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Abstract

We give introductions into the representation theory of the Virasoro algebra,
Wightman axioms and vertex algebras in the first part.

In the second part, we compare the above definitions. We give a proof of
Liischer and Mack [LM76] that a dilation invariant 2D QFT with an energy-
momentum tensor gives rise to two commuting unitary representations of the
Virasoro algebra.

We give a proof of Schottenloher [Sch08, p. 193] that associated to a
Verma module M(c,0) of highest weight zero, there exists a vertex operator
algebra of CFT type. This result was firstly proved by Frenkel and Zhu
[EZ92]. We then recall another result of [FZ92] that related to M (c,0) there
exists a Virasoro vertex operator algebra L(c,0). We follow [DL14] and
show that L(c,0) is a unitary vertex operator algebra. The converse is a
tautology—each conformal vertex algebra has at least one representation of
the Virasoro algebra. Moreover, if we have a unitary vertex algebra, then
this representation is unitary as well.

Finally we compare Wightman QFTs to vertex algebras. We present
Kac’s [Kac98, Sec. 1.2] proof that every Wightman Mobius CFT (a 2D
Wightman QFT containing quasiprimary fields) gives rise to two commut-
ing strongly-generated positive-energy Mobius conformal vertex algebras. If
the number of generating fields of each conformal weight is finite, then these
vertex algebras are unitary quasi-vertex operator algebras. As a corollary us-
ing Liischer-Mack’s Theorem we obtain that a Wightman CFT (a Wightman
Mébius CET with an energy-momentum tensor) gives rise to a conformal ver-
tex algebra which furthermore becomes a unitary vertex operator algebra, if
the number of generating fields of each conformal weight is finite. We reverse
Kac’s arguments and get a converse proof that two unitary (quasi)-vertex
operator algebras can be combined to give a Wightman (Mobius) CFT.
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Introduction

One could argue that modern physics is the study of symmetries. Indeed,
Noether’s theorem states that symmetries correspond to conservation laws
and this observation underlies most of the current physics. One such com-
monly arising symmetry is the conformal symmetry. Loosely speaking con-
formal symmetry means that our physical system under consideration is in-
variant under angle preserving maps. Such a symmetry may seem to be
rather restrictive and indeed it is. However, there is an abundance of physi-
cal systems that can be treated as conformally invariant at least up to a very
good approximation. More precisely, one of the most notable applications
of a 2-dimensional conformal field theory (2D CFT), a field theory invariant
under conformal transformations in 2 dimensions, is to statistical mechanics
and string theory [DEMS99], [BLT13]. Among the newer developments one
could mention AdS/CFT correspondence which was first formulated in high
energy physics [Mal99] and now is also applied in condensed matter physics
[Pir14].

2D CF'Ts are special among other CFTs because their Lie algebra con-
tains the Virasoro algebra which is infinite dimensional. Thus, 2D CFTs
are restricted even more than their higher-dimensional counterparts. This
restrictiveness have led to many different mathematical axiomatizations of
CFTs. We will present and explore the relationship between two of them:
2D CFT in Wightman framework and vertex algebras. Because of the im-
portance of the Virasoro algebra to 2D CFTs, we also add its representation
theory for completeness.

Wightman axioms [SW64] are the first attempt to define QFT rigorously.
As such, they try to encompass the whole of QFT. Under some modifica-
tions they also describe 2D CFTs. The language of Wightman framework is
functional analysis.

Vertex algebras [Bor86, [FLMS88] on the other hand are algebraic and
describe only the chiral half of a 2D CFT. A 2D field is called chiral if it
depends only on a single coordinate. Therefore, without a background in
physics the fact that there should be a relationship between 2D Wightman
CF'T and vertex algebras is not obvious and even armed with such knowledge
providing a detailed proof still requires some work. The master’s thesis aims
to fill in these gaps.

As far as we know, the first mathematically rigorous proof that from a
2D Wightman Mo6bius CFT one can construct two Mobius conformal ver-
tex algebras was given by Kac in [Kac98]. In the same reference Kac also
wrote that: “Under certain assumptions and with certain additional data
one may reconstruct the whole QFT from these chiral algebras, but we shall

v



not discuss this problem here”. We were unable to find any references con-
taining a proof of this plausible claim. The users of MathOverflow were not
aware of any references either [Gyt], although the general idea was rather
clear (see Marcel Bischoff’s comment in |Gyt]). Since we found Kac’s proof
clear and natural, it was an obvious choice to base the thesis on it and give
a converse proof, namely, that two vertex algebras can be combined into a
2D Wightman Mobius CFT by reversing the arguments of [Kac9g]. Along
the way we also managed to extend Kac’s proof to conformal vertex algebras
using Liischer-Mack Theorem. For the converse proof we started with vertex
operator algebras because there is a wealth of mathematical literature about
them and the recent work [CKLW15] includes a lot of useful results. How-
ever, there should be a more general proof which would also include (M&bius)
conformal vertex algebras which are not (quasi-)vertex operator algebras.

This work is divided into two parts. The first part gives the necessary
background, whereas the second part explores the relationships. Experts in
the field are encouraged to skip the first part altogether and use it just to
refresh their memory for the well-known definitions, if needed.

We have chosen to present the material as follows:

e In Chapter [I] we show that the conformal group of the Minkowski plane
R is Diff  (R) x Diff { (R) or Diff  (S*) x Diff, (S') and its relation to
SO™(2,2)/{%1} and PSL(2,R).

e Chapter [2] is concerned with the Virasoro algebra. We define the Vi-
rasoro algebra as the unique non-trivial universal central extension of
the Witt algebra—a dense subalgebra of the vector fields on a circle.
Moreover, we give an introduction to the representation theory of the
Virasoro algebra.

e In Chapter [3| we start with the basics and carefully define vertex al-
gebras and related notions of (Mdbius) conformal vertex algebras and
(quasi)-vertex operator algebras. No prior knowledge is assumed. We
give full proofs of all the fundamentals and start relying on other sources

for proofs only in the last section for which readily accessible sources
are available, e.g. [CKLW15].

e In Chapter [] we present the Wightman axioms for a scalar field. We
prove the existence of Wightman distributions, which according to
Wightman’s Reconstruction Theorem provide an equivalent de-
scription of the theory. We also define a Wightman (Mdébius) CFT.

e Chapter[f]starts the second part. We prove the Liischer—-Mack Theorem



which shows that 2D dilation invariant Wightman QFT gives rise to
two commuting Virasoro algebras.

e Chapter [0] is rather trivial. We construct a vertex operator algebra
from a Verma module of weight zero and note that the converse is a
tautology.

e Chapter|[7]is the highlight of this work. It contains Kac’s Theorem that
a Wightman (M&bius) CFT gives rise to two commuting (Mdbius) con-
formal strongly-generated vertex algebras and a converse that two uni-

tary (quasi)-vertex operator algebras give rise to a Wightman (M&bius)
CFT.

Throughout the master’s thesis we consider bosonic QFTs on the plane
because we also wanted to make this work accessible and thus not cluttered
with minor details. However, the generalization to superspaces including
fermions is quite trivial and can be found in our main references: for Wight-
man axioms in [SW64, BLOT89] and for vertex algebras in [Kac98]. We are
shy of examples because constructing them for general QFT's is rather hard
and there is even a Millenium Prize for constructing a non-trivial QFT in
R* [JW00]. However, we provide full details for the transformations of scalar
fields and the energy-momentum tensor from one framework to another in
the proofs themselves.

It should be noted that Wightman axioms and vertex algebras are not the
only mathematical definitions of 2D CFTs. Other mathematical definitions
include Segal’s axioms [Seg88] and conformal nets, see, e.g., [CKLW15]. Con-
formal nets describe chiral CFTs in the framework of algebraic QF T, whereas
Segal’s axioms describe full 2D CFTs on arbitrary genera, i.e. not only on
R? or the open disk, as considered in this work. Thus, Segal’s axioms seem
to be superior to other approaches. However, many different approaches to
the same problem are often beneficial in providing more tools to tackle it and
to gain familiarity with the problem in the simpler cases before embarking
on the most general form of the problem.
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Background



Chapter 1

Conformal Group

1.1 General Case

We start with some basic definitions as given in [Sch08]. Chapters 1 and 2
of [SchO8|] are our main references for this chapter.

Definition 1.1. (Semi-)Riemannian manifold. A semi-Riemannian man-
ifold is a smooth manifold M equipped with a non-degenerate, smooth, sym-
metric metric tensor g. A Riemannian manifold is a semi-Riemannian man-
ifold whose metric tensor is also positive-definite.

Definition 1.2. Conformal transformation. Let (M, g) and (M’, ¢’) be
two semi-Riemannian manifolds of dimension n. Let U C M, V C M’ be
open. A smooth mapping f : U — V of maximal rank is called a conformal
transformation or conformal map if there exists a smooth function 2 : U —
R< such that
frq =%,

where f*g (X,Y) = g}(p)(Dpf(X), D,f(Y)) is the pullback of ¢’ by f eval-
uated at a point p € U and D, f : T,U — T,V is the derivative of f at the
point p € U. The function €2 is called the conformal factor of f.

Some authors also require a conformal transformation to be bijective
and /or orientation preserving.

Locally in a chart (U, ¢) of M we have
(f*9) () = 9i;(f(P))Ouf'Ouf VP EU.

Hence f is conformal if and only if

Vg = (g3 © [)Ouf'0, 1 (1.1)
in every coordinate patch.
Remark 1.3. Since we have required a conformal map to be of maximal

rank, conformal maps are local diffeomorphisms.

Even though the definition of a conformal transformation is straightfor-
ward, it turns out that it is not trivial to sensibly define the conformal group.
We state the general definition as given in [Sch08].
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1.2 GENERAL CASE

Definition 1.4. Conformal group. The conformal group Conf(RPY) is
the connected component containing the identity in the group of conformal
diffeomorphisms of the conformal compactification of RP4.

In Section [I.3] we will see that this definition has to be modified for the
Euclidean plane. Moreover, the Minkowski plane is also special, since it does
not need a conformal compactification to make sense. We will show this in
Section [1.2] Thus, the general definition of the conformal group boils down
to cases RV, R2Y and RP? with p + ¢ > 3.

Theorem 1.5. Conformal group. The conformal group Conf(RP?) of R4
18!

1) (p, q) #(1,1), p,g > 1

SOT(p+1,q+1) if —idgSOT(p+1,q+1)

Conf(RP4) =
onf(R") {SO*(p+1,q+1)/{iid} if —ideSOT(p+1,q+1);

2) (p, @) = (1, 1)
Conf(R"!) = Diff , (S*) x Diff  (S").

By the above, the groups SO*(p, ¢) are the most important for CFT. We
state here their generators before specializing to the 2-dimensional case. For
a proof check [Sch08| Thms. 2.9 and 2.11].

Theorem 1.6. The group SO (p + 1,q + 1), with p,q > 1, p+q = n, is
1somorphic to the group generated by

e i(ranslations
T T+,

e special orthogonal transformations

r— Az,

o dilations
T e’\as,

e special conformal transformations

x + |z*b
14 2(z,b) + [z*[b*

T —

Here x,b,c € R", A € SOt (p,q), A € R.

2



1.2 CONFORMAL GROUP OF RY!

1.2 Conformal group of R!

In this section we will prove that Conf(R"') = Diff , (S') x Diff , (S").
Proposition 1.7. A smooth map f = (u,v) : U — R is conformal if and
only if

uZ >0 and up, =y, Uy =V, 0T Uy = —Uy, Uy = —U,. (1.2)
Here U C RY is connected and open.

Proof. The condition of being conformal f*g = Q2%g for g = gt with Q2 >0
is equivalent to the equations

uz —v2 =0 uyu, — v, =0, ui — U; =-0* Q>0 (1.3)

First assume that the map f is conformal. Then the equations (|1.3|) imply
that u2 = Q? 4+ v? > v2 and adding the first three of them we get

0= u) — 02 4 u) — v} + 2uzty — 20,0y = (U + uy)* — (U, + v)*.
Hence,
Uy + Uy = (v, +vy). (1.4)
Taking the positive root and using the second equation of (|1.3)) we get

2 2 2
0 = —uguy + v,0y = Uy — Uy — Uglly + VU = Uy — Uy (Uy + Uy) + V0,

= ui — Ug (Vg + V) + 00y = (U — V) (U — Vy),

ie. u, = v, or u, = v,. The solution u, = v, contradicts u?2 —v2=02>0.

Thus, we have u, = v, and by Equation (1.4) u, = v, as required. Similarly
taking the negative root in Equation (1.4) yields u, = —v, and u, = —v,.

Now assume that the equations (1.2)) are fulfilled. Setting Q2 := u2—v? >
0 and substituting u, = £v,, v, = £u, yields

2 _ .2 _,2_ .2 _ (2 —
u, —v, = v, —uy =—Q° and  wu, —v.v, =0,
i.e. fis conformal. If u, = v,, u, = v,, then
_ 22
det Df = u,vy — uyv, = uy — v, > 0.

So f is orientation preserving in this case. Similarly, if u, = —v, and u, =
—v,, then f is orientation reversing. ]

The next lemma shows that in the case of U = RY!, the global orientation-
preserving conformal transformations can be conveniently described using
light-cone coordinates 2+ = z + .



1.2 CONFORMAL GROUP OF RY!

Lemma 1.8. Given f € C®(R), define f+ € C®(R%,R) by fv = f(x L y).
The map

¢ : C®(R) x C®(R) — C=(R?,R?)
(f,9) H%(f++g—,f+—g—)

has the following properties:
(a) Im¢ = {(u,v) € C°(R* R?) | uy = vy, uy = vy},

)
(b) &(f,g) is conformal <= f' >0, ¢ >0 or f' <0, ¢ <0,
(c) o(f,g) is bijective <= f and g are bijective,
(d) 6(f o h,gok) = 6(f,9) 0 é(h, k) for f,g,h,k € C=(R).

Proof. [(a)] Let (u,v) € Img, ie. (u,v) = ¢(f,g) for some f,g € C*(R).

From
. 1 / / o 1 / /
uz_é(er—i_gf)? Uy—g(er_g,),
1 1
Ux:§(f-/|-_gl—>7 Vy = é(f-/f—i_gl—)?

it follows that u, = v, and u, = v,.

Conversely, let (u,v) € C*(R?* R?) be such that u, = v, and u, = v,.
Then vz, = vy, = vy = uy,. But this is just the one dimensional wave
equation and it has solutions u(z,y) = 1(f+(x,y) + g—(x,y)) with suitable
f,g € C=(R). Because of v, = u, = 3(f}, —¢_) and v, = u, = 3(f} +¢),
we have v = %(er — g—) where f and g might have to be translated by a
constant.

If (u,v) = ¢(f,9), then u2 —v2 = fig". Thus,

U2

x_

V2>0 < flgd >0 < fg>0.

Let ¢ = ¢(f,g). To prove the equivalence of injectivities note that
fe+y)+g9(@z—y)=fl@'+y)+g9@ —v)
flety)—glz—y) = f(&' +y)—gla" =)

— flz+y) = fa"+y) — THy=a+y — r=a
gz —y) =g(@' —y) r—y=a -y y=1y.

o(x,y) = p(@',y) = {

Now if both f and g are injective, we also get the forward implication in step
3 and the equivalence diagram above shows that ¢ is also injective. On the

4



1.2 CONFORMAL GROUP OF RY!

other hand, if ¢ is injective, i.e. p(x,y) = p(2',y) <= z=2"andy =/,
then the diagram above shows that f and ¢ are injective as well.

Let (2/,9') € R? be arbitrary. If f and g are surjective, then 3s,t € R
with f(s) = 2’ + ¢/, g(t) = 2/ — y'. Moreover, p(z,y) = (2/,y') with z :=
s(s+1t), y:=3(s—1).

Conversely, fix 2’ € R and assume that ¢ is surjective. Then 3(z,y) € R?
such that ¢(z,y) = (2/,0). This implies that f(z +y) = 2’ = g(x — y) and
hence f and g are surjective.

[(d)] Set ¢ := ¢(f,g) and ¢ := ¢(h, k). We have
bop =5 (feowtg 0w, frov—g ov),

where fr o = f(1/2(hy +k_)+1/2(hy —k_)) = fohy = (foh); and
other terms evaluate similarly. Thus,

o= ((foh)y+(gok)-, (foh)y —(gok)-)=d¢(foh,gok)

N —

as required. O

Proposition 1.9. The group of orientation-preserving conformal diffeomor-
phisms
p: RV — RY

15 1somorphic to the group
(Diff, (R) x Diff, (R)) U (Diff _(R) x Diff _(R)).
Proof. The result follows from Lemma [1.8 and Proposition [1.7] O

From Proposition [1.9| we see that the conformal compactifications men-
tioned in the general Definition [1.4] are not necessary in Minkowski plane
RY. Hence, it would make sense simply to define the conformal group
Conf(R"") as the identity component of the group of conformal transforma-
tions R1! — RY! which is isomorphic to Diff; (R) x Diff ; (R) by Lemma [1.8]
However, usually researchers want to work with a group of transformations
on a compact manifold. Thus, R is replaced by the circle S:

RY — 5P = ST x 5T C R*? x R%? = R*?,

From such reasoning it follows that a sensible definition for the conformal
group Conf(RY) is the identity component of the group of all conformal
diffeomorphisms S'* — SB!. Analogously to Theorem the group of



1.2 CONFORMAL GROUP OF RY!

orientation-preserving conformal diffeomorphisms S'! turns out to be iso-
morphic to

(Diff . (S) x Diff, (S)) U (Diff_(S) x Diff_(S)).

To prove this result, one simply has to consider 27-periodic functions in the
proof of Lemma [1.8] Therefore, we have:
Theorem 1.10. Conf(R"!) = Diff  (S*) x Diff  (S).

By Theorem [1.10| we see that the conformal group of Minkowski plane
Conf(R"!) is infinite dimensional. However, there is also a finite dimensional
counterpart SO*(2,2)/{£1} C Conf(R"').

Definition 1.11. The restricted conformal group of the (compactified) Minkowski
plane R is SO*(2,2)/{+1}.

The group SO*(2,2)/{+1} consists of translations, Lorentz transforma-
tions, dilations and special conformal transformations [SchO8, Thm. 2.9]. If
we introduce the light-cone coordinates

re=14y, T-=x-—y,

then the restricted conformal group acts as

ciry +dy cx_+d_

(Ap, A )(zy,2) = (

a Ty +by a_x_ + b_>

Thus,
SO*(2,2)/{#£1} = PSL(2,R) x PSL(2,R).

Because of this decoupling translations and special conformal transformations
can be chosen as the generators of the group as the following proposition
shows. It is a special case of Dickson’s Theorem.

Proposition 1.12. The group PSLy(F') with F' = C or F' =R is generated
by translations and special conformal transformations.

Proof. We use the action of PSLy(F') on one of the light-cone coordinates
to identify translations with upper triangular matrices and special conformal
transformations with lower triangular matrices. So we need to prove that

5= {056 %)

is the whole of PSLy(F"), i.e. that S contains dilations and Lorentz transfor-
mations.



1.3 CONFORMAL GROUP OF R?°

First of all we note that a reflection (rotation by 7) is equal to

()6 )6

and hence is in S. Furthermore, we have

)6 ) EN6 )62

and hence dilations are in .S. Moreover, every Lorentz transformation can be
diagonalized

(g ) =Gl 2) 6 ) (e i)
and

Gg _D - ((1) _D (1}2 2) (—11/2 1}2) - (—11/2 (1)) (é 1)

]

1.3 Conformal group of R?Y

The next lemma shows why the general definition of conformal group
fails for the Euclidean plane.

Lemma 1.13. Conformal transformations f : U — C are the locally invert-
ible holomorphic or antiholomorphic functions with conformal factor |det D f |.
Here U is an open and connected subset of C.

Proof. A smooth map f : U — C on a connected open subset U C C is
conformal according to Equation [I.1] with conformal factor Q : U — Ry if
and only if for u = Re f and v = Im f we have

w+vi =0 =ul+0v2>0 and  uguy + v,0, = 0. (1.5)

These equations are satisfied by holomorphic and antiholomorphic func-
tions with the property u? + v2 > 0, since by Cauchy-Riemann equations
Uy = Uy, Uy = —V, for holomorphic functions and u, = —v,, u, = v, for
antiholomorphic. For holomorphic (antiholomorphic) functions u2 + v2 > 0
is equivalent to det Df > 0 (det Df < 0).

Conversely, given a conformal transformation f = (u,v) the equations
imply that (u,v,) and (uy, v,) are perpendicular vectors in R*? of equal

7



1.3 CONFORMAL GROUP OF R?°

length Q@ > 0. Hence, (ug,vy) = (—vy,uy) or (uz,v,) = (vy, —u,). These
correspond to f being holomorphic or antiholomorphic with det Df > 0 or
det Df < 0, respectively. O

Corollary 1.14. The holomorphic maps f : U — C with f* # 0 are in
one-to-one correspondence with conformal orientation preserving maps h :

U — C. Here U C C is open and connected.

Hence, the conformal compactification [Sch08, Rmk. 2.2 and Def. 2.7]
does not exist: there are many noninjective conformal transformations. For
example,

C\{0} = C, =z 2" withke Z\{-1,0,1}.
Therefore, one is lead to a different definition for the Euclidean plane.

Definition 1.15. A global conformal transformation of R*? is an injective
holomorphic function, defined on the whole of C with at most one exceptional
point.

It follows that the group Conf(R*?) is isomorphic to the Mobius group
which is the group of all holomorphic maps f : C — C such that

_az—i—b
e+ d

a b

f(2) cz+d#0 and <C d

) € SL(2,C).

Even though the matrices are in SL(2,C), the transformations are invariant
under multiplication by —1. Hence,

Conf(R2°) = SL(2, C)/{+1} = PSL(2,C).

Moreover, there exist other well-known isomorphisms of PSL(2, C) and so we
have R
Conf(R*?) =2 PSL(2,C) = SO™(3,1) = Aut(C),

where C is the Riemann sphere.



Chapter 2

Virasoro Algebra

We present a short introduction to the Virasoro algebra which arises as a
complexification of a restriction of the Lie algebra of Conf(R"!).
The rest of this chapter is arranged as follows:

e In Section we present the general theory of central extensions of Lie
algebras.

e The Witt algebra is defined and it is shown that the Virasoro algebra
is the unique nontrivial universal central extension of it in Section

e In Section main tools of the representation theory of the Virasoro
algebra are provided. The highlight of the section is the proof that the
Virasoro algebra admits unitary representations for all ¢ > 1, h > 0.

2.1 Central Extensions of Lie Algebras

Our main references for this section are [IK11] and [Sch0§].

Throughout this section let F' be a field of characteristic zero (usually R or
C).

Definition 2.1. Lie algebra. A Lie algebra is a vector space g over some
field F' together with a binary operation [-,-] : g X g — g called the Lie
bracket, which satisfies the following axioms Va,b € F and VX,Y, Z € g:

e bilinearity
[aX +bY, Z] = a[X, Z]+ VY, Z], [Z,aX +bY|=0a[Z, X]|+0b]Z,Y],

e alternating property
(X, X]=0,

e the Jacobi identity
(X, Y, Z]|+ Y, [Z, X]] + [Z,[X,Y]] =0.

Definition 2.2. Abelian Lie algebra. A Lie algebra a is called abelian if
(X,Y]=0VX,)Y € a.



