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The basic bibliography for this class will be [3]. The first rigorous definition of
Vertex Algebras was given by Borcherds his famous 1986 paper on the monster
groupi [1].

1. THE CALCULUS OF FORMAL DISTRIBUTIONS
Let U be a vector space (over the complex numbers generally)

1.1. Definition. An U/-valued formal distribution is an expression
a(z) = Z anz",
nez

where a, € U and z is an indeterminate. Their space is denoted by U[[z,271]].
Note also that U[z, 2~ will denote the space of Laurent polynomials with values
in Y. The linear function

Res, a(z) :=a_1,
is called the residue. Clearly satisfies

Res; 0.a(z) =0

If we consider C[z,2z71] as space of tests functions then any U-valued formal
distribution induces a linear map C[z,27!] — U by

fa(¢(2)) = Res. ¢(z)a(z).

Exercise 1.1. Show that all U-valued linear functions on the space Clz,271] are
obtained uniquely in this way.

Proof. Let f: C[z,27!] — U be a linear map, define the formal
distribution a(z) by

(1.1.1) a(z) = Z fz7tm) 2"
neL

Hence clearly we have f(z") = Res, z"a(z) and by linearity existence follows.
Uniqueness is checked similarly:

(1.1.2) a(z) = Zanz"

Multiplying both sides of (1.1.2) by z* and taking residues we get f(z*) = a_1_4
in accordance with (1.1.1) O

Following the last exercise, it is natural to define a(,y = Res. 2"a(z), then the
original formal distribution is expressed as

(1.1.3) a(z) = Za(n)z_l_”.
nez

The vectors a(,) are called Fourier Coefficients of the formal distribution.
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Similarly one can define formal distributions in two or more variables as
a(z,w,...) = E Anm,. 2 W™ Qmn,. €U
n,m, €%

Denote by A the algebra of rational functions of the form (z—w)~*P(z,w) where
P(z,w) € Clz, 271, w,w™!] and k is an integer number. Consider the following map
called expansion in the domain |z| > |w| defined when k < 0:

k
. w
i 2w (2 — w)F = 2w 2 (1 - —)
z

—k
:Zm+k:wn 1
-z
m-+k n( w w2
=z w 1—|——+<—) + ...
z z

oo .

_ Z J om—i—1, j+k+n+l
; -1-k
Jj=0

And the obvious expansion when k > 0, we can extend linearly to the rest of A.
Similarly we define the ezpansion in the domain |w| > |z| and denote it by iy, ..

-k

Exercise 1.2. These maps are homomorphisms which commute with multiplication
by 2™, w"™, and with 8, and Oy .

Proof. These maps are C linear by definition. Now the following calculation

(@M@—wrwzz(kw%+”)(r+%+uj

2
= (1+2+...)
z

=1y w(z— w)*2

is enough to prove that i, ,, is an homomorphism.
The fact that these maps commute with multiplication by 2™ and w™ is obvious.
The only non-trivial case remaining to prove in the exercise is

0xizw(z — w)*j*1 =

[eS) m A
= 0. Z < ,>zm1wm3
m=0 J

- "N 1)z 2pmi
>
m=0 \J
3 (m+1)! ' o B
= — Z (j+1)!(m+17]~71)!(]+1)z (mA1) =1, m+1—j—1
m=0
. m
= — 1 —m—1 m_j—l
(j+)§:<f+0 w

= —(j + Vg (z —w) ™72
= 0. (2 —w ‘

and similarly for 0. (]
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1.2. Definition. The formal d-function is defined by

1 1
1.1.4 5(2,0) = is 0 s
( a) (z,w) =iy, P

And substituting the definition for the corresponding expansions we get

(1.1.4b) §(z,w) =271 Z (%)n

neEZ

Differentiating equations (1.1.4a) and (1.1.4b) we get

L on , 1 : 1
(1.2.5a) 0wz, w) = P e S P T

_ ] —-j—=1, j—n
(1.2.5b) = Z <n>z w
JEZ

respectively.

Exercise 1.3. Show there is a unique formal distribution, 6(z,w) € C[z*!, w!]
such that Res, §(z,w)p(z) = p(w) for any test function ¢(z) € Clz,2z71].

Proof. Existence is proposition 1.3(6) below. Conversely, if § = Y 6, 2" w™ and
we have a similar decomposition for §’. Then we can compute

Res, ( 26_1 W™ =w —Zé'l oo W

Now comparing coefficients we have §_1—_m = 0", ;. Vk,m € Z as we wanted.
O

1.3. Proposition. The formal distribution §(z,w) satisfies the following properties

(1) (locality) (z —w)™ono(z,w) = 0 whenever m > n.
(z — ) 91,6 (z, w) = (n— 1)|8n (2, w) if n > 1.
(2 w) = 0w, 2).
( w) = —0y0(w, 2).
(z) ( w) = a(w)d(z,w) where a(z) is any formal distribution.
Res, a(2)0(z, w) = a(w)
xp(A(z — w))050(2,w) = (A + 9)"6(2, w)

(2)
(3)
(4)
()
(6)
(7)

@

Proof. Properties (1)-(4) follows easily from the definitions and equations (1.2.5a).
Perhaps properties (3) and (4) justifies the usual notation §(z — w) for §(z, w).
Now because of (1) we have (z — w)d(z, w) = 0 hence 2"0(z,w) = w™d(z,w) and
(5) follows by linearity. Now taking residues in property (5) we get

Res, a(z)0(z,w) = a(w) Res, §(z, w) = a(w)
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so (6) follows. Now in order to prove (7) we expand the exponential as

Az, w) = 3 Tonl(z — w)
k=0

)\kn' 6” ké Z,w
2 i

/\ké'” k) d(z,w)

= (A +aw) d(z,w)

k 83;6(27 w)

n!

1.4. Definition. An U/-valued formal distribution is called local if
(z —w)"a(z,w) =0 n>>0

1.5. Example. §(z,w) is local and so are its derivatives. Also a(z,w) local implies
that a(w, z) is local.

Exercise 1.4. Show that if a(z,w) is local so are Oya(z,w) and d,a(z,w).

Proof. Of course by symmetry it is enough to prove the result for one derivative.
If (2 — w)" ta(z,w) = 0 then we have:
(z —w)"0ya(z,w) = 0,(z —w)"a(z,w) — a(z,w)0,(z — w)"™
= —na(z,w)(z —w)"*
-0
proving the exercise. O

1.6. Theorem (Decomposition). Let a(z,w) be a U-valued local formal distribution.
Then a(z,w) can be uniquely decomposed as in the following finite sum

L 000(z,w
(1.5.1a) a(z,w) = > & (w )E')
JELy
where ¢/ (w) € U[[w, w™1]] are formal distributions given by
(1.5.1b) ¢ (w) = Res, (z — w) a(z,w)

Proof. Let b(z,w) = a(z,w) — ch(w)%é(z,w). Clearly b(z,w) is local being a
finite linear combination of local formal distributions. Note that

Res,(z — w)"b(z,w) =
= Res,(z —w)"a(z,w) — Res,(z — Z A (w Du0(z, w)(S( w)
) = )

T Res, 0(z,w)
= c"(w) — " (w)
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Now write b(z,w) = > 2"b,(w). Then we have Res, b(z,w) = b_1(w) = 0. By
the above calculation we have

0 = Res.(z — w)b(z,w)
= Res, zb(z,w) — wRes, b(z, w)
= Res, zb(z, w)
= b72(za w)
=0
and iterating we have b(z,w) = Zn€Z+ b, z™. Now since b is local we have
(z —w)"b(z,w) =0=b(z,w) =0

as we wanted.
To show uniqueness we take residues on both sides of (1.5.1a), obtaining:

8 (5
Res, (2 — w)*a(z,w) = Res, (2 — Z J(w (2 w) = cF(w)
In accordance with (1.5.1b) . O

Given a(z,w) € U[[z*!, w*!]]] we may define a linear operator
Dg : Clz, 27 — U[[w,w™]]
©(z) + Res. p(z)a(z, w)
Exercise 1.5.
(1) D w)od,5(sw) = c(w)dd, and in particular we have Dy, ) = 1.
(2) a(z,w) is local if and only if D, is a finite order differential operator.

(3) Suppose a(z,w) is local, then Dy, .y = DZ( where x is defined by

z,w)’

(X cwar) =3 (-oi)e (w)
Proof.
D uyos(o)#(2) = Rese c(w)00,6(2,w)ip(2) = (), Res. (2, w)p(2)
= ()9l p(w)

proving (1). Suppose now that a(z,w) is local, by the decomposition theorem 1.6
we may assume that a(z,w) = c¢(w)d%,0(z,w) and in this case (1) proves that D,
is a finite order differential operator. The converse is obvious hence (2) follows. To
prove (3) we may assume again by theorem 1.6 that a(z,w) = c¢(w)d%,6(z,w), in
this case:

Dg(u,z) = Res; c(2)p(2)016(w, 2)
= Res, c(2)p(2)096(z, w)
= Res. c(2)p(2)(—0u) (2, w)
= (=0 )] Res, c(2)p(2)d(z, w)

)
= (=) c(w)p(w)

and the result follows by linearity. (I
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2. FORMAL FOURIER TRANSFORM

2.1. Definition. Given a formal distribution a(z,w) € U[[z*!, w*]] we define the
formal Fourier Transform of a(z,w) by

(2.1.1) F2a(z,w) = Res, X" q(z,w)

ERT

Hence F}',, defines a map from the formal distributions to ¢[[w, w™]][[A]].

2.2. Proposition. F, a(z,w) = ;‘—fc](w) where ¢/ (w) is defined as in (1.5.1b).
Proof.
F2,a(z,w) = Res, """ q(z,w) = Z A—jRes (z —w) a(z,w)
Z,W ? z ) ' z )
JELy
and we can recognize ¢/ (w) in the last sum. O

2.3. Proposition. The formal Fourier transform satisfies the following properties:
(1) Fgwaza(z,w) = —)\Féwa(z,w) = [&U,Fz)‘,w].
(2) F2pa(w,z) = F ) %a(z,w) provided that a(z,w) is local, where
F

(3) F} FF a(z,w,x) :FQZ‘,‘LFZ)‘,ma(z,w,x)

z,wr T,w
Proof.

A Pwa(z,w) = FYa(z,w) - xo,

z,w

Fz’\}waza(z,w) = Res, e’\(z_w)aza(z,w)
—Res, 0, (e’\(z_w)> a(z,w)
= —ARes, e*C™q(z, w)

= —AFgwa(z,w)

Hence the first part of (1) follows. To prove (2) by the decomposition theorem 1.6
it suffices to prove the case

a(z,w) = c(w)d 6(z,w),
but in this case we clearly have:
F;wa(w, z) = Féwc(z)agé(w7 z) = Res, 7 ¢(2)(=8,,)76(2, w)
where we have used property (4) in proposition 1.3. Now using property (7) in the
same proposition we can express the last term as:
Res, c(2) (=X — 0,,)70(z,w) = (=X — 0y)? Res, ¢(2)d(z, w)

But F¥,, c(w)partial],d(z, w)|u=—r—a, = (—A— )’ c(w) which in turn is the RHS,
hence (2) follows.

Now proving (3) is equivalent to

w

Res, e**~%) Res, e~ (2, w, x) Z Res, eM1(@E—w) Reg, Az, w, x)
A=) tua—w) 2 (Ahp) (e—w)+A(2—a)
This is clearly true. (I

Exercise 2.1. Prove the second equality of (1) in the above proposition
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Proof.
[Ows 1*"2’\770]a(z7 w) = Dy Res, X" a(z,w) — Res, X8, a(z,w)
= Res, 8, (X" a(z, w)) — Res, )" da(z, w)
= Res, 9, (e*F7))a(z, w)
= —)\Fz):wawa(z,w)
as we wanted. O

A digression on Superalgebras.

2.4. Definition. A superspace is a vector space V = V; @ V3. Similarly a super-
algebra is a Z/2Z-graded associative algebra, this is A = A ® A7 and if a,, € A,
then aqag € Aatp.

2.5. Example. End(V) where V is a superspace, is canonically a superalgebra,
where

End(V)y = {(g 2) e End(V)}, End(V); = {(2 8) E End(V)}

2.6. Definition. If dimV < oo then we define the supertrace in End(V) as
str(A) = tr(a) — tr(d) and the superdimension sdim V' = dim V5 — dim ;.

Denote by p(a) the degree of the homogeneous element @ in an associative su-
peralgebra, we call this degree the parity of a. In an associative superalgebra we
define the (super)bracket in the homogeneous elements by:

(2.6.1) [a,b] = ab — p(a, b)ba, pla,b) = (=1)Pl@r®),

Exercise 2.2. Prove that the (super)bracket defined above satisfies:

(1) la, 0] = —p(a,b)[b, a]
(2) [av [b7 C]] = Ha’ b]v c] + p(a, b) [b7 [av CH

Proof. Multiplying equation (2.6.1) by p(a, b) and noting that p(a,b)? = 1 we get
p(a,b)la,b] = p(a,b)ab — ba = —[b, a]
And this proves (1). To prove (2) we expand each side to get
[a, [b, c]] = abc — p(a, b)p(a, c)bca — p(b, ¢)ach + p(b, ¢)p(a, ¢)p(a, b)cba
[[a,b], c] = —p(a, c)p(b, c)cab + abe + p(a, b)p(a, c)p(b, ¢)cba — p(a, b)bac
p(a,b)[b, [a, c]] = p(a,b)bac — p(b, c)acb — p(a, b)p(a, c)bea + p(b, ¢)p(a, c)cab

In the second equation we used (1) and parity identities as p(a,bc) = p(a, b)p(a, ¢)
which are straightforward to prove. Now it is clear that subtracting the last two
equations from the fist one we get the result. O

2.7. Definition. A superspace endowed with a bracket satisfying the above prop-
erties is called a Lie superalgebra.

2.8. Example. End(V) with this bracket, where dim V5 = m and dimV; = n is
called gl(m|n). We define a subspace as

sl(m|n) = {A € gl(m|n)|str A =0}
Exercise 2.3. Show that str[A, B] = 0 for every A, B € gl(m|n) hence sl(m|n) is
a subalgebra (even an ideal) of gl(m|n).
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ab a b
A= (ea) 2=(00)
hence we can express the bracket of these elements as

(ad —d'a+bd +Vcab —bd+bd —dec
(2.8.1) 4, B] = (dc' —cda+ca —a'b dd —d'd+ cb +c’b>

And now it is clear that

str[A, B] = trbd’ +trb'c —treb’ —trd'b =0

Proof.

proving the exercise. O

Exercise 2.4. Show that s\(1|1) is nilpotent but sl(m|n) is simple whenever m > 1
orn>1 andm #n.

Proof. From equation (2.8.1) we have s[(1]1)" C s[(1]1)g. But sl(1|1)5 is clearly a
commutative algebra, hence s[(1/1)? = 0 and s[(1|1) is nilpotent.

Note that in the case m = n the identity matrix is in sl[(m|n) and hence the
scalar multiples of the identity form a nontrivial ideal, hence s[(m|m) is not simple.

To give a proof that in the remaining cases g = sl(m|n) is simple, we proceed
as in the sl(n) case. Consider the subalgebra of diagonal matrices h C g. It acts
on g by the adjoint representation, moreover it acts diagonally, in fact since h C gg
we know exactly what the action of ad(h) is from the classical case. If we define
E; ; to be the matrix with 1 in the ¢, j entry and 0 otherwise, ¢; € h* is such that
€i(Fj;) = d;5, then we can easily see

[H, Eij] = (€; — €)(H)Ei
Now we have a gradation of g with respect to h given by
(2.8.2) g = ®rchgr a={Acg||[H, A =\NH)AVH € b}

If I C g is an ideal then it must be graded with respect to (2.8.2) (This is an easy
consequence of the fact that the Vandermonde matrix is invertible). So we have

(2.8.3) I =&INgx

We claim that if I is proper then I N'h = {0}. In fact, if this is not the case let
Helnh.

Assumption (*): Suppose that we can find i # j such that H;; # H,;.

Then we have 0 # [H, E;j] < E;; € I, hence E; ; € I. Now we have

EnfEJ i,j>mori,j<m

2.8.4 Eij, Byl =
( ) [Eijs Ejil {En + Ej; otherwise

is in I. Clearly the diagonal matrices in (2.8.4) generate h so h C I and from here
is easy to see that I = g a contradiction so we have proved that I Nh = 0.

But now let I C g be a proper ideal. Let 0 # A € I be any element. Then by
the gradation (2.8.3) we can write A = ) Ay where only a finite number of the Ay
are different from 0 and each Ay € I. Now it is clear that there exist i, j such that
E; ; € I and from (2.8.4) we derive I N # 0 which is absurd, hence I = 0 and g is
simple.

Note that the only assumption that we have made is (*), but clearly if we cannot
find such 4, j then H is a multiple of the identity matrix, and this can only happen
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in the m = n case. The above analysis shows that I is either {0}, g or FI, hence I
is a maximal ideal and sl(m|n)/I is simple.
We refer to [2, prop. 2.1.2] for further readings on Lie superalgebras. O

2.9. Definition. Let g be a Lie superalgebra. A pair (a(z),b(w)) of formal g-valued
formal distributions is called local if

(2.9.1) [a(z),b(w)] := Z[a(m),b(n)]z_l_mw_l_" € g[[z*!, w*]

m,n
is local.
By the decomposition theorem 1.6 we have for a local pair

97 5(z,w)
J!

)

(2.9.2) [a(z),b(w)] = ) (a(w)(b(w))

JE€Zy
where
a(w)(jb(w) = Res. (z — w)’[a(2), b(w)]
and substituting (1.2.5b) in (2.9.2) and comparing coefficients we get
[agm)sbem] = Y <Zn) (@) () -
€Ly

2.10. Definition. The A-bracket of two g-valued formal distributions is defined
by

[axb] = F2,[a(2), b(w)]
= Res, )™ [a(2), b(w)]

(2.10.1) = % Res. (2 — w)’[a(2), b(w)]

2\
=> o (a(;)b)

2.11. Remark. From the last equation we can guess that the A-bracket of a local
pair is important because it gives the generating function for the products (a(;b).

Note also that differentiating the expansion (1.1.3) we get (9a)y) = —na(m—1).

2.12. Proposition. The following are properties of the A-bracket:

(1) (Sesquilinearity) [Daxb] = —Alaxab], [ar0b] = (O + A)[arb].
(2) (Skew commutativity) [bya] = —p(a,b)[a_r_ab] if (a,b) is a local pair.
3) [aalbucl] = [[arblxync] + p(a, b)[byularc]].

Proof. The first equality follows from the following equation:
[0axb] = F2,,[0.a(2),b(w)] = F,0:[a(z),b(w)] = —AF2,[a,b] = —A[axb]

where we have used the first property in proposition 2.3.
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In order to prove (3) we have

[axlbucl] = F2,[a(2), FLy [b(x), c(w)]
—F;wF;‘w[ ( ) [b(x), c(w)]] by definition
=F2, Flylla(2), b(@)], e(w))+
+p(a,b)F2, FY L [b(2), [a(2), c(w)] by Ex. 2.2 (2)
= F i Flla(2), b(@)], e(w)] + pla, b)[bulaxc]] by prop 2.3 (3)

= [laxb]xtpuc] + pla, b)[bufaxd]]

Exercise 2.5. Prove the second equality in (1) above and property (2).
Proof. For property (1) we have
[ax8b] = F2, [a(2), 8ub(w)]
= F2,0ula(2), b(w)]
[0 P2 (), b(0)] + 9 2, a(2), b(w)]
= Aaxb] + Oy [ard]
as we wanted. To prove (2) in the proposition we have again
[baa] = F2,[b(2), a(w)]
—pla,b)F2, a(w),b(2)]
= —p(a,b)F; 5" [a(z), b(w)]
= —p(a,b)la_x—sb]

2.13. Definition. Let R be a C[d]-module endowed with a C linear map

R®R — C[N &R,
called A-bracket and denoted [axb] such that properties (1)-(3) hold. Then R is
called a Conformal Lie Algebra

3. LIE CONFORMAL ALGEBRAS

Let us recall the definition of Lie conformal algebra given in the previous
lecture.

3.1. Definition. A C[9]-module R is called a Lie conformal super-algebra if it is
equipped with a C-bilinear map

(3.1.1) [A]: ROR — CA|®@R

satisfying the following equations:

[Qaxb] = —Alaxb],
(3.1.2) [ax0b] = (0 + A)[axd],
[bxa] = —p(a,b)la_r—a)b],
[ax[buc]] = [laxb]rtpuc] + p(a,b)[bylaxc]].
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The map (3.1.1) is called a A\-bracket.

