in the topology of V) and thus it suffices to consider
when f is a Laurent polynomial. By Mobius covariance for ¢ (applied to f and g) we
have

(7 @), e(Hlu = p((d — 1% f — g3

Taking adjoints as endomorphisms of )V, and applying the fact that (§%)* = —n(g %),
we obtain the Mobius covariance condition for ¢, which completes the proof that F is
f-invariant.

We now show that F satisfies locality. Let ¢, ¥ € F,let I| and I; be disjoint intervals,
and suppose that f is supported in /; and g is supported in /. Choose intermediate
extensions

() S () e’ (H* v cv i) cyvi@*

with ¢ £) and ¥ (g) affiliated with A(1) and A(J), respectively. Applying Lemma
4.2, we may choose a sequence x, € A([) such that for every u € VV we have x,u —
o(fluandandxju — ¢(f)*u = @ (f)u. We also choose y,, € A(J) that approximate
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¥ (g) in the same manner, and observe that the x,, and y, commute by the locality axiom
for A. Then for u, v € V we have

(O (@u, v) = (Y(Qu. ¢ (fHv) = lim (yu, x;v) =

= 1im (x,u, y;v) = (p(Hu, ¥ @v) = W (@e(fHu, v)

n—o0
which establishes locality, and completes the proof. O

Note that any f-invariant subset of a quasi-Wightman field theory (perhaps missing
cyclicity of the vacuum) is again a quasi-Wightman field theory (perhaps missing cyclic-
ity of the vacuum). In order to apply Theorem 3.11, we are particularly interested in the
sub-theory of uniformly bounded distributions.

Definition 4.4. Let A be a Mdbius-covariant net on a Hilbert space H, and let V € 'H
be the space of finite-energy vectors. We denote by F 4 the collection of all adjointable
Mobius-covariant distributions ¢ with domain V that are affiliated with 4 and have the
property that both ¢ and ¢ have uniformly bounded order.

By Theorem 4.3, F 4 satisfies all of the axioms of a quasi-Wightman field theory
except perhaps cyclicity of the vacuum, and thus yields a quasi-Wightman field theory
on

Va = span {@1(2") - g (2R | @i € Fa,ni € L} SV,

provided that the L¢-eigenspaces are finite-dimensional. Note that the vectors which span
)V 4 are invariant under Lie(M6b) ¢, hence, the Hilbert space completion is invariant under
the action of the group Mob. This quasi-Wightman field theory has uniformly bounded
order by construction, and so by Theorem 3.12 there is a unitary M&bius vertex algebra
structure on V 4. In general, we cannot guarantee that } 4 is not the trivial vertex algebra
{2}. However, if A is a conformal net (i.e.if A is diffeomorphism covariant), then the
associated stress-energy tensor 7'(z) = ) _, <7 L,z" 2 induces a quasi-Wightman field
affiliated with A [Car04, Appendix].

Corollary 4.5. Let A be a diffeomorphism covariant conformal net, and let T (z) =
Y onez L,z7"7? be the associated stress-energy tensor. Suppose that the eigenspaces of
Lo are finite-dimensional. Then V) 4 is a unitary vertex operator algebra with conformal
vectorv=L_,Qand Y (v,z) =T (2).

The following proposition shows that if the net A “comes from” a Mdbius vertex
algebra (in a relatively weak sense), then that vertex algebra is the one we have con-
structed.

Proposition 4.6. Let A be a Mobius-covariant net defined on a Hilbert space H with
finite-energy vectors V. Suppose that there is a structure of a unitary Mobius vertex
algebra YV onV, with the same vacuum vector and representation of Mob as A. Suppose
that there is a generating family of quasi-primary vectors u for which the operator-valued
distributions f +— YY(u, Dy are affiliated with A in the sense of Definition 4.1. Then
V = V4 as unitary Mdbius vertex algebras.