2.1 CENTRAL EXTENSIONS OF LIE ALGEBRAS

Definition 2.3. Central extension of Lie algebra. Let a be an abelian
Lie algebra over a field F' and g a Lie algebra over F'. An ezact sequence of
Lie algebra homomorphisms

0—a—h—"5g—0

is called a central extension of g by a, if [t(a),h] = 0. Then a is called the
kernel of the central extension.

A sequence of maps is called exact if the kernel of each map is equal to
the image of the previous map. In particular, here we have that ¢ is injective,
7 is surjective and kerm = Im¢ = a. Moreover, [c(a),h] = 0 implies that a
corresponds to an ideal in h and hence g = h/a via 7.

Definition 2.4. Universal central extension of Lie algebra. A central
extension
0—a—h-"3g—0

of g is called a universal central extension if

e h=[h,b]ie bis perfect,

e for all central extensions 7’ : h’ — g there exists a Lie algebra homo-
morphism 7 : h — b’ such that the following diagram commutes:

g
Jo
g

Lemma 2.5. The Lie algebra homomorphism ~y from Definition|2.4 is unique.

Ny

s
—
N
/ '

—

Ny

Proof. Let v': h — b’ be another homomorphism such that m = 7’ o+’. Then
VX,Y € h we have

(v = V)X Y]) = (X)), v(Y)] = ['(X), 7' (V)]
= [V(X) =7 (X), (V)] + [V (X), (V) =+ (V)]
Now 7’ o (Y(Z) —~'(Z)) = n(Z) —n(Z) = 0 ie. ¥(Z) — 7’% ) € kern’

J/(a) YZ € Bh. Since the extension 7': §’ — g is central, [/(a), ]

, 0.
Hence (v —v')([X,Y]) = [v(X) = (X),7(Y)] + [Y/(X),7(Y) =~(Y)] =0
VX,Y € bh. Since b is perfect, we get that v = ~'. n

Corollary 2.6. A universal central extension, if it exists, is unique up to
Lie algebra isomorphism.

10



2.1 CENTRAL EXTENSIONS OF LIE ALGEBRAS

Definition 2.7. Second cohomology group. By H?(g,a) := Z*(g,a)/B*(g,a)
the second cohomology group is defined where a is regarded as a trivial g-
module. Here Z%(g, a) (respectively B%(g, a)) is called the space of 2-cocycles
(respectively 2-coboundaries) of g with coefficients in a:

VXY, Z€qg:
1. © is bilinear,

2. O(X,Y) = —6(Y, X),

3. O(X,[Y, Z]) + O(Y, [Z, X]) + O(Z, [X,Y]) = 0
B%*(g,a) :={©:gxg— a|3u: g— alinear, such that O(X,Y) = u([X,Y])}.

Z%(g,a):={O:gxg—a

Definition 2.8. Equivalent central extensions. Two central extensions
of Lie algebra g by a are equivalent if there exists a Lie algebra isomorphism
1: b’ — b such that the diagram

/ /

0 > a - > b u > g > 0
lid lw lid
0 > a L > b ul > g s 0
commutes.

Lemma 2.9. There is a correspondence between 2-cocycles of g with values
in a and central extensions of g by a.

Proof. Given © € Z%(g,a), define b := g @ a. Then define a bracket
(X, V), (Y, W)y = ([X,Y];,0(X,Y)) VXY egVV,Wea

It follows that this is a Lie bracket by definition of ©. Thus (b, [-,]y) is a Lie
algebra. Therefore the exact sequence

0—>a#>hﬂ>g—>0

where ¢ is the inclusion and pry is the projection onto the first variable, is a
central extension of g.
Conversely, given a central extension

0—a—h-"3g—0

there is a linear map f: g — b with 7 o § = id, (it is not a Lie algebra
homomorphism in general). Let

Os(X,Y) = [6(X), B(Y)] = B([X,Y]) VXY eg. (2.1)

11



2.1 CENTRAL EXTENSIONS OF LIE ALGEBRAS

Since 7 is a Lie algebra homomorphism,
moOs(X,Y) =7([B(X),B(Y)]) - [X,Y]=0 VXY €g

ie. Im(Op) C kerm =Im(:) = a. So we can interpret O as Og: g x g — «a.
Clearly ©g is bilinear and alternating. The Jacobi identity is proved by
noticing that by linearity of # and the Jacobi identity on h we have

BUX, Y, Z]]) + (Y, [, X]| + B([Z, [X, Y]]) = 0,
so that
@5<X7[Y7Z])+@< 7[ 7X])+@5< [XvYD:
= [B(X), B([Y, ZD] + [B(Y), B([Z, X])] + [8(2), B([X, Y])] =
= [B(X), ([8(Y), B(Z2)] = ©5(Y, 2))] + [B(Y), ([8(2), B(X)] — ©5(Z, X))]+
+[6(2), ([8(X), B(Y)] — ©5(X,Y))] = 0.

Here we have used again the Jacobi identity on h and the fact that Im(©3) € a
with [a,h] = 0. Thus, ©5 € Z*(g,a). Moreover, h = g & a as vector spaces
via the linear isomorphism

vigxa—=bh (X, W)=XeW— 5(X)+W.
If we define the Lie bracket on g & a by
(XEW)Y ®V]gga :=B([X,Y]) +05(X,Y) VX, Y €g, VW,V €a, (2.2)
then the map v becomes a Lie algebra isomorphism. O

Definition 2.10. Split exact sequence, trivial central extension. An
exact sequence of Lie algebra homomorphisms

0—a—h-"3g—0

splits if there is a Lie algebra homomorphim f: g — h with 7o § = id
The homomorphism 5 is called a splitting map. A central extension which
splits is called a trivial extension, since from the proof of Lemma it is
equivalent to the exact sequence

0—a——=gPa—>g—0
where g @ a has the Lie bracket [X @ W, Y & V]za = B([X,Y]y)-

The following proposition “mods out” the trivial cases.

12
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Proposition 2.11. There exists a bijection between H?(g,a) and the set of
equivalence classes of central extensions of g by a.

Proof. Using Lemma all that is left to prove is that two elements ©, () €
Z?(g, a) are such that © — Q € B?(g, a) if and only if the central extensions
defined by © and () are equivalent. Equivalently, we must show that every
trivial extension is an extension defined by a coboundary and vice versa.

So let ©® € B*(g,a), i.e. O(X,Y) = p([X,Y]) for some u € Homp(g, a).
Define a linear map f: g — h(= g @ a) by S(X) = X + u(X), VX € g.
Then

BUX,Y]) = [X, Vg + u([X, Y]) = [X, Y], + O(X,Y)
= [X 4 pu(X), Y + p(Y)]y = [B(X), B(Y)ls,

i.e. §1is a Lie algebra homomorphism. Hence, (3 is a splitting map.
Conversely, given a splitting map g: g — h( g @ a), then 5 has to be of
the form B(X) = X +u(X), VX € g, for some suitable u € Hompg(g, a) since
mof3 = id,. By definition of the bracket on b, [6(X), (Y)] = [X,Y]+6(X,Y)
for all X,Y € g. Moreover, since 8 is a Lie algebra homomorphism we
have [3(X), B(Y)] = B([X,Y]) = [X,Y] + u([X,Y]). Hence O(X,Y) =
u([X, ). .

Proposition 2.12. A Lie algebra g admits a universal central extension if
and only if g is perfect.

Proof. First suppose that m: h — g is the universal central extension. By
definition, b is perfect. Hence,

g =m(h) = x([b,h]) = [x(b), 7(H)] = [g, 9]

Now assume that g is perfect. We set

2
W =No=000/(XY+Y@X|X Y €g)r,
By(g, F) ={X AV, Z]|+ Y NZ X|+ ZN[X,Y]| XY, Z € g},

and W := W'/By(g, F'). Let Q: W' — W be the canonical projection. By
definition, Q € Z%(g, W). Let

0—W by 5g—0

be the central extension defined by (). Using this central extension, we
construct the universal central extension of g.

13



2.2 CENTRAL EXTENSIONS OF LIE ALGEBRAS

Let a be an arbitrary F-vector space (a Lie algebra with trivial bracket)
and © € Z%(g,a). Since O(X,Y) = —O(Y, X) , we have a F-linear map

: W —a such that Q(X,Y)— O(X,Y).
We define ¢': hg — he by
¢'((X,U)) == (X, ¥(U)).
Then, it is clear that the diagram

bo —— g

l(b’ lid
e)

hbe —— g

commutes. Now set R
h = [hﬂ? hQ]
Since g is perfect, it follows that 6 @ W = bhq. This implies that

h=[hoW,heW]=Ih b,

i.e. b is perfect. Moreover, if we set

then we obtain a central extension
0—c¢c— 6 —g—0

such that 6 is perfect. Defining ¢ := ¢/| 5 We get a commutative diagram

Therefore, 0 — ¢ —> 6 — g — 0 is the universal central extension. [

14



2.2 WITT ALGEBRA

2.2 Witt Algebra

Our main references for this section are [Sch08] and [KR8T].

The goal of this section is to prove that the Virasoro algebra is the unique
universal nontrivial central extension of the Witt algebra.

Definition 2.13. Lie algebra of smooth vector fields. Let M be a
smooth compact manifold. The space X(M) is the space of smooth vector
fields on M. Here we consider X € X(M) as a derivation X: C>®(M) —
C>®(M), i.e. as an R-linear map with

X(fg) = X(fg+ fX(g) V[ geCT(M).
The Lie bracket of X,Y € X(M) is the commutator
(X, Y] =XoY —-YoX

which is also a derivation. Consequently, (X(M),[-,-]) is an infinite dimen-
sional Lie algebra over R.

We will be interested in the case when M = S'. In this case, the space
C>(S") can be described as the vector space C52(R) of 27-periodic functions
R — R. Then X(S') = {f4|f € C2(R)} and S' = {e?|§ € R}. For
X:f% andY:gd%weget

(X, Y] =(fg — f’g)d%-

Since f is smooth and periodic, it can be represented by a convergent Fourier
series

£(0) =ag+ Y _(a,cos(nd) + b, sin(nd)).

n=1

This leads to a natural (topological) generating system for X(S'):

d d . d
0 cos(nh) L sin(nf) L

Complexifying X(S'), i.e. by defining X¢(S*) := X(S1) ® C, we finally arrive
at:

Definition 2.14. Witt algebra. The Witt algebra W is the linear span of

L,’s over C:
W :=PCL,,

nel

15



2.2 WITT ALGEBRA

_ Jd-nd _ _, -—nd _ _, —infd Crql : _ i
where L, = 2'7"% = —iz7T" 5 = —ie7"™ L € X¥(S) with z = ¢ and
n € 7.

We note that L, : C*(S, C) — C>(S',C), f+ 27" f' so that to prove
that W with the Lie bracket in X¢(S1) is actually a Lie algebra over C we
need to show that [W, W] C W.

For m,n € Z and f € C*(S',C)

d d d d?
Ly L,f = Sl=m <Z1—nd_f) _ (1 . n)Zl_m_n—f 4 lemylen .
z

dz dz 122
Therefore
d

= (m —n)Lpmnf

as required. Note that this actually implies that [W, W] = W, i.e. that W is
perfect.

Theorem 2.15. dim H*(W,C) = 1.
Proof. Given an w € Z*(W, C), define g, : W — C by

w(Lg, L,)/n ifn #£0,
gw(Ln) — ( 0 )/ : 7é
0 ifn=0.

Then w(z,y) := w(z,y) + gu([x,y]) is such that
weZ*W,C), w—weB*W,C) and @(Lg,z)=0 VorecW.

Hence for any w + B*(W,C) € H*(W,C) we can take its representative w
such that w(Lg,x) = 0 Vo € W. Moreover, since w € Z*(W, C), we have

W(L, [Ln, Lie]) + w(Ln, [Li, L)) + w(Lig, [Lin, Ln]) = 0,
and therefore
(n—k)w(Lpm, Lyyk) + (k—=m)w(Lp, Liym) + (m—n)w(Lg, Lipyn) = 0. (2.3)
First set k =0 in to get
(n+m)w(Lm, L) = 0,
since w(Lg, ) = 0 and w(z,y) = —w(y,x). This implies that

W(Lm7 Ln) = 6m+n,0f(m)

16



2.3 WITT ALGEBRA

for some f: Z — Csuch that — f(—m) = f(m) since w(Ly,, L,) = —w(Ly, Ly,).
Plugging this into (2.3)) with m +n + k = 0 gives

2n+m)f(m)— (n+2m)f(n)+ (n—m)f(m+mn)=0. (2.4)
Setting m =1 in gives us a linear recursion relation:
(mn—1)f(n+1)=(n+2)f(n) — 2n+1)f(1). (2.5)

Since f(—n) = —f(n) we have f(0) = 0 and thus we have to solve only
for n > 0. The space of solutions of Equation is at most 2-dimensional
because if we know f(1) and f(2) we can calculate all f(n)’s using (2.5).
Note that f(n) =n and f(n) = n? are solutions. Hence the general solution
is f(n) = an + Bn®, where a, 3 € C. However w € B*(W,C) if and only if
f(n) = an (otherwise f(n) is non-linear and thus w ¢ B*(W, C)). Hence, to
get a nontrivial central extension, we must set 5 # 0 and « can be arbitrary,

so following the usual convention we set o := —f. Hence, f(n) = 3(n® —n)
and

W( L, L) = 6minoB(n® —n). (2.6)
Therefore, dim H*(W,C) = 1. O

Combining the above theorem with the previous observation that the
Witt algebra is perfect, we can define the Virasoro algebra as the unique
universal nontrivial central extension of W by C.

Definition 2.16. Virasoro algebra. The Virasoro algebra
Vir:= HCL, & CC
nez

is the Lie algebra which satisfies the following commutation relations:

C
[Lm, Ln] = (m — n)Lm+n + E(m3 — m)§m+n70 s
[Vir,C] =0.
Remark 2.17. The Virasoro algebra is defined by the nontrivial cocycle

w € H*W,C) from Theorem [2.15 by setting 8 = C/12 in Equation (2.6).
Cf. Equation (2.1) and Equation E[) from the proof of Lemma .
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2.8 REPRESENTATION THEORY OF VIRASORO ALGEBRA

2.3 Representation Theory of Virasoro
Algebra

Our main references for this section are [Sch08] and [KR87].
Let V be a vector space over C.

Definition 2.18. Hermitian form, inner product. A map
(,):VxV—=C

is called a Hermitian form if it is complex antilinear in the first variable,
complex linear in the second and satisfies

(v,w) = (w,v) Yv,weV.
A Hermitian form is an inner product if moreover we have
(v,v) >0 Vv eV \{0}.

Definition 2.19. Unitary representation of Virasoro algebra. A map
p: Vir — End¢ V is called a representation if it is a Lie algebra homomor-
phism. The representation p is called unitary if there is a positive semidefinite
Hermitian form (-,-) : V' x V — C such that Vo,w € V and ¥n € Z we have

{p(Ln)v, w) = (v, p(Ln)w),
(p(C)v, w) = (v, p(C)w).

Definition 2.20. Cyclic vector. A vector v € V is called a cyclic vector
for a representation p: Vir — End V' if the set

{p(X1)...p(Xm)v | X; € Vir with j € {1,...,m} and m € N}
spans the vector space V.

Definition 2.21. Highest weight representation, Virasoro module.
A representation p: Vir — End V is called a highest weight representation if
there are complex numbers h,c € C and a cyclic vector vy € V such that

p(C)vg = cuy,
p(Lo)vo = huy,
p(Lp)vg =0 VneN.
The vector vy is then called the highest weight vector (or vacuum vector) and

V is called a Virasoro module (via p) with highest weight (¢, h) or simply a
Virasoro module for (c,h).

18



2.8 REPRESENTATION THEORY OF VIRASORO ALGEBRA

Remark 2.22. The operator Lg is often interpreted as the energy operator
which is assumed to be diagonalizable with its spectrum bounded from below.
With this assumption and the assumption that vy is an eigenvector of p(Lyg)
with lowest eigenvalue h € R, any representation p preserving the energy
spectrum property satisfies p(L,)vg = 0 Vn € N. This follows by noting that
for w := p(L,)vy we have

p(Lo)w = p(Ly)p(Lo)ve — np(Ly)ve = p(Ly)hvg — nw = (h — n)w.

Since we assumed h to be the lowest eigenvalue of p(Lg), w has to vanish for
n > 0.

Definition 2.23. Verma module. A Verma module for c,h € C is a
complex vector space M (c, h) with a highest weight representation

p: Vir — Endc M(c, h)
and a highest weight vector vy € M(c, h) such that
{p(L—py) ... p(L_p)vo | ng >+ >mp > 1, ke N} U{w} (2.7)

is a vector space basis of M(c, h).

Note that by the definition for fixed ¢, h € C the Verma module M(c, h)

is unique up to isomorphism.

Lemma 2.24. For all ¢,h € C there exists a Verma module M (c, h).
Proof. Let
M(c, h) = CUQ@C{UMH_M tng > >mny > 1}

be the complex vector space spanned by vy and v, _,,’s for ny > - > ny >
1. We define a map
p: Vir = Endc(M(c, h))

by

p(C’) = CidM(Qh),
p(Lo)vg := huy,

k
p(LO)Unl,..nk = (Z n_] + h) Unl...nka
7=1

p(Ly)ve :=0 Vn € N,
p(L_p)vg := vy, Vn € N,

p(Lfn)’Unl...nk = Unny...ny vn > ny.

19



2.8 REPRESENTATION THEORY OF VIRASORO ALGEBRA

For all other vy, ,,’s with 1 < n < ny, p(L_,)v,, . n, can be obtained by
permutation using the commutation relations [L,,, L,| = (m — n)L,,., for
m # —n. E.g. for ny > n > ny:

p(L—n)Ummnk = p(L—n)p<L—n1)Un2.--nk
= (p(L—m)p(L—n) + (_n + nl)p(Lf(ner))) Ung..ny,

= Uninng...ny + (nl - n)v(n1+n)n2...nk-
So the above calculation guides us to define
p(L—n)'Unl...nk = Uninna...nk + (nl - n)v(n1+n)n2,..nk-

Similarly we define p(Ly,)v,, ., Vn € N taking into account the commutation
relations, e.g.

0 n > nq,
p(Ly)vy, == <2nh + %(n2 — 1)0) v m=ny,
(N4 n1)Up,—p, 0<n<n.

Thus p is well-defined and C-linear. It remains to show that p respects the
commutation relations, so that it is actually a Lie algebra representation, i.e.
that

(L), p(Ln)] = p([Lins L))
E.g. for n > n; we have

[:0<L0)7 p<L*n)]UTLl~--nk = p(LO)Unnlmnk - /0<L*n) (Z 1 + h) Uny..ny

k k
= (Z n; +n -+ h) Unny ooy, — (Z n; + h) Unny ..
j=1

j=1
= NUnn,y..ny, = np<Lfn)vn1...nk
=p ([LOv L—n]) Unyq..ng,

and for n > m > ny

[p(L—m)vp<L—n)]Un1...nk = p(L—m)Unnl...nk — Unmny...ng
= Unmny . + (0= M) V(ntm)ny g, = Vnmny.ng
= (n— m)v(mrm) e = (M — m)p<L—(m+n))U"1--~nk
= p([L-m, L—n])Vn; .-

Other identities follow similarly. Hence p is a highest weight representation.
Thus, by construction M(c, h) is a Verma module. O
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Corollary 2.25. Any Virasoro module V' of highest weight (¢, h) is isomor-
phic to a quotient of the corresponding Verma module M (¢, h). In particular,
(¢, h) determines M (c, h) uniquely.

Proof. There exists a surjective homomorphism from M(c,h) to V' which
maps the highest weight vector of M(c, h) to the highest weight vector of V
and commutes with the action of Vir since in M(c, h) the set of vectors
is linearly independent. Hence quotienting out the kernel of this homomor-
phism we obtain the desired result. O

Definition 2.26. Submodule of Virasoro module. A submodule U of a
Virasoro module V' is a C-linear subspace of V' with p(D)U C U VD € Vir,
i.e. it is an invariant linear subspace of V.

Remark 2.27. Let V be a Virasoro module for ¢, h € C. Then there exists
a direct sum decomposition V = € NeNy Vv where Vj := Cvy and

k
Vy := span <{p(L_m) oo p(Lep,)vong > - > ny > 1,271]- =N,k e N}) )
j=1

The Viy's are eigenspaces of p(Lg) with the eigenvalue N + h, i.e.
p(Lo)lvsy = (N + R idy,

This follows from the definition of a Virasoro module and from the commu-
tation relations.

Lemma 2.28. Let V be a Virasoro module for ¢,h € C and U a submodule
of V. Then

U= (vxn0).

NeNg

Proof. Let w =wy & --- ®ws € U with w; € V} for j € {0,...,s}. Then

w = wo + -+ -+ Wy,
p(Lo)w = hwo + - - - + (s + h)ws,

p(Lo)*w = h°wo + - - - + (s + h)*w;.

This is a system of linear equations for wy, ..., w, with a regular coefficient
matrix. Hence, the wy, ..., w; are linear combinations of the w, ..., p(Lg)*w €
U. Thus w; € V;NU Vj€{0,...,s}. ]
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We will mostly need unitary representations of the Virasoro algebra. To
define a suitable Hermitian form, we need the notion of an expectation value
first.

Definition 2.29. Expectation value. Let V = Py, Vv be a Virasoro
module and w € V. Then according to Remark [2.27, w has a unique compo-
nent wy € Vj with respect to the decomposition ~en, V- The expectation
value of w, denoted < w >, is the coefficient of wy € V) with respect to the
basis vy, i.e. wy =< w > vy.

In what follows we will often abuse our notation and simply write L,, for
p(Ly).

Definition 2.30. Hermitian form on Verma module. Let M = M(c, h)
with ¢,h € R be the Verma module with a highest weight representation
p: Vir — Endc(M (e, h)) and let vy be the respective highest weight vector.
A Hermitian form on M with respect to the basis {v,, n, } U{vo} is defined
as

(Vniogs Umyomy) =< Loy o L Vg my >=< Liny oo Ly Ly oo Ly g > .
Note that from the above definition it follows that
(vo,v0) =1 and  (vo, Vny. ny) = 0= (Uny. nys Vo).
The condition ¢, h € R implies that (v,v") = (v/,v) for all basis vectors
v, 0" € B:={vp, . |1 > >mn > 1} U{we}

The proof of the above consists of repeated use of the commutation relations
of L,’s.

The map (-,-): B x B — R has an R-bilinear continuation to M x M
which is C-antilinear in the first and C-linear in the second variable: for
w,w’ € M with unique representations w = > A\jw;, w' = > uw;, with
respect to basis vectors w;, w;, € B, one defines

(w,w') ==Y > N {w;, wy).

By the above discussion, the map (-,-): M x M — C is a Hermitian form.
However, it is not positive definite or positive semidefinite in general. To
check this, the Kac determinant is used. Before defining it, we need some
more results about the Hermitian form.

Theorem 2.31. Let c,h € R and M = M(c,h). Then
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(a) (-,-): M x M — C is the unique Hermitian form satisfying (vo, vo) = 1,
(Lyv,w) = (v, L_yw) and (Cv,w) = (v,Cw) Yv,w € M, ¥n € Z.

(b) The eigenspaces of Ly are pairwise orthogonal, i.e. if M # N, then
(v,w) =0 Yo e Vy,Yw € Vy.

