Part 1

Two-dimensional chiral quantum

fields

In Section 1, the notion of fields and the residue products are introduced alge-
braically and some elementary properties are summarized. Section 2 is devoted to
the study of the mutual locality of fields. The notion of operator product expansion
is explained and some examples are given. In Section 3, we will derive our identity
(3) in the introduction.

1 Fields and their residue products

We describe the definitions and basic properties concerning two-dimensional chiral
quantum fields in the language of formal Laurent series.
1.1 Preliminaries

Throughout the paper, we always work over a field k of characteristic zero. We
denote by V[[z, 27!]] the set of all formal Laurent series in the variable z with coef-
ficients in a vector space V possibly having infinitely many terms both of positive

vnEV}.

The subset consisting of all series with only finitely many terms of negative degree

and of negative degree:

Viz, 27 :{ Z vzl

n=-—0o0

is denoted by

V((z)) = { _z: Upz L

n=ngp

vnEV,nOEZ}.

Um,n € V} ,

Um,n € V,mo,ng € Z} .

Similarly we write

o0

Vuy,y-%z,z—lr{ S opnymlent

m,n=—00

— o0 -0

m=mgo n=no
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Let the symbols (y — 2)"||y|>|z| and (y — 2)"||y|<|z|» (7 € Z) denote the elements of
k([y,y !, z,271]] obtained by expanding the rational function (y — z)™ into series
convergent in the regions |y| > |z| and |y| < |z| respectively:

¥ = 2 lyi>12 = i("l)ic)y""izi’ (¥ = 2)"lyi<lzl = g(—l)"“ (?)y"z”—"_

i=0
We will often neglect writing the region of expansion in case it is obvious from the

context (see Notation 1.3.3).
The following lemma will be frequently used later.

Lemma 1.1.1. Let a(y, z) be a series with only finitely many terms of negative or
positive degree in y or z. If a(y, z) satisfies (y—z)™a(y, z) = 0 for some nonnegative
integer m, then a(y, z) = 0.

Proof. Consider the series b(y, z) = (y — 2)™ 'a(y, z) and let the coefficients by, ¢ €
V be defined by b(y, z) = Y sz bk, ey~ 7127471 Tt follows from (y — 2)b(y, z) =
(y — 2)"a(y, z) = 0 that

(1.1.1) beste = bresr forall kleZ.

Since a(y, z) has only finitely many terms of negative or positive degree in y or
z, so does b(y, z). Thus (1.1.1) implies b(y, z) = 0. Repeating this procedure, we
arrive at a(y, z) = 0. O

1.2 Series on a vector space

Let M be a vector space and consider the space (End M)[[z,271]] of all formal
Laurent series with coefficients being endomorphisms (operators) on M. We simply
call such series! A(z) a series on M. For a series A(z) on M, we set

A, = RegA(z)z" = coefficient of 277! in A(2)
z=
so that the expansion of A(z) is

A(z) = Z A,z "1 A, € End M.
nez
The A, is called a Fourier mode of A(z). We write
A(z)v = Z Apvz 1

nez

11t is called a formal distribution in [K].
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for a vector v € M. Given two series A(z) and B(z) on M, we set
A(y)B(z) = Z Ay By ™l
m,n€Z

where A,, B,, denotes the composition of endomorphisms.
The derivative of a series A(z) is defined by

0A(z) = (-n—1)Apnz™" 2 == nd, 127"
nez neEzZ
More generally, for a nonnegative integer £ € N, we define
-n —1 n _
nez nez
Finally, we set

Alz)y = Z A,z7" 1 and A(2)_ = Z Anz~n 1

n>0 n<0

respectively?. Then we have 9(A(z)+) = (8A(2))+. For two series A(z) and B(z),
we set

s A(Y)B(2): = A(y)-B(2) + B(2)A(y) +,

which is an element of (End M)[[y,y~!, z, 27 1]].

1.3 Fields on a vector space

Next we consider the notion of two-dimensional chiral® quantum fields.

Definition 1.8.1. A series A(z) € (End M)[[z,27}]] is called a field? on M if
A(z)v € M((2)) for any v € M.

In other words, A(z) is a field if and only if, for any v € M, there exists an
integer ng depending on v such that A,v = 0 holds for all n > ng. In this case,
we will briefly say that A,v = 0 for n > 0. Note that if A(z) is a field, then so is
0A(z).

The following simplest example of a field will play an important role later:

2The parts A(z)4+ and A(z)— respectively appears as the annihilation and the creation parts
in the context of vertex algebra, see the axiom (B2) in Subsection 4.1

3Here chiral means the “holomorphic part” in the sense of conformal field theory.

4We followed the terminology in [K]. It is also called a weak vertex operator in the literature

of vertex operator algebras (cf. [Li2]).
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Definition 1.5.2. The identity field on M is the field
I(z) =idpy

of which the only nonzero term is the constant term being the identity operator on

M.
Now, let A(z) be a series and B(z) a field on M. Consider the following ex-

pression

(1.3.1) 5{33 A(W)B(2)(y — 2)"jyi>12 = Z < (-1) (?)Am——iBn+i> z7 1
0

ne€Z \i=

for a fixed integer m. Then, for any v € M, the second sum in the right applied
to v is a finite sum for each n since finitely many B, ;v are nonzero. Moreover
B, +iv vanish for sufficiently large n. Therefore (1.3.1) defines a field on M.

Next, assume further that A(z) is a field, and consider

o0
(1.3.2) EzegB(z)A(y)(y = 2)" i<zl = Z (Z(—l)mH (T) Bm+n—iAi> z7nl
neZ \i1=0
for a fixed integer m. Then, for any v € M, the second sum in the right applied to
v is a finite sum for each n since finitely many A;v are nonzero. Let Agv,..., Apv
be the nonzero vectors. Then, for each 0 < i < ¢, we have B, 1n,_;A;v = 0 for
sufficiently large n;. Therefore, taking the maximum of n;, (0 < i < £), we see that

the above summation is zero for sufficiently large n. Hence (1.3.2) gives rise to a
field on M.