Proof. AsinTheorem 4.3, we write F for the collection of Mbius-covariant, adjointable
distributions with domain V that are affiliated with .4, which form a quasi-Wightman field
theory except perhaps for cyclicity of the vacuum. The vertex algebra V4 corresponds
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to the subcollection F4 C F consisting of distributions ¢ such that ¢ and ¢ have
uniformly bounded order.

Let S C V be a generating set of quasi-primary vectors for the vertex algebra V
such that the associated operator-valued distributions are affiliated with A. For u € S,
let o, (f) =Y Vu, f)ly be the associated operator-valued distribution. By Theorem
3.8, the distributions ¢, are adjointable and Mobius-covariant, and by assumption the
¢, are affiliated with A. Hence ¢, € F. Moreover, by Proposition 2.9 the fields ¢,
and (p,;r have uniformly bounded order, so ¢, € F 4. It follows that S C V4 and
Y V(M, Dy, =Y A(u, z) foru € S, where Y A denotes the vertex algebra structure
on V 4 arising from our construction. Since S generates )V, we have V4 = V as vertex
algebras. The representations of Lie(Mob) and the inner products of 4 and V coincide
by construction. O

Finally, as a result of our analysis of the domains of smeared vertex operators, we
are able to give a construction of conformal nets from vertex algebras under looser
assumptions than [CKLW18]. The key hypothesis will be the following.

Definition 4.7. A unitary Mobius vertex algebra V is called AQFT-local if for any
u,v € V the closed operators Y (u, f) and Y (v, g) commute strongly® whenever f and
g have disjoint support.

Here Y (u, f) is the closure of Y%(u, f), where the domain of YO(u, f) is V. We have
the following analog of [CKLW18, Theorem 6.8].

Proposition 4.8. Let V be a unitary Mébius vertex algebra that is AQFT-local. Then
Ap(I) = yW({Y (v, f) : supp(f) S 1})

defines a Mobius-covariant net, with Mobius symmetry given by the representation of
MOob obtained by integrating the representation of Lie(Mob) on V. If V is a unitary
vertex operator algebra’ with conformal vector v, then Ay, is diffeomorphism covariant
with respect to the representation of Diff (S') obtained by integrating the coefficients of
Y(v, 2).

Proof. In the Mobius case, the only point to address is Mdbius covariance. Let U :
Mob — U (H) be the representation obtained by integrating the Ly of V. By the relation
Y(L_iv, f) = Y(v,if’ — dy,f), we see that Ay (I) is generated by smeared fields
Y (v, f) with v quasi-primary. Let S € V be the set of quasi-primary vectors. Then the
domain D = (Y (WK, fi)---Y(!, ) : v/ € S, fi € C>®(S"} contains V), and is
contained in the domain of any Y (v, f) by Proposition 2.9. Hence D is acore for Y (v, f).
By Theorem 3.8, we have U (y)D = D forany y € Mdb, and U ()Y (v, f)|pU(y)* =
Y (v, Ba(y) f)|p when v is quasi-primary with conformal dimension d. Taking closures
yields U(y)Y (v, fYU(y)* = Y (v, Ba(y) f), and Mobius covariance follows. If V is a
VOA, then (as in [CKLW18, Theorem 6.8]) we observe that Ay, is an extension of a
Virasoro net and its conformal covariance follows from [Car04, Proposition 3.7]. O

6 Recall that two closed operators X and ¥ commute strongly when the von Neumann algebras vN(X) and
VN(Y) commute. Here, vN(X) is the smallest von Neumann algebra to which X is affiliated; it is generated
by the polar partial isometry of X along with the spectral projections of |X|. We avoid the terminology
“strongly local” because in [CKLW 18] “strongly local” vertex algebras are assumed to satisfy polynomial
energy bounds.

7 For definitions and details of unitary vertex operator algebras, as opposed to unitary Mobius vertex
algebras, see [CKLW18, §4,§5].
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Corollary 4.9. Let V be an AQFT-local unitary Mobius vertex algebra, and let Ay
be the corresponding Mobius-covariant net. Then the unitary Mobius vertex algebra
associated to Ay via Corollary 4.5 recovers V.