(c) The mazimum proper submodule of M is ker (-, ).
Proof. @ That the identity
(Lyv,w) = (v, L_,w)

holds can be seen using commutation relations. The uniqueness of such a
form follows from

<vn1...nk7 Uml...mj> = <U0, Lnk s Lnlvml...mj>-

[(b)] Assume that N > M. Then any (v, w) with v € Vy and w € Vi can
be written as a sum of elements of the form < Ly, ... Ly, Ly, ... L_p;v9 >
with ny +...n; = N and m; +...m; = M. However using the commutation
relations we can move L,,’s to front and get a sum of expectation values where
Ly, s € N, acts directly on vg. Thus, < Ly, ... Ly, Ly ... L_p;v0 >= 0 and
hence (v, w) = 0.

If v eker(,):={ueM| (wu =0VYwe M}, then L,v €
ker (-,-) Vn € Z because (w, L,,v) = (L_,w,v) = 0. Moreover, vy & M since
(vo,vo) = 1. Hence, ker (-, -) is a proper submodule of M.

To prove maximality, let U C M be an arbitrary proper submodule and
let w e U. For ny > --- > ng > 1 one has (v, n,,u) = (Vo, L, - .. Ly, u). If
(Uny..mgsu) # 0, then < Ly, ... Ly,u ># 0. By Lemma and part (b) of
the current theorem we see that in this case vy € U because L,,, ... L,,u € U,
and that v,, ,, € U. Since vy, ,, is an arbitrary basis vector of M, this
implies that M = U contradicting properness of U C M. Thus, (vy, n,,u) =
0. Similarly, (vg,u) =0, so u € ker(:, ). ]

Remark 2.32. M(c, h)/ ker (-, -) is a Virasoro module with a nondegenerate
Hermitian form (-, -). However, in general (-,-) is not definite.

Corollary 2.33. If (-,-) is positive semidefinite, then ¢ > 0 and h > 0.

Proof. We have

(Un, V) = (v, L L_pvo) = (vo, [Ln, L_n]ve) = 2nh + %(ng’ —n) VYneN.

Now (vy,v1) > 0 <= h > 0. Moreover, (v,,v,) >0 <= 2nh+ 5(n’ —
n) > 0. Therefore, (v,,v,) > 0 is valid for all n € N if and only if ¢ > 0 and
h > 0. [
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We need some general results before continuing with unitarity.

Definition 2.34. (In)decomposable representation. A representation
M is indecomposable if there are no invariant proper subspaces U,V of M
such that M = U @ V. Otherwise M is decomposable.

Definition 2.35. (Ir)reducible representation. A representation M is
called irreducible if there is no invariant proper subspace V of M. Otherwise
M is called reducible.

Theorem 2.36. For each (¢, h) we have
(a) The Verma module M (c, h) is indecomposable.

(b) There exists a unique mazimal subrepresentation J(c,h) of M(c, h) and

L(c,h) := M(c,h)/J(c, h) (2.8)

15 the unique irreducible highest weight representation with highest weight
(c,h).

Proof. [(a)|Let V, W be invariant subspaces of M = M(c, h) and M = V@ W.
By Lemma there exist direct sum decompositions

V=PM;nV) and W =HOM;nW).

Since dim M, = 1, this implies that My NV = 0 or My N W = 0. So the
highest weight vector vy is contained in V' or in W. But if vy belongs to a
subrepresentation, then this subrepresentation must coincide with M.

@ By Lemma all proper subrepresentations are graded. Thus, their
sum is graded too. The sum is also a proper subrepresentation since it does
not contain the vacuum vector vy. The maximal subrepresentation J(c, h) is

thus the sum of all proper subrepresentations. Hence the proof.
O

Remark 2.37. Combining Theorem [2.36](b)| with Theorem we see
that J(c, h) = ker(-,-) and hence L(c, h) is the unique unitary positive defi-

nite highest weight representation of Vir, provided that M (¢, h) is unitary and
positive semidefinite. Indeed, if p : Vir — Endc(V) is a positive definite uni-
tary highest weight representation with vacuum vector vj, € V' and Hermitian
form (-, )" we can define a surjective linear homomorphism ¢ : M(c,h) — V

/ /
Vo > Vs Unyomg, F P(L—py oy, ) U0,
which also respects the Hermitian forms:

{p(v), p(w))" = (v, w).
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Therefore, (-,-) is positive semidefinite and ¢ factorizes over L(c, h) leading
to an isomorphism ¢ : L(c,h) — V.

Definition 2.38. Let P(N) := dimcVy and {b,...,bp)} be a basis of
V. We define matrices AN by A := (b;,b;) for i,5 € {1,..., P(N)}.

Clearly, (-, -) is positive semidefinite if all matrices A" are positive semidef-
inite. For N =0 and N =1 we get A° = (1) and A' = (2h) with respect to
the bases {vg} and {v;}. For example, to get A* we calculate

c c
<1)2, U2> =< LoL_svy >=< 4Lgvy + 5?)0 >=4h + 5,
<1)171, ’Ul,1> = 8h2 + 4h,
<’U2, 'U1’1> = 6h.

Thus, relative to the basis {vq, vy 1}

o (dhte2 6h
“\ 6n  8h2i4n)-

Therefore, A% is (for ¢ > 0 and h > 0) positive semidefinite if and only if
det A* = 2h(16h* — 10h + 2hc +¢) > 0.

Theorem 2.39. Kac determinant formula. The Kac determinant det AN
depends on (¢, h) as follows

det AV(c,h) = Ky [ (h = hpg(c))" ™72,

p,qEN
pq<N

where Ky > 0 is a constant, P(N) is as in Definition [2.58 and

hpq(c) = %((13 —)(P* +¢*) + V(e —1)(c = 25)(p” — ¢*) — 24pg — 2+ 20).

For a proof check [KR87, Chap. 8] or [IK11, Chap. 4].

Theorem 2.40. Let c,h € R.

(i) M/(c, h) is unitary positive definite for c > 1, h > 0 and positive semidef-
inite for ¢ > 1,h > 0.

(i) M(c,h) is unitary in the region 0 < ¢ < 1, h > 0 if and only if
(¢, h) = (¢(m), hy4(m)) where
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6

c(m)=1- CEDICEEL m € Ny, (2.9)
hpq(m) = ((m 2?35;2%:?;)) — 1, p,geENandl1 <p<qg<m+1.

For a proof of see [FQS86] where the authors have shown that the
Hermitian form (-,-) can only be unitary in the region 0 < ¢ < 1 for
(e(m), hyq(m)) and [GKOS86] where the authors have proved that M(c, h)
actually gives a unitary representation in all these cases.

To prove part we first need an example of a Virasoro algebra repre-
sentation.

2.3.1 Fock Space Representation of Virasoro Algebra

Definition 2.41. Heisenberg algebra. Let H be the Heisenberg algebra,
the complex Lie algebra with a basis {a,, h | n € Z} subject to the commu-
tation relations

[, @) = MOpinoh, [h,a,] =0  Vm,neZ. (2.10)

Define the Fock space S := Clzy, z, .. .]; this is the space of polynomials in
infinitely many variables x1, s, ... .
Given p, h € R, define the following representation p of Hon S Vn € N:

0
p(an> = axn’
pla—p) == na,, (2.11)
p(a'()) = luid57
p(h) := hids .

Clearly the commutation relations ([2.10) hold in Fock representation
(2.11]). Moreover, the Fock representation is irreducible and unitary.

Lemma 2.42. If h # 0, then the representation (2.11)) is irreducible.

Proof. Any polynomial in S can be reduced to a multiple of 1 by successive
application of a,,’s with n > 0. Then the successive application of a_, with
n > 0 can give any other polynomial in S provided that i # 0. m

Lemma 2.43. For each p € R there exists a unique positive definite Hermi-
tian form (-,-) on S such that

(1,1) =1 and (p(a,)f,g9) = (f,pla_n)g) Yf,g€S, Vn € Z.

Here and in what follows 1 is the vacuum vector.
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Proof. First, we need to prove that the Hermitian form of two distinct mono-
mials is zero. So let f,g € S be two distinct monomials. Then there exists an
index n € N and exponents k # [, k,I > 0, such that f = 2% f; and g = 2 ¢
for suitable monomials f, g; independent of z,. Without loss of generality

assume that k < [. We now calculate (f, g)n 1 in two different ways:
o \ !
<(p(an))k—|—1f7 l—k— 191>=<(%) kf,l'lkl >_<0,[Blklgl>:0

and

((plan)) 1 fra " ) = (f, (pla—n)) 2 gr) = (f,n g gn) = (f, g)n*
Thus, (f,g) = 0. Moreover,

(£ ) = (o~ (olac) Fi) = n™Hplan) e fu fi) = o (o o)

By definition (1, 1) = 1. Thus it follows that for monomials f = zfi k2 2k
with ny < ng < --- < n,

kylko! .. k!

(f. f)= Fl (2.12)

ke
Since the monomials constitute a (Hamel) basis of S, (-, -) is uniquely deter-
mined as a positive definite Hermitian form by and the orthogonality
condition. Reversing the arguments, by using and the orthogonality
condition (f,g) = 0 for distinct monomials f,g € S as a definition of (-, -),
we obtain a Hermitian form on S with the desired properties. ]

Note that p(a,)* = p(a_,) and for each n > 0 the operator p(a,) is an
annihilation operator whereas p(a,)* is a creation operator. This justifies
another common name of the Heisenberg algebra—the oscillator algebra.

Set h =1 and let

p(Ln) = %Z ip(an—x)pla):  n € Z,

keZ

where the colons indicate normal ordering defined by

pla)play= { ) TS
pla;)p(a;) if i > j.
Due to normal ordering, when an operator p(L,,) is applied to any vector of S
only a finite number of terms in the sum are non-zero. Hence, p(L,) : S — S
is a well-defined map. From now on, we abuse our notation and write L,, for
p(Ly,) and similarly for p(a,,).
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Proposition 2.44. The L, s satisfy the commutation relations

1
[Lim, L) = (m —n) Ly + E(m3 — M) 0mtn0- (2.13)

Thus the map p : H — EndcS is a representation of the Virasoro algebra in
the Fock space S for ¢ = 1.

Proof. We define a cutoff function 1) on R by:

z/}(%):{1 if |z <1,

0 if |z|>1.
Let 1
L,(e)= 3 Z tan—ja;: P(e]) .
JEZL

Notice that L,(¢) is a finite sum if ¢ # 0 and that L,(¢) — L, as ¢ — 0.
In particular, the latter statement means that given v € S, L,(¢)(v) =
L,(v) for e sufficiently small. Furthermore, note that L,(e) differs from
1/2% ey an—ja; ¥(ej) by a finite sum of scalars. These terms drop out of
the commutator [ag, L,(¢)]. Hence

1

o Lu(6)] =5 3l an g (1)

—% Z[% an—jlaj(el) + % Z an—jlar, a;]¥(€))

= kb (e(k 4 1)) + Shanib(—2h)
where for the last equality we have used the Heisenberg commutation rela-
tions (2.10). Letting € — 0 gives us
lag, L,) = kagrn, Vk,n € Z.
Using this result we calculate

[Ln(€), Ly = %Z[amjajy Ly (e7)

J

= % > Jam it () + % > (M = §)am_jinagb(e)). (2.14)

J

28
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We note that

Zamjaj+nw(5j) = Z Hm—jAint V(]) + Z A j@jnh(€7)

= E e jQnt Y(EF) + Omtno E (m — j)v(ed)
]<m n
Z Ay — ya]Jrn 5] + 6m+n 0 Z
J j<m
(2.15)
Similarly
E am—j—knajw(‘gj) - E :am—j+naj: ¢(€]) - 5m+n,0 E J¢(5J) (216)
J J j<0
Plugging Equations (2.15)) and ([2.16)) into Equation (2.14)) we get
[Lin(e),Ln] =
1 , N1 .
3 Z] U jQjint V(EF) + 5 Z(m —J) tm—jinajt
j j
1 1 —
+5m+n,o (5 Z; - ] J X[, oo)( ) D) Z(m - ])] X(—o0,—1] (m)> @/)(5])'
= j=m

Here x 4(z) is the characteristic function. Both of the sums under the bracket
sum up to 1/12(m3 — m). Making a variable transformation j — j —n in
the first sum and taking the limit € — 0 we get the desired result (2.13)).

Remark 2.45. One can also prove Proposition [2.44] without using a cutoff
function. However, this method requires more calculations to treat all the
different cases separately. See, e.g., [Sch08, Chap. 7].

Corollary 2.46. The representation of Proposition yields a positive
definite unitary highest weight representation of the Virasoro algebra with
the higest weight ¢ =1, h = 1/2 1%, where u € R is such that p(ag) := pids.

Proof. For the highest weight vector vy := 1 let
V :=spang {L,vo | n € Z}.

The restrictions of p(L,,) to the subspace V' C S of the Fock space S define a
highest weight representation of Vir with the highest weight (1,1/2 u?) and
Virasoro module V. ]
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Remark 2.47. In most cases S = V. But it does not hold, e.g., if u = 0.

More unitary highest weight representations can be constructed by taking
tensor products:

(P& p)(Ln)(f1® fo) = (p(La) [1) ® fa+ /i@ (p(Ln) f2) YV (fi®fo) VRV
The Hermitian form on V ® V is defined by

(1 ® f2,91 ® g2) = (f1, 1) (f2, 92)-

These observations lead to the following.

Proposition 2.48. The representation p@p : Vir — Endc(V®V) is unitary
positive definite with highest weight ¢ = 2, h = pu? # 0. Iterating we obtain
positive semidefinite unitary highest weight representations ¥(c,h) € N x R
which are positive definite if ¢ > 2 and h > 0.

Now we can finally prove Theorem .
Proof of Theorem . Let
_ {h—hq,q(C) if p=gq,
(= hg(0)(h = hgple)) i p#q.
Then by Theorem [2.39
det AN(c,h) = Ky H cpggN’pq) .

p,qEN
pq<N,q<p

For 1 <p,g< N and c>1, h >0 we have

1
=h+—(c—1)(¢—1)>0
gp‘]vq +24(C )(q )> )

Ppg = <h— (%) ) +%(p2+q2—2)(c— 1)+

b (P~ D@~ (e 1P+ (e~ D~ 0)*(pg+1) > 0.

Hence, det AN (¢, h) > 0 for all ¢ > 1, h > 0. This implies that the Hermitian
form (-, -) is positive definite in the entire region ¢ > 1, h > 0 if there is just
one example M(c, h) with ¢ > 1, h > 0 such that (-,-) is positive definite.
Proposition [2.48| shows that we have positive semidefinite representations for

c € N, h > 0, and positive definite for ¢ = 2,3,..., h > 0 thereby proving
Theorem O
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Chapter 3

Vertex Algebras

Borcherds introduced vertex algebras in [Bor86] to understand Frenkel’s work
on the Lie algebra whose Dynkin diagram is the Leech lattice. Then Frenkel,
Lepowsky and Meurman modified the definition and added some natural as-
sumptions to vertex algebras which led to vertex operator algebras. This
allowed them to construct the moonshine module [FLMS88]—a vertex op-
erator algebra with the monster group, the largest sporadic finite simple
group, being its symmetry group. Finally in [Bor92] Borcherds proved the
Conway—Norton monstrous moonshine conjecture J[CN79] for the moonshine
module. The conjecture relates the monster group and modular functions, so
it was rather unexpected. For this and related work, Borcherds was awarded
a Fields Medal in 1998. Thus, vertex algebras are definitely of interest to
mathematicians.

The interest of physicists stems from the fact that Frenkel, Lepowsky
and Meurman were using ideas from conformal field theory and string theory
in their work. Thus, it is no surprise that vertex (operator) algebras can
be viewed as a mathematical axiomatization of chiral conformal field theory
and indeed we will see that, for example, the operator product expansion,
a crucial assumption made in 2D CFT, can be rigorously proved in vertex
algebras (Theorem . A nice, but a little bit outdated, overview of these
connections can be found in the introduction of [FLMSS].

To understand the current work, no prior knowledge of vertex algebras
is assumed. We present full proofs up to Section Our particular choice
of material is tailored so that we are able to give full details of the proof
of Kac’s Theorem up to the level found in [Kac98]. In the last section,
however, some proofs are skipped, but freely available references are given.
As elsewhere in this work, we only consider bosonic theories, but the general-
ization to vertex superalgebras which also include fermions is rather trivial,
see, e.g., [Kac9g].

Our main references for sections [3.1 is [Kac98| and [Sch08|]. For
Section [3.6] we have mostly used [CKLW15].
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3.1 Formal Distributions

Throughout this chapter let Z = {z1,..., z,} be a set of variables and U be
a vector space over C. A formal distribution is a series

a(z1,...,2,) = g a;z) = g Qjyooin 2120

with coefficients a; € U. The vector space of formal distributions over C
will be denoted by U[[2f, ..., 28] = Ullz1, ..., 2n, 275 ..., 27 Y]], Tt contains

rTn ’rTn

the subspace of Laurent polynomials

Ulet, .., zy = {a € Ullz, ..., 2] | 3k, 1 a; = 0 except for k < j <1},

rn

with the partial order on Z" defined by i < j <= i, <j,Vu e {1,2,...,n}.
The space of formal Laurent series is

U((z)) ={aeV[z*]] |3k € ZVj €Z:j <k = a; =0}.

A formal distribution can be always multiplied by a Laurent polynomial
(provided that the product of coefficients is defined), but two formal dis-
tributions cannot be multiplied in general. For each product of two formal
distributions, we need to check that it converges in the algebraic sense, i.e.
the coefficient of each monomial 2J' ... z/» must be a finite or at least a con-
vergent sum. Here and further by multiplication of formal distributions we
mean the usual Cauchy product: for a(z) = ) a,2" and b(z) = > b,2",
the Cauchy product is

a(z)b(z) = Z (Z aibj> 2",

Given a formal distribution a(z) =) _, a,2", the residue is defined as

ne”L

Res, a(z) = a_;.

Defining the derivative of a formal distribution a(z) = > _, a,z" by

da(z) == Z na,z""!,

neL

we note that Res, dd(z) = 0 for any distribution d(z). Hence, the integration
by parts formula holds, provided that a(z)b(z) is defined:

Res, da(z)b(z) = — Res, a(z)0b(z). (3.1)
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We will also need the formal delta function 6(z—w) which is the formal
distribution in z and w with values in C

= Z 2w (3.2)

neL

Given a rational function f(z,w) with poles only at z = 0, w = 0 or |z| = |w],
we denote by ¢, f (tw..f) the power series expansion of f in the domain
2| > |w] (jw] > ]2]).

E.g. for j € Ny we have

1 G m —m—1, m—j
Lz,wm = Z (j)z w™ (3.3a)

m=0
1 — m -m—1, m—j

[/w,zm = — Z <])Z w™™ (3.3b)

m=—1

and it follows that
1 1
D?6(z —w) =1, e wp L. —wyr (3.4a)
— (T) z*mflwmfj, (3.4b)
meZ
with ‘

The next proposition justifies the name formal delta function.

Proposition 3.1. We have for all formal distributions f(z) € Ul[z, 27|
(a) f(2)0(z —w) is well-defined,

(b) f(2)d(z = w) = f(w)d(z = w),

(¢) Res f(2)d(z —w) = f(w),

(d) 0(z —w) = d(w — 2),

) 0:0(z = w) = =0,0(2 — w),

) (2 —w)DEH3(z — w) = Do (2 — w) with j € Ny,
) (z—w)MDIf(z—w) =0 if j € Ny.

Here DY =1 is understood.
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Proof. Note that

k+n+1=0

and
6z —w) = Z Sk n12"w™ € Ul[zF, w™]].

n,k€Z

Thus, the product f(z)d(z—w) is well-defined. Moreover, for f(z) = >, frz"
we have

D VISR 3] 0 S FE
nkez k€Z \n€Z
= Res, f(2)0(z —w) = f(w).
Furthermore,
fw)o(z —w) = Z frwFz Ty = Z fi" " = f(2)0(w — 2)
n,k€EZ n,k€Z

by the above. This proves parts (a)-(d). Part (e) follows from the definition
of the formal delta function (3.2)) by direct calculation. To prove (f), we use
Equation (|3.4al)

(2 =)D 0z — w) = (2 —w) 3 ( m )z—m—lwm—j—l _

mEZ ] - 1
Z m ) —m, m—j—1 Z ( m ) —-m—1, m—j __
i z w — . z w =
meEZ ('] - 1 meEZ J + 1
Z (ml +11> P T Z (‘ml) 2T hy™m I =
m/€Z J + meZ J +

mZEZ ((T:ll) B (j T 1)) MLy —

S (T) 2y i = DI (2 — w).

mEZ

Part (g) follows by repeated application of (f) and by symmetry property
(b):
(z —w)’" DI 5(2 —w) = (2 —w)d(z —w) = 28(2 — w) — wé(z —w) = 0.

]
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The next proposition will be useful for OPEs.

Proposition 3.2. If a(z,w) € Ul[z*, w*]] is such that (z — w)Na(z,w) =0
for some N € N, then it can be uniquely written as

a(z,w) = ' J(w)DI5(z — w), (3.5)
with A .
(w) = Res,(z —w)’a(z,w). (3.6)
Proof. We have
(z —w)V ' d(w)D? §(z —w) =

by Proposition (g).

We prove the converse by induction. For N = 1 we have

0=(z—w)a(z,w) = Z A 2™ T W™ — Z A 20" =

m,neL m,neE”L

- § (am,n-‘rl - am+1,n)zm+1wn+1-

m,nez

Thus, am i1 = @my1n Vn,m € Z. Hence, appi1 = A1y = Qpp—ky1 VM, Kk €
Z. This implies

- k. n—k+1 __ n+2 k. —k—1 __
a(z,w) = E Ayp—t12 W —§ A1t oW E ZMw =

nkez nez kezZ
= (w)d(z — w)

with ®(w) =3, .z a1,w™ as required.
Now let a(z,w) be such that

0=(z—w)""a(z,w) = (z —w)" ((z — w)a(z,w)) .

By induction hypothesis

=

(z —w)a(z,w) = ' & (w)D? 5(z — w)

Il
o
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thus applying 0, gives

a(z,w) + (z —w)od.a(z,w) = i & (w)D?,0,6(z — w) =

Z & (w )DI*(z —w).  (3.7)

j=0

h.

Here we have used 0,0(z — w) = —0,0(z — w) from Proposition Appli-
cation of the induction hypothesis to

0=20. ((z —w)a(z,w)) = (z — w)" (N + Da(z,w) + (z — w)d.a(z,w))

yields
N-1
(N + Da(z,w) + (z —w)0,a(z,w) = Z e/ (w)DL6(z — w). (3.8)
=0
Subtracting Equation (3.7) from Equation (3.8)) gives
N-1 N
Na(z,w) =Y €/ (w)Did(z —w) + > jd " (w)Did(z — w)
7=0 7j=1

which implies that

a(z,w) = Z d(w)D?6(z — w)

J=0

for suitable ¢/(w) € U[[w?]] as required.
We now prove the formula for ¢/ (w) using Proposition [3.1] From part (g)

we see that
Res. ((z — w)"e’ (w)D

if j < n. If j =n, then by (f), (b) and (c

dz—w))=0

A
)
Res. ((z — w)"c (w) DL3(z — w)) = ¢ (w).

Finally, if j > n, then (e) and integration by parts gives

Res. ((z—w)"¢ (w) D46 (z—w)) = Res. ((z — w)"e (w)(=1) DI5(z — w)) = 0.