Notation 1.3.8. To simplify the presentation of the paper, we often omit the region
of the expansion of (y — z)™ if there is no danger of confusion; The region is
determined by the order of A(y) and B(z). Namely, we always regard

A(y)B(z)(y — 2)™ and B(2)A(y)(y — )™
as the series obtained by expanding (y — 2)™ convergent in the regions
iyl > |zl and |y| <|z|

respectively. Hence A(y)B(z)(y — 2)™ # B(2)A(y)(y — 2)™ for m < 0 even if
A(y)B(z) = B(z)A(y). We also obey this rule in case more than two series are

involved.



1. Fields and their residue products 9

If B(z) is a field, then

Res 0A(y)B(:)(y — =)™ = ~mRes A(y) B(=)(y - =)™
(1.3.3)
— 0 (Res AWBE)(Y - )™ ) - Reg AWOB(2)(y - 2)"
and if A(z) and B(z) are fields, then

Res B(2)0A(y)(y - 2)™ = —mRes B(z) A(y)(y — 2)™"

(1.3.4)
~ 0 (Res BEAW ~ 27 ) ~ Res 9B() A - )™

We note that normally ordered product®
s A()B(z) = A(z)-B(2) + B(2)A(2)+

makes sense if A(z) and B(z) are fields.

1.4 Residue products of fields

Now let us explain the residue products® ([BG], [Li, Lemma 3.1.4], [LZ1, Definition
2.1]), indexed by integers, which assign a field to an ordered pair of fields for each
integer m. .

Definition 1.4.1. For two fields A(z) and B(z) on M, the m-th residue product,
(m € Z), is defined by

(141)  AE)mB(2) = Res AW)B()(y — 2)™ — Res B(2)A(y)(y ~ 2™
Explicitly, (1.4.1) is written as
A2)m)B(2) = D (AgmyB)nz™™71,
nez

where

oo m,

(AmB)a = (1 (7 ) (ArnesBts = (<17 By

i=0

We remark that the residue product A(z)y,)B(z) for nonnegative m makes sense

even if A(z) or B(z) is not a field.

Scf. [BBS, (A.2)], [SY, (5.5)]
6In the literature, it is simply called the n-th product. However, to distinguish it from the
abstract products of a vertex algebra, we have added the adjective residue.
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Note 1.4.2. In the physics notation, the residue products are expressed as (cf. (BG,
(2.11)]):
dy

A<z><m>B<z>;- s RAWBE) - z)md
= y A B(z — )M _ Yy B(2)A _
}ﬂ,>,z, oy 1 WBE)Y = 2) y{w 7 B AW~ 2)

where R denotes the radial ordering defined by

A(y)B(2), lyl > |2|,

R(A(y)B(z2)) = {B(Z)A(y), lyl < lzl,

and C, is a small contour around z.

Note that if A(z) and B(z) are fields, then A(z)(,,)B(z) is again a field on M
by the consideration in the preceding subsection.
We always understand that the derivative precedes the residue product:

DA(2)(myB(2) = (BA()(m) B(2),  A(2)(myDB(2) = A(2)(my (0B(2)).
Then, by (1.3.3) and (1.3.4), we have
(1.4.2) 0A(z)(m)B(z) = —mA(2)(m-1)B(2) = 8(A(2) (m)B(2)) — A(z)(m)0B(z).
In particular, let us consider the (—1) st product:

A(2)-B(2) =Y (Z(A_,-_anH + Bn_i_lAi)) z7 L

n€Z \i=0

It coincides with the normally ordered product
2 A(2)B(2) 3 = A(2)-B(2) + B(2)A(2)+.
Therefore, using (1.4.2), we have
A(2)(—k-1)B(2) = s 0¥ A(2)B(2) ¢

for a nonnegative integer k. Note that the normally ordered product is neither
commutative nor associative in general. However, we have the following property
(cf. [BBS, p.365], [SY, p.292]):

Proposition 1.4.3. Let A(z), B(z) and C(z) be fields. Then
(A(2)(-1)B(2))(-1)C(2) — (B(2)(-1)A(2))(-1)C(2)
= A(2)(-1)(B(2)(-1)C(2)) — B(2)(~1)(A(2))(=1)C(2))
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From this, we easily deduce that the bracket
[A(2), B(2)] = A(2)(-1)B(2) = B(2)(-1)A(=)
satisfies the Jacobi identity
[A(2), [B(2), C(2)]] = [A(2), B(2)], C(2)] + [B(2), [A(2), C(2)]]

whereas [B(z), A(z)] = —[A(z), B(z)] is obvious.
Let us close this subsection with the following:

Proposition 1.4.4. Let A(z) be a field and I(z) the identity field on a vector
space M. Then

0 (m > 0),

4 A@mI(z) =14
(1.4.3) (2)m)1(2) {6(——m——1)A(z)7 (m < —1),

0, (m#_1)7
4. 2)(m)yA(2z) =
(1.4.4) I(2)(m)A(2) {A(z), (m = -1).

We note, in particular,

0, (m > 0),

1.4.5) A(z)myl(2) =
( (2)(m)L( {A(z), m— 1)

which is a part of the axioms for a vertex algebra (see Subsection 4.1).

2 Mutually local fields

2.1 Locality of fields

The notion of locality for two-dimensional chiral quantum fields is related to Wight-

man’s axioms for quantum field theory (cf. [K, Chapter 1]). We adopt the following

formulation in the language of formal Laurent series”:

7“The condition (2.1.1) was first considered by Dong-Lepowsky [DL, (7.24)] under the term
commutativity, while the same was considered in earlier papers in the language of operator valued
rational functions (cf. [G],[FLM],[FHL]).
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Definition 2.1.1. Two series A(z) and B(z) are called mutually local if

(2.1.1) A(y)B(z)(y — 2)" = B(2)A(y)(y — 2)"

holds for some nonnegative integer n. In this case, we also say A(z) is local to
B(z).

In terms of Fourier modes, (2.1.1) is written as

S0 () ApiniBass = S0 () Busiprnes

1=0 1=0

or equivalently

(n
> (=1 (z> (Aptn-iBgt+i — (=1)"Bgyn-iApti) =0
i=0

where p, ¢ run over all integers. Note that A(z) or B(z) need not be local to itself.