Proof. For every quasi-primary u € V the operator Y (u, f) is affiliated with Ay (1)
when supp f € [I. Thus the claimed result is an immediate consequence of Proposi-
tion 4.6. |

There is another construction of conformal nets Ay from unitary vertex operator
algebras V which have a property called “bounded localized vertex operators” [Ten19b,
Ten19c,Ten19a]. A straightforward argument shows that if V' has this property then
applying Corollary 4.5 to Ay, recovers V), but we will omit a discussion of bounded
localized vertex operators here.

Work in progress of André Henriques and JT will show that every (diffeomorphism
covariant) conformal net is of the form .4y, for both the AQFT-locality construction and
the bounded localized vertex operator construction. It would then follow that the unitary
VOA V4 from Corollary 4.5 is always defined on all of )V, and moreover that V4 is
AQFT-local with corresponding conformal net A.

It would be interesting to know whether the dual nets of the Virasoro net with ¢ > 1
[BSMI0] or the Ws-net with ¢ > 2 [CTW21] come from vertex algebras. It is unknown
whether these dual nets are diffeomorphism covariant.
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A Generating Unitary Mdobius Vertex Algebras

The following theorem gives standard criteria for a collection of fields to generate a
Mbobius vertex algebra. However, standard references (e.g. [Kac98, Theorem 4.5]) pro-
vide a proof under additional hypotheses and do not treat L |-covariance. We summarize
the necessary adjustments here:

Theorem A.l. Let V be a vector space equipped with a representation {L_1, Lo, L1}
of Lie(Mob)c, a collection F  End(V)[[z'1] of formal distributions, and a choice of
vector 2 € V such that the following hold:
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1.V = @ZOZO V(n) where V(n) = ker(Lo — n) and each V(n) is finite-dimensional,
with dim V(0) = 1.

2. Q is Lie(Mob)-invariant.

3. For every A(z) € F, A(2)2 has a removable singularity at 7 = 0.

4. For every A(z) € F, there exists a number da € Z>q such that

[Li, A@T = L+ (k+ D*d)AG)  k=-1,0,1,

9]

. For every A(z), B(w) € F, (z — w)N[A(z), B(w)] = 0 for N sufficiently large.
6.V = span{A%nl) e AI(‘nk)Q : Al e F,nj € Z, k € Z>o}, where Ay, denotes the
nth mode of the formal series A(2).

Then there exists a unique structure of an N-graded Mobius vertex algebra onV such
that A(z) = Y(A(2)RQ|;=0, 2) for every A € F.

Proof. Note that the uniqueness part of the conclusion is clear by the generating property
6 along with the Borcherds product formula [Kac98, Eq. (4.6.10)]. Let G be the collection
of formal distributions obtained by closing F U {Id} under derivatives, Borcherds (n)-
products

A B(z) =Res; {(z — w)"A(2) B(w) — (—w +2)" B(w)A(2)}

for n € Z, and linear combinations. Here (z — w)" is shorthand for the series expansion
of that function in the domain |z| > |w], and similarly (—w + z)" is expanded in the
domain |w| > |z|. As in the proof of [Kac98, Theorem 4.5], G again satisfies properties
3 and 5 of the hypothesis, as well as the L_j-commutation relations of 4. We note that
Kac only considers (n)-products with n > 0, but that does not affect this step (most
notably Dong’s Lemma [Kac98, Lemma 3.2] has no restriction on 7). By hypothesis
6, the map G — V given by A(z) — A(2)2|,—¢ is surjective. The argument of the
uniqueness theorem [Kac98, Theorem 4.4] [God89], shows that this map is injective.
By inverting, we obtain the state-field correspondence Y of a vertex algebra such that
Y (A(2)R|;=0,27) = A(z) forevery A € F.