Thus, the coefficient equation (3.6)) holds and therefore the expansion ([3.5)
is unique. O

36



3.2 LOCALITY AND NORMAL ORDERING

Remark 3.3. Note that (3.5]) is equivalent to

N-1
m .
A(m,n) = Z (j >sz+n_j) ) (3.9)

J=0

as follows from ([3.4b)) by comparing coefficients.

3.2 Locality and Normal Ordering

Let the vector space U over C be also associative. On U one naturally has
the commutator [a,b] = ab — ba. The most important example for us of U
is End V' of a vector space V.

Definition 3.4. Locality. Two formal distributions a(z), b(z) € U|[[z%]] are
(mutually) local if

(z —w)N[a(2),b(w)] =0 for N > 0.
Here N > 0 means that there exits n € Ny such that VN > n the statement
holds.

Remark 3.5. Differentiating (2 — w)™N[a(z), b(w)] = 0 and multiplying by
(z — w) gives (z — w)¥*da(z),b(w)] = 0. Hence, if a and b are mutually
local, Oa and b are mutually local as well.

Our next goal is to formulate some equivalent definitions of locality. How-
ever, we need some notation first. Instead of a(z) =, ., an2™ we will often
write a(z) = Y, ez amyz " '. This makes it easy to calculate the coefficients:

a(n) = G—n—1 = Res; (a(2)2").

We break a(z) into
a(z)_ = Z amz"""" a(z); = Za(n)z_”_l.

n>0 n<0

Note that the above decomposition is the only way to break a(z) into a sum
of “positive” and “negative” parts such that

(0a(2)), = 0 (a(2)s). (3.10)

Definition 3.6. The normally ordered product of two formal distributions
a(z),b(z) € U[[z*]] is the distribution

:a(2)b(w):= a(z)4b(w) + b(w)a(z)_.
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3.2 LOCALITY AND NORMAL ORDERING

Note that the definition implies

a(2)b(w) = [a(z)_, b(w)]+ :a(z)b(w): , (3.11a)
b(w)a(z) = —[a(z)+, b(w)]+ :a(z)b(w): . (3.11Db)

Theorem 3.7. Equivalent definitions of locality. Leta(z),b(z) € U[[zF]]
and N € N. The following are equivalent:

(a) a(2) and b(z) are mutually local with (z — w)N[a(z), b(w)] = 0,

N-1

(b) [a(z),b(w)] = >_ A (w)Di (2 — w), where ¢ (w) € Ulw*]],

Proof. We have
(a) <= (b) <= (¢) <= (d)

by Proposition [3.2] taking all terms in (b) with negative (resp. non-negative)

powers of z and using (3.4al), and equations (3.11]) respectively. Finally, (e)
and (f) are equivalent to (b) by Remark [3.3| O

Remark 3.8. Abusing our notation of Theorem [3.7](d) gives:

N-1

a(z)b(w) = Z (ZC_](%—I— :a(2)b(w): . (3.12a)

0

by
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Often we will simplify even more and write just the singular part

a(z)b(w) ~ Z_ % (3.12Db)

J=0

Such notation is very common in physics. The condition |z| > |w]| is implicit.

Equations and (3.12bf) are called the operator product ex-
pansion (OPE). By Theorem [3.7 we can calculate all brackets between all
coeflicients of mutually local formal distributions a(z) and b(z2) using only the
singular part of the OPE. Hence, the importance of OPE. Moreover, defining
the n-th product (n € Ny) on the space of formal distributions to be

a(w)mb(w) = Res; ([a(z), b(w)](z —w)") (3.13)

and combining this with Proposition [3.2] and Theorem [3.7](d) for two mutu-
ally local distributions gives

N—

,_.

) DI5(z — w) (3.14a)

J:0

which by Theorem and abuse of notation is equivalent to

a(z)b(w) = —|— :a(2)b(w): . (3.14b)

Q

So we have equivalent formulations of OPE.

We now consider other notions inspired by physics.

Definition 3.9. Hamiltonian, conformal weight. A diagonalizable deriva-
tion of the associative algebra U will be called Hamiltonian and denoted H.
Its action on the space of formal distributions with values in U will be given
coefficient-wise.

We say that a formal distribution a = a(z,w, ...) with values in U is an
eigendistribution for H of conformal weight h € C if

(H—h—20, — w0, —...)a=0.

The following proposition can be proved by straightforward computations.

Proposition 3.10. Given to eigendistributions a and b with conformal weights
h and h' respectively, we have

e O.a is an eigendistribution of conformal weight h + 1,
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3.2 LOCALITY AND NORMAL ORDERING

o :a(z2)b(w): is an eigendistribution of conformal weight h + h',

e the n-th OPE coefficient of [a(z),b(w)] is an eigendistribution of con-
formal weight h +h' —n — 1 with n € N,

e if f is a homogeneous function of degree j, then fa is an eigendistri-
bution of conformal weight h — 7.

Corollary 3.11. The summands of an OPE

N-1

¢’ (w)

(z —w)itl’

a(z)b(w) ~

J=0

where a(z) and b(z) are two mutually local eigendistributions of conformal
weights h and h', have the same conformal weight h + A’

It is convenient to write

a(z) = Z anz "l

ne—h+7

for eigendistributions of conformal weight h. In this case, the condition for
a(z) to be an eigendistribution of conformal weight h is equivalent to

[H,a,| = —na,,.

Example 3.12. Virasoro formal distribution with central charge C.
Let V be a vector space and consider a representation of Virasoro algebra
Vir on it, such that L, € EndV and C' = cidy with ¢ € C. Then

L(z) = Z L,z "2

nez

is a formal distribution with coefficients in End V. We compute

[L(2), L(w)] = Z (Lo, Ly~ 20 "2

mneZ
-m-2, —n— m —-m—2, m—
= m;ez(m — 1) Lz ™ 20T 4 n;Z E(m2 — 1)z " 2™ 20,
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Substituting £ = m + n and then j = m + 1 gives

S0 = 1) Lz ™ 202 = 37 2m = k) Lz P2 =
ms,n k,m
=Y (2 — k= 2) Lz T =
k?j
k.,j

= 2L(w)0y0(z — w) + 8wL(w)5(’z —w).

meZ 12
C n-1, -3 _ C o3
= ﬁmézn(n— Dn—2)z""w"" = Eﬁwé(z—w).
Thus,
[L(2), L(w)] = ng’;(S(z —w) 4+ 2L(w)Dyd(z — w) + Oy L(w)d(z — w) (3.15)

or equivalently using Theorem and Remark
C/2 2L OwL
2, 2Lw) | auLw

(z-w) (z-w)?  (z-w)

L(z)L(w) ~ (3.16)

Note that L(z) is basically the formal distribution version of the energy-
momentum tensor which is usually written 7'(z) in CFT. But T denotes the
infinitesimal translation operator in vertex algebras, so that’s why we write
L(z) instead.

3.3 Fields and Dong’s Lemma

Throughout this section, let V' be a vector space.

Definition 3.13. Field in formal distributions. A formal distribution
a(z) =Y amz""" € End V[[zF]] is called a field if Vo € V

amy(v) =0 for n>0.

The collection of fields on a vector space V' will be denoted .Z (V).
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3.8 FIELDS AND DONG’S LEMMA

The definition means that a(z)v is a formal Laurent series in z (i.e.
a(z)v € V[[2]][z7"]).
For fields normal ordering can be extended to coinciding points.

Definition 3.14. Normally ordered product. Given two fields a(z) and
b(z) we define
:a(2)b(2):=a(z)4:b(2) + b(z)a(z)—. (3.17)

From
1a(2)b(2):m= Y A1) + D bm-j-1)0()-
j=—1 §=0

it follows that upon application on v € V each of the two sums gives only a
finite number of non-zero summands. Thus, :a(z)b(z): is a well-defined formal
distribution. Note that the assumption that both a(z) and b(z) are fields
was necessary. That is why we were only able to define normally ordered
product of general formal distributions in two variables in Definition |3.6
Furthermore, from it is clear that :a(2)b(2): is a field, since for all
v € V b(z)v is a formal Laurent series in z, hence a(z)yb(z)v is a formal
Laurent series in z. Similarly for the other summand. Therefore, the space
of fields forms an algebra with respect to the normally ordered product (which
in general is not associative).

Another useful property is that the derivative da(z) of a field a(z) is a
field and due to (3.10) O is a derivation of the normally ordered product

0 :a(2)b(2):=:0a(z)b(z): + :a(z)0b(2): .
The existence of normally ordered product allows us to define the n-th
product between the fields Vn € Z.
Definition 3.15. n-th product of fields. We define the n-th product for
n €7 as

Res, ([a(z),b(w)](z —w)™) if n>0

a(w)mb(w) = {;D(—"—l)a(u})b(w): if n<0.

The n-th product of fields can be written in a single formula.
Lemma 3.16. For all n-th products of fields we have
a(w)myb(w) = Res, (a(2) b(w) t20(2 — w)" = b(w) a(2) tw,.(z —w)"),

(3.18)
where n € 7.
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Proof. For n > 0, Equation (3.18]) obviously coincides with (3.13)). Forn < 0,

the lemma follows from the general Cauchy formulas for any formal distri-
bution a(z) and k € Ny

Res, a(z)Lm,m = +DFa(w),, (3.19a)
1
Res, a(z)bwvzm = —DFa(w)_. (3.19b)

A straightforward use of definitions proves the k£ = 0 case. Differentiating
the k = 0 case k times by w gives the required result. O]

Proposition 3.17. For all fields a(w), b(w) and ¥Yn € Z holds

da(w)myb(w) = —na(w)mn-1)b(w), (3.20a)
a(w) ) Ob(w) = +na(w)m-_1)b(w) + 0 (a(w)mb(w)) . (3.20b)

Hence, 0 is a derivation on all n-th products.

Proof. We will only prove the n < 0 case of the formula (3.20a}). The other

proofs are similar.
Given n < 0, first of all set n = —j—1. Then j € Ny, and using equations
(3.18]) and ([3.3]) together with the standard properties of binomial coefficients

we have

Oa(w)mb(w) =

g <T> (m + 1) amprb(w)w™ 7 + b(w) m_i: (Zn) (m 4+ Dy w™ 7 =

On the other hand,
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— na(w)m-1b(w) =

(4 +1) Res. (Z apz"b(w) i (jTl) pmelyym—i=1y

keZ m=0
b(w) Zakzk i ( " )Z_m_lwm_j_l =
k — VT
cZ m=—1
. = m m—j—1 — m m—j—1
(S (o) £ (7 Jwa )
Thus, da(w)@)b(w) = —na(w)q—1)b(w) as required. O

We now prove two technical lemmas which will be used in the next section.

Lemma 3.18. Let a(z) = Y amz """ and b(z) = Y, bz~ """ be fields
with values in End V' and let |0) € V' be a vector such that

a(n)\O) =0 and b(m‘()) =0, VneNj.

Then (a(2)m)b(2)) |0) is a V-valued formal distribution ¥n € Z which does
not include any negative powers of z and has a constant term a)b1)|0).

Proof. Let k € Nyg. We consider two cases. Firstly,
(a(2)(-x-1)(2)) |0) =:D*a(2)b(2): |0) = D*(a(2))+ b(=)|0)
= (D"a(2))+ b(2)+]0).

Here we have used (§3.10]). Secondly,

M-

(a(=)ab(2)) [0) ("“) (=) lag), b(=)][0)

J

7=0

= |l
N

(5)=rapar o,

o

j=
This proves the lemma. O
Lemma 3.19. Dong’s Lemma. Given pairwise mutually local fields (resp.
formal distributions) a(z), b(z) and c(z), we have that a(z)m)b(z) and c(z)
are mutually local fields (resp. formal distributions) for all n € Z (resp.

n € N). In particular, :a(z)b(2): and c(z) are mutually local fields if the
conditions of the lemma are fulfilled.
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Proof. We will show that for M > 0
(22 — Zg)MA = (22 - Zg)MB, (321)
where

A =1, (21 — 22)"a(21)b(22)c(23) = Layzy (21 — 22)"b(22)a(21)c(23), (3.22a)
B =1, ., (21 — 22)"c(23)a(21)b(22) — L2y 2 (21 — 22)"c(23)b(22)a(z1). (3.22b)

This suffices since applying Res,, to both sides of Equation (3.21]) and setting
2o = z, z3 = w proves the lemma due to Equation (3.18)).
Since a(z), b(z) and ¢(z) are pairwise mutually local, we get for r > 0

(21 — 22)"a(21)b(z2) = (21 — 22)"b(22)a(z1), (3.23a)
(20 — 23)"b(22)c(23) = (22 — 23)"c(23)b(22), (3.23b)
(21 — 23)"a(z1)e(z3) = (21 — 23)"c(23)a(z1). (3.23¢)

If we take r sufficiently large, then n > —r. Pick such an r € N. Furthermore,
take M = 4r and use

3r

(20— )" =) <3ST) (22 — 21)" (21 — 23)°

s=0
to write down the left-hand side of Equation (3.21)) as

3r

> <38T> (22 = 21)" (21 = 23)° (22 — 23)" A (3.24)

s=0

If 3r —s+n >, then (21 — 22)% %1, ., (21 — 22)" = (21 — 22)" where 7/ > 7.
Thus, using ([3.23a) we see that the s-th summand in Equation (3.24]) is 0
for 0 < s <r. Hence, the left-hand of (3.21]) becomes

3r

Z (3;) (22 = 20)" (21 — 23)"(22 — 23)"A. (3.25)

s=r+1
Analogously, the right-hand side of (3.21]) equals

3r

> (3;) (22— 21)" (21 — 23)"(22 — 23)"B. (3.26)

s=r+1
From the locality assumptions (3.23b)) and (3.23d|), it follows that the equa-
tions (3.25)) and (3.26)) are equal thereby proving the lemma. O
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3.4 Vertex Algebras

We are now ready to define one of the central definitions of this work.

Definition 3.20. Vertex Algebra. A vertexr algebra is the following data:

e a vector space V/ (the space of states),

e a vector |0) € V (the vacuum vector),

eamap Tl € EndV (infinitesimal translation operator),
e a linear map Y (-, z) : V — .Z (V) (the state-field correspondence)

a—Y(a,z) Za(n n-t a) € End V.

ne”

This data is subject to the following axioms Va,b € V:

V1. Translation covariance.
[T,Y (a,2)] = 0Y (a, 2)

V2. Locality.
(Z - w)N[Y(a, 2)7 Y(ba ’LU)} = 07

for some N € N depending on a and b.

V3. Vacuum.
T|0) =0, Y(|0),2)=1idy, Y(a,z2)|0)].—0 = a.

Now we want to prove the Existence Theorem for vertex algebras
which states when a vector space is a vertex algebra. Before that, we need
some preliminary results first.

Proposition 3.21. For all fields a(w), b(w) and ¥n € Z holds
ad T (a(w)mb(w)) = (ad Ta(w)), b(w) + a(w)m) ad T'(b(w)),

i.e. adT s a deriwation on all n-th products.

Proof. We have using Equation ({3.18) and linearity of ad T

(a(w)mb(w)) =

= ad T (Res. (a(2)b(w)tzw(z — )" = b(w)a(2)tw,.(z — w)")
= Res; (ad T (a(2)b(w)tzw(z — w)" — b(w)a(2)tw (2 — w)")
= Res. ([T’ a(2)b(w)]tzw(z = w)" = [T, b(w)a(2)]tw,- (2 — w)



3.4 VERTEX ALGEBRAS

Moreover,

(ad T'a(w)) myb(w) =
Res, ([T, a(2)]b(w)is0(z — w)" — b(w)[T, a(2)]tw,.(z — w)") (3.27b)

and
a(w)m ad T'(b(w)) =

Res, (a(2)[T, b(w)]ts0(z —w)" — [T, b(w)]a(2)tw.(z — w)"). (3.27¢)
Thus, adding equations (3.27b)) and (3.27¢c|) we obtain Equation (3.27a]) as

required. O]

An analogue of Cauchy problem can be stated and solved for formal series.

Lemma 3.22. Let U be a vector space and S € EndU. The initial value
problem

L1 =55), 1) = fo
with f(z) € Ul[z]], has a unique solution of the form

n€Ng

In fact, f(z) =e* fo=>"1/n! Sf,2".

Proof. The differential equation means » (n + 1) f,112" = > Sf,2" which
implies that (n+1) f,41 = Sf. VYn € Ny. This is equivalent to f,, = 1/n!S" fo.
[

The following proposition is the first step in the proof that a Mdbius
conformal vertex algebra has an action of PSL(2,C) (Proposition [3.35]).

Proposition 3.23. (a) Given a vertex algebra V we have Ya € V

Y(a,2)|0) = e (a) (3.28)
e“TY (a,2)e " = Y(a,z +w), (3.29)
7Y (a,2)re™ T =Y (a, 2 + w)=. (3.30)

The last 2 equalities are in End V[[2*]][[w]] which means that (z + w)"™ is
replaced by its expansion . .,(z +w)" =37, (7)z"Fwh € Cl[%]][[w]].
(b) It holds Va,b € V and ¥n € Z that

Y (agub. 2)[0) = (¥ (a, 2) Y (b.2)) [0). (3.31)
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Proof. Let f(z) =Y (a, 2)|0) which is in V[[z]] because of the vacuum axiom
V3l Using the translation covariance and 7'0) = 0 from [V3]| we obtain
the differential equation df(z) = T f(z). Applying Lemma toU =V
and S =T gives us f(z) = e*Ta proving the first equality.

To prove the second equation, we will apply Lemmato U = End V|[[2%]]
and S = ad T'. First, observe that 9, (7Y (a,2)e™") = [T, e*TY (a, z)e 1] =
ad T(e*TY (a,z)eT). Furthermore, 8,,Y (a,z + w) = [T,Y (a,z + w)] by
translation covariance[VI] Both of these differential equations are of the form
Owf = (ad T)(f) and have the same initial value fo = Y (a, 2) € End V[[2%]].
Therefore, their solutions are the same by Lemma [3.22l This proves the
second equation.

Equation (3.30) follows from the splitting [T, Y (a, 2)+] = Y (a, 2) +.

To prove (3.31)), first of all note that both 9, and ad T are derivations
of all n-th products by propositions [3.17] and [3.2I] Moreover, by vacuum
and translation covariance axioms, both sides of satisfy the
differential equation of Lemma [3.22| The initial conditions also coincide by
the vacuum axiom [V3| and Lemma [3.18] O

Theorem 3.24. Uniqueness [God89]. Let V' be a vertex algebra and
let B(z) € EndV|[z%]] be a field which is mutually local with all the fields
Y(a,z), a € V. We have that

if B(2)|0) = e"b for some b€V, then B(z)=Y(b,z2).
Proof. Locality of B(z) means that
(z —w)VB(2)Y (a,w)|0) = (z — w)"Y (a,w)B(2)]0).

Applying to the left-hand side formula (3.28)) and using the second assump-
tion of the theorem for the right-hand side we obtain

(z —w)VB(2)e"Ta = (z — w)VY (a,w)e* . (3.32)
Using formula ([3.28]) once more for ¢*7h we can write the right-hand side as
(Z - ’LU)NY((I,7 ’lU)Y(b, Z)|0> = (Z - ’LU)NY(b, Z)Y(CL, w)|0>

where last equality holds for sufficiently large NV by locality. Applying formula
(3-28) yet again to the last equation and equating it with the left-hand side

of (3.32)) we get
(z —w)VB(2)e"Ta = (z —w)VY (b, 2)e" " a.

Setting w = 0 and dividing by 2V we find that B(z)a = Y (b,z)a Va € V.
Hence, B(z) =Y (b, 2). O
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Remark 3.25. The assumption B(z)|0) = e*7b of Theorem holds if
B(2)|0)|.=o =b and 8B(z)|0) = T'B(z)|0) (3.33)

do. This follows from Lemma [3.22] Note that only the first condition is not
sufficient as the example B(z) = (1 + 2)Y (b, z) shows.

Note that Goddard’s Uniqueness Theorem is a vertex algebra analogue
of the corollary of Reeh—Schlieder’s Theorem [4.8]

Proposition 3.26. Let V' be a vertex algebra. One has
Y (amyb, z) =Y (a,2)mY (b, 2) (3.34)
Ya,b €V, and Vn € Z.
Proof. Let B(z) =Y (a,z)nY (b,2). By and we have
B(2)|0) =Y (amb, 2)|0) = e (aw)b).

Moreover, by Dong’s Lemma [3.19, B(z) is local with respect to all vertex

operators Y (c, z). Thus, Theorem [3.24] gives the required result. ]

Corollary 3.27. (a) For arbitrary collections of vectors a', ..., a" of ver-
tex algebra V and arbitrary collections ky, ..., k, of positive integers it
holds

DY (a2 DY (i ¥ (el gyl 0.

(b) We have Va,b € V and Vn € N:

:D"Y (a,2)Y (b, 2):= Y (a(—n-1)b, 2).

(¢) Tt holds Va € V
Y(Ta,z)=90Y (a,z). (3.35)

Proof. Parts (a) and (b) follow from Proposition by Definition [3.15]
The case (c) follows from (a) by setting n = 1 and k; = 2 and noting that
Ta= a(,g)\O). ]

We are finally ready to prove the existence theorem.

Theorem 3.28. Existence. Let V be a vector space with an endomorphism

T € EndV and a vector [0) € V. Let (a®(2)),e; (I an index set) be a
collection of fields such that the following conditions are satisfied Vo, 3 € I:
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(1) [T, a%(2)] = 9a”(2),
(2) T10) =0 and a®(z)]0)].—0 = a®,

(3) the linear map ), Ca*(z) = >, Ca® defined by a®(z) — a® is injec-
tive,

(4) a®(z) and a’(2) are mutually local,
(5) the vectors aj ... ag} |0) with js € Z, as € I span V.
Then the definition

Y (a@i) - agy[0), Z) = a™ (2) (@™ (2) g (- - (@™ (2) oy id V) (3.36)

yields a unique structure of a vertex algebra on V with the vacuum vector
|0), the translation operator T and

Y(a z) =a%(2) Vael. (3.37)

Proof. Choose a basis for V using the vectors of the form (5) and define

Y (a, z) by formula (3.36)).

The operators ad T and 0 are derivations of n-th products by propositions
and [3.21] Furthermore, by assumption (1), ad T = 9 on the fields a®(z).
Thus, ad T = 9 on all the Y’s proving the translation covariance axiom [V

The locality axiom[V2 holds due to (4), Remark[3.5land Dong’s Lemmal[3.19]

The first two equations of the vacuum axiom [V 3| are trivially satisfied due
to our assumption (2) and the defining equation (3.36). To prove that

Y<aa7 Z)\()) ’Z=0 =a“,

we first note that by (2) we have a® = a®(2)|0)|.=0 = a{’_;)|0). This implies
that Y'(a®, 2)|0).=0 = Y(a{_})]0),2)[0)[:=0 = a®(2)(-1)[0)]:=0 = a* using
Equation . All the equalities are well-defined because of the injectivity
assumption (3).

To prove that our vertex algebra is basis-independent and hence well-
defined, note that if we chose another basis out of the monomials (5), we
would get a structure of another vertex algebra on V' which may differ from
our original one. But all the fields of the new structure would be mutually
local with respect to those of the old structure and would satisfy Equa-
tion (3.33). Thus, by Remark and the Uniqueness Theorem it
follows that these vertex algebra structures would coincide. Therefore, Equa-
tion (|3.36|) is well-defined and Equation holds.

O
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Definition 3.29. Generating set of fields. A generating set of fields is
a collection of fields of a vertex algebra V' satisfying condition (5) of Theo-
rem [3.28] If condition (5) holds restricted to js < 0, then such a collection is
called a strongly generating set of fields.