Let us introduce the following notion:

Definition 2.1.2. The order of locality of series A(z) and B(z) is the minimum of
the nonnegative integers n satisfying (2.1.1).

Thus, A(z) and B(z) are mutually local at order ng if and only if (2.1.1) holds
precisely for n > ng. Then, by the definition of the residue products, we have

(2.1.2) A(2)(n)B(z) =0, (n > no).

Note that it may happen that A(z),)B(z) = 0 holds for some 0 < n < ng. It is
easy to see that if A(z) and B(z) are mutually local at order ng (> 1), then 0A(z)
and B(z) are mutually local at order ng + 1.

Now we turn to the study of the locality of many series. We say that series
Al(2),..., A%(z) are mutually local if all the distinct pairs A*(z) and A47(2), (i # 7),
are mutually local.

The following proposition is a generalization of [Li, proof of Proposition 3.2.7].
Recall our convention in Notation 1.3.3

Proposition 2.1.3. Let A!(z),..., A%(z) be mutually local series and let m,; be
the order of locality of A*(z) and A7(z) for each i < j. Then

[ 1A (20), A%(22)), Az, Ao [ (2 = 2)™ = 0

1<J
holds if 33, imi; > 3, ., mi; — (£—2).
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Proof. We show by induction on £. The case ¢ = 2 is nothing but the definition of
the locality. Suppose ¢ > 2. Then, by expanding as

(2 — 2™ = (2 = 2 + 25 — 20)™ " (2 — 2)™

MNie—Mig
Nig — My
< il zé) (2 — Zj)nu—mie—s(zj . ZK)S(Zj zg) ™t

S
s=0

for an appropriate j if n;y > m,, and by repeating this procedure, the left-hand
side of the desired equality is written as a linear combination of terms of the form

(2.1.3) [ [[AY(21), A%(22)], A3 (23)], - - Azl ] [ (21 — 25)P
i<j
where the exponents p;; satisfy

Z Dij > Z me; — (£ —3), or pi > mgy for all 4.
1<i<j<e—1 1<i<j<e—1

In the former case, (2.1.3) vanishes by the inductive hypothesis, while in the latter
case, by the locality of A%(z) and A*(z). O

In particular, we have

Lemma 2.1.4. Let A(z), B(z) and C(z) be mutually local series and let kg, £y and
mg be the order of locality of A(z) and C(z), B(z) and C(z), and A(z) and B(z)
respectively. Then, for any integers k, £, m,
(v - 2" (A@BW)C() ~ BW)A@)C(:)) @ - )™y — 2)(x — 2)*
= (y - 2)"(C(2)A@)B(y) — C(2)BH)A@)) (z — )™y — 2)(z ~ 2)*
holds for all n € N satisfying n > ko + €g + mg —k — £ —m — 1.

An immediate consequence of this is ([Li, Proposition 3.2.7])

Proposition 2.1.5. If A(z), B(z) and C(z) are mutually local fields, then A(z)m)B(2)

and C(z) are local.

Here the order of locality of A(z)(n)B(z) and C(z) is at most ko +£o+mo—m—1
for m < mo whereas A(z)m)B(z) = 0 for m > my.
Another consequence of the locality is the following:
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Proposition 2.1.6. Let A'(z),..., A%(z) be mutually local fields. Then, for any
u€ M,

(2.1.4) A AL u=0, (pr+-+pe>n,p1,...,pe €ZL),
for sufficiently large n.

Proof. Since A*(z) are fields, we have Alu = 0,(p > n;), for sufficiently large
n;. Let my; be the order of locality of A*(z) and A7(z) and set n = S3¢_ n; +
Zl§i<j§€ m,; —£+1. We shall prove (2.1.4) for this n by induction on £. It trivially
holds in the case £ = 1. We suppose £ > 1. Then, by the locality, we have

At(z1)--- AZ—I(ZE—I)AE(Zz)I:I(Zi — zp)™

é—
=1
= A% (z0) AN (21) - A N (ze—) [ [ (20 — z) ™.
Therefore, we have
(2.1.5)
ki [ TThie -1 e
Z H( 1) ( )Am ki~ Apz 1—ke- 1Am+k1+-~+ke-1u
..... k[ 1>0’L 1

_ k, [ Tie -1
- Z H 1) ( i) P+Z Apl migt+ky APe—x-me—l-l-kz—lu

..... k[ 1>OZ 1

for any p1,...,pe € Z.
Now, suppose p; + -+ pe > n. If pg > ng, then Azl)l- Age 11Ae v =20.If
pe < ng, then we have

e-1 -1
Z(pi-mie)ZanL Z mij — £+ 2
i=1 i=1 1<i<j<e—1

so that the right-hand side of (2.1.5) vanishes by the induction assumption. Hence

we have
2 (__1)k1+~-~+ke_1<m1€ [ Te—-1e
k ko_
ki,..,ke_1€N 1 -1
e—1 .
X Apl ki~ APL’ 1—ke— 1Ap(+k1+ ke 1 u = 0.

Therefore, by induction on ng — pg for fixed py + - - - + pe(> n), we have (2.1.4). O
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2.2 Operator product expansion

This subsection is devoted to the explanation of the notion of operator product ex-
pansion from the point of view of Kac [K, Subsection 2.3], however, we reformulate
it so that we do not use the delta function.

Let A(z) and B(z) be mutually local series on a vector space M. Then

[A(v), B(2)](y —2)™ =0

for some m € N and we have

[A(Y)+, B(2)|(y — 2)™ = —[A(y)-, B(2)|(y — 2)™

Since the left-hand side does not have terms of degree greater than m — 1 in y
whereas the right does not have terms of negative degree in y, they are equal to a
polynomial of degree m — 1 in y. Hence we may write

AW+, By - 2™ = 3 Ci2)(y — 2,

i=0
m—1 ) )
~[A@)-, B@y -2 = Y _ Ci)(y— 2™
=0
where C*%(z) are some series. Now, since the difference

[A(v)+, B Z CH2)/ (¥ — ) iyt 12l

has only finitely many terms of positive degree in y, and it vanishes if we multiply
it by (y — 2)™, it must be identically zero by Lemma 1.1.1. Therefore, we have

A@+BE] = 3

= W2 s
and similarly
m—1 C”(z
~[A@W)-, B(2)] = Z TEr I .
Therefore
(2.2.1) A(y)B(z) = mzl—g—z)— +2A(y)B(z)é,
(¥ = 2)"* g5
(2.2.2) B(2)A(y) = mz_:l _Ce) + S A(y)B(2) ¢
i=0 (y —2)r! lyl<lz|




16 I  Two-dimensional chiral quantum fields

where 2 A(y)B(2)2 = A(y)_B(z) + B(2)A(y)

Conversely, if (2.2.1) and (2.2.2) hold, then it is obvious that the series A(z)
and B(z) are mutually local.