It remains to check that the fields of this vertex algebra have the correct commutation
relations with Ly and L. From the Lp-commutation relation for F and the definition
of the (n)-product, it is immediate to check the Ly-commutation relation for G, and that
A(2)R|;=0 € V(d4). To address the L-commutation relation, observe thatif A(z) € F,
then

LiA®@)Ql=0 = [L1, AR)IQ l.=0= (2> 4 +2da2) A(D)R |:=0= 0.

Thus, the states A(z)$2|,—o are quasi-primary, and so the fields Y (A(z)2|;=0, z) satisfy
the Lj-commutation relation when A(z) € F. The final step is to show that the Li-
commutation relation extends from the generating set to the entire vertex algebra, which
is the content of Lemma A.2 below. O

Lemma A.2. Suppose that V satisfies all of the axioms of a Mobius vertex algebra,
except perhaps the commutation relation with Ly. Then the set of homogeneous vectors
v € V such that the L-commutation relation

[L1,Y(v,2)] = (zzaz +2dy2)Y (v, 2) + Y (L1v, 2) (A.1)
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holds is closed under Borcherds (n)-products u,yv. That is, if Y (u, z) and Y (v, z) satisfy
the Li-commutation relation, then

(L1, Y (v, )] = 228, Y (v, 2) + 2dy,w2Y (Umyv, 2) + Y (Liumyv, 2), (A.2)
where du(,,)v =d,+dy —n—1.
Proof. We make use of the formula (see [Kac98, Eq (3.1.12) and (4.6.10)])

Y (u(myv, w) = Res; {(z — w)"Y (u, 2)Y (v, w) — (—w +2)"Y (v, w)Y (u, 2)},
(A.3)

where as before (z — w)" is shorthand for the series expansion of that function in the
domain |z| > |w]|, and similarly (—w +z)" is expanded in the domain |w| > |z|. Taking
the commutator with L, we have

(L1, ¥ gy, w)] = Res; {2 = w)"(220; + w20, +2d,z + 2, w)¥ (, )Y (v, w)

— (—w +2)" (220, + w2y + 2duz + 2dyw)Y (v, W)Y (u, 2)

+ (z—w) 'Y (Lyu,2)Y(v,w) +Y(u,2)Y(Liv, w))

— (—w+2)"(Y(Lv, w)Y (u,z) + Y, w)Y(Lu,2)}.
(A.4)

The terms in the final two lines yield Y ((L1u))yv, w) and Y (u,)(L1v), w). Applying
commutation relations, we have that Lju,) = 2d, —n —2)u 1) + (L11) (o) + Uy L1,
and hence

Y(Liupyv, w) = 2dy —n —2)Y u@penv, w) + Y ((L1u) v, w) + Y () (L1v), w).

Applying this equality, we can expand terms which appear on the righthand side of
(A.2) using (A.3) as follows:

wzawY(u(n)v, w)
= Res; {—w2n(z —w)" Y, )Y, w) — (=Dw?n(—w +2)" 'Y (v, w)Y (u, 2)
+(z — w)”sz(u, DY (v, w) — (—w + z)"wzawY(v, w)Y (u, z)} ,
and similarly,

2(dy +dy —n — DwYupv, w) + 2dy —n —2)Y (Upe1yv, w)
= Res;, {(2duz +2dyw —nz —nw — 22)(z — w)"Y (u, 2)Y (v, w)
— Qdyz +2dyw —nz —nw —27)(—w +2)"Y (v, w)Y (u, z)} .