In what follows we will sometimes abusively omit the prefix “super-” referring
to superalgebras.

Now we are going to discuss a relation between Lie conformal algebras and the
so-called formal distribution Lie superalgebras.

Relation of Lie conformal algebras to formal distribution Lie superalge-
bras.

3.2. Definition. A formal distribution Lie superalgebra (g, R) is a pair where
g is a Lie superalgebra and R is a space of g-valued formal distributions which are
pairwise local, closed under all j-th products, invariant under 9, and the coefficients
of all distributions from R span the whole Lie algebra g. (g,R) is said to be in
E-relation to (g1,R1) if there exists a surjective homomorphism g — g; inducing
an isomorphism R = R;. The equivalence relation between formal distribution Lie
superalgebras is obtained by extending this F-relation by symmetry and transitiv-
ity.

Last time we proved that for any such pair (g, R) R is a Lie conformal superal-
gebra, where & = 0, and [axb] = F,[a(z), b(w)]. Now we might ask if for any Lie
conformal algebra there exists a corresponding Lie superalgebra.

3.3. Proposition. The map (g, R) — R establishes a bijection between equiva-
lence classes of formal distribution Lie superalgebras and isomorphism classes of
Lie conformal algebras.

Proof.

Given a Lie superalgebra we know how to construct a Lie conformal algebra.
Conversely, given a Lie conformal algebra R, construct a Lie superalgebra Lie(R)
whose vector space is a quotient

(3.3.1) Lie(R) = R[t, t']/I
where I is a subspace spanned by the elements {(da), + na,_i|n € Z}, where
a, = at™, a€R.

To define a Lie bracket on space (3.3.1) we introduce the following algebra struc-
ture! on R[t,t!]

(33.2) [, ba] = Y (T)(a(j)b)mﬂ_j :

JE€Ly
The following exercise shows that (3.3.2) induces an algebra structure on quotient
space (3.3.1)

Exercise 3.1. Prove that I is an ideal in the algebra (R[t,t71], [, ]).

Proof. We mention that the first two equations in (3.1.2) are equivalent to the
following identities for j-brackets

INotice that the algebra we get on R[t,t1] is neither Lie nor associative.
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Using equations (3.3.3) we easily show that I is indeed an ideal in R[t,t71]. We

just mention that if we substitute an element of I as the first argument in (3.3.2)
we get zero identically

[@m + May—1, En] =

m . m—1 e fo—
Z(J’)wau)b)tm*” J+’”Z( k )(%)b)t okl =
§>0

k>0
S ( ) a4 ) (m — k) (k)(‘%k)b)tm*”‘(’““)
3>0 k>0
= —Z ( > a(])b)tm+n J—1 + Z m k <k>(a(k)b)tm+n_(k+l)
3>0 k>0

= 0.

If we instead substitute an element of I as the second argument in (3.3.2) we get
a non-zero sum belonging to [

o, (90),, + o] =D (T) (ag) )™ " 4 4n Yy (7:) (agb)t™ =t =

=0 k>0

3 (7) (D(agb) + jlaG-pb)t™ T + 40y (Z) (agyb)t™ 1

§>0 k>0

- Z ( > m+n—j)(agb)t™ "I 4 Z ( )] ag—1b)t" T +
7>0 7>0 ‘7
+ Z < ) a(k)b tm+nfk71

k>0
m+n—j m . m-n—qj—
= +Z( ) jlag_pybytmtn=a —Z( ‘)(m—j)(a(j)b)t =il e,
>0 >0 \J
where ... stands for some elements of I . O

3.4. Remark. The other two equations in (3.1.2) imply that R[t,t71]/I is a Lie
algebra. To prove this one can either do all the calculations or to mention that we
defined the algebra Lie(R) in such a way that the anti-symmetry property and the
Jacobi identity for Lie(R) are equivalent to the last two equations in (3.1.2).

We define a Lie conformal algebra corresponding to Lie(R) as the set

(3.4.1) R={)_at"z"""' |acR}.
nez

By definition there is a one-to-one correspondence between elements of R and
elements of R given by the map

(3.4.2) aeR—a(z) = Z at"z"" e R
neZ
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An obvious calculation shows that

0,a(z) = (0a)(z) up to elements of I,

the elements of R are pairwise local

a(),bw) = 3 <a<j>b><w>%6<z7w>

JELy

and the Lie conformal algebras R and R are isomorphic.

Now we have to show that if R is a Lie conformal algebra corresponding to a
formal distribution Lie superalgebra (g, R) then (g, R) is isomorphic to (LieR,R)
as a formal distribution Lie superalgebra. For this we define a map ¢ : LieR — g

(3.4.3) ¢(at™) = Res,az™ .
The following calculation
#(0at™ +mat™ ) = Res.((0.a)z™) + Res,(maz™') = —may,,_1 + ma,_1 =0

shows that the map ¢ is defined correctly. By definition of the formal distribu-
tion Lie superalgebra ¢ is surjective and induces isomorphism of the associated
Lie conformal algebras. By construction of the Lie bracket (3.3.2) in LieR, ¢ is
homomorphism of Lie algebras.

Thus the proposition follows.

3.5. Definition. An ideal I C g where (g, R) is a formal distribution Lie superal-
gebra, is called irregular if all the coefficients of a(z) € R lie in I if and only if
a(z) =0.

It follows from the proof of prop. 3.3 that (Lie(R),R) is the maximal formal
distribution Lie superalgebra corresponding to R, in the sense that any other is a
quotient of the former by an irregular ideal.

3.6. Example (Virasoro Algebra). It is a Lie algebra with a basis {L,,, m € Z, C'}
and the following commutation relations

m3—m

(3.6.1) [Lm, Ly] = (m —n) Ly + 6m,—n B

c,

where C' is a central element.
This algebra is a central extension of the Lie algebra of vector fields on C*.
Namely, if we set L,, = —z™710, then we get the same formula as above but

without the central element, i. e. [Ly,, L] = (m — n) Lty -

We are going to construct formal distributions valued in this algebra. For this
we set

L(z) = Z L,z"""2.

neL
Note the unusual exponent —n — 2, hence L(n) = L,_;.The relations (3.6.1) are
equivalent to

(3.6.2) [L(2), L(w)] = 0w L(w)d(z,w) + 2L(w)0d (2, w) + %85’}5(2, w).
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Hence {L(z),C} is a local family and in terms of A-brackets (3.6.2) is equivalent to

23
[LAL) = (9 +20)L+ 550, [CrL]=0.
In other words
L(O)L = 8L, L(l)L = 2L, L(3)L = %, L(])C = 0, L(j)L = 0 otherwise .

Using the A-bracket we can recover the relations (3.6.1)

m
[L(m)’ L(”)] = Z (] ) (L(j)L)(ern*j)

JELy

m C
- (L(0>L)(m+n) +m (L“)L)<m+"‘” - (3> (2)(m+n3)

m(m—1)(m — 2
= (aL)(m+n) + 2mL<m+n_1) 4 ( )( )

O(m+n—3)

12
m(m —1)(m — 2
= (m - n)L(mJF”*l) + ( 12( )C(m+n73)
m(m —1)(m — 2
= (m — ’I’L)L(m+n_1) + 5m+n,72 ( 1;( )C .

The latter gives (3.6.1) after an obvious shift L(,41) = Ly, .
The corresponding Lie conformal algebra is given by

Vir = C[9]L + CC, 9C =0.

Moreover, since in this case the map (3.4.3) is an isomorphism from Lie(Vir) to
(3.6.1) the Virasoro algebra is the maximal formal distribution Lie algebra corre-
sponding the Lie conformal algebra Vir.

Exercise 3.2. Prove that
R = @Z—GI(C[a}ai +CC, 90C=0

as a C[d])-module if and only if {a’, C_1 |i € I, n € Z} form a basis of Lie(R).
This characterizes the maximal formal distribution Lie algebra associated to R.

Proof. <. If {a},, C_y |n € Z} form a basis of Lie(R) then R = R is generated
by elements a'(z) = ), o, alz~"! and C by applying 9. To prove that the R is
freely generated by the action 0 we mention that

Res.a'(z) = a)

and
k

Reszﬁzl)!ai(z) =a',

for k > 0. Hence if R is not freely generated by O the elements af, would be linearly
dependent. The latter contradicts to the assumption that a!, form a basis in LieR
and the implication < is proved.

=. Let now

R = ®ic;C[0]a’ + CC, 0C =0
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as a C[0]-module. Then the elements a’, and C_; obviously form a generating set
of LieR since V k > 0

Lok iy _ k(T 4
0t =0 () )ai
and ¥ &k # —1 C = OtF = —(90) "+ /(k +1) = 0.

If some finite sum
Z afal =0, afeC
ik

then '
Res, Z aF2Fal(z) =0.
ik
Hence
R # @E,C[a]ai +CC, o0C =0,
and the statement follows. O

3.7. Example. Neveu-Schwarz (NS) Lie superalgebra. It is a Lie conformal
superalgebra whose C[d]-module is

NS = C[]9|L & C[0]G & CC, oC =0,
where L and C are even and G is odd. The respective A-brackets are defined as

3

[LAL] = (D+2)\)L + %c

(3.7.1) [L\G] = <a+ 2)\> G

)\2
[GA\G] = L+ KO
[Cx-]=0
Exercise 3.3. Check that this is a Lie conformal superalgebra. Write

L(z) = Z Lyz "2,

neZ

G(z) = Z Gz 32

nE%-‘rZ
and derive all the brackets.

Proof. Since A-brackets (3.7.1) are defined on generators of C[0]-module we have
to check only the last two relations in (3.1.2). Since 9C = 0 we get

L (A=)

=0 = —[Loaoll,

ILAL] = (0 +2\)L + gc — (04 2(-N—-d))
[G)\G] =L+ %QC =L+ ﬁc = [Gf)\,g}G],

and the analogous relation for [LyG] is just a definition of the A-bracket between

G and L ) 5
[GAL] = (§8+ 5/\)G
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Thus we are left with Jacobi identity. We remark that it suffices to check it
for one permutation of any three elements. While this is hard to prove directly, it
follows from the symmetry of Jacobi in a Lie superalgebra. Indeed suppose we know
the first three relations hold in our conformal algebra, and Jacobi holds for some
permutation of any three elements. We can associate a (not necessarily Lie) algebra
A to our conformal superalgebra. The associated bracket will satisfy antisymmetry
and Jacobi for all elements, hence A is in fact a Lie Algebra, and Jacobi must hold
for all elements in our conformal algebra as well.

In the sector [G.[G.G]] the Jacobi identity holds for the following lines of com-
putations

(GA[GLGT] = [[GACrG] — [GulCAG]
(GALl = [LaguG] — (Gl

0+ 3\ 3 1
*; G = 0+ 5+ )G~ 5(0+3p)G

The following calculations prove the Jacobi identity in the sector [L.[L.G]]

[IALLWG]) ~ [LulIAGl) = (04 A+ Sm)IaC] — (1 )

3
= (A= pdG + S (N = p)G
= [(0+ 20 Lr1,G]
= [IaLr+uGl-
The Jacobi identity in the sector [L.[G.G]] follows from

[(8+ gA)GwG] +[G. (0 + g)\)G] = (% = 11)[GA1, Gl + (0 + p + %)[GMG}

)\3
= 2 L - .
(0 +2X) +12C

We omit the proof of the Jacobi identity in the sector [L.[L.L]] since the A-bracket
[LAL] is the same as in the conformal Lie superalgebra Vir.

Thus the Neveu-Schwarz Lie superalgebra is indeed a Lie conformal superalgebra.

Using A-brackets (3.7.1) we get

[L(2), L(w)] = 0w L(w)d(z,w) + 2L(w)0yd(z,w) + %83)5(2,10)
(3.7.2)  [L(2),G(w)] = 0u,G(w)d(z,w) + gG(w)aw(S(z,w)
(G, Glw)] = Lw)d(z,w) + S (=)
The brackets of the corresponding formal distribution Lie superalgebra are of

the form
3

(L Ln] = (m =1) Lt + (2, W), - —C
m
(3.7.3) (Lo, G = (5 - n) Goin
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where C' is a central element. O
3.8. Definition. Let V = V; @ V7 be a (super)space. A (super)symmetric
bilinear form (-|-) is a map

() : VeV —C
which is zero on the subspaces V5® V7 and V3 ® V5. It is symmetric on the subspace
V5 ® V5 and antisymmetric on the subspace V3 ® V7.

3.9. Definition. If a (super)space V = V5 @ V; is endowed with an action of a
Lie (super)algebra g then a bilinear form (+|) is called invariant if for any three
homogeneous elements X € g, v,w eV

(Xv,w) + p(v, X)(v, Xw) =0.

3.10. Definition. If the (super)space is V' = g and the action of g on V is the
adjoint action then an invariant bilinear form (-|-) on g is called adjoint invariant.

3.11. Example (Kac-Moody Affinization). Let g be a finite dimensional Lie (su-
per)algebra and (-|-) be a (super)symmetric adjoint invariant bilinear form on g.
Consider the associated loop algebra

g=g@C[tt | =glt,t7],
and define a central extension of g
g=g[t,t ']+ CK
with the following commutation relations
(3.11.1) [at™, bt"] = [a, b]t™ ™ + mbp, _n(alb)K ,
where K is a central element.

The supersymmetry property and the adjoint invariance of the pairing (-|-) im-
plies that the bracket (3.11.1) defines a Lie superalgebra.
Consider now the following formal distributions called currents: for a € g let

a(z) = Y pegat™)z ™I 7m.
Exercise 3.4. Show that (3.11.1) is equivalent to
(3.11.2) [a(z), b(w)] = [a, b](w)d(z, w) + K(a|b)0,d(z,w), a,beg.

Proof. This is shown by the following straightforward calculation

[a(2),b(w)] = Z [at™, btz M=
m,ne”
= Z [a, bty immmn Ty m Z K (a|pymz=t=mw™m 1
m,neZ mEZ

[a, b](w)d(z, w) + K (a]b)Dyd(z, w)
The corresponding Lie conformal algebra is
Curg = C[0]g® CK ,
[axb] = [a,b] + (a|b)AK, a,beg,
[Kya] =0.

If g is commutative then Curg is called the Conformal algebra of free bosons.
O



VERTEX ALGEBRAS 19

3.12. Example (Clifford Affinization). Let A = A @ A7 be a (super)space with

a skew-supersymmetric bilinear form < -,- > (this means that the form is skew-
symmetric in the even part, symmetric in the odd part and both parts are orthog-
onal).

The Clifford Affinization is the Lie superalgebra A = A[t,t1] 4+ CK with the
following Lie bracket

(3.12.1) [t t"] = Kby, —1-n < @, 0 >, p,peA.

The skew-symmetry of the bracket follows directly from the definition of the skew-
supersymmetric bilinear form < ;- >. The Jacobi identity of bracket (3.12.1) is
trivial.

The free fermions are defined as p(z) = >
relations (3.12.1) are equivalent to

[a(2),b(w)] = K < a,b> §(z,w)

mez(@t™)z"™ 1 where ¢ € A. Then

and the corresponding Lie conformal superalgebra looks as follows.

F(A)=C[0)JA+CK, 0K =0, [a\b=<a,b>K, abeA.

4. NORMALLY ORDERED PRODUCTS

Last time we constructed Lie(R) for any Conformal Lie algebra R. In the next
exercise recall that a derivation T of a superalgebra is defined to be an homogeneous
endomorphism of parity p(7") such that

T(ab) = T(a)b+ (—1)PWPDaT(b)
Exercise 4.1. Lie(R) has the following well-defined even derivation.
T(a,) = —nan—1 (n€Z)

Proof. Tt is clear that T'(I) = 0 since T((a), +na,_1) = —n(da), _,+(n—1)a, o €
I. The rest of the exercise is just the definition of the lie bracket in Lie(R):

[T(am)7 bn] + [arrm T(bn)] = _m[am—la bn] - n[am, bn—l] =

S Z <mj 1)m(a(j)b)(m+n—j—1) - Z (?)n(a(j))(mﬁ-n—j—l)

3=0 72>0
m . m
=-> ( .>(m = D@ b imn——1) = Y ( .>n(%‘>b) (mtn—j—1)
i>o0 N o \J
m .
- Z ( ; ) (m +n = j)(a)b) (mrn—j—1)
izo
m
=1 S (1) @ e
PR
= T([am,bn])

Now we cite for completeness a Theorem without proof
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4.1. Theorem. A simple finitely generated, as C[0]-module, Conformal Lie alge-
bra is isomorphic to either Vir/CC or to Curg/CK, where g is a simple finite
dimensional Lie algebra.

Operator Product Expansion.

4.2. Definition. The Operator Product Expansion for a local pair of g-valued
formal distributions is defined to be

(42.1) [a(2), b(w)] = Y _(a(;b) (w)d:,0(z,w)/j!

where '

a(w)(;)b(w) = Res:la(z),b(w)](z —w)’,  j€Zy
Physicists usually write this OPE as
o a(w)b(w)
a(z)b(w) = Z m
JEZL

writing only what is called as the “regular” part of the OPE

For calculations this notation is very useful and this can be seen in the following
exercise:

Exercise 4.2. Prove that for any local pair a(z),b(w) the following equation holds:
. 1
a(z)b(w) = Z a(w)(j)b(w)lz,wm+ ta(z)b(w) :
JELy
And the ordered product : a(z)b(w) : is defined below
Proof. Recall from (1.2.5a) that:
1 s 1
(z —w)i Tt T (2 —w)i

replacing this expression in (4.2.1) and taking only the negative powers of z we get
(using (4.3.1)):

J
7?5(23 ’LU) = Z'z,u)

1

[a(z)—a b(w)] = Z(a(j)b) (w)iz,wm
j=>0
Hence we have:
Z(a(j)b) (w)izwm—&— sa(z)b(w) = a(z)b(w)
j=0
as we wanted. O

4.3. Definition. Given two U-valued formal distributions a(z), b(z), where U is an
associative superalgebra, we define a U-valued formal distribution in 2 indetermi-
nates : a(2)b(w) : by

sa(2)b(w) := a(z)+b(w) + p(a, b)b(w)a(z) -

Z a(n)z—l—n

n<—1

a(z)- = Z a(n)z_l_"

n>0

where we have

2
X
+

[

(4.3.1)
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We remark that the partition given in (4.3.1) is the only one with the properties
that

(4.3.2a) (9:a(2)), = 0:(a(2)+)
(432b) Res. a(Z)Z’Z’w (Z — i})n+1 - agaf,gw)_‘—
(4.3.2c) Res; a(2)iw,- (z — llu)n+1 - _83)@,30)7

and the second and third properties are called the Formal Cauchy Formulas.
To prove the first Formal Cauchy Formula we calculate

. 1 e — w\ M
Res, Q(Z)ZZ’wm = ResZZa(n)z l1-n,—1 Z (;)

m>0
— m
= E A(—m-1)W

m>0
= a(w)y
Differentiating both sides, we get the Cauchy Formula.

The product : a(z)b(w) : is called the regular part the OPE and expanding in
Taylor series we get

sa(z2)b(w) = Z aja(?b(w)(z —w)?

And we denote

: 0 a(w)b(w) :
(4.3.3) a(w)(—1—jb(w) = —
where we use the analogous formula to definition 4.3 for the normally ordered
product:

(434) _ Z < ab (n) z—l—n

nez
and
cab iny= Z a)bn—j—1) +pla,b) Zb(n—j—l)a(j)
Jj=—1 Jj=0

Completions. We shall work in the following setup: g is a Lie superalgebra with
a descending Z-filtration:

e Dg1DgDgLD...
with g = Ug,, Ng; = 0 and [g;, 9;] C gi+;
4.4. Example. The Lie conformal algebra g = Vir satisfies these conditions, where
gj=» CL; if j>0
i>]

gj:(CC+ZLi lfJSO

i>j
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Exercise 4.3. Let R = ®C[0]a; + C where the sum is finite, prove that there exist
a Z-filtration as above in Lie(R).

Proof. we know by Ex.3.2 that {al,C_1},ez form a basis for Lie(R). We have
Vi, k € I that there exists j;z such that aéj)ak = 0 for all j > j;x. Now taking

j = max ji and defining (Lie(R)), to be 3-,,, ; aj, we are done. O

Let U be an enveloping algebra of g such that Ni/g; = 0. For example U = U(g)
satisfies the condition, where U(g) is the universal enveloping algebra of g. We
construct a completion U™ of U consisting of infinite series ), u; such that
for each N, all but finitely many of the u.s lie in Ugy.