The operator product expansion is usually assumed in 2D CF'T in physics.
The following theorem shows that it can be deduced from the axioms of a
vertex algebra.

Theorem 3.30. OPE for vertex algebras. Let V be a vertex algebra and
a,b € V. In the domain |z| > |w| one has

Y(a, 2)Y (b, w) = Z %+ Y (a, 2)Y (b, w): . (3.38)
Equivalently
Y (a, 2) ZY b, w) D (2 — w). (3.38D)

Proof. Fix a,b € V. Then by the axiom of locality [V2 we have
(z = w)V Y (a,2), Y (b,w)] = 0

for some N(a,b) € N depending on a and b. Thus, Y (a, z) and Y (b, z) are mu-
tually local formal distributions (Definition and satisfy Equation (3.14b))

Y(a,2)Y Z Y J+bl w)—i— Y (a, 2)Y (b,w): .

Here, as usual, the domain |z| > |w| is implicit. By Proposition we have
Y (a,w);Y (b,w) =Y (ag;b, w). Hence, allowing the sum to go to infinity we
obtain

Y (a,2)Y (b,w) = Z Y(Cb(;w_)(zj);iﬁ’ w)+ :Y(a,2)Y (b, w): Va,be V.

Now, ([3.38b)) is equivalent to ([3.38al) by the same reasoning which gave us
the equivalence between equations (3.14a)) and (3.14b) in Section [3.2] O]

We also obtain a useful corollary.
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Corollary 3.31. Borcherds commutator formulas. The vertex algebra
commutator OPE (3.38b]) is equivalent to each of the following formulas

[m) b)) = Z (T) (@60)0) sn ) (3.392)

[, Y (b, w)] = 2_: (Z?)wa(j)b, w)w™ (3.39b)

Proof. To prove
(3.39a) = (33.39b) = ([3.38b))

one has to multiply by the indeterminate with respective power and sum
over.
The converse,

3385 = (B.39H) = (B3.394)

is proved by multiplying with 2™ and taking the residue Res,, and then
multiplying by w" and taking Res,,. [l

3.5 Mobius Conformal and Conformal
Vertex Algebras

Now we add some more structure to vertex algebras which will allow us to
define quasiprimary fields.

Definition 3.32. A vertex algebra V is called graded if there is a diagonal-
izable operator H on V such that

[H,Y (a,z)] = 20Y (a,z) + Y (Ha,z). (3.40)

Proposition 3.33. A field Y(a,z) of a graded vertex algebra V with di-
agonalizable operator H has conformal weight h € C with respect to the
Hamiltonian ad H if and only if Ha = ha.

Proof. Use Definition [3.9| together with linearity of Y (a, z) in the first argu-
ment. [

Due to the above proposition, we will abuse our terminology and call H
a Hamiltonian of a vertex algebra V' if Equation holds. Moreover, a
graded vertex algebra whose Hamiltonian is bounded below by zero will be
called a positive-energy vertex algebra.
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3.5 MOBIUS CONFORMAL AND CONFORMAL VERTEX ALGEBRAS

Definition 3.34. Mobius conformal vertex algebra. A vertex algebra
V graded by H is called Mobius conformal if there exists an operator 7™ on
V such that T decreases the conformal weight by 1 and

[T*)Y (a,2)] = 2°0Y (a, 2) + 22Y (Ha, 2) + Y (T*a, 2) (3.41)

for all @ € V. We will also call a field Y'(a, z) of a M6bius conformal vertex
algebra with weight h quasiprimary if

[T*,Y (a,2)] = (20 + 2h2)Y (a, 2). (3.42)
Note that Y(a,z) is a quasiprimary field of conformal weight A if and

only if
Ha = ha, T*a = 0. (3.43)

Thus, we will call vectors satisfying (3.43) quasiprimary (of weight h).

The following proposition will be very important in Section where we
construct a Wightman CFT from vertex algebras.

Proposition 3.35. We have
H|0) =T*|0) =0, (3.44)
i.e. the vacuum vector is quasiprimary of weight 0. Moreover,
[H,T|=T, [HT=-T" |[T*T]=2H, (3.45)
i.e. H,T and T* form a representation of s((2,C). It also holds that

() MY (a,2) e =¥ (a,2+ M), A < |2l
) MY (a,2) N7 =Y (\a,\2),

(c) MY (a,2)e ™M =Y (e’\(l_)‘z)T*(l —\2) g, ﬁ) , Az < 1.

Proof. Write for a field of conformal weight h

Y(a,z) = Z a2 ",

nE—h+7Z

i.e. shift the coefficients so that

Q(p) = Gpn—h41
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3.5 MOBIUS CONFORMAL AND CONFORMAL VERTEX ALGEBRAS

holds. Then is equivalent to
[H,a,| = —na,. (3.46)
Similarly, [T, Y (a, z)] = 9Y (a, 2) is equivalent to
T,a,] = (—n — h+ 1)a,_1.
Equation ({3.40) implies that H|0) = 0 and hence
[H,T|=T

since both sides give the same result applied on a,’s and annihilate |0).

The other commutation relations follow similarly by noting that
with a = |0) gives 7%|0) = 0, and that Equation in component form
for a € V' of conformal weight A is

T*,a,) = —(n—h+1)aps + (T"a)pi1.

Part (a) has been already proved in Proposition and is restated here
for convenience.

Integrating (3.46) we get
Ma X = ""a, (3.47)

which is equivalent to (b).
Now we prove (c). Write

A Y (a,2)e ™ =Y <A()\)a, ﬁ) :

with A(\) a formal power series in A with coefficients in Hom (V, End V[[z, 271]]).
Differentiate both sides by A and use (3.41)) to get:

%&A) = 220,40 + 22 AN H + AT

By Lemma [3.22] this equation has a unique solution. To check that A(\) =
eMAITT (1 — X2)72H solves this equation, use (3.45) and that adT* is a
derivation. O

Remark 3.36. By Proposition |3.35] we can identify T',T*, H with the cor-
responding s[(2, C) generators by

) () (8 )
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3.5 MOBIUS CONFORMAL AND CONFORMAL VERTEX ALGEBRAS

It is a well-know fact that the exponentiation of s[(2, C) is not surjective with
the usual argument being that there are no elements in s((2, C) which under
the exponentiation are mapped to the elements of SLy(C) whose trace is less
than or equal to —2. However, in PSL(2,C) we can choose a representative
of positive trace for each equivalence class. Thus,

exp : s((2,C) — PSL(2,C)

is onto. From Proposition it follows that PSLy(C) acts on the variable
z by

az+b a b
L
'_>CZ—|—d7 (C d)GS Q(C)

and that
s (1A N 10 (e 0
6_(01’6_41"3_05”2'

Adding an action of the Virasoro algebra gives a conformal vertex algebra
in which primary fields can be defined.

Definition 3.37. Conformal vertex algebra. A Virasoro field with cen-
tral charge ¢ is a field L(z) = Y, ., Loz~ " € End U[[z*]], U some vector
space, with the OPE

C/2 N 2L(w) +8wL(w)

LE L)~ it e T e w)

(3.48)

such that C' = cidy with ¢ € C.

A conformal vector of a vertex algebra V' is a vector v such that the
corresponding field Y(v,2) =Y, o, vmz "t =, ., Lh27""% is a Virasoro
field with central charge ¢ satisfying

(a) Lzl = T7
(b) Lg is diagonalizable on V.

The number c is called the central charge of v.

A conformal vertex algebra (of rank c) is a vertex algebra having a con-
formal vector v (with central charge c¢). Then the field Y (v, 2) is called an
energy-momentum field of the vertex algebra V.

Note that each conformal vertex algebra is Mobius conformal with

T=L, H=L, T'=0L,.
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3.5 MOBIUS CONFORMAL AND CONFORMAL VERTEX ALGEBRAS

Indeed by Equation (3.38al) we have Va € V/
2 : Y (Lya,w)
Y(l/, z)Y(a, w) ~ m (349)
n>—1
which by Corollary is equivalent to
1 .
(Lo, Y (a,2)] = E (TL )Y(Lja, )7
j>-1

Setting m = 0 gives Equation ([3.40]) and setting m = 1 gives Equation ({3.41]).
The calculation

L()(Lla) = [Lo, Ll]a + LlLoa, = —Lla -+ Llha = (h — 1)[/161/

shows that L; decreases the conformal weight by 1, as required.
If Lo = ha, then Equation (3.49)) becomes

Y (a,w)  hY(a,w)
Y Y ~

2V (o) ~ ) 4
where we have used Y (T'a, z) = 0Y (a, z) (Equation (3.35)).

Definition 3.38. Primary field. A field Y(a,z) of a conformal vertex
algebra V' is primary of conformal weight h if

Y (a,w) n LY (a,w)

R

Y(v,2)Y(a,w) ~

zZ—w (z —w)

All equivalent definitions of primary fields used by physicists also hold in
conformal vertex algebras.

Proposition 3.39. The following are equivalent:

(a) Y(a,z) is primary of conformal weight h,

(b) Lya=d,0ha VneN,

(¢) [Lm,Y(a,z)] =2"(20+ h(m+1))Y(a,z) Ym € Z,
(d) [Lm,an]) = ((h—1)m —n)anyn, Ym,n € Z.

Proof. Equation (3.49)) together with the definition, gives equivalence of @
and
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3.6 MOBIUS CONFORMAL AND CONFORMAL VERTEX ALGEBRAS

By Theorem the OPE of a primary field is equivalent to

Y (v,2),Y(a,w)] =0Y(a,w)d(z — w) + hY (a,w)0,d(z — w)

= Z(—m — l)a(m)w_m_2 Z P

meZ ne’
+h Z a(m)w_m_l Z nz "yt
mEZ nez
= Z Z(—m —1+4h(n+1))ammuw™ " 2772
meZ nel

But we also have

Y(v,2),Y(a,w)] = Z[Ln’ Y (a, w)]z "2

and so
_ m—n—1
(L, Y (a,2)] = Z(—n —1+h(m+1))amz (3.50)
nez
= Ml Z(—n — Dagyz "2 +2"h(m+1) Z amyz " !
nez ne”Z

= 2"OY (a,2) + 2™h(m + 1)Y (a, 2).

Thus, a primary field Y (a, z) satisfies and the converse is also true since
the reasoning above can be reversed.

Now @ is equivalent to since by definition and ((3.50))

Lo Y(@,2)] = 3Ly a2

neL

= Z(—m —n—1+h(m~+1)amenz """

nel

Thus, remembering that a(,) = a,_p4+1 and comparing the coefficients gives
the required result. O

Due to Proposition [3.39, a primary vector is defined as a vector satis-
tying Loa = ha and L,a =0 for n > 1.

Example 3.40. The vacuum vector |0) is primary, since by we have
Y (v, 2)|0)|,=0 = v. This also shows that v = L_5|0) and hence v is quasipri-
mary of conformal weight 2, but not primary unless ¢ = 0 by Equation ([3.48]).
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3.6 VERTEX OPERATOR ALGEBRAS AND UNITARITY

3.6 Vertex Operator Algebras and Unitarity

Even more assumptions on vertex algebras are usually natural in physics.
The following assumptions will allow us to obtain a transparent construction
of Wightman 2D CFT in Section [7.2]

Definition 3.41. Vertex operator algebra. A vertex operator algebra
(VOA) is a conformal vertex algebra such that

(i) V =D,z Vo, where V,, := ker(Ly — nidy),
(ii) Vi, = {0} for n sufficiently small,
(iii) dimV, < oc.
The subspaces V,, providing the grading are called homogeneous subspaces.

If Vi, =0 for n < 0 and Vy = C|0), then the vertex operator algebra is of
CFT type.

Remark 3.42. If we were to replace the conformal vertex algebra with a
Mobius conformal vertex algebra in Definition then we would get a
quasi-vertex operator algebra (q-VOA) [FHL93, Sec. 2.8].

Throughout this section, fix V' to be a (q-)VOA, and let F' = Z for a
VOA and F' = {—1,0,1} for a -VOA which is not a VOA.
The following proposition is due to Roitman [Roi04].

Proposition 3.43. Let M = @,., M; be a graded module over the Lie
algebra sly = kT + kH + kT*, where degT' = 1, degT* = —1, T™ is locally
nilpotent, H|y, = d andk is a field of characteristic 0. Furthermore, assume
that the sly commutation relations hold. Then My = (T*)'=2M, for
all d < 0.

Corollary 3.44. By Proposition we have that forn < 0, V,, = L;™"V; C
L1"Vy. Hence, if Vi = CJ0), then condition (ii) is equivalent to the condition
V., = {0} for all n < 0. Thus, if Vj = C|0), then V is of CFT type.

We say that a map ¢ : V — V is an antilinear automorphism of a
q-VOA V| if it is an antilinear isomorphism such that ¢(u,v) = ¢(u),¢(v)
Vu,v € V, ¥n € Z, and ¢(|0)) = |0). If V is a VOA, then we require ¢ to
also satisfy ¢(v) = v.

Let (-,-) be a bilinear form on V. If (-, -) satisfies

(Y(a,2)b,c) = (b)Y (e (—27%)"a, 27 )c) Va,b,ceV,

then it will be called an invariant bilinear form. By [Li94) Prop. 2.6], any
invariant bilinear form on a (q-)VOA is in fact symmetric.
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3.6 VERTEX OPERATOR ALGEBRAS AND UNITARITY

Remark 3.45. By direct calculation it follows that (-,-) is invariant if and
only if
1
(anb,c) = (—1) Z H(b’ (LYa)_,c) (3.51)
keNg
for all b,c € V and for all homogeneous a € V. If V is a VOA, then for L,’s

this boils down to
(Lpa,b) = (a,L_p,b) a,beV, nel (3.52)

and thus the case n = 0 shows that (V;,V;) =01if i # j.

Note that for general g-VOAs the implication from to does
not work because there is no conformal vector . So in the case of a -VOA
which is not a VOA, (Lya,b) = (a, L_1b) has to be assumed along with
for (V;,V;) = 01if i # j to hold [Roi04].

Now let (|-) be an inner product on V, linear in the second variable. We
also want it to be normalized, i.e. (2|2) =1, and (-|-) invariant, i.e. there
exists a VOA antilinear automorphism 6 of V' such that (6-|-) is an invariant
bilinear form on V. We call § a PCT operator associated with (-|-). By
definition #(v) = v, so 6§ commutes with all L,’s. Equation implies
that

(anble) = (9 ((0"a),0'b) ‘c) = (b](67 " (—1) ) _c) (3.53)
Va,b,c € V and Vn € Z. If a is quasiprimary, then
(andle) = (=1)"(bl(6~"a)—nc),
Vb,c € V and Vn € Z. In particular,
(Lnalb) = (a|L_,b) (3.54)

Va,b € V and Vn € Z. Thus, the corresponding representations of the
Virasoro algebra and its s((2,C) subalgebra C{L_1, Ly, L} are unitary and
therefore completely reducible. In particular, we have V,, = 0 for n < 0 by
Proposition [3.43] Similarly, for a g-VOA.

Proposition 3.46. Let V be a ¢-VOA with a normalized invariant inner
product (-|-). Then there ezists a unique PCT operator 6 associated with
(). Furthermore, 0 is an antiunitary involution.

Proof. Let 6 be another PCT operator associated with (-|-). Equation (3.53))
shows that (0~ tel1(—1)t0q), = (0~ telr(—1)L0a), and hence O~ Lelt (—1)Loq =
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3.6 VERTEX OPERATOR ALGEBRAS AND UNITARITY

0 tel1(—1)toq for all a € V. Now the surjectivity of e**(—1)% implies that
0=40.

From Equation (3.53)) and symmetry of the bilinear form, it follows that
a = (el1(=1)10)2072q for all a € V. Equation (3.47)) shows that

(—1)fet (<D = e

and hence (ef1(—1)%0)% = 1. Thus, #* = 1, i.e. 6 is an involution. Moreover,
we see that (falfb) = (60*bla) = (bla) Va,b € V by the symmetry of the
invariant bilinear form (@ - |-). Therefore, # is antiunitary. O

This leads to the following definition.

Definition 3.47. A unitary (quasi-)vertex operator algebra is a pair (V, (+|-))
where V' is a (quasi-)vertex operator algebra and (-|-) is a normalized invariant
inner product on V.

Remark 3.48. Note that the requirement that dimV,, < oo was not used
until now. Thus, if we have a Mobius conformal vertex algebra with integer
grading, whose Hamiltonian is bounded below, we can also define a unitary
Mobius conformal vertex algebra paralleling Definition [3.47]

Many of the well-known VOAs have unitary examples: Virasoro (see Sec-
tion , affine, Heisenberg and lattice VOAs. Moreover, the moonshine
VOA V* is also unitary. For proofs see [DL14].

The definition of unitarity does not seem to have much in common with
the notion of unitarity used in QFT. However, [CKLWI15, Sec. 5.2] shows
that these two notions are equivalent for VOAs of CF'T type, but the proof
works for ¢-VOAs with Vy = C|0) as well. In particular, we have [CKLW15|
Thm. 5.16]:

Theorem 3.49. Let V be a (q-)VOA with a normalized inner product (-|-)
and Vo = C|0). Then the following are equivalent:
(a) (V, () is a unitary (¢-)VOA,
(b) (V,(:|")) has a unitary Mdébius symmetry and every vertex operator has
a local adjoint.

We now give the definitions and some results of the notions used in the
above theorem. More details and the proof can be found in [CKLW15| Sec.
5.2].
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For a (q-)VOA with a normalized inner product (:|-) to have unitary
Mo6bius symmetry means that Va,b € V

(Lnalb) = (a|L_nb), n=—1,0,1.

For an operator A € EndV to have an adjoint on V' (with respect to (-]-))
means that 3AT € End V such that

(a]Ab) = (A*alb), Va,beV.

If A" exists, then it is unique and called the adjoint of A on V.

Remark 3.50. Let #H be the Hilbert space completion of (V, (+|-)). Then an
operator A € EndV can be considered as a densely defined operator on H.
Thus, A" exists if and only if the domain of the Hilbert space adjoint A* of
A contains V' and if this is the case we have AT C A* i.e. AT = A*|y.

Lemma 3.51. Let (V,(+])) have unitary Mébius symmetry. Then the ad-
joint a of a, on'V exists Va € V and ¥n € Z. Moreover, we have a,b = 0
forn > 0.

Proof. The finite-dimensional subspaces V;, = ker(Ly — nidy) of V' are pair-
wise orthogonal by unitary Mobius symmetry. Since a, (Vi) C Vi_,, the op-
erator a,|y, can be regarded as an operator between two finite-dimensional
inner product spaces and thus it has an adjoint (a,|v,)* € Hom(Vi_,, Vi)
which is well-defined. It follows that

af = Plaaln)’

kEZ

is the adjoint of a,,. This shows that a*, (V) C Vi_, and hence a,,b = 0 for
n > 0. O

The lemma implies that for a € V' the formal series

Y(a,2)" =) aly2" =3 o, 52

nez neL

is well-defined and is a field on V. So we say that a vertex operator Y (a, z),
a € V, has a local adjoint if Vb € V the fields Y (a,2)" and Y (b, z) are
mutually local, i.e.

(z—=w)VY(a,2)",Y(b,w)] =0, N>O0.
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Chapter 4

Wightman QFT

Formulated in 1950s, Wightman’s axioms of QFT are the first attempt at
putting QFT on a rigorous mathematical footing. Even though the axioms
are very natural, it turned out to be very difficult to construct examples.
To date there are no non-trivial examples of Wightman QFTs in 4D. Never-
theless, the CPT and Spin-Statistics theorems can be proved in Wightman
framework. Moreover, the statement that “knowing all the fields is the same
as knowing all the correlation functions” is made explicit by Wightman Re-
construction Theorem and its converse [4.10] Last but not least, the
current work shows that Wightman axioms are sufficiently general to incor-
porate many aspects of 2D genus 0 CFTs.

The main reference for this chapter is the book by Wightman and Streater
[SW64], but we have also used [Sch08], [Kac98] and [BLOT89]. We only
consider bosonic theories, but a generalization to include fermions is easily

obtained. See, e.g., [SW64] or [BLOTR9].

4.1 Preliminaries

Before stating the axioms we need some definitions.
Definition 4.1. Schwartz space, tempered distribution. Let
SR ={f € C°R") | [[fllap <00 Va,}

be the Schwartz space of rapidly decreasing smooth functions. Here «, 3 are
multi-indices and

1 £lla,s = sup 22D f(z)]
rER™?

are seminorms. The elements of .7 (R™) are called test functions and the
dual space consists of (tempered) distributions which are linear functionals
< (R™) — C, continuous with respect to all seminorms.

Definition 4.2. Wightman field. Let &(H) be the set of all densely
defined operators on a Hilbert space H. Denote by (-,-) the inner product
of H. A (Wightman) field ¢ on a manifold M is a tempered operator-valued
distribution, i.e. a map ¢ : (M) — O(H), such that there exists a dense
subspace D C H satisfying
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e DC D¢(f) Vf e y(M),
e the induced map .¥ — End D, f +— ¢(f)|p is linear,

e Vv € D, Vw € H the assignment f — (w,o(f)(v)) is a tempered
distribution.

Minkowski space, Lorentz group, Poincaré group.

Let M = (RY! ¢) be a d-dimensional Minkowski space, i.e. the
vector space R? with metric

d—1
v —ylP =" —y")" = ) (&' —y'),
i=1
so that g = diag(1,—1,—1,...,—1).
a1

Given A,B C M, we say that A and B are spacelike separated if
Va € A and Vb € B we have |a — b|> < 0. Let the forward (light)cone
Vi be the set {x € M | |z|?> >0, 2° > 0}. Define causal order on M by
r>y < x—y € V.. We will also often write

a'b, =a-b.
Definition 4.3. Lorentz group, Poincaré group.
In d dimensions:
o L:=0(1,d-1) = {A € GL(d) | AgAT = g}—full Lorentz group, pre-

serves the metric;

o L, :=50(1,d—1)={A € O(1,d) | det A = 1}—proper Lorentz group,
preserves orientation;

o LT = {A € 0(1,d) |eAeT > O}—orthochmnous Lorentz group, pre-
serves the direction of time, here e = (1,0,0,...,0) € M;

. £1 = L'NL, = SOT(1,d—1)—(proper orthochronous) Lorentz group.
The d-dimensional (proper orthochronous) Poincaré group is defined
" Pl =RI % L]

It is a set of pairs (¢, A) € (R%, £1) with multiplication:
(g1, A1) - (g2, A2) := (g1 + Mg, Mg Ag),
and 791 acts continuously on the test functions .7 (R?) from the left by
(a:A)f(2) = fF(A™ (@ — q)).

63



4.2 WIGHTMAN AXIOMS

Note that equivalently one can define the Poincaré group 731 as the iden-
tity component (maximal connected subset containing the identity) of the
group of all transformations of M preserving the metric. Similarly, the
Lorentz group L'l can be defined as the group of all unimodular linear trans-
formations of M preserving the lightcone V... Therefore, the Poincaré group
preserves the causal order and thus the spacelike separation.

4.2 Wightman Axioms

Now we define a bosonic Wightman QFT for an at most countable collection
of scalar fields. See, e.g., [BLOTR9, Sec. 8.2] for generalizations to arbitrary
bosonic and fermionic fields.