Using the identity

w?n(z —w)" '+ nz+w)z — w)" =z2nz —w)" !,
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and applying integration-by-parts to the expression
—Res, {(2z(z —w)" +22n(z — w)""HY (u, 2)Y (v, w)
— Qz(—w+2)" +22n(—w+ 2" H(—w+2)"Y (v, w)Y (u, z)}
= Res;, {—Bz(zz(z — W)Y (u, 2)Y (v, w) + & (—w + )Y (v, WY (u, z)}
= Res, {(z —w)"220,Y (u, 2)Y (v, w) — (—w +2)"22Y (v, w)d, Y (u, z)} ,

we have that (A.4) is equal to the right-hand side of (A.2). O

B Remarks on Sobolev Spaces
Recall that HV (S') can be defined as
HY(sY) = {f e L28H): Y a+n)N fm)? < oo}.
nez
The norm || f||y = (1 +n?)V| f (n)|? is equivalent to the following norm

Iflln, =Y (A +n? 40N f )%,

nez

and accordingly the Sobolev space can be written as follows:

HY(s1) = {f e L2 : Y (W +n? 440 ) < oo}.

nez

Using this norm, the map U such that UHn) =~T+n2+-+n2N f(n)isa unitary
from HV (S') to L2(S") (with HY (S!) equipped with the correspondmg inner product).
Any bounded operator x on L2(S1) can be written as x f (m) =3, Xmn f (n). As it
is bounded, there is a constant C > 0 such that |x,, ,| < C. Correspondingly, any
bounded operator x on H” (S!) can be represented by components x,, , and they satisfy
o (L4024 40221+ m? + - +m*¥)~2| < C for some C > 0.

Similarly, H?V*2(S! x S!) is a subspace of L?(S! x S') with the norm

k
2 2(k—2). 20,1 2
5y, sinsh = 2 2 2 m 0 lhim, )

m,n k<2N+2 (=0

and the map U such that (U f)(m,n) = \/Zk§2N+2 le:() m2k=0p2¢ £ (m, n) is a

unitary from H2V*2(S1 x §1) to L2(S! x S1).
Any continuous linear functional & on HN+2(s1 » §1) has the form E(f) =

Zém,nf(mv n)’ where

_1
%_m,n <Zk§2N+1 Z]Z{:O m2(k_()n2e> : is in Ez(Z X Z)

Any continuous linear functional £ on H 2N+2(g1 5 §1y can be written as a linear
combination of derivatives of f € L%(S! x §') of order no greater than 2N +2 [Leol7,
Theorem 11.62]. Hence, & itself has order no greater than 2N + 4 as a distribution on
St x st
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Lemma B.1. Let B(-, -) be ajoiljtly continuous bilinear form on I-{N (SY). Then there is
a continuous linear functional B on H*N*2(S' x S') such that B(f @ g) = B(/, g),
where (f ® g)(w, z) = f(w)g(2).

Proof. As B isjointly continuous, by the Riesz representation theorem there is a bounded
operator x such that V (f, g) = (Jf, xg), where J f (n) = f(n) is a unitary conjugation
and x can be represented by matrix components as above, satisfying

_1 _1
|xm’n(1+n2+-~+n2N) 2(1+mz+~'+mz}v) 2| < C

for some C > 0.
We claim that

D=

k
1 1
A4+ 420 +m?+ - +m?N)2 E E m?*k=0p2¢
k<2N+2 (=0

isin £2(Z x Z). Indeed, we only have to show that

-1

k
2 ... 42N 2, ... 2N 2(k—0) 20
I+n“+---+n“" YA +m“+---+m~") E Em n
k<2N+2 =0

is in £1(Z x 7), and note that
k
Z Zmz(k—z)nze > +n2+ -+ VDY@ e m? 4 w2V,
k<2N+2 £=0
while

A+n?+--+n®MA+m? + - +m?N) 1
<
(IT+n2 4+ #0201+ m2 + - 4+ m2N+Dy 22

isin ¢N(Z x 7).
Therefore, we have that

1
2

k
Xm,n Z Zmz(k—e)nze € ZZ(Z X 7))

k<2N+2 {=0

and x,, , defines a continuous linear functional Bon H2N+2 (St x S1) such that B (f,e) =
> m.n Xmn f (m)g(n), which is an extension of the desired form. O
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