4.5. Lemma. For anyuw € U and N € Z there exists M € Z such that garu C Ugny .

Proof. We may assume that wu is a product of n elements from g. We prove the
lemma by induction on n. If n =1 then u € g hence it lies in some member of the
filtration gs for some s, hence defining M = max{N, N — s} we are done, indeed

gvu = [gar,u] +ugar C gu+s + UGN

Now if n > 1 we write u = ujus, where u; € gs and us is a product of n — 1
elements. Now we apply the inductive assumption, and it goes like

oMU = garuits = [gar, uilug £ ui(gar, us] + urusgns

Now the first and the last term clearly satisfies the lemma for M sufficiently large.
The rest is included in the exercise

Exercise 4.4. Complete the proof of the lemma

We need: For every N € Z and v = ujus - - - up, € U where u; € g5, there exists
M € Z such that gpru C Ugy.

We prove this by induction on n. If n =1 we can take M = N —i;. For n > 1,
we have

[gnrs - un] = wr e un—1[gar, un] + [@ar, ur - U1 luy,
By induction, we can select M such that [gas,, un—1] C Ugn—;, . Then we have
[gar, U1+ Up—1]tun CUIN—;, Uun CUGn. Now take M = min{N — i,, M1} and we

are done.
O

This lemma implies that if > u;, Y v; € U™P then the product Z” u;v; is in
U™ as well. Indeed, fix N € Z and by the lemma, Vv, 3M, such that g, v €
Ugn. All but finitely many of the v; are in Ugy and for those u;v; € Ugn. There
are hence finitely many v; & Ugn, say {v1,...vx}, and for each one finitely many
u; such that u;v; € Ugn.

4.6. Definition. An U™P-valued formal distribution a(z) = >, 7 a2 17" is
called continuous if for each N, a(,) € U*“™Pgy for n >> 0.

From now on U,.[[z, 271]] denotes the space of all U°™P-valued formal distribu-
tions.

4.7. Proposition. The space U.[[z, z71]] is closed under all j-th products and under

0..
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Proof. Due to Ex.4.5 it is enough to prove for normal ordered products.

(471) s ab )= Z a(j)b(n_j_l) +p(a, b) Zb(n—j—l)a(j)
j=-1 =0

We need to check that : ab :(,)€ U™ and that : ab :(, € UC™Pgy for n large
enough but both statements follow from the lemma above. O

Exercise 4.5. Prove the statement for j > 0.
Proof.
(a()b) () = Resw Res w" (2 — w)’[a(2), b(w)]

_ Z Res. Res,, (J> (71)kw71+n+jfkflzfl+k7m[a(m)’b(l)]

l,k,m k
J
=> (1)t (k) [@(k) b(n+j—i)]
k>0

By the lemma, each summand is in /°°™P and since the sum is finite, we see that
(a(j)b) (n is in U°°™P. To prove a;)b is continuous, fix an N and take m such that
biny € UC™Pgy for all n > m. Now for each k=0, ..., 7, there exists ny such that
bnyak) € U™Pgy whenever n > ny. Taking M = max{m,ng,n1,...,n;}, we see
that (a(j)b) () e UmPgy for all n > M. O

5. WICK FORMULAS

We are still working in the setup of the last lecture. It means that U is a quotient
of an universal enveloping (super)algebra of a Z-filtered Lie (super)algebra g.

5.1. Example. Let g be a Lie (super)algebra and g = g[t,t~!] + CK, be its Kac-
Moody affinization. Here g is filtered by the degree of ¢ and K is a central element.
U=U, :=U(§)/(K — k), k € Cis a quotient of an universal enveloping algebra of

g.

Next we consider a completion of & which we denote by U“°™P. And as in the last
lecture we denote by U.[[z,271]] the space of all continuous U°™P-valued formal
distributions.

Recall that for n € Z we have defined:

a(w)mb(w) = Res. (2 —w)"(a(z), b(w)]
(W) (_1_pyb(w) = Fualwblw):

where the ordered product was defined in (4.3.4). Now we can give a general formula
for n*"-products:

5.2. Proposition.

(5.2.1) a(w)(n)b(w) = Res. (iz,w(z —w)"a(2)b(w) — iy .(z —w)"p(a, b)b(w)a(z))
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Proof. For n >0,
Res. (zzw(z —w)"a(z)b(w) — iy (z —w)"p(a, b)b(w)a(z)) =
= Res, ((z —w)"a(z)b(w) — (z — w)"p(a, b)b(w)a(z)>

— s, (= = )" a(b(w) — plasw)a(2) )
= Res.((z — w)"[a(2), b(w)]) = a(w) n)b(w)
For n < 0 we use the formal Cauchy formulas (4.3.2b) and (4.3.2¢):

a(w)(—1-myb(w) = w
_ ((8$a(w))+b(w) + p(a, b)b(w)(aga(w)))/m _

1 1

= (Res, a(z)i%wm)b(w) — b(w)(Res. a(z)imzm)

= Res, <izﬂu(z — w)fnfla(z)b(w) — iy (2 — w)fnflp(a, b)b(w)a(z))

Exercise 5.1. Prove the following equality called sesquilinearity:

(8&)(n)b D= 8wa(w)(n)b(w) = —nag,-1)b
8(a(n)b) = 6)a(n)b + a(n)ab

Proof. Expand the first term of (5.2.1) using the formula for a derivative of a
product as following:

Resy iy (2 —w)"0,a(z)b(w) = Res, 0, <izyw(z - w)"a(z)> b(w)

"la

(5.2.2a) = —Res; (({Lizyw(z —w)
=~ Res. (0220 (2 — w)

= —nRes, i, ,(z —w)" ta(2)b(w)

Ja(2)b(w)
Ja(2)b(w)

Similarly we get:
(5.2.2b) p(a,b) Res, iy, (2 — n)"b(w)0,a(z) =
= —np(a,b) Res. iy,. (2 — w)" " b(w)a(2)
Now adding (5.2.2a) and (5.2.2b) we get:
(00) (nyb = Ress iz, (= — w)"Dua(2)b(w) — pla, ) Res. iz (= — n)"b(w)Pa(2)

= —nRes, i,z —w)" ta(2)b(w) + np(a,b) Res, iy . (2 — w)" " b(w)a(z)
= —na(n,l)b
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Now we prove that 0 is a derivation of all n-products:

0 (a(m)b) = Ou Res: (iz(2 — w)"a(2)b(w) — v, (2 — w)"p(a, b)b(w)a(z))
fa(2)

= Res,(—niz w(z — W) a(2)b(w) + is0(z — w)"a(2)0yb(w) +
w)"

Ny (2 — Yp(a, b)b(w)a(z) — zwz(z —w)" (a b)Owb(w)a(z))
= —nRes, (zz w(z —w)"La(2)b(w) — w,z(Z — w)" " p(a, b)b (w)a(z)) +
+Res; (i2,0(z —w)"a(2)0yb(w) — zwyz(z —w)"p(a, b)dpb(w)a(z))

= (9a)(m)b + a(n)(90)

Next we have the following identity for any n € Z:
k

(5.2.3) ax (b = 3 2, (bl sy + p(a, Dby [axd]
keZ,

Exercise 5.2. Taking Zn€Z+ “n—T of both sides, we get the Jacobi identity for the
A-bracket given in Proposition 2.12.

Proof. The left hand side is converted to:

Z %[a,\b(n aAZ b(n a,\[b C]]

neZy

And the right hand side is:

,Un )\k lun
> S rlablane +pab) Y Srbaylard =

n,k€Z neZy

B n,kze:m (n :; k) (n i k)! WA axb] sy + p(a, b)[bulac]]

= > gfi%;%lﬁfaxbhnwc'+lﬂa7b)wu[a*0”
meEZy

= [laxb]xtuc] + p(a, b) [bufaxc]]

Now equating the with the left hand side we get the Jacobi identity. (Il

Exercise 5.3. Replacing b by 0b in (5.2.3) we get the same identity for n replaced
byn—114fn< —1.

Proof. The left hand side of (5.2.3) is converted into:

[ax((0b) (myc)] = [ax — (nbm—1)c)] = —nfax(brm—1)c)]
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On the other hand the right hand side is converted into:

/\k
Z o [axOb] (n+)yc + p(a, b)0by[axc] =

kEZ,

)\k

= Z ﬁ (A +9)[axb](nswyc — np(a b)b(n—1)laxc]
Ak+1

— Z %l a)\b](n+k c+ Z k' a>\b] (n+k)C — (a b)b(n,1 [Cl)\C]
>\k+1

=y — o abme + — Z 7l "+k)[axbhn 14+k)€ — 1p(a, b)b(n—1)[arc]

/\k
= —-n <Z il [a)\b](n 1+k)c—|—p(a b)b )[Cl)ﬁ})
Now equating both sides we get the result. O

We return to (5.2.3). From the last two exercises we see that it is enough to
consider the case when n = —1. In this case (5.2.3) reads:

[ay : be ] =: [aAb]c: —|—Z a>\b |(k—1yc +p(a,b) : blaxc] :
k>1

Rewriting the sum we get:

)\k-{-l

A
> Hrlwe= /0 [[axbl.cdp

keZy

Hence we can write this case of (5.2.3) as

A
(5.2.4) [ay : be ;] =: [arb]c : +p(a,b) : blaxc] : +/O [[axb]cldp

This is known as the non-abelian Wick formula.
Question: Is it true that sesquilinearity and identity (5.2.3) are the only iden-
tities satisfied by arbitrary elements from U.[[z,271]] ?

Proof. of (5.2.3): the left hand side is:

[a(w)A(b(w) myc(w))] = Res. = a(2), (b(w)(me(w))]
(5.2.5) = Res, ™) Res,[a(z), b(z)c(w)]ip.w(@ —w)™ —
—p(b, ¢) Res, X% Res, [a(2), c(w)b(x)]iv, (x — w)"

Now using the identity [a, bc] = [a, b]c + p(a, b)ba, ¢] we write the first term as:
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I = Res, Res, e**7[a(2), b(z)]c(w)iy.o(z — w)™ +
+p(a,b) Res, Res, e*E=b(x)[a(2), c(w)]ip.w(z — w)"

= Res. Res, X7 [a(2), b(x)]c(w)izw(z — w)" +
(ac - w)"Res ex(z_w)[a(z) c(w)]

+p(a,b) Resy b(x)ig,w
= Res, MW, (z —
)

- Rest%x,wo: — W) a(@)b(e)le(w) +
j>0 7"
+p(a, b) Res, b(x) [a(w) xe(w)]iy w(x —w)"

We write the second term as:

J = —p(b,¢) Res. Res, X7 [a(2), c(w)b(x)]iv o (z — w)"

—p(b, ¢) Res, Res, e [a(2), c(w)]b(x)iy o (z — w)" +

+p(b, o)p(a, ¢) Res, Res, X c(w)[a(z), b(2)]iw . (2 — w)"
—p(b, ¢) Resz[a(w)ae(w)]b(z )iw,o (x — w)"

+p(b o)p(a, ¢) Res, c(w) Res, =D A=W [q(2) b(2)]iy, »(x — w)"
—p(b, ) Resg[a(w)re(w)]b(2)iw o (2 — w)" +

+p(ab ¢) Res,, c(w)e ™) Res,, e =72 [a(2), b(x)]iy (€ — w)"
—p(b; ¢) Resg[a(w)ae(w)]b()iw o (z — w)" +

+p(ab, c) Res, c(w) Z %[a(x)Ab(x)]iw,w(x —w)" I

=0 "
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Now adding up both terms we get:

1+J

[a(w)x<b(w‘)<n>c(w))]
= Res, » %im(x —w)" M a(z)\b(x)]e(w)

720
+p(a,b) Res, b(x)[a(_w),\c(w)]im’w(x —w)" +
+p(ab, ¢) Res, Z A—:zwx (x — w)”Jrjc(w)[a(x))\b(x)]
>0 7"
—p(b, ¢) Resg [a(w) xe(w)]b(x)iy w(x — w)"

= s (Z %@x,w(x — w)"H [a(@) \b(x)]e(w)

w)[a(z)3b(x)]iw o (x — w)" ) > +

(
+p(a’ )R‘esz ( )[ ( ) ( ]Zm,w €T — w
(

(
—p(ab, c)p(a, b) Res [a(w) xc(w)]b(z )iy (2 — w)"
k
= > 2, [axb] -ty + (@ Dby [axd]
keZy

5.3. Proposition (Quasicommutativity). For any local pair (a,b) one has:

0
cab: —p(a,b): ba:= / [axb]d\
;)

Where the limits in the integral means first integrate formally and then replace the
limats.

Proof. Tt follows from the locality of the pair that the following formal distribution
is local:

a(z,w) = a(Z)b(w)iz}wﬁ - p(a, b)b(w)a(z)iw,z%

—w
But

ta(w)b(w) := Res, a(z, w), s b(w)a(w) = p(a, b) Res, a(w, z)
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And now we can compute:
s a(w)b(w) : —p(a,b) : b(w)a(w) : = Res. (a(z,w) — a(w, 2))
= Res, }*~) (a(z,w) — a(w, 2))|r=0
= F;‘,wa(z7 w) — FZ)‘,wa(w, 2)|x=0
= (FZ)‘,wa(z,w) - F;,,jfaa(z,w)) [x=0

= Res, (1 - e_aw(z_w)) a(z,w)

= —Res, Z(—Bw)"/n!(z —w)"a(z,w)

n>1

= —Res, Z(—@w)”/n!(z —w)" a(z), b(w)]

n>1

==Y oy (am-1)b)

n!
n>1

l/iJaAMdA

Rules for calculating A-bracket.

e sesquilinearity:
[Oaxb] = —Aaxb],
[axOb] = (0 + N)[axD]
e quasicommutativity of A\-bracket in presence of locality:
[axb] = —p(a, b)[b_r—sa]

e quasicommutativity of normal ordered product in presence of locality:

0

cab: —p(a,b):ba:= [a[aAb]dA

e non-abelian Wick formula
A
(5.3.1) [ay : be ] =: [arb]c : +p(a,b) : blaxc] : +/ [[axb]cldp
0

Exercise 5.4. Prove the following Dong’s lemma: If a,b, c are formal distributions
which are pairwise local, then (a,be,c) is a local pair as well for any n € Z.

Proof. Since a(w),b(w), c(w) are pairwise local Ir € Z such that:
(z = 2)"a(2),b(x)] = (z — w)"[b(x), c(w)] = (z = w)"[a(2), c(w)] = 0
In other words we have following;:
(z —2)"a(2)b(z) = p
(x —w)"e(w)b(z) = ple,b)(z —w)"b(z)c
p

(z —w)"a(z)e(w) =
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Now we want to prove that exists m € Z such that:
(z —w)"a(z) Resy (b(x)c(w)ig (@ —w)™ — p(b, )e(w)b(x )iy (z — w)") =
p(a,be)(z — w)™ Resy (b(z)c(w)igw(x —w)™ — p(b, c)e(w)b(x) iy o (z — w)") a(z)

We may assume that r is large enough so that » +n > 0. Take m = 4r. Then,
since z —w = (z — ) + (z — w):

(z —w)™a(z) Resy (b(z)c(w)iy w(x — w)™ — p(b, c)e(w)b(z) iy z(x —w)") =
3r

= Res,((z — w)’"(z (37") (z — ) (x — w)* " a(2)(b(z)c(w)ig w(T — w)"—

i—o \'!
= p(b, c)e(w)b(z)iv,o(z — w)"))
Let:
X (i) = Resz(z —w)"(z — ) (x — w)> "a(2) (b(x)c(w)ip o (z — w)™ —
=p(b, c)c(w)b(x)iw,q(x — w)"™)
If i <r, then 3r —i > 2r and 3r — i +n > r and:
X (i) = Resy (2 — w)" (z — )" a(z) (@ — w)* =" (b(x)c(w) — p(b, c)e(w)b(x)) = 0

If 4 > r, then:

X(i) =

= Res,((z —w)"(z — x)"a(2)(x — w)* " (b(2)c(w)igw (T — w)"™ —
—p(b; ) c(w)b()iw o (z — w)"™))

= Res;((2 — w)" (z — w)* (2 — 2)"a(2)b(x)c(w)iz,w (@ — w)" —
—p(b,¢)(z = 2)"(2 — w)"a(2)e(w)b(a)iw . (x — w)")

= Res;((z —w)” "' (p(a,b)(z — w)" (z — 2)'b(z)a(2)c(w)iz,w (@ — w)") —
—(p(b, e)pla, ©)(z — )'(z — w)"e(w)a(2)b(2)iw,qo(z — w)"))

= Resy((z —w)” "' (p(a, b)p(a, ¢)(z — 2)'b(2) (2 — w)" e(w)a(2)izw(@ — w)") —

~(p(b, )p(a, c)p(a, b) (z — w)"e(w)(z — )"b(w)a(2)iv,q(x —w)"))

= p(a, be) Res, ((x — w)> (2 — 2)'b(2) (2 — w)" — c(w)iz,w(@ —w)")a(z) —
(p(b,€) (2 — w)"c(w) (2 = 2)'b(x)iw,z(x — w)")a(2))

= p(a,be) Res, ((z — w) (2 — ) (x — w)* " (b(z)c(w)ig w(r — w)" —
—p(b, ) c(w)b()iw,o(z — w)")a(2))

Summing over all indices ¢ concludes the proof.

6. FREE (SUPER)FERMIONS

A linear algebra lemma: Let V be a finite dimensional vector space with a
non-degenerate bilinear form (-,-). Let {a;} be a basis of V and {a'} be the dual
basis, i.e. (a;,a’) = &;;. Then

(1) any v € V can be written as v =, (a;,v)a’ = Y_,(v,a")a;
(2) Q=>,a'®a; € V®V is independent of the choice of {a;}.
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(3) if V = g is a Lie superalgebra and the bilinear form is supersymmetric and
invariant

(6~0.2) ([a> b]v C) = (av [b7 C]),

then 2 is g-invariant i.e.

[a, Q] = Z[a, a'l ® a; + Zp(a, aa' ® [a,a;] =0

Proof.
(1)
’U—ZCZCL —anz (a;,v) = ¢, ¢ = (v,a")
(2) We identify V® V with End(V), by (a ® b)v = (b, v)a, then
Qv = Z(ai,v)ai =v

(3) Note that symmetry of the form implies p(a;) = p(a?).

[a,Q]U:ZaZ, [a,a’ +Zpaa [a,a;],v)a’

= [a, Z(az,v)az] - Z([al,a},v)ai by skew-symmetry
= [a,v] - Z(ai, [a,v])a’ by invariance
= [avv] - [aﬂv] =0 by (1)
]

6.1. Example. Free (Super)Fermions. Let A be a superspace with a non-
degenerate skew-symmetric bilinear form < -, >. Then we can define a Lie con-
formal superalgebra structure on C[9]A + CK by

[axb] =< a,b > K, a,b e A,
[K)A] = 0.

The corresponding maximal formal distribution Lie algebra is the Clifford affiniza-
tion of A (ref. Example 3.12). All calculations are performed in the completion of
U=UA)/(K —1) so that

[axb] =< a,b>, a,be A
Choose dual homogeneous bases of A :< ¢;,¢7 >= §;; (it follows p(¢;) = p(¢*)).

Let
= %Z : 8¢i¢i :
By the lemma this is independent of th; choice of basis, indeed writing in compo-
nents we have:
Ly =
= *Z > (00") () (9i) (n—j+1) +ZP ¢, 60) D (@) (n—s41)(90') )

i j<-1 720

D) Z Z )G-1)(9i) (n—j+1) +Z Z 1)p(¢l)(¢i)(n—j+1)Wi(j—l)-

j< 1 7=>0 i
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If {¢;}, {¢'} are dual bases then {(—1)P(®)+1¢i} {6} are dual bases too. This
shows that each summand is independent of the basis chosen. Hence L is indepen-
dent of the basis chosen.