Definition 4.4. Wightman QFT. A Wightman quantum field theory in
d dimensions is:

e the projective space P(H) of a complex Hilbert space H (the space of
states),

e the vector Q2 € H such that (€2,€Q) =1 (the vacuum vector),

e a continuous unitary representation (¢, A) — U(gq, A) of the Poincaré
group 771,

e a collection of fields ¢, and their adjoints ¢}, a € I with I an at most
countable index set,

bo : L (R = OH).

One requires this data to satisfy the following axioms:

W1. Covariance. It holds
U(g, M)oa(£)U (g, M) = ¢al(g, M) ), (4.1)
Vf e .Z(RY), Y(q,A) € PL.

Note that by Stone’s theorem U(q, 1) = exp (z ZZ;(l) quk> with P self-

adjoint and commuting operators on H.

W2. Stable vacuum and spectrum condition. We have
U(qg,N)Q =9,

¥(q,A) € PL. The simultaneous spectrum of all the operators Fy, ..., Pi1
is contained in the forward light cone V.
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W3. Cyeclicity of the vacuum. The vacuum (2 is in the domain of any
polynomial in the ¢,(f)’s and their adjoints. Let Dy C H be the subspace
spanned by such polynomials

¢a1(f1)¢a2 (f2) s ¢am(fm)Q
and their adjoints. We assume that Dy is dense in H. Clearly, €2 € D,.

Sometimes a weaker version of [W3 is used.

W3weak  Dense domain. There exists a linear set D dense in H such
that the domain of each smeared operator ¢,(f) contains D. Same holds for
adjoints ¢,(f)*. Moreover,

QeD, U(@ANDCD, ¢ (f)DCD, ¢uf)DCD.

W4. Locality. If the supports of f,g € .7 (R?) are spacelike separated,
then on the common dense domain

[@a(f), P0(g)] = 0.

Similarly,
[¢a(f)7 ¢b(g)*] =0

Remark 4.5. By abuse of notation, we will often write ¢(z) instead of ¢(f).
With this notational simplification, the equivariance condition (4.1]) becomes

U(q, N)a(2)U(q, )" = ¢a(Az + q) (4.2)
and the adjoint is simply ¢*(z) which acts by ¢*(f) = ¢ (?)*
Remark 4.6. Note that by definition, we have

¢a(f)D0 - DO
for all the fields. Moreover, we have by and
U(q; N)oa, (1)@ (f2) - - - bay (fm)|0) =

U(Q7 A)gbm(fl)U(% A)_lU(Qa A)qbaz(fQ) s qbam (fm)U(Qa A)_1|O> =
¢a1 <<Q7 A)fl)¢a2((Q7 A)f2) ce ¢am((Q7 A)fm>|0>7

1.e.

U(g, \)Dy C Dy.

Moreover, locally the translation covariance (Equation (4.2) with A = id) is
I[Py, ()] = Op, Pu(). (4.3)
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Thus, using that P,Q = 0 by W2] we conclude that
P.Dy C Dy. (44)

Remark 4.7. For more general fields the covariance axiom is replaced
by

( )¢]( ZR]k ¢k q, ) f)a (45)

where R : G — GL(V) is a finite-dimensional representation of the cor-
responding Lorentz group ,CL (or its double cover) on R™ or C™. If the
representation is non-trivial, then a field is a collection of ¢;’s transforming

into each other under (4.5)). See [BLOTS89, Sect. 8.2] or [SW64] for more
details.

The following corollary of the well-known Reeh and Schlieder’s Theorem
will be useful later. The proof can be found in [BLOTS89, Sec. 8.2 DJ.

Corollary 4.8. Reeh—Schlieder. Let X = ¢, (21)... ¢q,(,) be some
product of Wightman fields. If X2 = 0, then X = 0.

Later on we will need a technical lemma which can be found in [LMT75]
Sec. 2] which itself is based on [Gla74].

Lemma 4.9. In an n-dimensional Wightman QFT satisfying [WIHW4, the
vector

U (1, ..., xn) i= ¢g, (T1) - . . G, ()2,
where ¢,, are some Wightman fields, extends to a vector-valued analytic func-
tion
V(21,0 2n), 2k i= Tk + 1Y,
on a connected domain which includes the Euclidean points with z, = (zyk, Ty)
such that y2 > 0 for all k and z? 7éz ifi # j. Here & := (x},..., 277 ").

Proof. We will prove the lemma for the simplified case of a self-adjoint scalar
field ¢. The general case follows similarly.
Let

U(zy,...,xn) = ¢(x1) ... d(,)02

Note that ¥ € H by
By Poincare covariance (4.1]) from we have translation covariance

U(q,1)¢(2)U(q,1)~" = ¢(x + q). (4.6)
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4.3 WIGHTMAN DISTRIBUTIONS AND RECONSTRUCTION

Applying both sides of this equation to the vacuum and using the invariance
of the vacuum vector U(g, A)Q = Q from [W2]as well as U(g, 1) = expi(¢"P,)
we obtain

Go(z +q)2 = eiq”P“%(x)Q.
Thus,

U(zy,. .., 2) = et lg(0)e @1 Peeia P $(0)Q =

= 1P p(0)e @ DR (0)Q =

= /dnp d"qr ... dnqn—l\i’(]% qi, - - ,C_In—l)€i<p“mlf+2(q“)j(z?“_r;))-
By spectrum assumption from 7 ¥ is non-zero only if p® > 0 and all

¢ > 0. Thus, ¥ can be analytically continued to a vector-valued analytic
function ¥ € H, i.e. we have

U(z1,...,2,) of zx = xx + iy defined and holomorphic for

Fix 7 to be any permutation of (1,...,n) and let
U (21,5 2n) = V(2ra), - 2e(n))s 2k = Tk + 1Y

By the above, U™ is well-defined and holomorphic in a domain containing
the Euclidean points with 0 < yg(l) <...< yg(n). Furthermore, by locality
WAl

U™ (21, ...,7,) = U(zy,...,2,) for real z; such that (z; — x;)* <0 Vi # j,

i.e. all U™’s are equal on a real neighborhood. Now the Edge of the Wedge
Theorem (see, e.g., [SW64]) shows that they are analytic continuations of
one and the same analytic function. Moreover, the domain of analyticity of
this function must contain the domains of analyticity of each W™. m

4.3 Wightman Distributions and
Reconstruction

In this section we will show that there exist tempered distributions which

provide an equivalent description of Wightman QFT. Here we will only con-
sider scalar fields for simplicity.
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4.3 WIGHTMAN DISTRIBUTIONS AND RECONSTRUCTION

Let ¢1,...,¢, be scalar fields of a d-dimensional Wightman QFT. The
function

Wn(fla e 7fn) = <Q7¢1(f1) . ¢n(fn)Q>

is well-defined by for fi,..., fn € Z(R9) and is a separately continu-
ous multilinear functional. By the Schwartz Nuclear Theorem [SW64, Thm.
2-1] this functional can be uniquely extended to a tempered distribution in
LN((RH™) = #'(R¥™). This distribution will be also denoted W,. Such
distribution is called a Wightman distribution, a vacuum expectation
value or a correlation function.

Theorem 4.10. Given a d-dimensional Wightman QF T satisfying[W1], [W3,
\Wsvet and [W4|, the Wightman distributions W, € '(R*"), n € N, associ-
ated to it have the following properties:

WD1. Covariance. We have

Wa(f) = Wal(a. A)f) V(g A) € PL.

WD2. Spectrum condition. There exists a distribution W, € %" (Ré(—1)
supported in the product Vf‘l C R of forward cones such that

W@, 2,) = / Wy (p)e! 2P tei=ri) dp,
Rd(n—1)
where p = (p1,...,Pp—1) € R and dp = dp; ... dp,_1.
WD3. Hermiticity. We have

(€, 01(z1) - Pnln)2) = (G (20) - - - $7(21)82).
WD4. Locality. Foralln e Nand 1<j<n-1

Wn(l'l,...717]‘,[Ej+1,...,$n) = Wn(l'l,...,l’j+17l'j,‘..,l'n)
if ((L’j - Ij+1)2 < 0.

WD5. Positive definiteness. For any sequence {f;} of test functions,
f; € SL(R*), with f; = 0 except for a finite number of j’s, it holds that

Z /?j(ZEl,...,‘I‘j)VVj (xj,...xl,yl,...,yk)x (48)

7,k=0
X fk(y177yk)dx1dxjdy1dyk > 0.

Here by Wj, we mean
(€2, 05;(x5) - @51 (1) Pr1 (Y1) - - - Drre(yx)$2)
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4.3 WIGHTMAN DISTRIBUTIONS AND RECONSTRUCTION

and ¢j; can be any field of our theory. Furthermore, if (4.8) is zero for some
{f;}, then (4.8)) is zero for any sequence {g;}

90 =0, gr=g(x1)fo, g2=g(x1)fi(z2), g3 =g(x1) o2, 73),... (4.9)
with g € . (R?) arbitrary.

Proof. follows from [W1] and [WD4] from [W4]
Hermiticity follows from

(Q,01(f1) - Gn(f)Q = (2, (Pn(fn))* - (61(f1))"C2)

and the fact that this relation extends from test functions of the form
fi(z1) ... fu(z,) to the whole of . (R¢™) by the Schwartz Nuclear Theorem.

The inequalities (4.8]) of are equivalent to the fact that the norm of
the state

U= fod+ ou(fL)2 + /¢21(931)¢22($2)f2(3?1, xo) drydaQd + ...

is non-negative. If the norm is zero, then ¥ = (0 and hence pr;(g)¥ = 0 for
any component j of the test function g. Thus, (4.9)) holds.
will be proved in Proposition [4.11] O

By the covariance of the fields,
Wz, ..., xn) = Wo(Azy + q, ..., Az, +q) Y(g,A) € PL.

Here and further we abuse our notation for the correlation functions as we of-
ten do for the fields (cf. Remark|[4.5)). It follows that Wightman distributions
are translation invariant

Wz, xn) = Wolzr+q,..., 20 + q).
Thus, the distributions depend only on the differences
§it=a — i

and we define
’U)n<€1, . ,gnfl) = Wn<]}1, e ,$n>.

Proposition 4.11. The Fourier transform Wy, has its support in the product
(V)1 of the forward cones V, C R Thus,

Wa(x) = (2m) =Y / W (p)e™" = m ) dp.

Rd(n—1)
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4.3 WIGHTMAN DISTRIBUTIONS AND RECONSTRUCTION

Proof. Since U(x,1)™! = U(—x,1) = e~®"Pu for z € RY, the spectrum con-
dition implies

/ (1) tvde =0 YweH ifpéV,. (4.10)
Rd
Note that

wn(élw--yé-j+$;€j+17~-;€n—1> :Wn<1‘1,...,l‘j,$]’+1—J,’,...,l’n—l’).

Thus, the Fourier transform of w, with respect to x gives

/Rd W (&1 &+ 2, E 11, En )P d =
- <Q, $1(x1) .. pj(x;) /]Rd Gjp1(Tjr1 — ) .. Pn(xn — x)eipﬂ"$de> =
= <Qj¢1($1)~--¢j($j)/

) et (x, 1)_1¢j+1(:13j+1) . ¢n(xn)de> =0,
R

if p; ¢ Vy by (4.10) with v = ¢;11(2j41) - - . dn(2,)Q. Therefore,
@n(pla <o 7pn71) =0
if p; ¢ V, for at least one index j. O

We state the cluster decomposition property for completeness, but do
not give a proof since we will not use it. This property ensures that the
Wightman QFT obtained via the Wightman Reconstruction Theorem from
the Wightman distributions has a unique vacuum. For a proof with a mass
gap see [SW64] and references therein.

WD6. Cluster Decomposition Property. For a space-like vector ¢

Wn(xla ey Tgy Tj4a + )\qaxj-i-Q + )‘qa R ) + )\q) —
Wj(l’l, ce ,Ij)Wn_]’(Ij+1, ce ,.In)

as A — oo with convergence in ..

The following proof is based on [Sch0§|. For a more explicit proof, which
also uses and hence proves the uniqueness up to a unitary transforma-
tion of the resulting Wightman QFT, see [SW64]. For simplicity, we provide
a proof only for a single self-adjoint scalar field.

Theorem 4.12. Wightman Reconstruction Theorem. For a sequence
of tempered distributions (W,), W, € .7 (R*™), satisfying|[WDI{WD3, there
exists a Wightman QFT satisfying |W1|, (W4, [W3¥" and |W /|
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4.3 WIGHTMAN DISTRIBUTIONS AND RECONSTRUCTION

Proof. Let
S =P 7S R™)

n=0
be the vector space of finite sequences f = (fo, f1, f2,...), ie. fo € C,
fn € L(RI™) and all but finitely many of test functions f,, are zero. We
define multiplication on . by

fxg:=(hy),

hn = Zfi('rla cee axi)gn—i(xi'f'l’ T ,l‘n)-
=0

Note that . forms an associative algebra with unit 1 = (1,0,0,...). We
put the direct limit topology on . to make it into a complete separable
locally convex space. Each continuous linear functional p : . — C can be
represented by sequences (p,,) of tempered distributions p, € .7 = pu((frn)) =
> tn(frn). For each functional A of this form which is also positive semi-
definite, i.e. )\(Z x f) >0 for all f € .7, the subspace

J={fe L A(Fxf) =0}

is an ideal of the algebra .. Then on the quotient . /.J the positive semi-
definite functional A\ gives rise to a positive definite Hermitian scalar product
by setting w(f,g) := A (z X g). Thus, completing . /J with respect to this
scalar product produces a Hilbert space H.

Now set A := (W,,). By [WD5| the continuous functional X is positive
semi-definite and hence provides the Hilbert space H constructed above. For
the vacuum vector we set 2 := ¢(1) where ¢(f) denotes an equivalence class

from the dense domain D := . /.J. We define the field operator ¢ on D by

$(f)e(g) =elgx f)

for all f € .. Here f denotes the sequence (0, f,0,...). For g,h € . the
mapping -
fr (), o(f)e(g)) =X (b x (g % [))

is a tempered distribution by continuity of A. Thus, ¢ is indeed a field
operator (Definition [4.2)). Furthermore, ¢(f)D C D and Q € D.

Now we draw our attention to covariance. First of all, we need to de-
fine a unitary representation of the Poincaré group 731 on H. We start by
considering the natural action f ~— (g, A)f of 731 on . given term-wise by

(¢, N fr(zy, ... zp) = fu(A (21 — @), ..., A ar — q)),
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4.4 WIGHTMAN CFT

where (¢, A) € R¢x £ = P This leads to a homomorphism P — GL(.%).
By the covariance , we have that if f € J and (¢q,A) € 731, then
(¢,A)f € J. Thus,

Ulg, M)e(f) ==t ((q. M) f)

is well-defined on the dense domain D C H and satisfies
(U(g, (), Ulg, Me(f)) = (e(f), ()

Therefore, we get a unitary representation of 771 on H such that U(q, A)Q2 =
Q and U(q, N)o(f)U(q, A\)™* = ¢((q,A) f) because U(q, A) respects the mul-
tiplication x of .. This proves W1 and [W3"eaK|

Now the spectrum axiom follows from by noting that

{(£)

-~

fo=0, f(p1,-..,ps) = 01in a neighborhood of (V+)n} C J,

where (V) ={p|p1+...+po €Vy, j=1,...,N}. Similarly the locality
axiom holds by noting that J contains the ideal generated by linear
combinations of the form

folz,. oo xn) = g(@1, o T, g1, o, ) — 9(T1, - Tl Ty oo, X))

with g(z1,...,2,) = 0if (z;11 — 2;)* > 0. O

4.4 Wightman CFT

To get a conformal Wightman QFT, we extend the symmetry group of our
system from the Poincaré group 731 to the (restricted) conformal group.

W1cenf, Conformal covariance. The continuous unitary representation
of the Poincaré group extends to a continuous unitary representation of the
(restricted) conformal group (¢, A,b) — U(q, A, b) such that

U(g, A,b)Q = Q (4.11)

V(q, A, b) € Conf(RY4~1) and conformal covariance holds for some collection
of fields of the QFT which we call quasiprimary. The other fields are just
Poincaré covariant.

We assume that in 2D a quasiprimary field ¢, of scaling dimension A,
and spin s, transforms as

U(a, A, 0)¢a(f)U (g, A b) ™ = @a(b, 2) ¢al(a, A D) - ), (4.12)
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4.4 WIGHTMAN CFT

with
Qalb, ) = (14 (0% + b)) (2% — ) 2% (1 + (b° — bY) (20 + !))~Ratse,
We also assume that s, A € R for all fields.

Note that is just the transformation law of a scalar field, so we
should set s, = 0, but we keep s, for making the upcoming discussion clearer
(cf. Remark [4.7). The most general transformation laws can be found in
[MS69].

Clearly, stronger covariance of the fields leads to stronger covariance of
Wightman distributions and so we call such distributions conformally co-
variant.

Remark 4.13. Note that by (4.12)) for a special conformal transformation
in 2D it holds

U(0,1,0)¢q(x)U(0,1,0) ™ = a(b, ) ¢a(z”) (4.13)

and that from Stone’s Theorem it follows that U(0,1,b) = exp1 Zizo K,
where K, are self-adjoint and commuting operators on H. Here we let 2° to
denote a special conformal transformation with parameter b

x + |z|?b
> :
1+ 2(z,b) + [=[?[b]?

Hence, locally we have
i [Ko, ¢a(2)] = (|2]?00 — 22°F — 2A,2° + 25,2") ¢ () (4.14a)
i[K1, ¢a(2)] = (|2]?00 + 22" B + 2A,2" — 25,2°) ¢ () (4.14b)

with E = 2°9y + 2'0;.
Sometimes the axiom is too strong. To prove the Liischer—-Mack

Theorem, only dilation covariance will suffice. Thus, we state the axiom of
dilation covariance here separately.

W14l Dilation covariance. There exists a unitary representation U’ of
the dilation group such that for A > 0 we have

U\ =Q

and

U'(Ng(@)U'(N) " = X2¢()

for some fields which we call dilation covariant. Other fields are just Poincaré
covariant. Here A is the scaling dimension of ¢.
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4.4 WIGHTMAN CFT

Another very important axiom usually made in 2D CFT is:

W5. Existence of energy-momentum tensor. In the operator alge-
bra generated by the fields {¢,}qer there is a dilation covariant local field
T, (), p,v € {0,1}, with the following properties:

P R S (4.15a)
O"T,, =0, (4.15b)
A(T,) =2, (4.15¢)

where A is the scaling dimension. Moreover, we assume that the generators
P, can be expressed in terms of 7},

/ 4! [Ty (2, 7). 6()) = [P, (1)) = —i0,0(y). (4.16)

We are now ready to give one of the central definitions of this work.

Definition 4.14. Wightman (Mo6bius) CFT. A 2D Wightman QFT
satisfying is called Wightman Mobius CFT. If Wightman Mobius
CFT contains an energy-momentum tensor, i.e. it also satisfies[W5] then it
is a Wightman CF'T.
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Part 11

Comparisons



Chapter 5

Wightman Axioms and
Virasoro Algebra

The goal of this chapter is to prove that a 2D dilation invariant Wightman
QFT with an energy-momentum tensor gives rise to two commuting unitary
Virasoro algebras as was first proved by Liischer and Mack in [LMT76].

This chapter is based on the original source [LM76], the talk [Liis88] and
[FSTSI).

5.1 Luscher—Mack Theorem

We will use light-cone coordinates in this section:
0 1 1
t=x — T, 815:5(80—81),
_ 1
t =2+ 2!, (9,?:5(80‘1‘81),

so that

1 1
O =Ty = Z(TOO — 2T + T11), O:=Tz= ZL(TOO + 2750 + T11), (5.1)

1
Ty =Ty = Z_L(TOO —Tn),

where 7}, are components of the energy-momentum tensor defined in [W5|

Lemma 5.1. In 2D dilation invariant Wightman QFT with an energy-momentum
tensor, i.e. a 2D Wightman QFT satisfying it holds:

o tr(Top) =T", =0,
¢ ;0=0, 960=0 and [0(t),0(t)]=0 VtteR.
Proof. Direct calculation implies that

0O+ 0Ty =0 and 90+ ;T = 0. (5.2)
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5.1 LUSCHER-MACK THEOREM

In 2D, Lorentz boosts are just squeeze mappings

AR cosh& sinh¢
v~ \sinh¢ coshé

and the tensor field 7, transforms under Lorentz transformations as

UA) T (D) UA) ™" = (A1), (A7), Tos(AT),

"
where (A™!) ¥ = A#,. Thus,
UNO@)UN)" =e*0 (e, e ).
Moreover, under dilations
U'N)O(@) U (N = A2 0(A\D).
Combining these transformations with A = e~¢ we obtain
UNU'(N)O@)U' (N 'UN) ! = O(F, \%t).

From Theorem [4.10 it follows that

A

(2 81, 1)8(F2, 1)) = 75—

t1#£ty, AeC. (5.3)

Here ¢ means that we take the limit ¢ — 0, i.e. our (z & ie)" = (x £ i0)"
with
(x £40)" = lim (x +dy)".
y—0+
See [GS64] for more details.
We apply 0/0t, and 0/ty to get

<Q, 8t1@(%1,t1) 8t2@(i2,t2)(2> = O

Thus, by analytic continuation this distribution is identically zero through-
out. Therefore, we have B
0600 =0

and the Corollary of Reeh-Schlieder Theorem [4.8] implies that

8,5@ - O,

i.e. © depends only on . Similarly, 9;© = 0. Hence, from (5.2) it follows
that
OrTy; = 0Ty =0,
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5.1 LUSCHER-MACK THEOREM

i.e. that T); is constant. But
U'(N) T (8, 6) U' () = N Tz (AL, ML),
so Ty; = 0. Therefore,
tr (Tos) =T, = ¢ T = Too — Tn = 4T3 = 0,

as required. Now )
O(t),0(t)] =0 Vi, t € R,

by locality and the fact that © depends only on ¢ and © depends only on .
]

Proposition 5.2. We have
O(t1),0(t2)] = ﬁi?’é”’(tl — to) + 208" (t; — t2)O(t2) — 1(ty — t2)0O (1),
[O(t1),0(t)] = %i?’é”’(tl —ty) + 206" (f) — 12)O(ta) — i6(t; — 15)00 ()
with c¢,¢ > 0. If parity is conserved, then ¢ = ¢c.

Proof. By locality, [©(t1),O(ts)] = 0 if t; # to with ¢1,t5 € R. Let

Ok(t1) = i /tg[@(h + o), O(t1)] dta, k € Np.

k!

The Oy’s are local self-adjoint fields. Therefore, using that A(©) = 2 by
and the definition of O,’s we get

UM O UN) T = X37*0,(\t).
Moreover, O)’s are covariant under translations. Hence
(Q, Ok (t1)Ox(t2)Q) = Ag(ty — to —i)*°
22 (—1)kA, / g—ie—iﬂtl—t?)é(%—ﬁ)(p), Ay, € C.
So by Bochner—-Schwartz theorem (see [RS75H]), these distributions are not
positive for k& > 4. Hence, Oy = 0 for k > 4. Moreover, O3(t) is independent

of t. By locality, O3 commutes with all the fields. It is therefore proportional
to the unit operator so set
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Recall that by assumption (4.16) from W5 ©(t) generates translations:

/ dt: [B(11), O(ts)] = —idO(ts).