Now, it follows from (2.2.1) and (2.2.2) that A(z)(;)B(z) = C’(z) by the defi-
nition of the residue products.

Hence we have obtained ([K,Theorem 2.3))

Theorem 2.2.1 (Operator product expansion). Let A(z) and B(z) be series
on a vector space. They are mutually local if and only if both

m—1 A ] z
AW)B(:) = Y %—)

=0

+ 2 A(y)B(2): and
ly|>|z|
A(z)(z)B z)

Z)A y) Z)z+1

+ s A(y)B(2) 3

lyl<lz|

M

hold for some m € N.

The two equalities in the theorem are often abbreviated into the single expres-
sion

Azsz
Z (()(

)1.+1 !

which is called the operator product expansion (OPE), and the right-hand side is
called the contraction.

Remark 2.2.2. The first equality of Theorem 2.2.1 holds without the assumption
of the locality ([LZ1, Propasition 2.3]):

A(z)B(z)
Z ML/ PR<)

y)B 2) (y — Z z+1

+ s A(y)B(2)¢,
lyl>!z|

where the sum in the right is indeed a finite sum for each degree in y.

Next let us further expand the remainder ¢ A(y)B(z): in case A(z) and B(z)
are fields. To this end, we prepare the notion of a field in two variables: A series
Ay, 2) = 3, qez Apgy P27} is' a field if, for any u € M, there exists integers
po and go such that

Apqu=0, if p>po or q=qo.

In other words, A(y, z) is a field if and only if A(y, z2)u € M ((y, 2)).
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If A(2) and B(z) are fields, then the normally ordered product ? A(y)B(z) ¢
a field. If A(y, z) is a field, then

M) = 3 g0 = z( S Asa)e
P,9€Z n€zZ “p+qg=n-—1

makes sense and is a field.

Lemma 2.2.3. If A(y,z) is a field, then there exists a unique field R(y, z) such
that

Ay, 2) — A(2,2) = (y — 2)R(y, 2)-

In fact, the series

R(y,z) = Z (ZAP %q-H) “Plpmant
p<—1,9€Z ™1
oo
Z <ZAp+i,q—i—l>y—p_lz_q_l
1=0

p>0,g€Z

is a field satisfying A(y,z) — A(z,2) = (y — z)R(y, 2). The uniqueness is obvious
by Lemma 1.1.1.
By successive use of this lemma, we obtain ([K, Proposition 3.1])

Proposition 2.2.4 (Taylor’s formula). If A(y, z) is a field, then, for any posi-
tive integer N, there exists a unique field Ry (y, z) such that

N-1

Aly,2) = Y 0 Ay, 2)ly=2(y — 2)* + R (v, 2)(y — 2)".
1=0

In particular, for a field A(z), we have

N-1
(2.2.3) A(y) = Y 0D A(R)(y — 2)" + B (y, 2)(y — =)

1=0

for some field Rn(y, z).
Therefore ([K,Theorem 3.1])

Theorem 2.2.5. Let A(z) and B(z) be fields on a vector space. If they are mu-
tually local at order m, then, for any positive integer N, there exists a unique field
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Rn(y, z) such that

m—1
AWBGE) = ¥ ARWBEL e — oY,
i=—N (y z) lyl>|z|

"« AR B()
3 ()

- +Rn(y, z)(y — 2)".
v WA g

B(z)A(y) =

This result is seen to be an interpretation in the language of formal Laurent

series of the expressions

m=l A(2) s B(z " A(2)5B(z
A(y)B(z) = _}_; (z)(z)) 1( 1), B(z)A(y) = _}: (2) (z))“’ 1)

2.3 Tensor product of fields

Now, to illustrate the role of the OPE, we consider the tensor products of fields.
Let A(z) and A’(z) be fields on vector spaces M and M’ respectively. Then the
tensor product

A) @A (2) =) (Z Ar ® An_k_l) PR

ne€Z \k€Z

is a field on M ® M’ as easily verified.

Suppose that A(z) and B(z) are fields on M mutually local at order mq and
that A'(z) and B'(z) are fields on M’ mutually local at order m{,. Then by Theorem
2.2.5, we have

(A(y) ® A'(y))(B(2) ® B'(2))

(& A(2)(yB(2)
(5

i=—N

+ Ry (y, 2)(y — z)”)

lyl>|z|

mg—1
— A'(2))B'(2) ) N’
® B LA L s It + R\ (y,2)(y — 2 ,
(:ZN =T |ypny TN D=2

and the similar expression for (B(z) ® B'(z))(A(y) ® A'(y)) where |y| > |z| is
replaced by |y| < |z|. In particular, they coincide after multiplied by (y — z)™o+mo,
Moreover, by taking sufficiently large N and N’, we may compute the residue
products of A(z) ® A’(z) and B(z) ® B’(z). Thus,
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Theorem 2.3.1. Let A(z) and B(z) be fields on M mutually local at order my
and let A’(z) and B’(z) be fields on M’ local at order m(,. Then the tensor products
A(z) ® A'(z) and B(z) ® B’(z) are fields on M @ M’ local at order mg + m{, with

(A(2) ® A'(2))(m) (B(2) ® B'(2)) = D _(A(2)(5) B(2)) ® (A'(2)(m—s-1)B'(2))

i€Z
for any m € Z.

Note that we have

(A(y) ® A'(y))(B(2) ® B'(2))

mo—1 ) mo—1 4, " B'(z
S AZ)wB() o ) A'(z) @ B'(2)

e (y — 2z)+1 = (y — z)tH1
_ m% Yiez(A®) ) B(2) ® (A'(2) (m-i-1B(2))
2. (y _ Z)m+1

formally.