If we denote ¢(z) = 3,5 (¢t™)z~1~™ we obtain a collection of pairwise local
formal distributions such that (cf. example 3.12)

[6(2), ¢i(w)] =< ¢, ¢i > 6(z, w)

Hence defining

L) =53 0.0 (2)on(z) :

we get that all ¢(z) and L(z) are pairwise local. We compute the A-brackets using
the non-abelian Wick formula to get

611)  [aLl = 53 63066 +5 Yp(6,00) 00 onc]

1 A ;
+5 Z /O (10206 uéildp
The integral term is clearly zero. Then we obtain:

A . 1 A
(DAL =5 <& ¢'>¢i— 5> <éi¢> 00
= %(b - ggé by the lemma

[Lag] = —[p-r-aL] = (8 + ;) ¢ by skew-symmetry
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And now for the A-bracket of L we obtain (recall that L is even):
[LyL] = %[LAZ L' ¢y <]
= S (L0064 3 06 Lad 4 S / (1306, 6i)dp
:§§jwa+wuawwﬁ+§§)awwwm:+
1 A ,
Y / [0+ N[Lad il du
= 72 (0+2X) (a+ )¢Z¢z.+ > 0¢! <a+ >¢> +
1 _
3 [0 wio+ i
= % > 0% +% > g)\ L 90" - —%)\2 PIRRRIE +% > 10000 1 +
Ie—A ., 1 A AL
w335 :006: 453 [ 0= wlo+ Heholds
— 0L+ 2ML + 122 PRERIE 41 /A(A — w0+ 5)#’ bi]d
- 4 POy a o/ PuPileh
1 A
= OL+22L+)_ 5 /0 A= w0+ 5)¢}é:ldu
We have used that
Z C Pl = — Zp((bl) OO by (2) in the lemma
cPlgi s =p(9") : did" by quasi-commutativity

hence the sum ), : ¢'¢; = 0. Now it remains to calculate the last integral, we
have:

1A A 1
S b [0 mios Deoldn = [[0-nQ - Y < 00> dn
dim A A
- A(xﬂmg—mw
_sdimA3
=

Hence L(z) is a Virasoro formal distribution with central charge —%.
6.2. Definition. Given a formal distribution L, we say that a formal distribution
a has weight A, with respect to L if

[Laa) = (04 AgN)a + o(A)
In the case when L is a Virasoro formal distribution, A, is called a conformal

weight.

6.3. Proposition. If a and b have weights A, and Ay with respect to an even
formal distribution L then ac,)b has weight A, + Ay —n — 1 with respect to L (in
particular A.qp. = Ay + Ap). Also Da has weight A, + 1.



34 VICTOR G. KAC

Exercise 6.1. Prove the proposition

Proof. From the general Wick formula (5.2.3) we have

k

A
[Laagmbl =Y 2 Eadl b + ag [Lab]

= Z %T (Oa + Agha + 0()\))(“+k)b + a(n) (b + ApAb + o(N))
= 0a(n)b + AgAan)b + A0a(,41)b + a(,)0b + ApAa(y)b + o(N)
= 0(a@b) + AM(Aa = (n+1) + Ap)agb + o(A)
as we wanted. The rest of the statement is obvious
[Lr0a] = (A +0)(0+ AaA + 0(N))a
= 0%a + A(Aq + 1)da + o(A)
O

6.4. Example. ¢ has weight % with respect to L and L has weight 2 with respect
to itself.

6.5. Theorem. Let L be an even formal distribution such that

(1) [LaL] = i‘—;c—f—)\QA—i—Q)\B—i—C where c € C, A, B, C are formal distributions.

(2) (L, L) is a local pair.

(3) (LyL) = AL where A € C\ {0}
Then L is a Virasoro formal distribution with central charge ¢, and A = 2.
Proof. Due to (2) we have

[LaL] = —[L—o-aL]
c\?

:E—(8+A)2A+2(6+/\)B—C

Equating the coefficients of A? we get that A = 0. Comparing constant terms we
get C'= 0B. Hence

c\?
[L\L] = -t (0+2N)B
In particular L)L = 2B = AL by (3), so L is Virasoso. O

7. BOSONIZATION AND THE SUGAWARA CONSTRUCTION

We will continue our discussion from the last lecture with more examples. As
before, let L(z) be an even formal distribution. Recall that an eigendistribution
of weight A, with respect to L is a formal distribution a(z), which satisfies an
equation of the form:

[Laa] = (04 AgX)a+ o(X)

and that in the case of L being a Virasoro distribution, A, is called the conformal
weight of a. By the key proposition 6.3, we know that for any two eigendistributions
a and b of weights A, and Ay respectfully of L, their n-th product, a,)b, is an
eigendistribution of weight A, + Ay, —n — 1 with respect to L.

Letting wt A = wt @ = 1 in the standard formula for the A-bracket:

)\k
[axb] = > g(a(k)b)

keZy
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we can see that all terms in the right-hand side have weight A, + A, — 1.
Now, consider the following example:

7.1. Example. For the Virasoro algebra we have:

3

[LaL] = (8 + 2)\)L + %c

Hence, we can easily see that the weight of both sides is 3.

Returning in the general case, denote as usual a given formal distribution by
a(z) = >,z an. Then we can present its coefficients in an alternate form in order
to obtain an improved commutator formula:

a(z) = Z anz "R
nE—Ag+7Z
then we have a(,) = an—a,+1 for the Fourier coefficients and, using that wt 9 = 1,
we can see that the coefficients of the derivative satisfy the equalities (da), =

—(n + A,)ay, for all n. Finally, by a simple application of proposition 6.3, the
commutator formula becomes?

(7.1.1) [@m, by] = Z (m * A.a - 1) (a(j)b)m+n

JELy J
Namely

[ama bn] = [a(m+Aa71)7 b(nJrAbfl)}

m + Aa -1
J
m + Aa -1
= Z J (a(j)b)m,+n+Aa+Ab_2_j_A“(J')b+l
J

m+ A, —1
J

In the next exercise we will use this formula to deal with a special type of
eigendistributions. A formal distribution a is called a primary eigendistribution
of weight A, if it satisfies the identity [Lya] = (0 + A))a.

Exercise 7.1. Let a be a primary eigendistribution of weight A, with respect to L.
Prove that the following identity holds for all pairs of integers n,m :

[Lin,an] = (Mm(A = 1) = n)amsn
Proof. Recall that Ay = 2. By hypothesis we have
Lya = da Laya = Aa
and all the other products are 0. Now the graded formula (7.1.1) implies:
[Lin,an] = (00)min + (M 4+ AL — 1)Atmin
=—(m+n+A)amin+ (Mm+1)Aamin
[m(A = 1) = n)am4n

2Note this new form of the commutator law is graded.
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d

We can use this formula to get a better impression of the behavior of the free
fermions:

7.2. Example. Recall that for the free fermions ¢, the A-bracket gives [Lyy] =
(04 A/2)p (i.e. ¢ is a primary eigendistribution of weight 1) and so we can express
® as:

o(z) = Z @nz_n_lm

nel/2+7
and use the graded formula (7.1.1) to obtain the following identities:

[meawn] = <y, ¢ > 6m,—n

m
[Lims pn] = _(5 +n)Pmin

Note that in order to prove the first formula, we need to use that wt1 = 0 (or,
equivalently, to see that < ¢,v¢ > 1 = (¢()¥)). The second formula follows easily
from the above exercise.

7.3. Example. A good motivation for calling Ly the energy operator is the fact

that [Lo, an] = —na,. Indeed, using the graded commutator formula,
1
[LQ, an] = Z ( ) (L(J)a)n
JELy J

= (0a)n + Agan
=—(n+ Ay)an + Agay
= —na,

Certainly, this equality can be also easily deducted from the last exercise.

Consider now the charged free fermions. Take a superspace A = AT ®© A~ with
a non-degenerate skew-supersymmetric bilinear form < -, - > such that:

< AT AT >=0

Satisfying this condition, the form < -,- > defines a non-degenerate pairing between
AT and A=. We can choose dual basis {¢’} of A" and {¢;} for A~ such that
< i, P! >= by

Exercise 7.2. For any element ¢ in the Fermion space A, represented as ¢ =
ot + ¢~ for some o7 € AT and o= € A™, the following statements hold:

(1) We can present the components ot and o~ as
et =" <pip>¢
i
T = <o, >
i

(2) The element ", o' ® ¢; in the tensor product At @ A~ is independent of
the choice of {¢'}.

Proof. The proof is standard:



VERTEX ALGEBRAS 37

(1) For the positive component, ¢T, denote ¢ = > c¢;p?’.Then under the
action of the bilinear form, obtain < ¢;, T >= Zj ¢j6; ; = ¢j. The proof
for ¢~ goes similarly.

(2) We can identify AT ® A~ with End(A™) via the identity
(a ® b)v =< b,v > a. Therefore, we have :

D@t = <t >t =t
[

%

In the light of the above exercise, we can define the following distribution

a(z) = ¢ (2)pil2) :
often referred to as Bosonization

7.4. Proposition. For any element o = o + ¢~ of the Fermionic space, the
Bozonization satisfies the following properties:

(1) [aap] = * — o7

(2) [ara] = —(sdim AT)A
Exercise 7.3. Prove proposition 7.4

Proof.

(1) Since the triple commutator vanishes, the integral term in Wick’s Formula
is zero, and hence we can evaluate (using the quasicommutativity in the

last step):
[pra] = [pre'] +Zp (,0") : ¢'[oagi] :
=Y <o >¢¢+Zp (p,#") <@, > ¢
=p " —p"
[axp] = —ple, ) [p-r—aa] = —[pra] = ¢ — ¢~

(2) Now we can use (1) to compute the A-bracket of « with itself, again applying
the Wick formula:

[axa] = Z[ax Lol 1]
_i;[aw +Zp 'larpi] s +
+Z/O [[axe]upildu
:ZZ:QpiQpi. Zp Ll
+§i:/0)\<90i790i>d:u

—(sdim AT)\
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Now, using the first statement in the last proposition along with the fact that
wta = 1, we can see that the coefficients of  and ¢ satisfy the following identities
all integers m and n.

[Olm, ‘Pn] = @;tl—&-n - Qpn_m-i-n
in particular, setting m = 0,

T R

and if ¢ € AT, we have
[0, on] = £n

In the last case, aq is called the charge operator.

The second statement in the proposition can be rewritten as

[y ] = My, —p(—sdim AT) Vn,m

and these equalities relations give the commutation relations of free bosons.
These relations follow easily from the graded commutator formula, (7.1.1)).

Now let L™ =" : 9¢lp; : and LT = — 3" : ¢'0yp; :. We will introduce a family
of formal distributions (depending on a complex parameter m)

L™ =(1-m)L™ +mL"

Note that for m = 1/2, this is precisely the definition we had for the uncharged

free fermions in lecture 6.

7.5. Proposition. The formal distributions L* and L™ have the following prop-
erties

(1) [Lyel = 0p + Ap*
(2) L™ is a Virasoro formal distribution with central charge
¢ = (6m? — 6m + 1)sdim A
(3) If p(z) € AT (respectfully o(z) € A~ ), then ¢ is a primary eigendistribu-
tion of L™ of weight m (respectfully of weight 1 —m)
Sketch of the proof.

(1) TIs a direct implication of the the Abelian Wick Formula (5.2.4).

(2) The first part, (that L™ is Virasoro) follows from (3). Indeed L™ has
weight 2 with respect to itself. It is clearly local and from the non-Abelian
Wick formula we can see that [LY*L™] is cubic in A with the coefficient
of A% being a constant; see calculation below. Hence from theorem 6.5 we
get that L™ is Virasoro. We further need to calculate the \? coefficient in
order to obtain the central charge. We do this as follows :

(L5 L4 = 1Ly < o' ]
= L300 s+ > @l Ly g :
+3 [lizzelo0ddn
= (0pi + A )09 1+ 1 (0 4+ N)[Ly i) +

+y / [0}, 0] dps
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Now, it is clear that the highest power of A occurring is the third, with
coefficient being a constant coming from the last summand. We have:

A
- / [0¢},000i]dp = — sdim A* / P dp
0
_ sdim A* 33
3

Finally, by linearity we have:
[LAL] = (1 —m)m([Ly L]+ [LYL7]) + (1 —m)?[Ly L™] + m?[L{ L]

To complete the proof, we only need to evaluate the integrals, giving the
last two terms.
(3) follows from (1) since

[LY'¢] = 0p + A(me™ 4+ (1 —m)p™)

Exercise 7.4. Complete the proof of (2) in the last proposition.

Proof. As already mentioned, we only need to find the integral terms in the corre-
sponding Wick formulas. The term corresponding to [Ly L™]| we calculated above,
and it is easy to see that the term coming from [L{ L~] is equal to it. The term
corresponding to [L{ L*] is given by:

3 / (236 00dn = - Y / (0 + )l D1l
= Z/O (A = 1)}, Opildp

>\ .
== 3 [+ <> d

A 3
= (sdim A+)/ (A = p)pdp = (sdim Aﬂ%
0

Similarly, for [L) L™] we have
> [ 5ocein =Y [ @+ Ml e el
A
= Z/O [(8+ N0, @il dp

A
= *Z/O A= < @' 0 > du
3
= (sdim Aﬂ%
Hence we get for the 3-product the final expression:
A3 dim AN?
(—(1—=m)dm + (1 —m)? + m2)(sdimA+)€ = (6m? — 6m + 1)%

as we wanted O
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7.6. Example (Currents and the Sugawara construction). Let g be a finite-
dimensional Lie (super) algebra with a non-degenerate (super)symmetric bilinear
form (-,-). Denote g = g[t,t '] + CK where K is a central element and let a and b
be two elements of g Then

[at™, bt"] = [a, b]t"™ ™ + m(a,b)dp,—n K

The currents are a(z) = Y., ,(at™)z7'"™ and b(z) = Y, ,(bt")z717". Their
bracket is given by
[axb] = [a,b] + A(a,b) K
and finally all the calculations are carried out in the completion of U = U(g) /(K —k).
As usual we choose dual bases (a;) and (a'), so that (a;,a’) = §; ;. Let

T(z) = %Z ca'(2)ai(2) :

Then the Abelian Wick formula gives:

[axT] = %Z :[a,a’la; +¥ Z(a,ai)ai + %Zp(a, a) :a'la,a;] : +

A
+ % Zp(avai)<aa a;)a’ + %Z/o [laxa']aildu

- % > (la,a'lai s +pla,a’) - a'[a,ai) :) + Aka+

\ A
+%ZA [[a,ai],ai]dﬂ—FgZ/O p(la, a'], a;)dp

Note that Y ([a,a;],a’) = Y (ai,[a,a’]) is the trace of ad(a) on g. On the
other hand we have Y ([a,a;],a’) = ST (=1)P@)* ([, a'], a;) where we used that
{(=1)P)+1gi} {6} are dual bases. It follows that > ([a,a;],a’) = 0. Hence we
get:

[axT] = Mea + % > lla,a’], ai]

A
= Mka + 59(@)
= (k+h")Aa
where 2hY denotes the eigenvalue of 2 on g (we have to assume that g is commu-
tative or simple) and h" is called the dual Coxeter number.
8. RESTRICTED REPRESENTATIONS

We will start this lecture completing the analysis on the Sugawara construction.
Let g be a Lie (super)algebra with an invariant non-degenerate (super)symmetric
bilinear form (-,-), we choose dual bases (a;,a’) = §;; and we work in the Kac-
Moody affinization. Introduce

T(z) = 3 Z ca'(2)a(z2) :
Q= Zaia,; € U(g)
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Last time we proved that [a)\T] = A(k + 1/2Q)a. Assuming that g is simple or
commutative then ) acts as a scalar operator since in the simple case the adjoint
representation is irreducible and in the commutative case () acts as zero. Defining
2hY to be the eigenvalue we have then

[axT] = Ak + h¥)a.
Assuming k # hY, letting
1 i
L= mz ca'(z)ai(z) :

we get

[axL] = Aa

[Lxa] = (04 N)a
so with respect to L all currents are eigendistributions of weight 1, hence L is of
weight 2 with respect to itself. Using Theorem 6.5, we easily get that L is a Virasoro

distribution, and [LyL] = (0 + 2\)L + %/\3. It remains to compute ¢(k). Notice
that the A% term only occurs in the integral part of the nonabelian Wick formula:

1 A . 1 A A
9L 1L v Lya' i dy = —— A\ — 7 i d
2(k + h) Z/o [Lra']aiddu 2(k;+hv)/o O =) 2l aid
1 A . i
= s ) (w3 [l + ke )]
hsdimg g
12(k + hv)
We have proved the following

8.1. Theorem (Sugawara Construction). If g is simple or commutative, 2h" is the
etgenvalue of the Casimir on g, then

L(z) = ﬁ S ai(ails)

is a Virasoro formal distribution with central charge c(k) =
a(z) being primary of weight 1.

ksdim g
k+hv

the currents

8.2. Remark. If k = —hY (critical level) then [axT] = 0, hence [T'(z), a(w)] = 0 for
all a € g, hence all Fourier coefficients of T'(z) lie in the center of the completion of

U(g).
Exercise 8.1 (optional). We have in general that
1
[axT) = Ak + §Q)a
How can we construct a Virasoro element L?

Exercise 8.2 (Modification of the Sugawara Construction). Let b(z) be an even
current (b € g), let L = L + b, show that L° is a Virasoro formal distribution
with a central charge c(k) — 12k(b,b)
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Proof. We compute [L5L°] = [L + dbyL + 0b]. The sum of linear terms in A that
come from the cross terms is 2A0b, so Ll(’l)Lb = 2(L + 9b) = 2L, and because the
additional contribution to A3-term only comes form [9by0b] = —\(0 + \)[brb] =
— M3k (b, b), we see LP is a Viraroso distribution with central charge as claimed. [

8.3. Remark. If g is commutative then
[axb] = (a,))AK = (a,b)\k
in the quotient. Assume k is not zero. In this case h¥ = 0 and hence ¢(k) = sdim g

and the currents are called free bosons.

8.4. Definition. Fix a vector (super)space V. A (quantum) field is an End V-
valued formal distribution such that a(z)v is a Laurent series in z for any v € V.
We usually write V((2)) for the space of Laurent series in z with coefficients in V.
Writing a(z) = - a(,)z~ '~ this condition becomes, for v € V:
A(n)V = 0
for large enough n. We define n-th products and derivatives of quantum fields

as we did before.

Exercise 8.3. Show that the n-th product (n € Z..) of fields
a(w)myb(w) = Res.[a(z),b(w)](z — w)"
is again a field.

Proof. We can verify this directly from the above expression.
a(w)(n)b(w) = Res,[a(z),b(w)](z — w)"

= Res, Z (—1)k[a(m), b(l)]zkw”*k (Z) plmmyy =1t
l,m,k

=) (-1 (Z) 0
=> > (-1 (Z) [ary, bi—r—m)w ™!

I€Z k>0

So given v, we can pick N such that b_sy,) for [ > N kills the finite set of vectors
V, Q(0)V, .-, A(nyv. Then clearly the commutators above kill v and so we conclude
a(w)n)b(w) is a field. O
We want to check now that
: a(2)b(2) = a(2) () + pla, b)b(2)a(z) -

is again a field. For that note that the first term is a product of a formal power
series with a Laurent series and hence it will be a Laurent series. For the second
term, note that a(z)_v has finitely many non-zero summands, hence multiplying
by b we get a finite sum of Laurent series, hence a Laurent series when we apply
any vector v. Now in general since the derivatives of fields is again a field (easy to
verify) then we get

1 0%a(2)b(z) :

a(Z)(—l—n)b(Z) = ZT

is again a field.
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We have defined before the normal ordered product of distributions for contin-
uous U°™P-valued distributions. Recall that g is a Z-filtered Lie (super)algebra.

8.5. Definition. A representation 7 of an algebra g in V is called restricted if for
any v € V

gyvv =0 N >>0

Extend the representation m to a representation of U(g) in V and since 7 is
restricted we can extend it to U°°™P Then the image of a continuous U°°™P-valued
formal distribution a(z) in End V' will be a quantum field.

A Construction of a Restricted Representation. For example, take a rep-

resentation of go in Vo such that gi|y, = 0, and consider the induced g-module
V= Indgggl) Vo := Vo ®u(go) U(g—). Then V is restricted, indeed since any v € V'
is a linear combination of elements g ...grvo where g; € g,, and vy € Vp. This

element is clearly annihilated by gy for N bigger than the sum of grades > |n,|.
8.6. Example.

g=glt,t7' e CK
go = gft] + CK

Take a representation V; of go such that gtk\v(J = 0 for £ > 0. This is actually a
g-module such that K acts as the scalar k in V. Then

V= Indgo Vo

is a restricted g-module and such modules are parametrized by pairs (V, k).

A special case of this construction is g = Ca a one dimensional algebra with
(a,@) = 1. Then § is a Lie algebra with basis a,, = at™ and bracket [, a,] =
MO, —n. This is called the oscillator algebra or Hisenberg algebra. Let Vp = Cl,
such that o, -1 =0if n > 0 and ag = pl. Then V = IndgO Vo is an irreducible
g-module isomorphic to the following representation of the oscillator algebra in

Clx1, 22, ... ...], where for n > 0, a, acts by:
0
Qp — A_p — NTp Qo = [
o0z,

Proof. We have a canonical map

p:V — Clzy,xa,...]