Thus,
Op(t) = 0,0(t). (5.4)

Let |) € H be arbitrary. Then by regularity theorem for tempered
distributions [RS80, Thm. V.10], we can write

(1, [O(t1 + t2), O(t1)]2) = 25(k) (t2)t(t1),

where K € Ny and v (t;) are some distributions. It follows from [RS80, p.
177] that

Yi(t) = —i(=1)"(, On(1)).
In particular, ¥, = 0 for £ > 4 and

Ot +12),0(t1)] = =i Y (=1)* M) (t5) Ok (1) (5.5)

0

holds on the vacuum and thus as an operator equality by the Reeh—Schlieder
Theorem (Corollary [4.8).
To determine Oy (t) and Oy(t) we use [O(t1), O(t2)] = —[O(t2), O(t1)] and

(5.5) to obtain

3 3
= (=1FW (1) O(t) = D (—1 —15)Ok(ty +t2).  (5.6)
k=0 k=0
Note that
k ok
5F) (—t)Op(ty +to) = Z ( ) tg)at Ox(t1).
1= 1

Plugging this equation into (5.6)) and equating the coefficients of 6 (t5)’s we
get

- ) k(k—1) 02
= (-1 T 5z Ok(t) = —Os(t) = 0y =0,
k=2
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5.1 LUSCHER-MACK THEOREM

where we have used that Os is a constant. Moreover, the terms with ()
give

3 k
Ou(t) = SO~ T2 04(1) = ~0u(t) + S-0u(1) =
= %Ol(t) = 20y(t) 2%@@) = O4(t) =20(t),

where the last implication is by locality and dilation invariance. Plugging
the expressions of Oy(t), O1(t) and O3 into we prove the commutation
relation for ©.

The proof for O is analogous.

To prove that ¢ > 0, we first of all note that

(,[0(h), 0(£2)] Q) = iz =8"(t — t2) (5.7)

since (2, 0(¢) 2) = 0 by translation and dilation invariance. Moreover, the
“unbarred” version of (|5.3) gives

(Q,0(t1)0(t)Q) = m, ty £ty, AcC.

Hence, using

(5”’(15) _ _Qim ((t — i€)_4 _ (t + i€)_4)

we see that A = ¢/87%. Then the Fourier transform
c d3 c

(B 0()0(1)0) = 35— = = ~ W, Taltn — )

c d3 . C o0 .
= —— e_lpt12d —— 36—Zpt12d
12 df3, /0 P=1 ), * p

implies that we must have ¢ > 0 to ensure the positivity of the correlation
function.

To show that ¢ = ¢ if parity is conserved, we use parity invariance (t = t)
to get that © = © and so by

C c
——0"(t; —ty) = —i—0"(t; — t = C.
1247r (1 2) Z247T (1 2) — c=¢
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B e

Figure 5.1: Cayley transform is a biholomorphic map from the open upper
half-plane to the open unit disk

Remark 5.3. Note that as an operator equation we have

O(t1), O(ts)] = ﬁz’%’”(tl — 1) + 28 (1 — £)O(t) — i8(ty — t2)9O (1)

_ ﬁzﬁgm(tl — o) 08 (t — t2) {O(1) + O(t2)} (5.8)

and similarly for ©.

By Lemma each vector W(xy,...,2,) := ¢a,(21) ... ¢, (2,)|0) of H
extends analytically to the domain containing

{Imtl,lmfl > O}X : X{Imtn,lmfn > 0} such that tl—i—%z 7’é tj—Fl_fj lfl#j

Since vectors of the form ¥ are dense in the Hilbert space H by each
field’s ¢, domain of definition extends to Schwartz functions on C? supported
in Im¢,Im¢ > 0. This allows us to compactify the Minkowski space

14+at/2  _ 1+4it/2
= —- = ————.
1—it/2 1— it /2
Under these transformations, the domain Im¢ > 0, Im¢ > 0 is mapped to

the domain |z| < 1, |zZ| < 1. Define the holomorphic energy-momentum
tensor in the domain |z| < 1 by

T(z) =2 ( )4@@), (5.9)

1+=2

with t = 2i(1—2)(1+2)~! and similarly for the antiholomorphic tensor T (Z).
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Theorem 5.4. Fvery 2D dilation invariant Wightman QF T with an energy-

momentum tensor, i.e. a 2D Wightman QFT satisfying gives rise
to two commuting unitary representations of the Virasoro algebra with central

charges ¢ and ¢ with generators defined by

dz - -, . dz
L= ¢ 2""'T(2)— L,:= ¢ z"'T(z)—.
fz (Z)2m' : ]42’ (2)2771'
51 51
Proof. We define the circular delta function by
dz
6. = )15 = fGaa),

Sl

so that d.(z — z9) dz = 1/(z — z¢) dz by Cauchy’s integral formula. Using the
definition of T'(z), Proposition [5.2{ and Remark [5.3| we get

[T(2), T(w)] = =6 (2 —w) + 0,z — w) (T(2) + T(w))..

12

Defining

d

L, = j[z"“T(z)—z.,
21
Sl
we get by direct calculation
c
[Lon, Ln] = (m — 1) Lypip + E(m3 — M) min0s (5.10)

as required.
To prove unitarity, i.e. that L} = L_,,, we note that

™ o0

Lozsz(z)%:/@@tan%)%: /@(t) (1+§> dt

S1 —T —0o0
is a self-adjoint operator. From (5.10)) it follows that

[Ln, Lo] =nL, = [Lo, L] =nL* = L% =1L_,.
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Chapter 6

Virasoro Algebra and Vertex
Algebras

In this chapter we study the relationship between vertex algebras and the
Virasoro algebra. As an attentive reader could have already guessed, the
relationship is rather trivial.

6.1 From Virasoro Algebra to Virasoro
Vertex Algebra

By Poincaré-Birkhoff-Witt Theorem, an equivalent definition of the Verma
module M (c, h) is obtained by setting

M(C, h) = U(Vlr) ®U(b) (C,

where b = (©,>1CL,) ® (CLy & CC) is a subalgebra of Vir, U(Vir) is the
universal enveloping algebra of Vir and C denotes a 1-dimensional b-module

L,|0) =0, n>1,
Lo|0) = h|0),
Cl0) = ¢[0).

This should be compared with our explicit construction of Lemma
Frenkel and Zhu have shown in [FZ92] that

M(c,0) = M(c,0)/ (U(Vir)L1[0) © |0))

has a vertex operator algebra structure with the conformal vector v = L_5|0).
We present here an explicit construction as given in [SchO8, p. 193] in sub-
section “Virasoro Vertex Algebra”.

Proposition 6.1. The quotient M(c,0) gives rise to a vertex operator alge-
bra of CFT type.

Proof. We give a construction similar to that of a Verma module M(c,0) in
Lemma 224
Let M(c,0) be a vector space with a basis

{vnym 1> ... >m, >2, n; €N, ke N}JU{[0)}
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6.1 FROM VIRASORO ALGEBRA TO VIRASORO VERTEX
ALGEBRA

together with the following action of Vir on M(c,0) for all n,n; € Z such
that ny > ...>np, >2 keN:

C :=cid,
L,|0) :=0, n> -1,
k
Lovn,..ny, = (Z nj> Uny.omge s
j=1
L_,|0) := vy, n>2,
L_yVn, . ny = Unngoonges n>ni.

Other actions of L,’s on general v € M(c,0) follow from the commutation
relations of the Virasoro algebra. Defining L(z) := >, L,z "% we see
that L(z) is a field, as follows by generalizing

Lintn = LynL_p|0) = L_ L |0) + (m 4 n)Lyp_n|0) =0 m >0,

to arbitrary v € M(c,0). Moreover, it is a Virasoro field as follows from

Definition and Example Hence, L(z) is also local with respect to
itself. For the asymptotic state using L,|0) = 0 Vn > —1 and L_,|0) = v,
Vn > 2 we get

L(2)|0)|.=0 = Y Lnz " ?|0)|.=0 = L_2[0) = va.

n<—2

Moreover, note that

[L_1, L(2)] = Z[L_l, L)z "2 = Z(_l )Lz =

neL neL
= Z(—n —2)L,z " = 0L(z).
neZ

Thus, setting T' := L_; for clarity, we apply Theorem to get a vertex
algebra with a single strongly generating field L(z) (Definition [3.29). Clearly,
it is a vertex operator algebra of CFT type with conformal vector vy (Defi-

nition |3.41]). m

In the same paper [FZ92], Frenkel and Zhu have also shown that L(c,0) =
M(c,0)/J(c,0), where J(c,0) is the maximal invariant subspace such that
L(c,0) is an irreducible highest weight representation of the Virasoro algebra
(Theorem , is the unique irreducible quotient VOA of M(c,0). The
VOA L(c,0) is called the Virasoro VOA with central charge c.
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6.1 FROM VIRASORO ALGEBRA TO VIRASORO VERTEX
ALGEBRA

Now we prove that L(c,0) is a unitary VOA for ¢ € R. The proof is due
to Dong and Lin [DI14].
For ¢ € R define an antilinear map @ : M (c,0) — M(c,0) by

Ly ...L_p|0)— Ly, ...L_p,|0), ng>...>mnu>2.

Lemma 6.2. The map @ is an antilinear involution of the VOA M(c,0)
Ve € R. Moreover, ¢ induces an antilinear involution ¢ of L(c,0).

Proof. Since p* = id, it suffices to prove that P is an antilinear automor-
phism. Let U be a subspace of M (c,0) defined by

U={ue M(,0) | euw) = p(u)pv) Yve M(c0), Vn € Z}.

By associativity of End M(c,0), it follows that if a,b € U, then a,,b € U
Vm € Z. Moreover, [0) € U and v = L_5|0) € U. Hence, U = M(c,0) since
M(c,0) is generated by v, as required.

Let J(c,0) be the maximal proper L-submodule of M(c,0). Then ®(J(c,0))
is a proper L-submodule of M(c,0). Thus, $(J(c,0)) C J(c,0) and so @ in-
duces an antilinear involution ¢ of L(c,0). O

All in all; rather unsurprisingly, we get a result equivalent to the repre-
sentation theory of the Virasoro algebra (cf. Theorem [2.40)).

Theorem 6.3. Let ¢ € R and ¢ be the antilinear involution of L(c,0) defined
above. Then (L(c,0), ) is a unitary VOA if and only if ¢ > 1 or ¢ = ¢(m)
form € Ny, where c¢(m) is defined in Equation ([2.9).

Proof. If ¢ > 1 or ¢ = ¢(m) for some m € Ny, then there exists a Hermitian
form (-,-) on L(c, h) (Definition [2.30) and if it also satisfies

(Lyv,w) = (v, L_yw), (Cv,w) = (v,Cw), (|0),]0))=1,
then it is positive definite on L(c, h) by Remark and Theorem [2.40]

So we just need to prove the invariance property. By [FZ92], the vertex
operators L(n) of L(c, h) and Virasoro generators L, coincide on L(c,0), i.e.
we have L(n)u = Lyu for all u € L(c,0). We continue writing L,, for vertex
operators as elsewhere in this work. This implies that (L,u,v) = (u, L_,v)
for all u,v € L(c,0). Hence,

(u, Y (e (— 27k, 27 YY) = 274w, Y (v, 27 o) =

= Z(u, Vini1yv)2" 2 = Z(u, L,w)z""% = Z(L_nu, v)2" 2

nez neZ neL
- Z(V(—n+1)u7 U)'ZH_Q = (Y<V7 Z)U, U) = (Y(SO(V)v Z)U, U)'
nez
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6.2 FROM VERTEX ALGEBRA TO VIRASORO ALGEBRA

Since L(c, 0) is generated by v, (L(c,0), ¢) is a unitary VOA by [DL14] Prop.
2.11] which states that a VOA is unitary if the invariant property holds on
its generators.

Conversely, if (L(c,0),¢) is a unitary VOA, then L(c,0) is a unitary
module of the Virasoro algebra by [DL14, Lem. 2.5]. Therefore, ¢ > 1 or
¢ = c¢(m), as required. O

6.2 From Vertex Algebra to Virasoro
Algebra

Now the converse is a tautology—every conformal vertex algebra has at least
one representation of the Virasoro algebra encoded in itself. Moreover, a uni-
tary vertex algebra contains a unitary representation of the Virasoro algebra.
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Chapter 7

Wightman QFT and Vertex
Algebras

In this chapter we will show that a Wightman (Mobius) CFT gives rise to
two commuting (Mébius) conformal vertex algebras and conversely that two
unitary (quasi)-vertex operator algebras can be combined to give a Wightman
(Mobius) CFT. The only other reference providing the converse proof of
which we are aware of is [Nik04]. However, in [Nik04], Nikolov studies higher
dimensional vertex algebras and gets a one-to-one correspondence between
them and Wightman QFTs with global conformal invariance [NT01]. The
relationship between these higher dimensional vertex algebras and the vertex
algebras used elsewhere in our work is not explicitly discussed in [Nik04].
Moreover, the proof itself is different from ours. Therefore, we hope that our
proof will still be useful.

7.1 From Wightman CFT to Vertex
Algebras

The following theorem is due to Kac [Kac98 Sec. 1.2]. We have also used
[FST8Y| for clarifications and minor changes in normalization.

Theorem 7.1. [Kac98|. Every Wightman Mdbius CFT gives rise to two
commuting strongly-generated positive-energy Mobius conformal vertex alge-
bras. Moreover, if conformal weights are integers and the number of the
generating fields of each conformal weight is finite, then these algebras are
also unitary quasi-vertexr operator algebras.

Proof. Introduce the light cone coordinates t := 2° — 2! and # := 2° 4+ 2! so

that |z|? = tt. Define

Furthermore, let

|0) := Q.
In the light-cone coordinates special conformal transformations decouple

th=—"F 1 _
1+0btt 1+0b-t
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7.1 FROM WIGHTMAN CFT TO VERTEX ALGEBRAS

where b* = %+ b!. Since translations and special conformal transformations
generate the whole of PSL(2, R) by Proposition|1.12} the restricted conformal

group acts as -
- at+0b at +b
7(t7 t) = ( Py _> )
b

c+d ¢t +d
a b
(D)2 D) s

The transformation law for quasiprimary fields (4.12)) becomes

where

QI

—2hg

UM)ga(t, )U ()" = (ct +d)"*" (¢t + d)

with h = (A +s)/2 and h = (A — s)/2.
Define

Ga(V(t, 1)) (7.1)

1 — 1
K = —§(K0 + Kl) and K := §(K1 — Ko)

We now focus on the ¢ coordinate, but the same holds for ¢.
Let D be the generator of dilations in ¢, i.e.

P ot t)e P = eMp(ert, ), N> 0. (7.2)
Then from , and it follows that in light-cone coordinates
i[P, ¢a(t, )] = Oia(t, 1), (7.3a)
i[D,d(t,t)] = (t0, + ha)o(t, 1) (7.3b)
i[K, pa(t, 1)) = (£20; + 2hat)a(t, ), (7.3¢)

with 0, := 1/2(9y — 01). Note that to prove ([7.3c) it might be easier to start
from (7.1) with v being special conformal transformation, see [Ansb]. We
also have

[P, K]¢a(t,1)]0) = [P, K], ¢a(t, )] |0)
and similarly for the others, so that equations ([7.3) imply

[D,P] = —iP, [D,K]=iK, [P,K]=2iD

on Dy, i.e. D, P, K form a representation of s[(2,C). In particular, if we set
P=—iA, D= —iB and K = —iC with

) (1) (1)
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7.1 FROM WIGHTMAN CFT TO VERTEX ALGEBRAS

then
1

wAw' =C with w = (_(1) O) € sl(2,C). (7.4)
By Lemma each vector U(xy,...,2,) = ¢a,(21) ... ¢, (x,)|0) of H
extends analytically to the domain containing

{Imt;,Im ¢y > 0} -+ -x{Imt,,Im¢, >0} such that ¢+¢; #t;+t;if i # j.

Since vectors of the form U are dense in the Hilbert space H by W3] each
field’s ¢, domain of definition extends to Schwartz functions on C? supported
in Im¢,Im¢ > 0. This allows us to make conformal transformations defined
everywhere by compactifying the Minkowski space using the Cayley trans-
form (Figure
Cl4at/2 _ 14i0t)2

Tioae T 1—aje
Under these transformations, the domain Im¢ > 0, Im¢ > 0 is mapped to
the domain |z| < 1, |z| < 1. Define the new fields in the domain |z| < 1,
1Z] <1 by

Y(a, 2 3) ::27r< 2 >2ha< 2 )Qha%(t,%),

1+z 1+z
with ¢ = 2i(1 — 2)(1 +2)"! and ¢ = 2i(1 — 2)(1 + 2)~! (cf. (5.9)). By the

analytic extension,

a:=Y(a,z2)|0)|.:-0 (7.5)
is a well-defined vector in Dy. Furthermore, Y (a, z, Z) — a is a linear injective
map.

Define
1 4 1 ,
T::P—ZK—ZD7 T ::P_ZK+ZD’
1
H:=P+ -K.
+ 4
By direct calculation from ([7.3)) it follows that

[T,Y (a,z 2)] =0.Y(a,z, %), (7.6a)
[H,Y (a,2,2)] = (20, + ha)Y (a, 2, 2), (7.6Db)
[T*)Y (a, 2, 2)] = (2°0. + 2h.2)Y (a, 2, Z). (7.6¢)

Moreover, operators T', H and 7™ annihilate the vacuum since P and K do.
Thus, we have

[HT)=T, [HT=-T* [T*T]=2H
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7.1 FROM WIGHTMAN CFT TO VERTEX ALGEBRAS

on Dy (cf. [Ansal).
Applying (7.6b)) to the vacuum and letting z = z = 0 we obtain

Ha = hqa. (7.7)

The operator P is self-adjoint and semi-definite on H by [W2] Same holds
for K due to ([7.4]). Hence, by definition, H is also self-adjoint semi-definite.
Therefore, conformal weights are non-negative real numbers.

The locality axiom in light-cone coordinates is

Ga(t. D)bu(t, 1) = dy(t, TNt T) if (t—t)(E—F) <. (7.8)

Let us now consider the right chiral Wightman fields—fields satisfying 0; ¢, =
0. Then the locality condition becomes

Ga(t)tp(t') = op(t)pa(t) if tH#Tt

and since Wightman fields are operator-valued distributions we have

[¢a(t)7 (bb(t/)] = Z 6(3) (t - t/)¢j (t/>

Jj=0

for some fields 1;(t'). For fields 1;(¢’) the general Wightman axioms |W1-HW4
hold, but they are not necessarily quasiprimary as defined in [W1¢™| So let
us add such fields to our algebra to obtain:

Y(a,2),Y(0,2)] = 69V(z—2)Y(c;, 7).

Jj=0

The map Y (¢;,2')|0)|.—0 = ¢; is also well-defined, since we used only the
general Wightman axioms to extend the fields in Lemma, [4.9

Now the Wightman field Y (¢;, 2’) has conformal weight h, +h, —j — 1 as
can be seen by applying [H, - | to both sides of this equality and using
with Proposition [3.33] The positivity of conformal weights implies that the
sum on the right-hand side is finite. Thus,

(z—2YW[Y(a,2),Y (b)) =0 for N >0,

by the properties of the delta distribution.
Now we want to write the Wightman fields in a Fourier series

Y(a,z) = Za(n)z’”’l, (7.9)
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7.1 FROM WIGHTMAN CFT TO VERTEX ALGEBRAS

with a¢,) € EndDy. However, it is not obvious that such an expansion is
well-defined. Since it is an operator equality, it suffices to prove the equality
on Dy, i.e. we have to prove that

Y(a, Z)Y(bl, wl) R Y(bn, wn)\O) =
Z a(k)b(kl) - b(kn)szflwl_kl_l .. .w;kn*l‘()).

.
Note that in |z| < 1 with 2 > 0 the function

1
(1+2)2

is holomorphic and hence analytic. Therefore, Y (a, 2)Y (b1, w) ... Y (by, w,)|0)
is analytic, since ¢4 ()¢, (t1) - .. ¢q, (t,)|0) is analytic as proven above.

Let V' be the subspace of Dy spanned by all polynomials in the a,) applied
to the vacuum vector |0). Clearly V' is invariant with respect to all a(,)’s and
with respect to T since by we have

Z[T amylz " 1— Z —n — Damz = Z—na(n 1)Z —n-l

n

Thus,
[T, a(n)] = —Nap-1)
and because T(0) = 0 by [W1%]
Ta(n)|0> = —na(n_1)|0>. (710)

Now we prove that Y(a,z)’s are fields in vertex algebra sense (Defini-

tion [3.13]). Similarly like for 7" in (7.10]), Equation (7.6b) gives
[H, a(n)] = (hu —n — l)a(n).
Given v = b;|0) € V we get
(ha =n = Damv = [H, am)|v = Hagyv — amyHb;)|0) =
= Ha( )’U — a [H b(j HO) Ha(n)v — a(n)(hb — j — 1)1).

Hence,
Hapyv = (he +hy —j —n — 2)apm)v.

Thus, the Wightman field Y (a(,v, z) has conformal weight hq+hy —j—n—2,
since
Ha = hya < [H,Y(a,z,2)] = (20, + h,)Y (a, z, Z).
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7.1 FROM WIGHTMAN CFT TO VERTEX ALGEBRAS

But conformal weights are non-negative real numbers. Hence, a,v = 0 for
n > 0. The above reasoning clearly holds Vv € V. Therefore, the Wightman
fields Y(a, z) for a € V are also vertex algebra fields and we can use the
Existence Theorem to obtain a vertex algebra.

Combining the expansion with the definition of a we obtain

a(n)]0> =0 Vn>0. (7.11)

Moreover, note that given two generators a,,), m > 0, and b, 7 < 0, their
commutator is [a(m), b)) = D, Cky for some generators ¢y with & < m
by Borcherds commutator formula (3.39al). Thus, by generalizing the simple
calculation

(myb()|0) = b(jyagm|0) + [agm), bp][0) = 0+~ cw[0)

k<0

it follows that V' is strongly generated by the fields Y (a, z) (Definition [3.29).

Now if we take the left chiral fields, i.e. fields satisfying 0,¢; = 0, and
apply the same reasoning as above, we obtain the left vertex algebra V with
the same vacuum vector |0), the infinitesimal translation operator T and
fields Y(a, z) with @ € V. From (7.8) we see that locality in the mixed chiral
case boils down to ¢, (t)pa(t) = ¢a(t)pa(t) for all t and ¢ hence

Y(a,2),Y(a,z)] =0 VYa €V, VaeV.

This finishes the first part of the theorem.

To prove unitarity, we first of all have to show that if h, = h, = 0, then
a = \|0) with A € C. If h, = 0, then T*a = 0 since h > 0. Using Wightman
inner product and unitarity of the representation of the restricted conformal
group together with [T*,T] = 2H, we get

ITall* = 2halla]l* = 0.

Thus, a is annihilated by all of the sl(2, C) generators T, T* and H. Hence, it
is invariant under PSL(2, C) and in particular under the Poincaré group. By
the uniqueness of the vacuum vector, a = A|0) as required. Therefore, if the
extra assumptions of the theorem hold, then unitarity follows by Remark [3.50]
and Theorem [3.49] O

If we also assume the existence of the energy-momentum tensor, we get
two conformal vertex algebras.
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

Corollary 7.2. A Wightman CFT gives rise to two commuting strongly-
generated unitary positive-energy conformal vertex algebras. Moreover, if
conformal weights are integers and the number of the generating fields of
each conformal weight is finite, then these algebras are also unitary VOAs of
CFT type.