2.4 Affine Lie algebras and the OPE of currents

Let us describe affine Lie algebras as an example of OPE.
Let g be a Lie algebra with a symmetric bilinear form (|) : g x g — k which
is invariant (or associative) in the sense that

(X, Y]|Z2) = (X][Y, Z])
holds for any X,Y,Z € g. Set

=gk klt,t7|OKkK
and define a bilinear map [, ] : § X § — g by setting

(X @t™ Y @t"] = [X,Y] @ t™" + mbmin,o(X|V)K,
K, Xet"'|=[X®t",K|=[K,K]=0.
Then [, | gives a Lie algebra structure on g called the affine Lie algebra associated

to g and (|). A g-module on which the center K acts by a scalar k is called a
g-module at level k.
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Let M be a g-module at level k. We denote the action of X ® t" on M by X,

and set

X(z) = Zan”""l, Xeg.
nez

The series X (z), X € g, are called the (nonabelian) currents associated to §. Then
[X (y)+.Y (2)]

— Z Z [XE, Ym]y-f—lz—m-—l

£>0 mezZ
= D X Yleamy™ T ST pmo(X[Y Yky ¢
e20,mez £>0,mezZ
= D X Y]zl 1 S (XY ) ky et
£>0,n€Z >0
_ [X.Y)(2) L XYk
V=2 st =2 s
and
(), v = G X0k

y—=z

_ 2 :
wi<tzl (U =22 |y

Hence X(z) and Y (z) are mutually local, and

X(y)Y(z) = X, }_/JEZ) + -—-——((X_I_};))I; + 2 X (y)Y(2)3
(2.4.1) lyl>lz W lyl>lz]
(X, Y](z) (X¥)k
Y(Z X( ) = — > + + EX Yz g‘
o Y=2 i<zl (y — 2)? lyl<|z| W)Y (2)

Namely, the OPE is given by

X,Y)(2) | (XIV)k
5 -
y—=z (y—2)
Therefore, the m-th residue products, (m > 0), are given by

X (Y)Y (2) ~

0, (m > 2),
X(2)m)Y (2) = ¢ (X|Y)kI(2), (m =1),
[X,Y])(2), (m = 0).

Conversely, suppose given a linear map

g — (End M)[[z,27Y]], X — X(z)
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satisfying the OPE above. Then we recover the commutation relation
(X, Yn] = [ X, Y] man + MOpmin o X|Y)E

easily from the OPE (2.4.1).
Therefore,

Proposition 2.4.1. A linear map

g — (End M)[[z,271]], X+— X(2) = Zan——n—l
n€Z

defines a g-module structure at level k on M by
g — EndM, Xet"— X,

if and only if the series X (z) and Y (z) are mutually local with the OPE

LxYIE) |, Xk

X(y)Y (z) y— 2 (y — 2)2

for any X,Y € g.

2.5 Virasoro algebra and the OPE of the energy-momentum
tensor

Let Vir denote the vector space spanned by {L,, |n € Z} U {C}:

Vir = (@nezk L,) ® k C.

Define a bilinear map [, ] : Vir x Vir — Vir by setting
m3 —m
[L'm’ Ln] - (m - n)Lm+n + Tdm—{-n,o 07
[C, Ly,) = [L,,C] =[C,C] =0.
Then [, ] gives a Lie algebra structure on Vir called the Virasoro algebra. A Vir-

module on which the center C acts by a scalar ¢ is called a Vir-module of central
charge c.

Let M be a Vir-module of central charge ¢. We denote the action of L,, on M
by the same symbol, and let

T(z)= Z Lpz"""2,

nez
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Then
T(y)+, T(2)]

= Y [LeLmly™22m?

0>—1,kEZ

—-2_—-—m~-2 53 -/ —4—-2_-~-m-—2

= Z (£ —m)Lermy z + Z 12 5Z+m,06y <

e>—1,mez ¢>—-1,mez

—0—2 _f—n—2 =l 4o s
= Z (26 —n)L,y z + Z cy z
12

£>1nez e>—1
- Z(__n _ Q)an-—n——B Z y—e—2ze+1

n€Z £>-1

l+1
$2 Y L Y (e R 4 S ( ! )y—f—zze-z
nez >—1 ez

0T (z) 2T(z) c/2
= = + — :

Y= 2l =2 s =2y

and
oT(z 2T (z c/2
—[T(y)-, T(2)] = ——_(—Z (—_(—;—2‘ + 44
Y= 2 i<l =2 a0 =2 <0

Hence T'(z) is local to itself, and

T (2) 2T () c/2
T()T(2) = s —_— s T(y)T'(z) ¢,
W) Y= 2 >z (y“ﬂzm»4+(y“@4m»a+ WITE)
0T (z) 2T(z) c/2
T()T(y) = —= R e o + 12 ° T(Y)T(2)°.
DT Y= 2lyictzt - =22 ly1<pz (y‘@4mqa+ WITE)
Namely the OPE is given by
0T (z) 27'(2) c/2

TOTE) ~ T2 + o + =L

Therefore, the m-th residue products, (m > 0), are given by

p

0, (m > 4),
c/21(z), (m = 3),
T(z)(m)T'(2) = 0, (m = 2),
2T (z), (m=1),
0T (2), (m = 0).



3. Borcherds identity for local fields 23

Conversely, if a series T'(z) on M satisfies the OPE above, then we recover the

commutation relation

m3 —m

[Lm, Ln] = (M —n)Lypyn + BT

5m+n,00~
Therefore,

Proposition 2.5.1. A seriesT'(z) on a vector space M defines a Vir-module struc-
ture of central charge ¢ on M by the Fourier modes of

T(z) = Z Lz~ "2
nez
if and only if T'(z) is local to itself with the OPE
oT'(z) + 2T (z) n c/2

TWTE ~ S Y = T =

Such a series T'(z) appears as the (chiral) energy-momentum tensor in conformal
field theory.