1—1

But vectors a_j, ...a_j, 1 (nondecreasing positive indices) form a formal basis of
V by the PBW theorem. The image of this vector is ji ... jn2j ...2;, S0 ¢ is an
isomorphism, and the representation in the polynomial space is easily seen to be
irreducible. g

8.7. Example (Clifford Affinization). . Recall that the bracket in this example is
given by

[wtmv cptn} = W, 90>6m,—1—nK
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Let K = 1. For simplicity assume that the space A is purely odd, hence (-,-) is
symmetric. Recall that in this case we have a canonical Virasoro field L with central
charge dim A/2, and all fermions ¢(z) have conformal weight 1/2, hence we write

p(z)= D gz "

nel/2+7Z

and we get [2m, Un] = Gm.—n (@, V). We take the induced module from A, (the span
of all ¢, with n > 0 plus the center) and the module is the 1-dimensional module
C|0) where the fields act trivially and K acts as 1. We obtain the module F'(A).

Exercise 8.4. Show that F(A) is an irreducible A-module (The Fermionic Fock
space).

Proof. Define L(z) = £ ", : 0¢'(2)¥'(2) : for dual bases {¢'} and {¢'} of A. This
gives us Lg. By writing out Ly in terms of the fourier modes of the fields,

YD Ml (P ERCREERT R ey
i oneg+Zy

such that [Lg,¢n] = —np,. From these commutation relations we see that Lg is
diagonalizable in the PBK basis and the vacuum (up to scalar) is the only vector
with the lowest eigenvalue. From the explicit form of Ly we note that any singular
vector (i.e. anmihilated by all positive modes) will have the same energy as the
vacuum, so it must lie in C|0). If U is a submodule of F'(A) and v € U is a vector
of minimum energy, then it must be annihilated by all positive modes since other-
wise the commutator relations with Ly force the resulting vector to have a lower
energy. Hence by above it must be proportional to |0). Either by construction or
by quotiening by the submodule generated by |0) and applying the same argument,
we see |0) generates F'(A) and it is irreducible.

O

9. BOSON-FERMION CORRESPONDENCE

An Example of a Vertex Algebra. Before giving a formal definition of a Vertex
Algebra we discuss an example. Recall that given a finite dimensional (super)space
A with a skew-symmetric bilinear form, we have the Clifford Affinization (where
Om=pt™ pe A, meZ)

(901) A = A[ta til] + CK, [Qp(m)aw(n)} =<, ¢ > 5m,—n—1K~
We have the Fock space
F(A) = Ind4,cx Cl0 >, A[f]j0>=0, K[0>=[0> .

It is easy to see that ¢(z) is an End F'(A)-valued field due to the condition ,, |0 >=
0 for m > 0 and the commutation relations (9.0.1). From example 8.6 and Ex.8.4
of lecture 8 we conclude that F(A) is an irreducible representation of A,

We constructed L(z) such that all fields are primary fields of conformal weight 3.

~7=1/2 and in particular we get [Lo, @n] =

As usual we write p(z) = Zn€%+z ©nz
—npy, (See example 7.3 in lecture 7).
An important special case is the example of charged fermions (See more gen-

erally example 7.2 and the discussion after example 7.3 in lecture 7). In this case
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A = CyT + Ct~ is two dimensional and odd. The bilinear form is symmetric and
the commutation relations are of the form

(9.0.2) Wie l=1,  [wreF]=0.
We choose the Virasoro element [ = L/2
_1 . +.,— . . — T — —n—2
L(z) = 5(: 00Ty~ 40070 .)—%an :

since this choice makes the both primary fields ¢+ and 1~ to acquire the conformal

weight 1/2.
The bosonization is given by
a(z) =ty
(9.0.3) [axy®] = £9F,
[axa] = A,
a(z) = Zanz_l "
neZ

Due to the PBW theorem the monomials

O<my<meg<...
O0<ng<no<...

(9.0.4) (R 1) S /A i (1 {

form a basis in the space F' := F(A) of the Fock representation (note ¢:¢= acts by
zero since 0 = [wl-iwiiHO >= 2% 111?1/)%0 >. We recall that for n >0, |0 >=0.
Exercise 9.1. Prove that
apl0>=0, and L,|0>=0 Vn>0.
Proof. Using the bosonization formulas (9.0.3) we get
(905)  an= Y Y, Li=— > (k+1/2) ¢y,
keZ+1/2 kEZ+1/2

where

m k<O,
: o = {W@

—pmte itk >0.

Due to the fact that for n > 0 ¥;7|0 >= 0 it is easy to see that (9.0.5) implies the
statement of the exercise.
Using the results of examples 7.2 and 7.3 we get that

(9.0.6) [Ln,YE] = —(m+n/2)05,,,,  lom,vh] =+0T, .

In particular,

(9.0.7) [Lo,¥E] = —nyE,  [ag,vE] = +u.

This implies that the operators Ly and «q are diagonal in the basis (9.0.4), and
the monomial (9.0.4) has the eigenvalues > m; + Y n; and r — s for Ly and «o,
respectively. O
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9.1. Remark. In physics literature the fields (9.0.2) are regarded as free massless
fermions on a two dimensional plane. And the operators Ly and «q are referred to
as energy and charge operator, respectively.

In what follows we will call the the eigenvalues ) m; + Y n; and r — s of the
monomial (9.0.4) the energy and the charge, respectively.

Thus we have the charge decomposition F = @®,,czF (™) and a decomposition
with respect to the energy operator Ly. To study the latter one we first note that
the state of the lowest energy in F("™) is unique up to a constant factor and it is
given by

2

with + if m > 0 and — if m < 0. Note also that each F(™) is invariant with respect
to the oscillator algebra {ay,}.

9.2. Theorem. Each F(™ is irreducible with respect to the oscillator algebra.

We define a character of the module F' by

chF = trpz*q¢h = Z dim Fj(m)zmqu””sz ,
m,j
where Fj(m) is the span of states in F(™) having energy m?/2 + j. The spectrum
of Ly in FU™ is ’”72 + Zy and
dim F"™j = p(j),

where p(j) is the number of partitions of j in a sum of positive integers. This
follows from the theorem and the fact that the vectors a_j, ...a_; |m > form a
basis of F(™) (non-decreasing positive indices). Hence we have

m 2

chF =3 ¢% " Y p(y q_ZH 17(]])

meEZ JEZy meZ

But from the form of our basis (9.0.4) we see that

chF = H (1+qj_%z) (1+qj_%z_1) .
j=1

Equating these two expressions for the character we get the Jacobi triple product
identity:

bl 5 y 7712
(921) H l_q (1+q3_%2) (1+q3—%z—1) _ Zq T ™M
j=1 meZ

Exercise 9.2. Using (9.2.1) derive the following identities:

oo

[0 - w) = S (1™, (Buler)
j=1 nez

H T Z (Gauss)

n=1 me
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Proof. The Euler identity is obtained from (9.2.1) by substituting ¢ = w?® and

o 1)/2
z=—w/?.
To prove Gauss identity we set ¢ = w? and z = 1. Then (9.2.1) gives

ﬁ(l —w?) (1 + w2‘7_1)2 = Z w™

j=1 mez

The latter is equivalent to

oo |- w21)? )
H 2 = Z(_w)m )
Jj=1 1 + w ]) meZ
which in turn gives
1 _ 2]—1)2 2
H 1—|—w2J 1 —w2@-0) ZZ(*“’) '
j=1 me

The latter can be rewritten as

(1 —w 1— 2j*1)
1:[ w2_7 1_|_w2j—1)

and since now the product runs over all natural numbers we arrive at the desired
Gauss identity

= Z (_w)mz s

meEZ

1 —w”

n=1 meZ
Exercise 9.3. Show that

(9.2.2) L= %( YT~ 40t ) = % faac .

Proof. One solution of the exercise is based on performing direct calculation with
the coefficients of Laurent series. We start with

1 — 1 —
(9.2.3) L, = 3 Z Oy — O, + 3 Z Q| Otk -
k=0 k=1
Our purpose is to show that L,, is given by

024) Lui=—3 3 (12 ufvn, -5 Y (12000,

pEZ+1/2 pEZ+1/2

Using the (Abelian) Wick formula (see any book on quantum field theory)
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1 _ _
Ln=5 > D Uivi e g, -
p,q€EZ+1/2 kEL

o0

1 o - ,
75 Z <k¥0 aiﬂ; a¢_ O +Z 3% k@ak 4

pPEZ+1/2,p>0 k=0

o o
+ Qg —— Qg+ k= Qg | +
Z awp 07, Z awp “our, )
+“second order contributions”

where 0" (0') denotes right (left) derivative.
Any second order contribution in the Wick formula contains the factor
oo
My g
with k¥ < 0 and p,q > 0 and p,q € Z + 1/2. Using the expression for a,, in (9.0.5)
we conclude that there are no second order contribution.

The following changes of indices show that there are no “zero order” contribu-
tions as well

Ak

Zn

DD U g,

p,qEZ+1/2 kEL

Z Z : w;wlz—qw;w;_k_p . (let k=m + q _p)

p,q€EZ+1/2 kEL

= Z Z erwm pw+wn m—gq -

p,q€EZ+1/2 kEL

Since in the Abelian case we can permute the fields under the sign of the normal
order as Grassmann variables we conclude that Z, = 0.
Thus we are left with

1 "
Ln:_§ Z <Z:a¢;ank3¢_ oy +Z 31/1p k@ak:"‘

pEZ+1/2,p>0 \k=0

ot ot
Jrz 87/}1) —k@an+k~ + Z 81/)20 —kawtpan—‘rk~>

k=1 k=1
Again using the expression for «,, in (9.0.5) we derive the desired result

o0

1 -~ _
Ln = _5 Z (Z : (wn—k—Pw;‘H? + w:;_k—pwk-&-p) St

pEZ+1/2,p>0 \k=0
o0
(ol + + - )
+ Z ’ (w—k—pwnﬁ-kﬁ-p + w—k—pd}n—kk-&-p) >
k=1

= S D,y Y 1)U,

pEZ+1/2 pEZ+1/2
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There is however another simpler solution which is based on a result of the next
lecture. Namely in the next lecture we will see that Clifford affinization with its
Fock representation gives rise to a vertex algebra and we have the so-called state-
field correspondence. In view of this correspondence it suffices to prove that

1 1
SCOAT(2)07(2) 41 047 ()P (2) )]0 >= 5 s az)a(z) [0 >,
which is much simpler than what we do above. O

Proof. Proof Of Theorem 9.2 From the exercise 9.3 it follows that « is a primary
field of conformal weight 1. Hence the commutation relations between Laurent
coefficients of a and L are of the form

(9.2.5) [Limy ] = =10t pm -

Let U be a proper submodule of F(™) . There is at least one vector (9.0.4) which
is in F(™ but not in U.

All the vectors (9.0.4) are eigenvectors for Ly and their eigenvalues form a discrete
set bounded below. Hence there exists a vector v of the form (9.0.4) with a minimal
energy e amongst the vectors (9.0.4) not belonging to U. Since a,, with n > 0
decreases the energy (see (9.2.5))

anv €U Vn>0,

and therefore for any n > 0
a_panv € U.

But this means that

2
«
0= Lov—ev = ?011 + E Q_p QU — ev,
n>0

and hence
2

(m— —ewel.
2
If mTQ —e # 0 then v € U and this contradicts our assumption. Therefore e = mTQ
But we know that in F(™) there is the only vector |m > up to a scalar factor with
a minimal energy m?/2. Thus U does not contain the vector |m > .
Let v be some non-zero vector of U. Then

V=v1+...+ Uk

where v; € F(™) and v; are eigenvectors of Lo with eigenvalues e; = m? /2 + ji,
ji € Z4 and j; < jo < -+ < jr . The non-zero vector

u = (Lo — 62[)(.[/0 — 63]) e (LO — €kI)’U = (61 — 62)(61 — (:’3) N (61 — ek)v

belongs to U and is a eigenvector of Ly with the eigenvalue e; = m?/2 + j;. Thus
there is at least one eigenvector of Ly in U with an eigenvalue m?/2 +j, j € Z, .
Let ug be such an eigenvector of Ly in U with a minimal eigenvalue ey = m? /2+ jo -
Then since «,, with n > 0 decreases the energy (see (9.2.5))

a,v =0 Vn>0.
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The latter implies that
2 2
o m
Lov = 7011 + Z A_p QU = 71},
n>0
and hence v is proportional |m >. This contradicts to the statement we proved
above. Thus F("™) is an irreducible module of the oscillator algebra. O

Boson-Fermion Correspondence. We have the fermionic Fock space F' which
is a module over the Clifford algebra generated by ©*. On the other hand we
have the charge decomposition F = @F (™) where F(™) ~ B(™) and B(™) denotes
the unique irreducible module over the oscillator algebra {a,} admitting a vector
|m > such that ay,|m >= 0 for n > 0 and such that oy = mI. Hence we have an
isomorphism
F~B=_Clz1,22,...;u,u"'],
|m > —u™,
0

— 5 >

8xj

a—j = JT;,

@

Qg — U— .

ou
This isomorphism is called the boson-fermion correspondence.
Since « preserves charge and 1* doesn’t we cannot express the fermionic fields
¥* in terms of the a), s. But if we consider the operator of multiplication by u we
get an affirmative answer.

Exercise 9.4. Using the commutation relations
(920 o ] = £, o, 95 ()] = %2 ()
prove that

1/)ﬂ:(z) — oyt FE <0 %jaj oF Ziso %jaj

N L O

Proof. 1t is convenient to introduce a dual module F* which is an induced right
module of the trivial one-dimensional representation of the subalgebra A_of A
generated by 7 and 1., with negative n and m. We denote the vector of the
trivial module of A_ as bra-vector < 0|. Thus due to the PBW theorem we have
a basis in F™*, whose elements are the following monomials

O<mi<me<...,
O<ni<ng <....

(9.2.7) <Othyy, ooy O {
There is a unique pairing between the module F' and F™* such that

<00 >=1,
and for any two vectors v € F* and w € F and for any n € Z + 1/2
<vlpEw >=< vypFlw > .
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It is easy to see that with this definition the basis (9.2.7) is dual to the basis (9.0.4) .
It is also obvious that the module F* admits the analogous charge decomposition
F* = @F*(") and the analogous boson-fermion correspondence F*(™) ~ B(m)
where B(™) is a right irreducible module over the oscillator algebra O = {a,}
induced from a one-dimensional representation C < m| of the commutative subal-
gebra O_ = {a,, n < 0} in which

< mlay, = Mmoo < m Vn<-—1.
In this correspondence
(9.2.8) <m| =< 0|¢:%ng .. .w% )
where we put + if m > 0 and — if m < 0.
Thus we have that two quantum fields ¢(z) and ¢’(z) with values in End(F’) are

equal if and only if for any pair of vectors v and w of the bases (9.2.7) and (9.0.4),
respectively

(9.2.9) < vlg(2)|w >=<v|¢'(2)|lw > .
Since for any vector v of the basis (9.0.4) there exists N such that for any
collection of integers ni,...,ns with the sumn; + ... +ng > N
Qpy -0, v =0
the field

o= 2
Xi(z) _ uilziageizjd) < aje$2j>0 5oy
:ujzl . eifa(z) :

is obviously a quantum field with values in End(F).
Straightforward calculations show that

(9.2.10) <m/|[pE(2)|m >= 261 m -
On the other hand the definition of the vectors |m > and < m/| implies that

(9.2.11) <m/|xE(2)|m >= 26t -

It is easy to derive the commutation relations between x*(2) and a,

[an,xi(z)} = uil[anv : e:l:fa(z) 5] =
(9.2.12)
e /[a"’a(z)] =yt et e /m"‘l = +2"yE(2).

Theorem 9.2 (and its analogue for the module F*) implies that for each m the
modules F(™) and F*(™) have the basis
{acn, .. .a_p,|m >}
and the basis
{<m|an, ...an_},

respectively. Hence to prove the statement we have to show that for all combinations
of integers ng,ni, ..., ,Ns, Mo, M1, ... , My
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< nolan, - XT(2) Oy o, M >=
=< nolan, - an VE(2) Ay Qg Mg >
This can be easily proved by induction on numbers of right and left oscillator

modes. The base of the induction is given by (9.2.10) and (9.2.11) and the step is
based on (9.2.6) and (9.2.12). Thus the statement is proved. O

9.3. Remark. It is easy to see that = logw is a canonically conjugated operator
to . In string theory = plays a role of a coordinate of the string center of mass.
The fact that ag has a discrete spectrum Z means that the respective string is
compactified on a circle in the direction of the coordinate x. (See any book on
string theory.)

10. DEFINITION OF VERTEX ALGEBRA

10.1. Definition. A Vertex Algebra (V,|0 >,Y) is the following data:

e V is a vector (super)space (space of states).

e |0 >€ V is called the vacuum vector.

e Y is a linear parity preserving map from V to the space of End V-valued
fields (the state field correspondence). Given a € V we call Y (a, ) a vertex
operator.

Such that the following axioms hold

e (Vacuum Axioms) Y (|0 >,2) = Idy , Y(a, 2)|0 >= a+T(a)z+Ta(a)z*+. ..
where T, T; € End V.

e (Translation Covariance Axioms) [T,Y (a,z)] = 0,Y (a,z) and T is called
the infinitesimal translation operator.

o (Locality) {Y(a,z), a € V} is a local system of fields.

10.2. Remark. Y(a,z) = Y ag,)z~ " where a¢,) € EndV and we can define
n-products of elements of V' by

a(n)b = a(n) (b)
And the axioms can be rewritten in terms of the n-products:

Exercise 10.1.
o (Vacuum Azioms) |0 >y a = dp, 10, (n € Z), amy|0 >= 5, _1a(n €

Z, U{-1}).
e (Translation Covariance Azioms) [T, a()] = —nag,—1) (n € Z).

And we also have that ag,)b = 0 for n >> 0 since the vertex operators are fields.
We can write the locality aziom in terms of n-products.

Proof. For the vacuum axioms:

Y(0>,2z)a=a= Z 10 >(n) az 7" e |0 >(n) @ = adp, 1
ne”Z

and the second set:

Y(a,2)[0 >=a+Ta+Tiaz+ - = a@)|0 >=0if n > 0 and a(_1)|0 >=a
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For the translation invariance axioms:
[T,Y (a,z)] = Z[T, T Ea

= =D (n+Dagyz"? =
— Zna(n_l)z*k”

<~ [T, a(n)] = —NA(n—1)

O

10.3. Definition. An Holomorphic vertex algebra is a vertex algebra where the
vertex operators Y (a, z) are formal power series in z.

10.4. Example. Let V have a structure of an unital commutative associative (su-
per)algebra with an even derivation T'. Let

0>=1,

k
Y(a,2)b= (e*Ta)b= Z %(T’“a)b = Z agybz ™"

k>0
T"a
= a(_l_n)b = ( ol >b

This is a vertex algebra and a,)b =0 for n > 0. And

Tn
a(,l,n)bz ( a)b n>0

n!

Exercise 10.2. Check that this is a vertex algebra and moreover that every holo-
morphic vertex algebra is obtained in this way. For this define the product

ab =Y (a, 2)b| =0
T(a) =0,Y(a,2)|0 > |,=0
Proof. for the vacuum axioms:
Y(|0>,2)b=(e*T1)b=1b
Y(a,2)[0>= (e"a) =a+Taz +...
Translation invariance:
[T,Y (a,2)]b="T (e"a) b— (e*"a) Tb

= (TeZTa) b

=90, (EZT(I) b

= 0,Y (a,2)b
Locality is obvious from commutativity. The converse follows easily from results of
lecture 11. O

10.5. Theorem.

(1) Let V be a space of continuous U™P-valued formal distributions contain-
ing 1, 0,-invariant and closed under all n-products (n € Z). Suppose that
V' is a local system. Then V is a vertex algebra with vacuum vector 1 and
n-product is the one for formal distributions. Also, Ta(z) = 0,a(z).
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(2) The same holds if V is a space of EndU-valued fields, satisfying the same
properties.

Exercise 10.3. A better setup to define normal ordered products is the following:
U is an associative unital (super)algebra with descending filtration

UDUyDU D ...

such that for any u € U and n € Zy there exist m € Zy such that Upu C U,.
Then U™P consist of all infinite series > uq such that all but finitely many uq
lie in UU,, for each n € Zy. Check that this is an associative (super)algebra that
contains U. A formal distribution is continuous if ac,) € UUn for n >> 0 and
every N € Z,. Show that one can define n-products as before.

Proof. The assumptions made here are what we previously got as a result of 4.5.
Note that the proof of proposition 4.7 is still valid in this context. (|

Representing V' = UV; with dim V; = j we get a filtration
(EndV); ={a € EndV, aV; =0}

Hence we have (2) in the theorem as a special case of (1).