Proof. We use the Liischer-Mack Theorem to get an energy-momentum
field T'(z) in vertex algebra sense. It gives rise to conformal vector v =
T(2)]|0)|.=0. Similarly, for the antichiral part. The rest follows by Theo-
rem [ 1] O

7.2 From Vertex Algebras to Wightman
CFT

We will show in this section that two unitary vertex operator algebras can be
combined to give distributions satisfying all axioms of conformal Wightman
distributions. Thus, we can use the Wightman Reconstruction Theorem [4.12]
to get a Wightman CFT. The uniqueness of the vacuum vector follows if we
assume that our VOAs have a single vacuum vector. The idea of the proof
is to reverse the arguments of Kac’s Theorem [7.1]

We summarize this discussion in a theorem.

Theorem 7.3. Given two unitary vertex operator algebras V and V, one
can construct a Wightman CFT.

We will see in the proof that the energy-momentum tensor of a VOA
gives the existence of Wightman energy-momentum tensor and it does
not imply anything else. Thus, we get a corollary.

Corollary 7.4. Given two quasi-vertex operator algebras, one can construct
a Wightman Mobius CFT.

Throughout this section, set the notation in accordance with Wightman
framework

Ly:=T, Li:=T" Ly:=H, Q:=]0).

Now we introduce vertex algebra correlation functions which are well-
known and can be found in [FLMS8§| or [FBZ04]. We have also used [CKLW15]
for the discussion of the contragradient module.

Let V be a vertex algebra and V* be the dual of V, i.e. the space of
linear functions ¢ : V' — C. Let (-,-) be the natural pairing between V* and
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

V. Then for a4,...,a,,v €V and p € V*
(p,Y(ar,21) ... Y (an, 2,)v)

is a formal power series in C[[zF, . ... 2E]]. Such series are called correlation
1> " “m

functions (in the sense of vertex algebra). Note that v = Y (v, 2)Q2|,— by
the vacuum axiom [V3] Thus, it suffices to consider only the case v = €.

Proposition 7.5. Let V' be a vertex algebra, o € V* and let ay,...,a, € V.
Then there exists a series

M;ﬁ...an (217 s 7271) € (C[[Zlv SRR Zn]][(zl - Zj)_l]i?&j

with the following property:
For arbitrary permutation o of {1,...,n}, the correlation function

<90a Y(aa(l)a Za(l)) cee Y(aa(n)a ZU(n))Q>
is the expansion in C((25(1))) - ((zom))) of ME o (215, 20).
Proof. By the definition of vertex algebra [3.20, Y'(a, z) is a field and hence
(p,Y(a,z)v) € C((2)) for all a,v € V. Thus, by induction
(0, Y(as1); Zo1)) - - - Y (Co(n)s Zom))2) € C((261))) - - - ((Zo(n)))-
By locality [VZ] there exist positive even integers N;; € 2N such that
(zi = 2)™ [Y(ai, ), Y (a5, ;)] = 0.
Thus, the series
H<Zi — Zj)Nij <(p, Y(ag(l), 20(1)) c. Y(&U(n), ZU(n))Q>
i<j

is independent of the permutation o. Furthermore, by [V3] Y (a, 2)Q € V([2]]
and combining this with permutation invariance we get that the series con-
tains only non-negative powers of z;, 1 < i <n. Therefore,

H(Z’ — Zj)Nij <Q0, Y(aa(l), Za(l)) ce Y(aa(n), Zg(n)Q>
1<jJ

is the same as

[ = 2)™ (.Y (a1, 21) - .Y (@, 20)9)

i<j
in C[[z1, ..., 2,]]. Dividing the last series by [],_;(2 — 2;)"¥, we obtain the
required series M¢ . (z1,...,2,) € Cllz1, ..., z]][(zi — ) Hiny-

]
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

Remark 7.6. For general v € V., M#" (z,...,z,) would belong to

aj...an
Cllets. ooy 2alllz s (21— ) i

Now consider a VOA. The grading allows us to define the restricted
dual [FHLI3] of a vertex operator algebra V' as

V=
nez

i.e. as the space of linear functionals on V' vanishing on all but finitely many
V,,. Note that for a,v € V and v' € V’

(W'Y (a,z)v) € Clz,z7 ]
or equivalently
(W'Y (a,2)Q2) € C[z]

because Y (a, z) is a field and v’ belongs to the restricted dual V’. Hence,
application of Proposition to a vertex operator algebra gives

My o, (155 20) € Clan, o zal(20 = 25) iy

ai...an

Moreover, if we specialize from the case of arbitrary formal variables to the
case z; € C, we obtain the following version of Proposition [7.5]

Corollary 7.7. Let V be a vertex operator algebra, aq,...,a,,v € V and
v" € V'. For arbitrary permutations o of {1,...,n}, the correlation functions

<UI7 Y<aa(1)> Za(l)) cee Y<aa(n)7 Za(n)>v>

with z; € C, 1 < i < n, are absolutely convergent to a common rational
function MY*. (z1,...,2,) in the domains

ai...an
‘20(1)‘ > 0> ‘Za(n)| > 0.
In light of Corollary [7.7, we will call the rational functions
MU® (21, 2n)

at...an

analytic extensions of VOA correlation functions.
The restricted dual V' becomes a V-module by setting

(Y'(a,2)V,c) = (VY (e (=2 B 0a, 27 M) Va,ceV, Vb € V'

This formula determines the field Y’(a, z) on V' and implies that the map
a — Y'(a,z) is a V-module. See [FHLI3, Sections 4.1 and 5.2] for the
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

definition and a proof. Note that the V-module structure on V' depends
not only on the vertex algebra structure of V', but also on L;. We will call
the module V' the contragradient module and the fields Y'(qa, z) adjoint
vertex operators. However, the endomorphisms a’(n) € End V of the formal
series Y'(a,2) = ), s a’(n)z*"*1 are not the adjoint endomorphisms of a).
In particular, we have

(L'd' c)={(d,L_,b) adeV beV, nel,

with Ly = v, ).
Z-graded V module.
If we let (-, -) to be an invariant bilinear form on V| then by Remark

(V;,V;) =01if i # j. Hence,
(CL, ) S V, Va € V

This implies that L{ = nd’ for ' € V7, ie. V'is a

and the map a — (a,-) is a module homomorphism from V' to V’. On the
other hand, given a module homomorphism ¢ : V' — V'  the bilinear form

(a,b) := (p(a),b) (7.12)

is invariant. By finite-dimensionality of the homogeneous subspaces and
grading-preserving property, each V-module homomorphism from V to V' is
injective if and only if it is surjective. We have proved a well-known result:

Proposition 7.8. The restricted dual V' is isomorphic to V as a V-module
if and only if there exists a non-degenerate invariant bilinear form on V.

Now let (V,(:|-)) be a unitary VOA with PCT operator §. By definition,
we have that (-, -) := (6-|-) is an invariant bilinear formon V. Fix p : V. — V'
to be an isomorphism between V' and V' and set
= ().
Let
Mg, o (21, 20) = MY (2, 2)

aj...an

be VOA vacuum expectation values (VEVs). For

A= (‘C‘ Z) € SL(2,C),

define

(2) az +b
Z) =
94 cz+d
to be a Mobius transformation. In particular, set
R =15 BE == @)=zt
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

Proposition 7.9. Let V be a unitary VOA. Then the VOA vacuum expec-
tation values of quasiprimary fields are Mobius covariant.

Proof. Using Proposmlonm - Equations (3.52]) and ( - we have
n h;
11 (dz I (2 i)) (Y (a1,9m(2)) - Y (an, g (20))Q) =

1
= (2, M"Y (a1, 21) ... Y (ag, 2,)e M Q)
= (Q, e)‘LmY(al, 21) ... Y (ay, zn)Q)
= (e)‘L‘"‘Q, Y(a,z1)...Y(ay, zn)Q) =(Q,Y(a,21)...Y(an, 2,)Q)
= (V.Y (ar,21)...Y(an, 2,)Q) . (7.13)

7

Since the transformations of the form ¢} (z) and ¢*,(z) generate PSL(2, C)
by Proposition [1.12] it follows that

n h;
My o (o) = (ag/{ ) Mayar (9a(z1)s -2 ga(za)) (7.14)
i—1 g

(2

VA € SL(2,C), as required. O

Now we restrict the variables z; to the open unit disk in C™. We use the
inverse Cayley transform
1—2
1+=2
to map the open unit disk to the open upper half-plane Im¢ > 0 (Figure
. We define the transformed fields for quasiprimary vectors a € V} on
the upper-half plane as

t=2

Ga(t) = % (ﬂt) Y(a, ) (7.15)

with z = (1+14t/2)(1—4t/2)~'. We also define the corresponding correlation
functions as

R N
Wa a ta---7tn = - Ma...a LRI )

and call their limit as Im¢; — 0 lightcone VEVs.

Proposition 7.10. The lightcone VEVs are Mobius covariant tempered dis-
tributions.

97



7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

Proof. We prove temperedness first. The correlation functions W are ratio-
nal by rationality of M’s and the fact that the inverse Cayley transform is
rational. We let Im¢; — 0 and use

lim f(x)g(x) = lim f(x)- lim g(x)

T—T0 T—T0 Tr—T0

with f being the numerator of W and g one over the denominator. The
limit of the numerator simply returns a polynomial, whereas one over the
denominator gives a tempered distribution containing factors of the form

1

— =, keN,
(tl—tjzl:lé‘)k 0

Since the product of a function of at most polynomial growth with a tempered
distribution is a tempered distribution, we get that the lightcone VEVs are
tempered distributions.

The inverse Cayley transform can be viewed as a change of basis matrix

-2 21
1 1)

Thus, defining

P = i(?LO—i—L_l +1y), K=2Ly—L,—Ly, D= %(Ll —L_y) (7.16)
and using Proposition [3.35| we see that

e maps ts b4 A, (7.17)

P ts et (7.18)

e fs —t (7.19)

1= At

Therefore, the operators P, D and K are infinitesimal generators of trans-
lations, dilations and special conformal transformations, respectively. In
a unitary VOA, Lg is self-adjoint and L is the adjoint of L_; and vice
versa. Hence, P, D and K are self-adjoint. Therefore, by Stone’s Theo-
rem U,(A) := €4 are strongly continuous one-parameter unitary groups,
where A = P,D or K, and ¢ € R. By and Proposition [3.35] we have
L_1Q = Ly = L12 = 0. Hence,

ei‘hPQ = etiDQ = eiq3KQ =0 VQ17 42,43 € ]Ra (720)

i.e. the vacuum is fixed under global conformal transformations. Hence, by
Proposition lightcone vacuum expectation values of quasiprimary fields
W, . .a, are Mobius covariant. O

98



7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

We now take a second vertex operator algebra (V,Y, 2, 7) and mimic the
construction of full field algebras [HK07]. Let

Vi=V® Vv
be the full vector space and let the full vertex operators be
Voa(2,2) =Y (a,2) @Y (a, z).

Here we identify z with the complex conjugate of z. Then the full vertex
operators act as

Voa(z,2)(v®@0) =Y(a,2)v®Y(a,z)v,
Va,v € V,Va,v € V. We also define an inner product on V; by
(a®alb®b); = (a|b)(alb).

By [DL14, Prop. 2.9] a tensor product of unitary VOAs is a unitary VOA
with conformal vector v = v ® Q4+ Q ® 7 and the vacuum vector 1 := Q® .

The action of the full vertex operators implies that the full VOA correla-
tion functions are

Ma1,t_11...an,dn (217 Z17 <oy Zny Zn) = Mal...an (Z17 ey Zn)MalA..an (Zla s 7211)-

In particular, since we have proved in Corollary [7.7] that M’s are symmetric
if z; # z;, the full VOA correlation functions are also symmetric if z; # z;,
ie.

—

Mahfll---ai,fli ai+1aai+1---an7an(zl7 vy Ziy By e 7Zn) =
M!ll,(701~~~a¢+17ﬁi+1 Q;,Q;...Qn,0n (Zl7 tee 7Zi+17 Ziy o 7Zn)
with z; # z;41 and 2= (z, 2).

Applying the inverse Cayley transform to the fields (7.15) we get full
lightcone fields

(I)a,d (3307 xl) = ¢a (t) ® di(z)a
where t = 2 — 2!, t = 2° + 2!, with the corresponding full Wightman
VEVs

Wa1,&1...an,&n (l’l, s a'xn) = Wa1...an (tl, s tn)WEL1...ELn (517 s 7fn)7 (721)

where
Imt;, Imt; — 0
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7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

is implicit. Moreover, we define the operators on the Minkowski plane as

Py=P®id+id®P, P =-P®id+id®P, (7.22a)
Ko=-K®id-id®K, K, =-K®id+id®K. (7.22b)

Now we are ready to prove the main theorem of this section.

Theorem (7.3 Given two unitary vertex operator algebras V and V', one
can construct a Wightman CFT.

Proof. Conformal covariance and temperedness obviously hold for full Wight-
man vacuum expectation values by Proposition and Equation .

Conformal covariance also includes translation invariance and hence we
can define for n > 2

w(gla cee 7Cn—1) = Wal..,an (tla s atn)a Cz = tz - ti+1~

We have
w(Cla cee 7Cn) - /121(]91, cee 7pn)€izpjtjdp7 VImtj > 0.

Thus, W(p1,-...,pn) = 0 if at least one of p; < 0. Combining this with the
definition of full Wightman distributions ([7.21]), we see that this is precisely
the spectrum property [WD?2|

Now write
W(z1, ..., Tn) = Wayar.aman (X1, - - s Tn).
We want to show that
W(x1, oo @, Ty, s ) = W1, e T, Ty o v oy ) (7.23)

if (z; —x41)% < 0. Tt holds that (z; — z441)? = (t; — tip1) (L — ti41) and so it
suffices to prove that holds whenever (t; —t;41) < 0 and (t; —;41) > 0.
But this follows from the symmetry of VOA correlation functions, since we
have identified z with the complex conjugate of z.

Wightman positivity was used to prove the existence of positive-
definite scalar product on the Hilbert space constructed in the Wightman
Reconstruction Theorem [4.12] However, a unitary VOA already has an in-
ner product which can be used for Wightman reconstruction so is
unnecessary.

Combining all of the above observations, we get a Wightman Mobius
CFT.

100



7.2 FROM VERTEX ALGEBRAS TO WIGHTMAN CFT

To get the energy-momentum tensor, let

o) = % <2¢2it>4y(”’ 2, O = % <2z2i £)4Y@’ ?)

be fields acting on V' and V, respectively, where v is the conformal vector of
V and v of V. Set

Too((L'O, {L'l) = Tn(ZL‘O, Il) = @(t) X id + id ®(:)(i),

T()l(l’o, Il) = Tlo(l’o,l‘l) = ld ®é(l_f) — @(t) ® ld .
Then the full Wightman VEVs containing these fields give rise to Wightman
fields satisfying all requirements of [W5| In particular, self-adjointness follows

from the fact that after the reconstruction we have a unitary representation
of Mobius group. Thus, Ly = Lj and

Ly = 70<1 + g) Ow(t)dt

—0o0

give the required result, where Oy (t) denotes the chiral part of the Wightman

energy-momentum tensor in lightcone coordinates. Similarly, for Oy (%).
]

101



[Ansa]

[Ansb]

[BLOTS9]

[BLT13]

[Bor86|

[Bor92]

[CKLW15]

[CNT79]

[DFMS99]

[DL14]

[FBZ04]

[FHLI3]

References

Anshuman. Definition of primary fields actually leads to a Witt
algebra with a minus sign? Physics Stack Exchange. http://
physics.stackexchange.com/q/214403 (version: 2015-10-24).

Anshuman. FError in Kac’s “Vertex algebra for beginners”
proof that a Wightman QFT gives rise to a vertex algebra?
Physics Stack Exchange. http://physics.stackexchange.
com/q/214691 (version: 2015-10-26).

N. N. Bogolubov, A. A. Logunov, A. I. Oksak, and I. Todorov.
General principles of quantum field theory. Mathematical Physics
and Applied Mathematics. Springer, 15 edition, 1989.

R. Blumenhagen, D. Liist, and S. Theisen. Basic Concepts of
String Theory. Springer-Verlag, 2013.

R. E. Borcherds. Vertex algebras, Kac-Moody algebras, and
the Monster. Proceedings of the National Academy of Sciences,
83(10):3068-3071, 1986.

R. E. Borcherds. Monstrous moonshine and monstrous Lie su-
peralgebras. Inventiones mathematicae, 109(1):405-444, 1992.

S. Carpi, Y. Kawahigashi, R. Longo, and M. Weiner. From ver-
tex operator algebras to conformal nets and back. March 2015.
arXiv:1503.01260v3.

J. H. Conway and S. P. Norton. Monstrous moonshine. Bulletin
of the London Mathematical Society, 11(3):308-339, 1979.

P. Di Francesco, P. Mathieu, and D. Senechal. Conformal Field
Theory. Springer-Verlag, 1999.

C. Dong and X. Lin. Unitary vertex operator algebras. Journal
of Algebra, 397:252 — 277, 2014.

E. Frenkel and D. Ben-Zvi. Vertex Algebras and Algebraic Curves.
American Mathematical Society, 2004.

I. Frenkel, Y.-Z. Huang, and J. Lepowsky. On Axiomatic Ap-
proaches to Vertex Operator Algebras and Modules. American
Mathematical Society, 1993.

102


http://physics.stackexchange.com/q/214403
http://physics.stackexchange.com/q/214403
http://physics.stackexchange.com/q/214691
http://physics.stackexchange.com/q/214691
http://arxiv.org/abs/1503.01260

[FLMS8]

[FQSS6]

[FSTS9)

[FZ92]

[GKOS6]

[Gla74]

[God89]

[HKO07]

IK11]

[TWO0]

I. Frenkel, J. Lepowsky, and A. Meurman. Vertex Operator Al-
gebras and the Monster. Academic Press, Inc., 1988.

D. Friedan, Z. Qiu, and S. Shenker. Details of the non-unitarity
proof for highest weight representations of the Virasoro algebra.
Communications in Mathematical Physics, 107(4):535-542, De-
cember 1986.

P. Furlan, G. M. Sotkov, and I. T. Todorov. Two-dimensional
conformal quantum field theory. La Rivista del Nuovo Cimento,
12(6):1-202, June 1989.

I. B. Frenkel and Y. Zhu. Vertex operator algebras associated to
representations of affine and Virasoro algebras. Duke Math. J.,
66(1):123-168, 04 1992.

P. Goddard, A. Kent, and D. Olive. Unitary representations of
the Virasoro and super-Virasoro algebras. Communications In
Mathematical Physics, 103(1):105-119, 1986.

V Glaser. On the equivalence of the Euclidean and Wightman
formulation of field theory. Comm. Math. Phys., 37:257-272,
1974.

P. Goddard. Meromorphic conformal field theory. In V. G. Kac,
editor, Infinite-dimensional Lie algebras and groups, volume 7 of
Advanced Series in Mathematical Physics, pages 556-587. World
Scientific, 1989.

I. M. Gel’fand and G. E. Shilov. Generalized Functions: Volume
1, Properties and Operations. Academic Press, 1964.

Gytis. The proof that a vertex algebra can lead to a Wightman
QFT. MathOverflow. http://mathoverflow.net/q/219829
(version: 2015-10-02).

Y.-Z. Huang and L. Kong. Full field algebras. Communications
in Mathematical Physics, 272(2):345-396, 2007.

K. Iohara and Y. Koga. Representation Theory of the Virasoro
Algebra. Springer-Verlag, London, 2011.

A. Jaffe and E. Witten. Quantum Yang-Mills theory. The Mil-
lenium Prize Problems, Clay Mathematics Institute, 2000.

103


http://mathoverflow.net/q/219829

[Kac9g|

[KR87]

[Li94]

[LM75]

[LM76]

[Liis88]

[Mal99]

[MS69]

[Nik04]

INTO01]

[Pirl4]

[Roi04]

V. Kac. Vertex Algebras for Beginners. American Mathematical
Society, 1998.

V. Kac and A. K. Raina. Highest Weight Representations of
Infinite Dimensional Lie Algebras. World Scientific, Singapore,
1987.

H. Li. Symmetric invariant bilinear forms on vertex operator
algebras. Journal of Pure and Applied Algebra, 96(3):279 — 297,
1994.

M. Liischer and G. Mack. Global conformal invariance in quan-
tum field theory. Communications in Mathematical Physics,
41(3):203-234, 1975.

M. Liischer and G. Mack. The energy momentum tensor of
critical quantum field theories in 141 dimensions. Unpublished
Manuscript, http://luscher.web.cern.ch/luscher/notes/cft2d.pdf,
1976.

M. Liischer. How to derive the Virasoro algebra from
dilatation invariance. A talk given at MPI Munich,
http://luscher.web.cern.ch/luscher /talks/Virasoro.pdf, 1988.

J. Maldacena. The Large N Limit of Superconformal Field
Theories and Supergravity. International Journal of Theoretical
Physics, 38(4):1113-1133, 1999.

G. Mack and A. Salam. Finite-component field representations
of the conformal group. Annals of Physics, 53(1):174-202, 1969.

M. N. Nikolov. Vertex algebras in higher dimensions and globally
conformal invariant quantum field theory. Communications in
Mathematical Physics, 253(2):283-322, 2004.

M. N. Nikolov and T. I. Todorov. Rationality of conformally
invariant local correlation functions on compactified Minkowski

space. Communications in Mathematical Physics, 218(2):417—
436, 2001.

A. S. T. Pires. AdS/CFT Correspondence in Condensed Matter.
Morgan & Claypool Publishers, 2014.

M. Roitman. Invariant bilinear forms on a vertex algebra. Journal
of Pure and Applied Algebra, 194(3):329 — 345, 2004.

104


http://luscher.web.cern.ch/luscher/notes/cft2d.pdf
http://luscher.web.cern.ch/luscher/talks/Virasoro.pdf

[RS75] M. Reed and B. Simon. Methods of Modern Mathematical
Physics, vol. 2. Academic Press, Inc., 1975.

[RS80] M. Reed and B. Simon. Methods of Modern Mathematical
Physics, vol. 1. Academic Press, Inc., 1980.

[Sch08] M. Schottenloher. A Mathematical Introduction to Conformal
Field Theory. Springer-Verlag, 2008.

[Seg88| G. B. Segal. Differential Geometrical Methods in Theoretical
Physics, chapter The Definition of Conformal Field Theory, pages
165—171. Springer Netherlands, Dordrecht, 1988.

[SW64] R. F. Streater and A. S. Wightman. PCT, Spin and Statistics,
and All That. W. A. Benjamin, Inc., 1964.

105



	 I Background
	Conformal Group
	General Case
	Conformal group of R1,1
	Conformal group of R2,0

	Virasoro Algebra
	Central Extensions of Lie Algebras
	Witt Algebra
	Representation Theory of Virasoro Algebra
	Fock Space Representation of Virasoro Algebra


	Vertex Algebras
	Formal Distributions
	Locality and Normal Ordering
	Fields and Dong's Lemma
	Vertex Algebras
	Möbius Conformal and Conformal Vertex Algebras
	Vertex Operator Algebras and Unitarity

	Wightman QFT
	Preliminaries
	Wightman Axioms
	Wightman Distributions and Reconstruction
	Wightman CFT


	 II Comparisons
	Wightman Axioms and Virasoro Algebra
	Lüscher–Mack Theorem

	Virasoro Algebra and Vertex Algebras
	From Virasoro Algebra to Virasoro Vertex Algebra
	From Vertex Algebra to Virasoro Algebra

	Wightman QFT and Vertex Algebras
	From Wightman CFT to Vertex Algebras
	From Vertex Algebras to Wightman CFT

	References