3 Borcherds identity for local fields

In this section, we show the identity satisfied by three mutually local fields with
respect to the residue products, which is a consequence of the usual Jacobi identity

[[4(z), B(y)], C(2)] = [A(2), [B(y), C(2)]] — [B(v), [A(z), C(2)]]-

The strategy is, roughly speaking, to multiply this Jacobi identity by the rational
function

(z —y)"(y - 2)(z - 2)P

and take the residue after expanding it in various regions. Special cases of such
derivation are considered by Li [Li, p.166] and Kac [K, Proposition 2.3 (c) and
Proposition 3.3 (c)]. However, to execute it in full generality, one has to be careful
about divergence, which can be avoided by clever use of the locality.

3.1 Binomial identities

Let us consider the rational function

Fr,y,2z) = (z —y)"(y - 2)(z - 2)’, p,q,7€Z,
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which has the expansions

oo

Fofe,.2) = Y (7) @ -0+t - 2o Iy — 21 > |z — y)).

1=0

Fiws) = Y0 (1) @- - (el >y - 2D

Pala,,2) = L0 (] )= 7= 7, (=2l >l - 2D

i=0
convergent in the respective regions.

Expanding these series again into series in z, y, z, and comparing them with the
corresponding expansions of F(zx,y, z), we have, for example,

F(z,y, 2)ljz|>1yi>121 = F1Z, Yy 2)| 12> |yl > 2]

for all integers p, q and r. To be precise, we have

Z (—1)i+i+k (Z) (j) <Z>$p+r-i—kyq+i—jzj+k
1,7,k>0
» Fr—d\ [q+i e
— _1 i+j+k (T p p+r—i—j, q+i—k _j+k
>~ (-1) (z ; L Yy z

Z)j')kZO

which is equivalent to a set of identities for binomial coefficients (See Appendix C
for detail).

Now, let A(z),B(z) and C(z) be fields on a vector space M which are not
necessarily mutually local. The above argument shows that we have the following
set, of identities involving these fields:

Lemma 3.1.1. For all p,q,r € Z, we have
A(z)B(y)C(2)F(x,y,2) = A(z) B(y)C(2) F1(z, y, 2),
A(z)C(2)B(y)F (z,y, z) = A(z)C(2)B(y)Fi(z,y, 2),
B(y)A(z)C(2)F(z,y, 2) = B(y)A(z)C(2) F2(z,y, 2),
B(y)C(2)A(z)F(z,y, z) = B(y)C(2)A(z)Fa(z,y, 2),
C(2)A(z)B(y)F(x,y, z) = C(z)A(z) B(y)Fo(z,y, 2),
C(2)B(y)A(z)F(z,y, z) = C(2) B(y) A(z) Fo(z, y, 2),

where A(z), B(z),C(z) are fields on a vector space M.
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Here we have omitted the regions of the expansions according to our convention
in Notation 1.3.3.
Note that, for example, the identity

A(z)B(y)C(2)F(z,y,z) = A(z)B(y)C(2)Fo(z,y, 2)

is not valid in general. In fact,
itk (PN (T +i\(P+a—1\ i e
Fo(z,y, 2)lja|>y|>|2| = Z (_1)]4‘10(1:)( ; )( h ):1: +i=jyptq—iti—k k
4,5,k>0

is divergent for negative p since each of the coefficients becomes an infinite sum. On
the other hand, the coefficients are finite sums for nonnegative p and the equality
is valid in this case.

Such cases are summarized as follows:

Lemma 3.1.2. For all p € N and q,r € Z, we have
A(x)B(y)C(2)F (z,y, 2) = A(z)B(y)C(z)Fo(z,y, 2),
B(y)A(.’IJ)C(Z)F((E, Y, Z) = B(’y)A(IL‘)C(Z)Fo(ZD, Y, Z)‘

For all, p,q € Z and all r € N, we have
B(y)C(2)A(z)F(z,y, z) = B(y)C(2)A(z) F1(z,y, 2),
C(z)B(y)A(z)F(z,y, 2) = C(2)B(y)A(z) Fi(z,y, 2),

A(z)C(2)B(y)F (z,y,2) = A(x)C(2)B(y) Fa(z,y, 2),
C(2)A(z)B(y)F(z,y,z) = C(2)A(z) B(y) F2(x, y, 2).

3.2 Borcherds identity for non-local fields

If p and r are both nonnegative, then all the identities of Lemma 3.1.1 and Lemma
3.1.2 are valid. Therefore

[[A(z),B(y)], C(2)]Fo(z,y, z) = [[A(z), B(y)], C(2)|F(z,y, z)
= ([A(z), [B(y), C(2)]] — [B(y), [A(z), C(2)]]) F(z,y, 2)
— [A(LE) {B(y)a C(Z)”Fl(m,y7 Z) - [B(y)v [A(:l?), C(z)]]F2($7 Y, Z)'

Thus we have obtained
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Theorem 3.2.1. Let A(z), B(z) and C(z) be fields on a vector space. Then, for
any p,r € N and any ¢q € Z,

> (D)4, B @l - ) - 2o
= 30 (1)UL BW, @l -y iy - 2
1=0
=0 (7)) B M@, @l - 9 - o

Taking Reg Reg of the both sides, we have®
y=0 z=

Corollary 3.2.2. Let A(z), B(z) and C(z) be flelds on a vector space. Then, for
any p,7 € N and any q € Z,

= Z(_l)i (T) (A(Z)(p+r~i)(B(z)(q-l—i)c(z)) - (ﬁl)rB(Z)(q+r—i)(A(z)(p+i)C(z))) .

1

This result is not true in general if p or r is negative. It is because of the failure
of Lemma 3.1.2 for such indices. However, if we assume the locality of the fields

A(z), B(z) and C(z), then the theorem is generalized to arbitrary integers D,q,T,
as we will see in the following two sections.

3.3 Consequences of locality
Now assume that the fields A(z), B(z) and C(z) are mutually local. Then, by
Lemma 2.1.4, we have
(y = 2)"[A(@), BW)IC(2)(z — ) (y = 2)(z — )™
= (y = 2)"C(2)[A(z), BW)(z - 9)*(y - 2)*(z — 2)™

for sufficiently large n. This reduces a calculation involving the left-hand side to
that involving the right-hand side.

In this way, we obtain the following lemma.