Proof of Thm 10.5. We have for n > 0 that

I—pa(z) =: la(z) : = a(z)

Lci—pma(z) =: %M(z) =0
Imya(w) = Res. [1,a(w)](z —w)" =0

These are the first set of axioms. To check the second set

a(z)myl =0
a’(z)(—l—n)l =0
0ra(z 0la(z
a(z)(—1—n)l =: n'( )1 1= n'( )
Ta(z) = a(z)(—2)1 = 0.a(z)

Now we have to check the translation axiom [T, a(n)|b = —nag,—1)b.

0:(a(2)(m)b(2)) — a(2)(n)0-b(2) = —na(z)(p-1)b(2)
But this is
(0za(2)) (n)b(2) = —na(2) (n-1)b(2)

which we know is true. Hence only locality is left. For that
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Y (a(w)2)blw) = D (alw)mb(w)e' " =

nez
10.5.1 = Res w)i xT "z — —
z zZ,w
nez
—p(a,b)b( zwz<2xlnz— )]
nez

= Res, (a(z)b(w)i@wé(z —w,x) — pla,b)b(w)a(z)iy,0(z —w, 33))

Exercise 10.4. Prove that the commutator is given by

[Y(a(2),2), Y (b(w), y)le(w) =
= Res;, Res, ([a(21), b(z2)]c(w)izy ,wizg,w—
- p(a, C)p(bv C)C( )[ ( )a b(z )]Zw,m Zw,zz)é(zl - w, ‘T)&(ZQ - w, y)

Proof. From (10.5.1) we get an expression for the product:
Y(a(z)7 z)Y(b(w), y)c(w) = Res,, Res,, {a(21)b(ZQ)C(w)Z'Zth'Z%w—
- p(aa b)p(aa C)b(ZQ)C(w)a(Zl)iw,zl iz2,w - p(ba C)a(zl)c(w)b(z2)izl,wiw,z2+

+ p(a,b)p(a, c)p(b, c)c(w)b(z2)a(21)iw, 21 fw, 2 }5(21 —w,x)0(z2 —w,y)

and a similar expression for Y (b(w),y)Y (a(2), z)c(w).
Subtracting we get the desired commutator:

|
=
@D
wn

w

K
=
@D
]
N

[V

—

=
/\
v
/\
\—/
o
/\
\_/

— p(a, b)b(22)a(z1 w)} X Az wlzgw — p(a,b)p(a, c)b(z2)c(w)a(z1 )iy, #1020t
+ p(a, b)p(a, c)b(z2)c(w)a(z1)iz, wivw,z, — P(b; c)a(z1)c(w)b(22)iz wiw,z+
+p(a, b)p(a, b)p(b, ¢)a(21)c(w)b(22)iw, 251z, w — D(b, ¢)p(a, c)e(w) [a(z1)b(22) —

- p(a, l))l)(,zg)a(zlﬂiw@iw’z1 }5(z1 —w,x)d(z2 —w,y)
=Res;, Res,, {[a(zl), b(z2)]c(W)izy awlzyw—

= p(a, &)p(b, c)e(w)]a(z1), b(22)iw,z w2 }5(z1 —w,z)8(z —w,y)

Also we know that (21 — z2)"[a(z1),b(22)] = 0. We claim that
(z —y)"[Y(a(2),2), Y (b(w), y)le(w) =0 n>>0
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Indeed z —y = (21 — 22) — ((#21 — w) — z) + ((22 — w) — y) hence all terms in the
expansion of (z — y)" different from (z; — 22)™ contain either ((z; — w) — ) or
((z2 — w) — y) so we clearly get the result from the exercise.

10.6. Corollary. Any identity that holds for a general vertex algebra automatically
holds for a local system of continuous formal distributions, or of fields.

Proof. Given such a system say F, we take the closure . This is the minimal space
which contains 1 and is closed under n-products. By Dong’s lemma it is again local
hence we can apply 10.5 And F is a vertex algebra. ([l

10.7. Lemma. LetV be a vector space and let |0 >€ V be a vector, and let a(z),b(z)
be End V-valued fields such that a(,)|0 >= 0 and b(,)|0 >= 0 for all n > 0. Then
for all N € Z, a(nyb|0 > contains no negative powers of z and the constant term is
a(N)b(_1)|0 > q.e.

a(2)(nyb(2)]0 > |.=0 = a(n)b—1)|0 >
Proof. For N > 0 we have
a(w)(nb(w)|0 > = Res.[a(z), b(w)](z — w)™N[0 >

N
N\ . .
= Res, Z[a(m), b(n)]z_l_mw_l_" Z < _ )z](—w)N_J |0 >

m,n 7=0 J

N
=> > (7) (=1)NT[agy, b Jw™ 710 >

nez j=0
N
N s i
=22 <j>(_1)N TN ag by [0 >
n<0 j=0

Hence N —n —j —1 > 0 and the constant term occurs when j = N and n = —1
and it is equal to a(y)b(—1)|0 >. This proves the case when N > 0 now for the
other cases:

oN oNa(z)_
a(z)(—1-nb(2)|0 > = N a(2)+0(2)[0 > +p(a, b)b(z)T\O >
oNa(z)4
This shows that the expansion only contains non-negative powers of z, the rest of
the statement is obvious. O

11. UNIQUENESS AND n-PRODUCT THEOREMS

11.1. Lemma. Let A be a linear operator on a vector space U then there exist a
unique solution of the differential equation

dfT(zZ) = Af(z), feulz]),

for any initial condition f(0) = fo.

Exercise 11.1. Prove the lemma.
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Proof.
=Y art (act). LD = a5@). 00 = fo. £ U]
€7y
o Z ;7 = Z Aa;2" ag = fo
iA0EL i€y
Aai
© Qi = s G0 = fo

But the last condition is clearly a recursion which determines a unique sequence
of coeflicients of a power series for f. Hence a solution of the given differential
equation exists and is unique. [

11.2. Proposition. Let V be a vertex algebra. Then it follows

(1) Y(a,2)|0 >=e*Ta.
(2) e#TY (a,w)e T =iy, .Y (a,z +w).
(3) (Y(a,2)(m)Y (b, 2))|0 >= Y (a(,b, 2)|0 >.

Proof. In all three cases both sides are formal powers in z with coefficients in V,
(End V)[[w,w™1]] and V, respectively. Indeed this follows easily from the vacuum
axioms and lemma 10.7. Also, in all three cases the initial conditions are equal.
Indeed the only non-trivial case is (3) but we see by lemma 10.7 that:

(Y(a,2)(m)Y (6,2))]0 > =0 = a(m)(b—1)|0 >) = a(,)b|0 >

Now by Ex 11.1 it remains to show that both sides satisfy the same differential
equation. Denote the RHS by X (2), then it satisfies the following differential equa-
tions:

(1) X&) = 7Xx(2).

dz
(2) aX(z) [T, X (z)] by the translation axiom.

dz
(3) d);iz) = TX (%) by the translation axiom and T'|0 >= 0.

But now we only have to check that the LHS satisfy the same differential equations,
in each case:

(1) Is clear by the translation invariance axiom.
(2) TX(z) - X(2)T = =&

Exercise 11.2. Check that the LHS of (3) satisfies the differential equation:

dX(z)
dz

=TX(z)
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Proof.
TY (a, w)(n)Y(b, w)|0 >=

= ResZ{TY(a, 2)Y (b, w)]|0 > i, (2 —w)"—
p(a,b)TY (b,w)Y (a, 2)|0 > iy (2 — w)”}

= Resz{ [T,Y (a,2)]Y (b,w)]0 > iz (2 — w)"+

+Y(a,2)TY (b, w)|0 > iy.4(2 —w)"—
—p(a,b) [T, Y (b, w)]Y(a, 2)[0 > iy (2 —w)"—

p(a, b)Y (b,w)TY (a, 2)|0 > iy . (z — w)"™

= Resz{ [T,Y (a,2)]Y (b,w)]0 > i, (2 — w)"—

—p(a, b)Y (b, )[T Y (a, z)} |0 > 4y (2 —w)"+
+Y(a,2)[T,Y (b,w)]]0 > i, w(z — w)"—
[T, ] (@, 2)]0 > iy (2 — w)”}
[T Y(a,z) ] Y(b,w)|0 > +Y (a,w) () [T, Y (b,w)]|0 >
=0Y (a,w)n)Y (b,w)|0 > +Y (@, w) ) 0Y (b,w)|0 >
8( ( )( ) (b,w)|0 >)
O

11.3. Theorem (Uniqueness Theorem). Let V' be a vertex algebra and let B(z) be
an End V -valued field such that:

(1) (B(2),Y(a,z)) is a local pair for alla € V.

(2) B(2)[0 >=Y(b,2)[0 >
Then B(z) =Y (b, 2).
Proof. Consider the difference B;(z) = B(z) — Y (b, z), then

(1) (B1(2),Y(a,z)) is a local pair by the locality axiom.

(2) B1(2)[0>=0
Hence it is enough to prove that Bj(z) = 0. Now by locality we have

(z —w)NB1(2)Y (a,w)|0 >= +(z — w)VY (a,w) B (2)|0 >= 0
Hence (z—w)" B1(2)e*Ta = 0 by prop. 11.2(1). Letting w = 0 we get 2V B1(2)a = 0
hence By(z)a =0 for all a € V, so By(z) = 0. O
11.4. Theorem (n'"-product Theorem).
Y(a(n)ba Z) = Y(av Z)(n)y(ba Z)

Proof. We apply the uniqueness theorem. Let B(z) be the RHS. Then (1) holds by
Dong’s lemma, and (2) holds by Proposition by 11.2(3). O

11.5. Corollary.
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(1) Y(a—1)b, z) =:Y(a,2)Y(b,2) :
(2) Y(Ta,z) =0,Y(a,z) _
(3) The OPE[Y (a,2),Y (b,2)] = > ;c7 Y (ag;)b, w)03,6(z — w)/j!

Proof.

(1) Follows from the theorem letting n = —1.
(2) Follows from the theorem letting b = |0 > and n = —2. Indeed we have:

Y(Ta,z) =Y (a—2)|0 >,2) =Y(a,2) 2l =: 0Y(a,2)] := 9Y (a, 2)
(3) By the decomposition theorem due to the locality axiom we have:
[Y(a,2),Y (b, 2)] = Y Y(a,w))Y (b,w)d},6(z — w) /5!
JEL
And now the result follows from the theorem.
O

11.6. Remark. Any vertex algebra V is an example of a vertex algebra of End V-
valued fields @ — Y (a, z) on V, by the n-product theorem.

11.7. Theorem (Skew-symmetry or Quasi-symmetry).
Y (a, 2)b = p(a,b)e*TY (b, —2)a
Proof. By the locality axiom we have that:
(z —w)NY(a, 2)Y (b,w)|0 >= (2 — w)¥p(a, b)Y (b,w)Y (a,2)[0 > N >> 0.
Now we use (1) in prop. 11.2 and we get for N >> 0:
(z—w)NY(a,2)e*Tb = (z — w)Vp(a, b)Y (b,w)e*Ta
= (z —w)Vp(a,b)e*Te 1Y (b,w)e* T a
= (z —w)Vp(a,b)e* iy, .Y (b,w — 2)a

The LHS is a formal power series in w and the right hand side too since for N >> 0
we have byya = 0. Hence now we can let w = 0 and now we can multiply by 2N
to get the answer. O

Exercise 11.3.

(1) Show that (2) in Corollary 11.5 means that (Ta)m)b = —nag,—1)b for all
n € Z.
(2) Show that Skew-symmetry means that:

(=T)’

a(n)b = —p(a, b)(—l)n Z 7,(1)(”4,'])&)
P
and show that for n = —1 this is quasi-commutativity for the normally

ordered product, i.e.:
0
a(_l)b - p(a, b)b(_l)a = [T[aAb]dA

where [axb] = > )]‘,—Za(j)b.
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Proof. (1)
Y(Ta,z) =0.Y(a,z)
& Z(Ta)(n)zfnfl =0, Z A1)z " = Z fna(n_l)zfnfl
nez nez nez
& (Ta)my = —nag—_1), ¥n € Z
Hence:
(Ta)m)b = —nag,—1)b
2)
Y (a,2)b = p(a,b)e*TY (b, —2)a
— Z ambz""" = p(a, b)(z ZJT] )(Z b(k)a(—z)_k_l)

|
>0 7

Taking coefficients at z~"~! in both sides we get:

TI i
a(n)b = p(a, b) Z %'(—1) J 1b(nj)a
j>0 7’
n —T 3
— a1 Y 0
3>0 )

(3) For n = —1 we get

:ab:=p(a,b):ba: +pa,b) Z

k>0

0
b(k)a = / [b)\a]d/\
-T

(_T)kJrl
CE s

(_T)k+1

@:ba:—p(a’b):ab::_zm

k>0
O

Exercise 11.4. Prove a special case of the (—1)-product formula, called quasi-
associativity:

(a—1yb)(—1yc — a1y (b—1yc) =

= D aci-a (o) +p(a,b) Y by (age)

j€ls j€zy

T =T
= (/0 dAa) [bac] + p(a,b) (/0 dAb) [axc],

(=1 (=1
where we first expand \-bracket into powers of A, then integrate and finally take
—1%t-products.

Proof. Let A=Y (a,z),B =Y(b, z) be the corresponding formal distributions. We
will use the simple formula (4.7.1) for the normal product :
LA(2)B(2) = A, (:)B(2) + p(A, B)B(2)A(z)

= Z tAB ) z7i
nez
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Where:
CAB ()= Z a@)bn—j—1) + pla,b) Z b(n—j-1)a())
j=—1 7=0
It is clear that:

— 00

:AB:(,l):Za(])b(lj1—|—pabe 1j1
j=0

j=—1

= Z a(jb—2-5 + p(a,b) Zb( 2—5)4(5)

Jj=—1 Jj=0
Hence:
tAB L) —a-nyb-ny = Y agba—j) +p(a,b) Y b_a—jag)

j=—2 j=0

= Z a(—2-4)b(t +p(a,b)zb(f2ﬂ‘)a(j)
t=—2—5=0 j=0

=Y aca-pbg) +p(a:b) Y ba-jpag)
j=0 Jj=0

From the product formula we deduce that:
(a@-1)b)(-1) = acnb-1) = Y(aEnb, 2)-1) = ac-nbe-)
= (Y(@,Z)(—l)Y(bvz))(,l) —anbi1
=t AB :(-1) —a(-1)b(-1)
=D ara b +p(ab) Y beapag
j=0 j=0

Applying both sides to ¢ we obtain the desired result. Finally,

-T =T )\]
( /O d)\a> [b,\c}—< /O d/\a> Z =060

(=1) \j=0

Jj=o0 T \j
= —d\|a (bjye))
2 ((L5)e)

B j=o0 (_T)j+1a .
=(Z Grme) oo

j=
Jj+1

Now applying 7+ 1 times Exercise 11.3(1) to the term (%a) C (b(jyc) we

(=1

get:

(-1t < o a)(_l) (bye) = (=1)7 (T.j,a)(_Q) (b()e) = - = a(=j-2) (b))

(j+1)! ()
0
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11.8. Theorem. Let V be a vertex algebra, then V is a Lie conformal (super)algebra

with =T and _
A
laxb] = > ﬁ(%‘)b)
JEZT
Proof. We know that [T',a(,)]b = —nag,—1)b by translation invariance. Also we

know that (T'a)n)b = —na,—1)b from Ex 11.3(1). Hence we have sesquilinearity.
Skewsymmetry of the Lie conformal algebra is (2) in Ex 11.3 for n > 0. The Jacobi
identity follows from the n-product theorem. O

To give a conceptual proof of the above theorem, we introduce the formal
Fourier transform of a formal distribution in one indeterminate:

F2a(z) = Res, e**a(2)
Its properties are summarized in:
(1) F20.a(z) = —\F2a(z).

(2) F2*[a(2)xb(2)] = [F2a(z), Fb(2)]
(3) F2(e*Ta(2)) = F2*a(2).
(4)

z

d.e*a(z) = AeMa(z) + e**0.a(2)
Taking Res, of both parts we get:
0= AF)a(z) + F}0.a(z)
(2)
FX*[a(2)xb(2)] = Res, €A T1)7 Res, A7) (a(2)b(2) — p(a, b)b(2)a())
= Res, Res, (e*a(z)e"*b(z) — ip(a, b)e a(x)e!*b(2))
= Res, e a(x) Res, e"*b(z) — p(a, b) Res, e"*b(z) Res, e*a(x)
= [Fa(2), F*b(2)]
(3) FXe*Ta(2)) = Res, e**e*Ta(z) = Res, eMD2a(z2) = FAMTa(z)
(4) Denote G(z) = e*a(—z) + e *?*a(z). Then G(z) = G(—z), hence G(z)
is an even formal distribution and its coefficients at odd powers are zero.
In particular Res, G(z) = 0 = Res, e*a(—2) + Res, e *?a(2)) = 0 =
Fla(—z) + F*a(z) = 0.
(]

The fundamental property is that the Fourier transforms a vertex algebra to a
Lie conformal (super)algebra.

F2(Y (a,2)b) = [a(2)xb(2)]

by definition of the A-bracket. Applying F to both sides of the skew-symmetry
property of V' produces skew-symmetry of the A-bracket.
The n-product Theorem for n > 0 can be written as:

Y ([axb], z)c = [Y(a, 2),Y (b, 2)]c
And now applying F2# to both sides we get the Jacobi identity.
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12. EXISTENCE THEOREM

Exercise 12.1. The OPE for vertex operators Y (a,z) and Y (b, z) is given by

(12.0.1a) [a(my, Y (b, w)] = Z (m)Y(a(j)b, w)w™ I
JELy J
(12.0.1Db) =Y (e " ag e’ b,w) m >0
Proof.
[A(my, Y (b, w)] =D [amy, by w7
nez
=> > ( > a()b) mn—pw "
neZ jelt
A
jeZT ‘7 ne”
= Z (m)wij(a(j)b,w)
JELT J

Note now that by Dong’s lemma [a(,,), Y (b,w)] is local with Y(c,z) for all c. To
apply the uniqueness theorem we need to check the action on the vacuum vector,
for that:

[a(m), Y (b, w)]|0 > = a(m)e’UTb —p(a, b)Y (b, w)a(m|0 >
= a(m)GWTb since m >0
On the other hand:
Y (e T agm e b,w)|0 > =e“Te " ag,e""b
= a(m)e“’Tb
And the result follows from the uniqueness theorem. ([l
Exercise 12.2. Derive from (12.0.1a) that
[axY (b, w)c] = p(a, b)Y (b, w)[arc] + e Y ([arb], w)c

Hence a(y is a derivation of all n-th products (n € Z). And this last equation is
the non-abelian Wick Formula (in presence of locality).

Proof. Summing over m we get

)\m
am)Y (b, w)e— =
= z
m\ m— A™
= 2 Y(agb,w) + > wl w)aem ey
, J m
m,jELT mezZt
m—j \m—j bV
= Z wi_'Y <(a(j)b)_|, w> ¢+ p(a, b)Y (b, w)[axc]
m,jELT (m_'j) J:

= MY ([axb], w) + pla, b)Y (b, w)[axd]

It is straightforward to check that we would get the same equation if we use the
non-abelian Wick formula. ]
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Exercise 12.3. Give an explicit expression for

(a—1)b)(—1)¢ = a(-1)(b-1)c)
Note now that the RHS is (super)symmetric in a and b. Deduce that a_1)b —
p(a,b)b_1ya is a Lie (super)algebra bracket.
Show also that the free boson ([axa] = A) is not associative
taaiar —raraan#£0

Proof. In Ex 11.4 we proved that
(1202) (a(_l)b)(_l)c — (-1 b( 1)C Za( —j—2) b(j +p(a b)(a — b)

It is clear that the RHS is (super)symmetrlc in @ and b. To check that a(_;)b —
p(a,b)b_1ya is a Lie (super)algebra bracket we need to check only the Jacobi iden-
tity (skew-commutativity is obvious). For this we expand (all the products are
(—1)-products):

[b, ]} = a(be) = p(c, b)al(ch) = p(a, b)p(a, ¢)(be)a + p(a, b)p(a, c)p(b, ) (cb)a
s[a, el = blac) — p(e; a)b(ca) — p(a, b)p(b; ¢)(ac)b + p(a, b)p(b, c)p(a, ¢)(ca)b
[a, 6], ¢] = =p(a, ¢)p(c, b)[e, [a, b]] = p(c, a)p(c, b)p(a, b)[c, [b, a]]

[a, 8], ] = p(a, b)p(b, ¢)p(c, a)c(ba) — p(b, c)p(c, a)e(ab) — p(a, b)(ba)c + (ab)e

Now we subtract the fourth equation and add the second (times p(a, b)) to the first
equation to find:

[a(be) — (ab)c] + p(a, b)p(b, )p(c, a)[(cb)a — c(ba)] = p(c, a)[a(ch) — (ac)b] —
I I7 171
—pla, b)p(a, ¢)[(be)a — blca)] + p(a, b)[(ba)c — blac)] + p(b, c)p(c, a)[c(ab) — (ca)b]
111 I IT

[a,
[b
[
[

and since the associator is (super)symmetric in a and b we see that the terms with
equal labels cancel each other, proving Jacobi Identity.
In the particular case of the Free boson applying directly (12.0.2) we get:

T — o o= 2Za(j_g)(a(j)a) =2a(_)1 = 2a # 0.
t

12.1. Definition.

(1) A subalgebra of a vertex algebra is a subspace U, which contains |0 > and
is closed under all n-products.