8 A special case (r = 0) of this result is described by Kac [K, Proposition 3.3 (c)]. General case

is deduced from this case by the inductive structure of the Borcherds identity (cf. Proposition
4.3.1).
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Lemma 3.3.1. If A(z), B(z) and C(z) are mutually local, then for any p,q,r € Z,

A@), BWIC()F(z,y,2) = Y (p) Az, B@)IC() (@ — 5"y — 2P+,
1=0

o0

B, CEIA@Fp.2) = 3 (-1 (] ) B, CElA@E - 97y - )7,

oo

A@@), C()BE)F (2., 2) = 3 (1) () (A(e), C(=)|Bly)(y — )7+ (z — 2)7+,

1
i=0

Here the right-hand side of each equality is a finite sum because of the locality.

Proof. By Lemma 2.1.4 and Lemma 3.1.2,

oo

==Y ()@, BelcE -0 - 97

1=0
= (y —=2)" Z (f)C'(Z)[A(:E), By)|(x — y) T (y — z)PTI"
i=0

= (y — 2)"C(2)[A(z), B(y)] Fo(z, v, 2)
= (y — 2)"C(2)[A(z), B(y)|F(z,y, 2)
= (y — 2)"[A(=), B(y)]C(2)F(z,y, 2)

for sufficiently large n. Therefore the series

(e ]

D(y,2) =3 (f) ([A<x>, B(y)C(z)(z —y) T (y — 2P

1=0

- [A<x>,B(y>]O<z>F(x,y,z>)

satisfies (y — 2)"D(y, z)v = 0 for any vector v € M. Moreover, since D(y, z)v has
only finitely many terms of negative degree in z, we must have D(y,z)v = 0 by
Lemma 1.1.1. Thus we have shown the first equality of the lemma. The other

equalities are proved similarly. O

Remark 3.3.2. Note that the right-hand side of the first equality, for example,
makes sense if A(z) and B(z) are mutually local. However, in order the equality
to hold, we need not only this but also the locality of A(z) and C(z), and of B(z)
and C(z) in general.
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3.4 Borcherds identity for local fields

Now we arrive at the main result of this part.

Theorem 3.4.1. Let A(z), B(z) and C(z) be fields on a vector space. If they are
mutually local, then for any p,q,r € Z,

oo

Z <Z,:> [[A(:L‘), B(y)], C(Z)}(x — y)r+'i(y _ Z)p+q—i

=0

= >0 (7) (14 B, @l - 247ty - o
=0
— (—]_)T'[B(y), [A(ZE), C(z)”(y — z)q+7‘—i(x _ z)p_H') '

Proof. By Lemma 3.1.1 and Lemma 3.3.1, we have

> (1) (4@), BuICE) - CEAw, B (= - vy - 2o
1=0
(4(2), BWIC(2) - C(:)[Al2), BW)) F(a. v, 2
(A@)[BW), C(2)] - [B), C(:)| @) Fla.v. 2
~ (BW)A(), O()] - [A(x), C(2)]B(y)) Fz,y,2)

= > 1 (]) (@B CE) - (B, C@IA@) (= - 27y - o)+

Il

=3 (7) (BOIA@), C(E) - 4@, CENBE) (- 7z - 2,

as desired. |

Taking Reg Reg, we have®
y: r=

Corollary 3.4.2 (Borcherds identity for local fields). Let A(z), B(z) and C(z)
be fields on a vector space. If they are mutually local, then for any p, q,7 € 7,

oo

2 G) (A=) 40 B(2) (g gy O(2)

1=0

=2 0(7) (A0 (B CE) — (1) BE) s (AG) g O)).

1=0

9This result is implicitly shown in the work of Li. In fact, by [Li, proof of Proposition 3.2.9],
we can apply [Li, proof of Proposition 2.2.4] to a = A(z),b = B(z),c = C(z), and T = 8, the
result follows (cf. Proposition 3.4.3 and Note 6.2.2).
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The following special case of the Borcherds identity holds under a weaker as-
sumption ([Li, proof of Proposition 3.2.9]).

Proposition 3.4.3 (Li). Let A(z), B(z) and C(z) be fields. If A(z) and B(z) are
mutually local at order ng, then

Z( 1)1( ) (pan—i (B(2) (g1 C(2))

- Z( 1)n+1< )B(z)(ﬁn ) (A(2) (14 C(2))

i=0

for all n > nyg.

Proof. By Lemma 3.1.1 and 3.1.2 for r = n > 0, we have

Z( 1) () (#), [B®), C()]}(z — 2)P*m=i(y — 2)7+i
— [A(@), [BW), C()IFi (2,3, 2) = [A(z), [B), C()|F (2,9, 2),
S 1)“*'( )[B(y)[ (@), C(y — )7~z — 2)P*

=0
= [B(), [A(z), C(2)]| Fa(z,y, 2) = [B(y), [A(z), C(2)]|F (2, y, 2).

They coincide by the locality of A(z) and B(z). Take Res Res to get the result. [

y=0 2=0

3.5 Skew symmetry

Let us discuss the identity satisfied by two fields with respect to the residue prod-
ucts. We first consider the non-local case:

Proposition 3.5.1. Let A(z) and B(z) be fields. Then for any integer m, we have

o0

(B(2)imyA(2)), = D _(~1)™ 0D (A(2) (m+4B(2)) ,

=0
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Proof. Let n be a nonnegative integer. Then
2" [B(y), A(2)}(y — 2)™ = (1) 12" [A(z), B()](z — y)™

=m0 - 0GB - o
1=0
= (1™ @y IAR), B - 1)

= (—1)™m*! Zn:(—l)"'ynag(f) ([A(z), B(y)](z — y)mH) +  (total derivative).
i=0

Take Reg Reg of the both sides, to get
z=0 y=

n

(B(m)A)n — Z(_l)m+i+la(i) (A(m—}-i)B)n-

1=0

Since this holds for all nonnegative integers n, we have the result. O

If the two fields are mutually local, then the equality holds also for the negative
parts:

Proposition 3.5.2. Let A(z) and B(z) be fields. If A(z) and B(z) are mutually
local, then for any integer m, we have,

o0

B(2)omA(z) = Y (=1)" 0D (A(2) (4t B(2)).

1=0

This is a special case of Corollary 3.4.2. In fact, substituting the identity fields
I(z) for C(z) and setting p = —1,¢ = 0 and 7 = m in the corollary and using
Proposition 1.4.4, we have the result (see (4.2.6) in Subsection 4.2).

An alternative proof is as follows (cf. [K, Proof of Proposition 3.3 (b)]). Since
A(z) and B(z) are local,

mo—1 A _
A=BW = Y %

j=—N

+ Rn(z,9)(z —y)V

Izl <]y

by the operator product expansion, where N > —m. Here we have used Theorem
2.2.1 of which the roles of y and z are swapped. Applying Taylor’s formula (2.2.3)
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to A(z)(;)B(y), we rewrite the right-hand side as

Z (y - Z)J+

j=-N

M-1
iole (Z 0 (A(2)(B(2))(y — 2)' + Sh (v, 2)(y — z)M>

1=0

+ Ry (y,2)(y — 2)"

where 57, (y, z) are some fields. This is written as

mo—1 M—1 (4) _
ST (m1y Ty (x‘i(i))gzi(ly)) + T (g, 2)(y — 2)V

ly|>]z]

j=—N i=0 (v

for some fields Ty (y, z) if M is sufficiently large. Comparing the coefficient to
(y — z)~™~! with that in

mo—1
ABE) = Y 2wl

_ N
= (= 2R +Un(y, 2)(y — 2)",

lyl>]z]

we have the result. Note that we formally have

" B(2)(mA(z) e A(y)(nBly) TR & (—1)7H10W) (A(z) () B(2
S ((k)()_z y()(y_zz( 0 B(2))

(y — 2)k*! (z —y)i*? (y — z)I—++1

k=—o00 Jj=—00 j=-—o00 1=0

3.6 OPE of normally ordered products

To illustrate the role of the Borcherds identity, we will describe some of its conse-
quences when applied to the normally ordered products of fields.

Let A(z), B(z) and C(z) be fields on a vector space. Recall that the normally
ordered product of A(z) and B(z) is given by

° A(2)B(2) S = A(2)_B(z) + B(2)A(z)y = A(2)(-1)B(2).

Now suppose that the fields A(z), B(z) and C(z) are mutually local. Then so are
A(z) and ¢ B(2)C(z)¢, and the Borcherds identity Corollary 3.4.2 for p = m,q =
—1,r = 0 yields

(3.6.1)
A(2)omy 3 B()C()2 = 2 BE)AR) o C(2)) +}:( AR m-i-10(2).
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Similarly, Corollary 3.4.2 for p = 0,q = m,r = —1 reads

(3.6.2)

A(2)B(2) ¢ (m)C(2)

= Z (A(z)(—i—l)(B(Z)(m-H')C(z)) + B(z)(m—-i~1)(A(z)(i)c(z)))-

1=0

We may likewise compute the residue products of the normally ordered products
of many number of fields.

Now, let g be a Lie algebra with a symmetric invariant bilinear form (|) and let
g be the associated affine Lie algebra. Let M be a g-module at level & and suppose
that the currents X (z), (X € g), are fields on M. Recall that the residue products
are given by (see Subsection 2.4)

0, (m > 2),

X(2)mY () = { (XIV)kI(z),  (m=1),

[X,Y](2), (m = 0).

Then, by (3.6.1), we have

(0, (m > 3),
s V()20 — VIR, (m =2,
(XIY)kZ(2) + (X]2)kY (2) + [[X, Y], Z](2), (m=1),
L [X,Y])(2)Z(2) 2 + 2 Y (2)[X, Z)(2) ¢, (m = 0).

Now, suppose that g is a finite-dimensional simple Lie algebra over k = C and
let (|) be a nondegenerate symmetric invariant bilinear form on g, which is unique
up to a normalization. Then, for a basis {J*} of g, we may consider the dual basis
{J;} with respect to (|). Set

dimg

S(z) = Z “(2)Ji(z

i=1

It does not depend on the choice of the basis {J*}.
To compute the residue products of S(z), let us recall the property of the
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Casimir element Q = 320" ¢ JiJ, € U(g). For any X € g,

(X, Q)= 2 _[X, J7)J; + 3 X, )

J

= (LIX, TN + D THX, T

(3.6.3) 7 "
= SO, ) + (X, Z0P) T,
= 0.

Hence @ acts as a scalar on an irreducible g-module. In particular, we have

dim
(3.6.4) ZQ[J", [J8, X)) = 2hV X

i=1
for some scalar hY independent of X € g. If (|) is normalized so that (6|0) = 2
for the highest root 8, the scalar RV coincides with the dual Coxeter number of g:
V. = (8]0 + 2p)/(6|6), where p is half the sum of positive roots, called the Weyl
vector. We also note

dim g dim g

>_ () =dimg, D _[J ] =0
i=1 i=1
By using these properties, we obtain

MWMU=ZMVW%H)
= (X| Z JLIDkI(z) =0,
me%)zmﬂﬂwﬁ + (X|J)kTH(2) + [[X, T, J')(2))
~MZMWNM+ZMWHW+ZIJ1K@

=2(k+ hV)X(2),
.mmw@—ZWXM< w+§jﬂwXﬂw
-Zumw T2 8 + (X T ¢ T (2)T5(2) ¢

= 0.
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Therefore,
(0, (m > 4),
2(k + hV)k(dim g) I(z2), (m = 3),
S(z)(m)S(Z) =40, (m = 2),
4(k + hv)S(z2), (m=1),
| 2(k + hV)85(2), (m = 0).

Since S(z) is local to itself, we have the following OPE,

amsuyvmk+w®(kmmg+-2ﬂ” +8“”).

y—2)* (y-2)2 y-z
Hence, if k # —h", the field
1 1 dimg

T(z) = ms(z) = 3+ hY) ; 2T (2)Ji(2) 8

satisfies the OPE of Virasoro field

TOTE ~ G g

where the central charge is given by

__ kdimg
‘T E+av

The field T'(z) is called the Segal-Sugawara form.
We finally note that if k' = —hY, we have

[S(y), X(2)] =0 forall X €g.

This case is called the critical level.