(2) An Ideal of a vertex algebra is a subspace J such that [0 >¢ J, T'J C J
and V(,,)J C J for all n € Z.

(3) An Homomorphism ¢ : U — V is a linear map such that ¢(a,)b) =
©(@) ()@ (b) for all n and ¢(|0 >¢7) = [0 >v.

(4) The Tensor Product of two vertex algebras V7 and V5 is the vertex algebra
Vi ® Vo with |0 >= |0 >q ®|O >5 and

Y(a1 ® ag,2) =Y(a1,2) ® Y(ag, 2) = Z (a1m) ® ag(n))zﬂ’%”*Q

m,n€”z

Comments:
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e If J is an ideal then also J(,,)V C J for all n € Z and this follows from the
skew-symmetry of the n-th product and the fact that J is T-invariant.
e The kernel of a given morphism is an ideal.
® ay(m) ® Gg(m) € End(Vy ® V5) is defined by
(al(m) & az(n))(vl ® vg) = p(az, 01)a1(m)U1 @ a2(n)V2
and p(a ® b) = p(a) + p(b).
Exercise 12.4. Check that the tensor product defined above is a vertex algebra with
T=TN1®1+1x1T5.
Proof. We have to check several axioms.
vacuum axioms:
Y (|0 >1 ®|0 >9,2) =Idy ® Idy = Id
Y(a®b,2)|0>=Y(a,2)®@Y(bh2)]0>x]|0>
— e Ta e Th
=a®b+a®Thz+Ta®bz+ o(z)
=a®b+T(a®b)z+ o(z)
trans. invariance:
[T, Y(a®b,2)]|=[T1 ®1,Y(a,2) @Y (b, 2)| + [1 ® T3, Y (a,2) ® Y (b, 2)]
=[T1,Y(a,2)] @Y (b,2) + Y(a,z) ® [Ts,Y (b, 2)]
=0,Y(a,2) @Y (b,2) + Y(a,2) ® 0,Y (b, 2)
=0, (Y(a, z) @ Y (b, z))
=0.Y(a®Vb,z)
locality: expanding [Y (a1 ® b1,2),Y (a2 ® be, w)](v1 ® ve) we get:

(Y(al, 2) @Y (b, ))( (az,w) ® Y (ba,w ))’ul ® vg—
—p(ay + by, az + b2) (Y (a2, w) @ Y (b, w)) (Y (a1, 2) ® Y (b1, 2))v1 ® vg
= (Y(al, ®Y (b, 2 ) (b2, v1)Y (a2, w)v1 ® Y (be, w)vy
—p(ay + b1,a2 + bg)( (az,w) ® Y(bz,w))p(bl,vl)Y(al, 2)v1 @ Y (by, 2)ve
= p(by,v1)p(b1, a2)p(ba, v1)Y (a1, 2)Y (az, w)vy @ Y (b1, 2)Y (b, w)vy —
—p(a1 + b1, az + ba)p(b1, b1)p(be, a1)p(bav1)Y (a2, w)Y (a1, 2)v1 @ (b, w)Y (b1, 2)va
= (b1, v1)p(b1, az)p(ba,v1)Y (a1, 2)Y (ag, w)v; ® Y (b1, 2)Y (b, w)ve —
—p(ay,a2)p(by, az)p(by, ba)p(by, v1)p(bav1)Y (ag, w)Y (a1, 2)vy @ Y (by, w)Y (b1, 2)ve
= p(b1,v1)p(b1,a2)p(ba, v1)Y (a1, 2)Y (az, w)vy @ Y (b1, 2)Y (be, w)vy —
—p(b1,v1)p(az,a1)p(by, az2)p(be,v1)Y (a2, w)Y (a1, 2)v1 ® Y (b1, 2)Y (b, w)ve +
+p(b1, v1)p(ag, ar)p(be, v1)p(b1, az2)Y (as, w)Y (a1, z)vy ® Y (b1, 2)Y (b, w)vg —
—p(b1,v1)p(ar, az)p(bi, az)p(bav1)p(by, b2)Y (az, w)Y (a1, 2)v1 ® Y (ba, w)Y (by, 2)va
= p(ba, v1)p(b1,a2)p(ba, v1)[Y (a1, 2),Y (a2, w)]vy ® Y (b1, 2)Y (b, w)va +
+p(ag, ar)p(be,v1)p(b1, az)Y (az, w)Y (a1, 2)v1 ® [Y (b1, 2), Y (be, w)]va

Now it is clear that multiplying by (z — w)™ we get zero for sufficiently large n.
O
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12.2. Remark. An equivalent definition of a vertex algebra: quadruple (V,[0 >
Y(a,z),T) where V is a vector space, |0 >€ V, Y(a, z) is an End V-valued field
such that @ — Y'(a, z) is linear. Finally T' € End V such that
e Vacuum axioms Y (|0 >, z) =Idy, Y(a, 2)|0 > |.—0 = a, T|0 >= 0,
e Translation invariance [T,Y (q, 2)] = 9,Y (a, 2),
e locality (z — w)"V[Y(a,2),Y (b,w)] = 0 for some N >> 0.
Is clear that the old definition implies the new one since T'a = a(_2)|0 >, hence
we get 710 >= [0 >(_g) [0 >=0.
To prove the other implication we need to show that Ta = a(_2)|0 >. But we
have
TY (a,2)|0 > =Y (a,2)T|0 >= 0,Y (a, 2)|0 >
Hence T'a + O(z) = a(—2)|0 > +0(z) so T'a = a(_2)[0 >.

12.3. Theorem (Existence Theorem). Let V' be a vector space, |0 >€ V, and

T cEndV. Let 4 4
F={d(z)= Zafn)z_l_n}jel

be a collection of End V -valued fields such that the following properties hold:

(1) a/(2)|0 > |,c0=a’ €V, and T|0 >= 0.

(2) [T,d?(2)] = 0.07(2).

(3) All pairs (a'(z),a’(z)) are local.

(4) The following vectors span V

js jl
Ty a(nl)\O >
Then the formula:

(12.3.1)  Y(af;, - afl |0 >,2) = @’ (2)(n,) (- .- a7 (2) ) (@7 (2) (ny) 1) - )

defines a structure of a vertex algebra on V with vacuum vector |0 >, infinitesimal
translation operator T, such that

(12.3.2) Y(d’,2) = d(2).
Such a structure of vertex algebra is unique.

Proof. Uniqueness is clear since for any vertex algebra we have Y'(a(,b,z) =
Y(a,z)mn)Y (b, 2).

To prove existence we may assume that the identity operator is in F. We claim
that the following linear map is injective

@ :span F — V|
a(z) — a’.
Indeed, suppose that a(z) = Y c;a’(z), and pa(z) = 0, hence
a(2)|0 > |,=0 =0
Now we state the following lemma which is important in its own:

12.4. Lemma. Let V be a vector space, |0 >€ V a vector and {a’(z)} be a family
of End V-valued fields satisfying (4) above. Let a(z) be an EndV -valued field such
that

(1) all (a?(2),a(z)) are local pairs.

(2) a(z)|0 >=0.
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then a(z) = 0
Proof.
H(Zi —w)Nia(w)a? (1) ... a7 (25)]0 >=

i
=+ H(Z’ —w)Niad (z1) ... a7 (25)a(w)]0 >
=0
But since all the products are fields, the LHS is a Laurent series in

V((z5)) - ((z1))((w))

Which doesn’t have zero divisors, hence we can cancel [[(z; — w)™i. Taking now

the coefficients of 2, 17" ... 271" we get that
J Js _
a(w)(ag,,)---a(;, )10>) =0
and due to (4) we have then a(w) = 0. O

Going back to the proof of the theorem, we have a(2)|0 > |,—¢ = 0. It is easy
to see that pda(z) = Tpa(z) and this together with (2) implies a’(2)|0 >= eT?a/,
hence a(z)|0 >= 0 and now by the lemma we have a(z) = 0.

Now we have ¢ injective and using (4) we choose a basis of V' consisting of vectors
a{jls) e a€;1)|0 > that includes the vectors |0 > and a’ such that a’(z) is a basis
for the span of F. Define the vertex operators by (12.3.1) for this basis. This gives
us a state-field correspondence, and we have to check that it satisfies all the three
axioms in the definition of vertex algebra. Locality is clear by Dong’s lemma. The
vacuum axioms follow easily from lemma 10.7. Translation invariance holds since
ad T and 9, are derivations of all n-th products and both annihilate Idy therefore
they are equal.

To finish the proof, note that injectivity of ¢ implies

a(z)|0 >= Zcjl,_“’js,m’._”nsaZ;S) . a%;l)|0 >
if and only if

a(2) =Y g @ (2) ) (- 0 (2) () (@7 (2) () TdY) )

Since (12.3.1) holds for basis vectors by definition, and both sides are linear, it
holds in general. The same argument applies to (12.3.2). (]

12.5. Example. Vertex Algebra of the Free Boson. The vector space is
V =Clxy1,x2,...], |0 >=1. Let

a(z) = Z Qpz "
nez

where for n > 0 we let o, = a% and a_, = nxy,, ag = 0. Let for ji,...J, > 1.

200 a(z) . 00 a(z) ¢
V(a2 04, 2) = o) B
J1:2 - In-

where for any fields a;(2),...a,(z), we define

pa1(2)ran(z) i=ra1(2) tag(2) st ap—1(2)an(z) .o
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This is a vertex algebra. To show this we apply the existence theorem. Let
F ={a(z)}; we only need to find T such that [T, a(z)] = 0,a(z).

Exercise 12.5. T = Zn>2 Ny 5—— 8m has this property.

Proof. for m > 0 we have

- 82 f d of
(Tanlf =3t e~ 2 "0as < a>

n>2

- _Znénmaxn 1

n>2
0
azm—l

= —may,-1f

And also for m > 0.

[T, a_m)f = ann oz, xmf annmm .

n>2 n>2
= Z N0 n—1Tn f

n>2
=(m+ Dapmer f
— —(cm—Dap i f

1

13. EXAMPLES OF VERTEX ALGEBRAS

Applications of the existence Theorem. Recall that a formal distribution Lie
(super)algebra is a pair (g, F) where g is a Lie (super)algebra and F is a local family
of g-valued formal distributions, whose coefficients span g. It is called regular if
there exist a derivation T of g such that Ta(z) = 9,a(z). Recall also that g_ is
defined to be the span of all a(,) with n > 0 and a € F, it is a subalgebra of g
called the annihilation subalgebra since we have

m
[y, b = Y ( ->(a<j>b)(m+n—j>
JELy J
Moreover T'g_ C g— since Ta(,) = —na(m_1)-
Exercise 13.1. Let T be a derivation of the Lie (super)algebra g. Show that

(1) T extends uniquely to a derivation T of U(g), and that T'(1) = 0.
(2) The Center of g is T-invariant.

Proof. (1) Since T is a derivation, it satisfies the identity
T([a,b]) = [T(a), 8] + (=1)" P [a, T(b)]

for any pair of elements a,b € g. We only need to define T" on the basis
elements of U(g), ai,.a;, - ..a;,. For n > 0 we do it inductively (by n) by :

T(ba;) = T(b)a; + (—1)POPDpT(a;)

For n = 0, observe that we must have T(1-1) = T(1) + T(1), that is
T(1) = 0. This much is forced on us by requiring that 7" be a derivation of
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U(g), hence if T exists, it is unique. Now, by linearity, we can see that for
any two elements b, c € U(g), we have
T(bc) = T(b)c + (—1)POPDp7(c)

from which the commutation relation follows trivially.

(2) Pick an arbitrary element a of the center of g. By definition, it commutes
with all elements of g, or, put it another way, b € g we have [a,b] = 0. In
particular, for all b € g, we have [a,T(b)] = 0. Now, by the definition of a
derivation we obtain :

[T(a),0] = T([a,b]) — (~1)" " D[a, T(b)] = T(0) = 0

so T'(a) commutes with all elements of g and therefore is in the center.
O

13.1. Theorem. For g regular, the space V(g,F) =U(g)/U(g)g— carries a unique
structure of a vertex algebra such that |0 > (defined as the image of 1 in V') is the
vacuum vector, T is the derivation of U(g) which extends T acting on g and

Y(a—1|0 >) = a(z)
acting on V(g,F), a(z) € F.

Exercise 13.2. For each a(z) € F, the corresponding End V (g, F)-valued formal
distribution is a field.

Proof. Let a(z) = Za(i)z’lﬂl. Since g_ is generated by all a(; for ¢ > 0, passing
to the quotient the image of a(z) will be

a(z) = Zﬂz_l_i

i<0
which shows that the image of a(z) is a field (it contains only summands of positive
degree). O
Proof of 13.1. Tt follows easily from theorem 12.3 and Ex.13.2 O

13.2. Remark. Let C be a central subalgebra of g which is T-invariant, and A :
C' — C be a linear function such that A\(T'C') = 0 Then we define the ideal

(13.2.1) I* = span{(c — \(¢))V (g, F) |c € C}
and the quotient vertex algebra V> (g, F) = V (g, F)/I*.
13.3. Example (Kac-Moody Affinization).

g=og[t,t ']+ CK

[at™, bt"] = [a, b]t"™ ™ + mbp, _n(a,b)
F=Aalz) = Zat”zfl*”, K}
T=-0; onglt,t '], T(K)=0
Tamy = —0:(at") = —na—1)

Hence Ta(z) = 0,a(z) and we get V(g, F) is the so called Universal affine Vertex
Algebra. If we take C' = CK, A(C) = k € C (called the level) then we get that
VE(g) :== V*(g,F) is the universal affine Vertex Algebra of level k.
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13.4. Remark. Recall that g = g_ + g+ and g4 is also a T-invariant subalgebra,
hence V (g, F) = U(g+)|0 >. We see then that the elements

1 s
a(ilijl) - a(ilijs)|0 >
span V' (g, F) and the state field correspondence looks as follows for j; > 0.
2OMal (). .. 0% al (2) :

n!. .. ng!

(13.4.1) Y(ally _pyeealty,)0>,2) =

(—1—n1

13.5. Proposition. Provided that g is reductive and (-,-) is non-degenerate invari-
ant and provided that k # —hY (the dual Coxeter number of the i-th simple compo-
nent) then V*(g) has a unique mazimal ideal I*(g) so that Vi.(g) = V*(g)/I*(g) is
a simple Vertex Algebra.

Proof. Let L(z) = > L% (z) where each summand is given by the Sugawara con-
struction. We proved that

[Laa]l = (04 Na, a€F

and in particular that [Lo,a(,)] = —nag,). Also we have Lo|0 >= L0 >= 0.
Hence the vector

Otgyy - O1-5)]0 >
is an eigenvector of Ly with eigenvalues > (js+1) > 0. So Ly is a diagonal operator
with non-negative eigenvalues. Hence any ideal is Z,-graded and doesn’t contain
|0 > we have that the sum of proper ideals is again a proper ideal, the proposition
follows easily by standard arguments. (Il

13.6. Example (Virasoro). here we have the usual commutation relations:
23
[LAL] = (0 +20\)L + EC

L(z)=> Lz """
F={L(2),C}
T = adL_1

We have in this case the universal Virasoro Vertex Algebra V (Vir, F). Also we
get V¢ which is the universal Virasoro Vertex Algebra with central charge
¢, and the simple algebra V.. = V¢/I° the unique maximal ideal.

13.7. Example (Clifford Affinization).
A= Alt,t7' +CK
[at™, at”] = 0m,—n—1 < a,b > K
F=A{a(z) = Zat"zflfn, K}
T=-0; onA[t,t '], T(K)=0
Tamy = —0:(at") = —na—1)

And we get V(A,F), the universal v.a. of free fermions. Take C' = CK,
AMK) = 1 we get a vertex algebra defined by F(A) (Vertex Algebra of Free
Fermions)

Exercise 13.3. Provided that the skew-symmetric form is non-degenerate, show
that F(A) is simple.



VERTEX ALGEBRAS 71
Proof. Any ideal I of F(A) will be an invariant A-submodule, and this implies
I=F(A) by Ex.84 O
Exercise 13.4. Write down the explicit state-field correspondence for V©.

Proof. This is just a reformulation of (13.4.1):
1 1
=2 (—jr—2)

Y(Lj, ... Ly, 2) = L0 T2L(2). L0 2L(2) A .

O

14. POISSON VERTEX ALGEBRAS

14.1. Definition. Let V be a vertex algebra, a vector v € V is called a conformal
vector if

(1) Y(v,2) =Y ,cz Lnz" "% where L,, form the Virasoro algebra with central
charge c.

(2) L.y =T.

(3) Ly is diagonalizable.

14.2. Remark. Loa = Aa for some A € C is equivalent to say that Y (a,z) is an
eigenfield with respect to to Y (v, z) of conformal weight A, since

[vaa] = voya + Avya + o(N) = Ta + AAa + o(A).

14.3. Example. Let g be a finite dimensional simple Lie (super)algebra. V*(g)
the corresponding vertex algebra of level kK # —hY. Then
1 i
Y= Sy 2ol

is a conformal vector (Here {a;}, {a'} are dual bases of g). Indeed

Y(v,z) = m Z ca'(2)ai(z2) :

And this is the Virasoro element given in the Sugawara construction with the central
charge ¢ = ¢}, = k;i‘gg. We proved that [Lxa] = (0 + A)a, and hence Lgya = da
and L1ya = a. Hence Ly = Ly = T. Also we proved that Lg is diagonalizable

with eigenvalues in Z .

Exercise 14.1.

(1) For the Virasoro vertex algebra V¢, v = L_5|0) is a conformal vector and
Y(v,2z) = L(z).

(2) For F(A) we havev = 533 90272)901'(—1)|0>, with central charge ¢ = —4mA,

2
Proof.
(1) Using the explicit formula for the state-field correspondence we know that
Y (v,2) = Y(L(1)|0),2) = L(z) as claimed, and we have seen that L,, form
the Virasoro algebra and that [LyL] = (04 2X\)L + 5A*. So L_y =T and
[Lo, L] = —mL,, so L is diagonalizable.
(2) Again, Y(1,2) = V(3 X0l peinl0h2) = 15, : 09 (=)pi(2) : which
we know is a Virasoro distribution with central charge ¢ = —w and
Loy = ¢ by Proposition 7.5 and [Lo, ¢n] = —n¢p,. So the properties of
L_1 = Ly and Lg are as claimed.
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d

Last time to any regular formal distribution Lie (super)algebra (g, F) we associ-
ated the corresponding universal vertex algebra V (g, F) = U(g)/U(g)g_. But given
a Lie conformal (super)algebra R we have canonically associated a maximal formal
distribution Lie (super)algebra (LieR, R), and it is regular .Recall that

(14.3.1) LieR = (LieR)+ @ (LieR)_
as vector spaces and this decomposition is T-invariant.

14.4. Definition. The Universal Enveloping vertex algebra of a Lie conformal
(super)algebra R is
V(R) := V(LieR, R)

14.5. Example. The previous constructions for the Virasoro algebras and the cur-
rent algebras are examples of this. The construction for the free fermions is similar.

Due to the decomposition (14.3.1) we get the corresponding decomposition for
the enveloping algebras, i.e.

U(LieR) = U((LieR);) @ U((LieR)_)
where (LieR); and (LieR)_ are subalgebras. Hence V(R) = U((LieR)4) is the
universal enveloping (super)algebra. For example if R = Cur(g) then V(R) =
U(glt™ )t & CK).
Note we have the map ¢ : R — V(R) sending a — a(_)|0) and we know this
map is injective (cf. proof of theorem 12.3).

Exercise 14.2. Prove that the map ¢ is a homomorphism of Lie conformal (su-
per)algebras.

Proof. By the lemma 12.4, we know that in V(R) = V(LieR,R), a = b if and
only if Y (a,z) = Y(b,z). By definition of V(R), Y(¢(a),z) = Y (a0 >,2) =
@(z) € R for any field a € R. The fact that ¢ is a homomorphism of Lie conformal
superalgebras follows from the fact that the map R — R is. Indeed we have

da(z) = da(z) and [axb](2) = [a(2)xb(2)]. U

Proof. First it is clear that ¢ is a module homomorphism since ¢(9a) = (da)—1)|0),
and Y'((0a)(~1)|0), z) = da(z) = 9Y (a(~1[0), z). The fact that \-bracket structures
are compatible is due to our construction of Lie bracket on LieR, or on R; it is
shown in the proof of 3.3 O

14.6. Theorem. V(R) has the following universality property: any homomorphism
from R to a vertex algebra V, viewed as a Lie conformal (super)algebra, extends
uniquely to a vertex algebra homomorphism V(R) — V.

Proof. Any ¢ : R — V induces a map ¢ : LieR — EndV, ¢(a,) = ¢(a)nm).
Hence, by the universal property of universal enveloping algebra, ¢ extends to
homomorphism U (LieR) — End V. This gives us a map ¢ : U(LieR) — V, ¥(u) =
@(u)]0). Since ¥((LieR)_) = 0, we get
o : U(LieR)/U(LieR)(LieR)_ = V(R) — V

such that

(1) ¥(R)V(R)) = ¥(R) (¥ (V(R))
(2) ¥(laxd]) = [¥(a)ry(b)]
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(3) commutes with T.

Hence 9 is a homomorphism of vertex algebras because of quasi-commutativity,
quasi-associativity, and the Wick formula. O

Recall that any vertex algebra is a Lie (super)algebra with respect to the bracket
[a,b] = a—1)b — p(a,b)b_1ya. But due to anti-commutativity we get that this
bracket is fET[a,\b]. Hence R C V(R) is a lie subalgebra with respect to this
bracket. Denote this algebra by Rp;. (with bracket [a,b] = f_OT[aAb]d)\). But we
have an injective map ¢ : R — V(R) given by a — a(_1)|0) so this extends to an
isomorphism of vector spaces

U(RLie) ~ V(R) ~U((LieR) )

Note the parallel to the Lie algebra case: Any homomorphism from g to an
associative algebra U viewed as a Lie algebra (with bracket [a, b] = ab— ba extends
uniquely to a homomorphism of associative algebras U(g) — U.

Exercise 14.3.
(1) Ryie =~ (LieR), by the map a — a(—1)|0 > which is an isomorphism of Lie
(super)algebras.
(2) The product R -U(Rypie) coincides with the (—1)st product in V(R).

Proof. (1) The fact that ¢ gives an isomorphism of vector spaces follows by
exercise 14.2. We check what happens to the Lie bracket [a, b] = fET[a Ab]dA
in R, which in V(R) can be written as : ab : —p(a,b) : ba :. One way to
proceed is to notice that by acting on vacuum, this is just a special case
(Ihs) of Borcherds formula (m,n € Z)

m
[agm) )] = Y ( i ) (a()) (m+n—j)

JELy
with m = n = —1, and the right hand side precisely coincides with the Lie
bracket structure on (LieR)y constructed in Proposition 3.3.
(2) This is easily seen on the fields level, since if a € R and B € U(Ry.), then
the field corresponding to the expression aB is

Y(aB,z) =Y (a,2)Y(B,z):=Y(a,z)—)Y(B,z) = Y(a—1)B, 2)

Hence the product coincides with (-1)st product in V(R).
(]

Recall some general properties of vertex algebras.
o We have the A-bracket [axb] = > M (a(;b)/j!. And with respect to this
product V is a Lie conformal (super)algebra.
e We have the (—1)-product a(_1)b =: ab : with the following properties:

(1) :]0)a := a. .

(2) rab: —p(a,b) : ba := [~ [axb]d)\ (quasi-commutativity).

(3) : (tab:)c: — :a(:be:) = (fOT d)\a) [brc] + p(a,b)(a < b) (quasi-
associativity)

(4) T is an even derivation of normal ordered products.
e [ay : bc:] =: [arblc: +p(a,b) : blaxd] : —|—f0T[[a>\b]Mc]du (quasi- Leibniz).
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14.7. Definition. A Poisson vertex algebra is one with “the quantum corrections”
removed, i.e. it is a Lie conformal (super)algebra (the bracket denoted {,}) with a
product, which is a unital commutative associative (super)algebra, such that

(1) O is an even derivation of the product.
(2) {axbc} = {arb}c+ p(a,b)b{arc} (left Leibniz rule)..

Exercise 14.4. Derive the analogous formula for the Right Leibniz rule.

Proof.

n

[(apb)ac = > %(a(—l)b)(n)c

nely

A"z 1m
= Z RGSZ T(a(_l)b)(n)z 1 C

neZyt
= Res, e’\ZY(a(,l)b, z)c
=Res, e : Y(a,2)Y(b,2) : ¢
= Res, e**(Y(a,2) LY (b, 2)c + p(a, b)Y (b, 2)Y (a, 2) _c)
Using the identities
Y(a,2)+Y (b,z)c = (e*Ta)(—1)(Y (b, 2)c)

and

Y(a,z)_c=(a_p,c)z™!

and integrating by parts the first term is
Resz(eTa* e)‘za)(_l)(Y(b, Z)C) = (eTa)‘a)(_l) [b)\c]

The remainder gives:

p(a,b) Res, Y (b, 2)[ar_o,c](e*271) =
A
= p(a,b)Res, Y (b, z)[ar—og,. ] (z_l +/ e“zdu>
0
A
= p(a, b) Res. (%Y (b, z))[arc]z~! + p(a, b)/ Res. Y (b, z)[ax— cle!*dp
0

A
= p(a, b) (e b)(—1ylaxc] + p(a, b)/o [bulax—pcldp

Throwing away the quantum correction and combining with above we get:

{abxc} = (TP a){brc} + p(a,b)(eT?b){arc}.
(]

14.8. Definition. A quantization of the Poisson vertex algebra Vj is a family of
vertex algebras V}; such that the product on Vj is the limit of the (—1)-st product
in V as b — 0, and
. laxbln
b} = lim —/——
{axt} s h

We say that Vj is the quasi-classical limit of V.
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14.9. Remark. In V(R) : a(bc) := abe if a,b,c € R by Ex. 14.3, but this is not
true in general. For example : (ab)c := abc+ quantum corrections.

14.10. Example. Let R be a Lie conformal (super)algebra. Consider the following
family of Lie conformal (super)algebras

Rp =R, [axb]p = hlaxb]
And now consider the following family of vertex algebras
Vi = V(Rp) = U(Rpvic)

But
0

U(Rprie) =T(R)/(a®b—p(a,b)b®a — /T[a)\b]hdA)

Hence we have limV};, = T(R)/(a ® b — p(a,b)b ® a) = S(R). And the Poisson
bracket is
[ax0]n

h
but by Ex 14.3 we know that the product of R and U(Ry,.) is the usual product in
V(R), hence when i — 0 we get the usual product in S(R).

We can conclude that the quasi-classical limit of Vj, is S(R) with A-bracket given
by {axb} = [axb] if a,b € R and extended to S(R) by Leibniz rule and skew-
commutativity.

{axb} = %ir% =[axb] a,beR

15. INFINITE-DIMENSIONAL HAMILTONIAN SYSTEMS

Let M be a N-dimensional manifold with z being local coordinates. Consider
a space S of C° vector-valued functions @(x) = (u1(z),...,u(x)) on M whose
partial derivatives tend to zero when z goes to infinity. The most general Poisson
bracket we are going to consider is given by:

(150.0)  {wile),u;()} = Boy (i), @ (2), ... )3z —y) = Bylul(z.y).

where B;; are differential operators with coeflicients being polynomials in u; and
finite number of partial derivatives

uga)(x) = 0y, (z) = ogt ... 09 ui(x) .
§ is a distribution defined by

/'Mx—wf@my:fw»
M

We can extend (15.0.1) by linearity and Leibniz rule to arbitrary differential polyno-
(a),

mials, i.e. polynomials in the u; ’’s. Namely, if P and @) are differential polynomials

the bracket {P, @} looks as

oP 0Q
(15.0.2) Pey= Y 2% 000, ().
a§7j auﬁ."‘) 8u§-’8) vy

Exercise 15.1. Prove that (15.0.2) satisfies Leibniz rule (and therefore (15.0.1)
implies (15.0.2)).
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Proof. The statement is a simple corollary of the properties of derivative. If P, P,
and @ are differential polynomials

I(PPy) O
{(PP,Q} = Bl 99 l(a)Z) 9
agig U

P, 5@ a oP; 5@ N
P ﬂ)axa;ij[ W@+ 3 ST (mazawa[ ul(, ) P,

7020, Bijlul(x,y)

a,B,i,j @,B,4,J

= P {P,Q}+ {Ph QP .

We omit checking the Leibniz rule for the second argument since we assume that
bracket (15.0.1) is skew-symmetric and the skew-symmetry property is thoroughly
discussed in the next exercise. O

Exercise 15.2. The skew-symmetry is equivalent to the fact that B}; = —Bj; where

% is the usual anti-involution on differential operators such that *(0;) = —0; and
w(ul®) = 4@
7 K3 :

Proof. Tt is very convenient to introduce the following notation
(15.0.3) u{ = / dzu'(z) f ()
M

where f(z) is a smooth function on M with a compact support. We call f test
function. Then (15.0.1) can be rewritten as

(15.0.4) (wlaty = [ @B )0 )

With equation (15.0.4) the statement of the exercise easily follows from the rule of
integration by parts, properties of the functions u; € S and definition of the test
functions f and g. (I

Warning! We should be careful with the definition of the involution * when B;;
are not constants but polynomials in u’s and their partial derivatives. For example
if B=u(x)0,

B* = —(0zu(z)) — u(x)0, .
If the requirement of skew-symmetry is satisfied and (15.0.2) defines a Lie algebra

on the functionals we consider B;; is called a Hamiltonian operator.
The basic quantities are local functionals®:

(15.0.5) Ip = / P(z)dx, P € A=Clu;,0%;].
M
Extending (15.0.2) by linearity gives

(rdoy= [ [ 32258 (3 0208 {us(z), u; (y) hody
au( ) PN

-2 / == e 5% PC) (1w, s o) ey

3Also called Hamiltonian functions
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In the second line we integrate by parts assuming that u; € S and denote

0P(x) . OP
Tou; = Z (—0x) GT@(I).

€Ll

Now we can integrate by parts again and using the definition of the Hamiltonian
in (15.0.1) we get

(15.0.6) {IP,IQ}—Z/ 0P ( (ngj))dx.

From now on, assume N =1 and let 9 = %, so that
0P oP
= Y o
(5ui a§+ auz(_@)

and uga) = 0%u;.
Taking an algebraic point of view we think of [ P(z)d(z) as the image of P(z)
in the quotient space A/ > 9;A = A. We need to prove the following:

15.1. Lemma. The bracket given in (15.0.6) is well defined on A.
Exercise 15.3. Prove the lemma.

Proof. This is a standard exercise from the course of classical mechanics or classical
field theory.
On the set of local functionals (15.0.5) we have

Hence

The latter gives us

56 5— 85
Uj ﬂ>0 Buz
0 0
_ ﬁ+1 B _
+D (=0)° 5= =0
5>0 6“? B>1 3“? '

15.2. Remark. —u is not a derivation as the following example shows:

61({[/)2 — (_2u/)/ — _2//
u

but u =0.

Given a Hamiltonian function h = [ P(x)dz we can write the corresponding
Hamiltonian system of PDE on w; = u,(t, x):

’U:i = {ui, h} .
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Using formula (15.0.2) we get
. or o
ie) = [ 3 g 005 B )02z ~ )iy
J
Integration by parts yields
. opP
tie) = [ 30 5 B () (2)075(z ~ w)dy.
J
Integrating by parts once again and getting rid of d(z — y)-function we get
. dP(x)
(15.2.1) () = ZBUW'
Moreover, if h; is another Hamiltonian function such that {h,h;} = 0, then due

to the Leibniz identity we get from the evolution equation u; = {h, u;} that hy =
{h,h1} = 0 hence h; is an integral of motion.

Relation to Poisson Vertex Algebras. On the unital commutative associative
algebra A, we have the Poisson bracket given by (15.0.1).

{ui(z),u;(y)} = Bij(ug (2))d(z —y).
Applying the Fourier transform

Fle(e.)(@) = [ et y)dy
to the Hamiltonian operator
Bylu)(w,y) = Y Bfy(u}(2)d58(x —y)
a>1
we get
{wirug} (@) = By (uy, A) = Y B (ug (x))A°
a>1

We may think of u;(x) as “formal distributions” and then the machinery that we
have developed so far is applicable and we get a structure of a Lie conformal algebra
on A with the A-bracket {5}. It obeys Leibniz rule and we have T'= 0 hence A is
a Poisson vertex algebra.

A natural general setup is to take for A an arbitrary Poisson v.a. then the Hamil-

tonian functions are simply elements of A/TA, and the commutator in (15.0.6)
reads:

{Iui"[u]'} :/Bij(ui,...)ld.r

And this is equivalent to replace A = 0 in the A-bracket. Hence the commutator on
A/TA is defined by (a,b € A/TA)

(15.2.2) [a,b] = [aAb]|,\=0 mod T'A

15.3. Theorem. Bj; = >_ -, Bﬁj(uf)ao‘ is a Hamiltonian operator on Clu?] if
and only if the A-bracket [ui\u;] = 3~ BiAY defines a structure of a Poisson
v.a.

The statement is proved analogously as the Jacobi identity for the Lie conformal
(super)algebra induced by a formal distribution Lie super-algebra.
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15.4. Theorem. Let R be a Lie conformal algebra and define on R a bracket
by (15.2.2). Then

(1) ada is a derivation of this bracket.

(2) {OR,R} =0.

(3) OR is a 2 — sided ideal with respect to (15.2.2).
(4) R/OR with the induced bracket is a Lie algebra.

Exercise 15.4. Prove this theorem.

Proof. Let us recall axioms of the Lie conformal (super)algebra introduced in the
lecture 2.

(Sesquilinearity) [Baxb] = —A[axb], [ax0b] = (0 + N)[arb],
(15.4.1) (Skew — commutativity) [bxa] = —p(a, b)[a—r—a)b],

(Jacobi identity) lax[buc]] = [[axb]x+pc] + p(a,b)[by[axd]].

Setting A = p = 0 in Jacobi identity and in the first equation of sesquilinearity
(15.4.1) we get the first two statements of the theorem. From the second equation
of sesquilinearity we find that

[ax0b] [x=0 € OR .
Finally, setting A = 0 in skew-commutativity equation (15.4.1) we get
([axb] + p(a, b)[bra]) [x=0 € OR .

Thus the last statement of the theorem also follows. B
For a general Poisson v.a. A, given a Hamiltonian function h € A we can write
the corresponding Hamiltonian system (u € A)*:

uw=—{h,u}.

If hy € A is an involution with A, i.e. {h,h;} =0 then h; = 0 in A. Thus the space
of all integral of motion is the centralizer of h with respect to to the bracket in the
space A. a

16. BI-HAMILTONIAN SYSTEMS

Last time we worked in the polynomial algebra A = Clu;,u;,...] using the
notation uga)7 iel,a €Zy,0= % cul® — (@) We also defined A = A/OA
whose elements are the Hamiltonian functions. Given P € A its image in A s
denoted by P, [ Pdx or Ip. The variational derivatives are linear operators 5%“ on
A defined by gTZ = Zaeh(—@)“ai&. Let B = (Byj), i,j € I is a matrix with
coefficients B;; = B;;(u, v, ..., a%) which are differential operators with coefficients
in A. Given such a matrix we define a bracket on A extending by the ordinary
Leibniz rule the formula {u;(z),u;(y)} = B;j(y)d(x —y). B is called a Hamiltonian

operator if this bracket satisfies one of the equivalent definitions:

(1) {uiru;} = B(u,v/,...,\) is a Poisson vertex algebra.
(2) {,} satisfies the Jacobi identity.

4Note that the bracket is well defined in virtue of the second statement of theorem 15.4
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Exercise 16.1. Extend the theory to the case of v = (x1,...,xN) by taking A =
A/ 0;A, and

oP _ S (o aP

. (a)
(5114 aGZf aui
Let ‘;—5 be the vector ((‘%, el %)t. Denote the space of such vectors by %

and we define the standard bilinear form on this space by

(16.0.2) (&m) =D&

We have the induced Lie algebra bracket on A

B oh dg
{hvg}B _/<B5U75U>’

provided that B is a Hamiltonian operator. Since the bracket {, }p is skew-
symmetric we see that the operator B is skew-symmetric on the space % with
respect to the bilinear form (16.0.2):

(16.0.3) (B&,m) = —(&, Bn)

We have also the evolution equations ; = {h,u;} and h; € A is an integral of
motion (h; = 0) if {h,h1} = 0.

16.1. Example. {u;xu;} = B;;(A), it is clearly a Poisson vertex algebra when
B;;(—\) = —B,;(A) is a Lie conformal algebra ( B;; € C[\] ) therefore the bracket

0 ,0h\ dg
h =(B(=—)— | =
o) = (B30 ) 32
is a Lie bracket. In the special case of one dimension we have By;; = 0, and

{h,g} =] %(%)% is a Lie algebra bracket, called the Gardner-Fadeev-Zakkarov
bracket.

16.2. Example. r =1, and
{upu} = (04 2X)u + A> 4+ a\ (a €C)

Is a Virasoro Lie conformal algebra (we just added a trivial cocycle). The corre-
sponding bracket is given by

d d\* d |sh| dg

h.g} = "4 ou— — — =1

{h.g} / wr Uiz + <dm> ta dz | du | du
—~—~

H K

Both H and K are Hamiltonian operators, aH + BK is too. We say that (H, K) is
a bi-hamiltonian Pair.

16.3. Example. g is a Lie algebra with invariant bilinear form (, ), p € g, cfj are

the structure constants: [u;, u;] = 3, ¢f;ug. Then

{uinu} =D cliun + aX(us, ug) + (p, [ui, ug])
k
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where a € C is a Lie conformal algebra bracket. The corresponding Hamiltonian
operator is

d
Bij =Y chun + (p, [ui, uy)) + a(us, uj) o
k N————

K

H
Then (H, K) is a bi-hamiltonian pair (Drinfeld-Sokolov).

16.4. Example (Lennard Scheme). Let H and K be two skew-symmetric operators
in the sense of (16.0.3). Suppose there exists a sequence of Hamiltonian functions

ho € A, a=0,1,...,n such that K (%) = H(%e=1) for all a. Then {hq, hg}u =

0 = {hq, hg}k for all o, 8. Hence all the h,, are integral of motion for

U = {ha, Ui} k = {ha—1,ui}m

Proof. Let &, = ‘le, then K¢, = HE,_1 and we may assume a < § < h and we
get

{ha,hgta = (Héa, &) = (Kéat1,88) = —(€ar1, K&p) = —{hg, hat1} K

Similarly {ha,hg}x = {ha,hs—1}mr and after a finite number of steps we get
{ha, hgta = {hy, by} x =0 for a <~y < . O

16.5. Remark. Writing {(z,2) = > ez, {a(x)2*. Then the condition K¢, =
H¢, 1 is equivalent to the condition:

(H - zK){(z,2) =0

and this is a differential equation on £, we solve it to get &(z,2) = > £az™* but

now we need to find h, such that &, = %j.

16.6. Example.

d d\*
H = 4+ 2u— el
v udx+<dm>
d

K=—
dx

Then we get the differential equation £®) 4 (2u — 2)¢&’ 4 u/¢ = 0, where primes
means differentials with respect to . We can reduce the order of this equation
multiplying by £ to get

Fle) = 66"~ 367 + (u )€

we look for a solution of this equation of the form £ = 1 + Ej>1§j2_j. The
coefficient of z in the RHS is —1/2 hence f(z) = —z/2 plus negative powers of
z hence f(z) = —z/2. We plug this scheme in the equation to get (comparing
coefficients of 2°) & = u, (comparing coefficients of z71) & = u” + 2u?.

Exercise 16.2. Continue in this line of reasoning to get &3 = u(4)+gu3+%u’2+5uu’

Taking &1 and & as above, the coefficient of z=2 on the RHS will be
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272 |1 +uz" (W 27 4+ (P +

+3u’? + 3uu)z72) — Z(u' 27+ u® 272 4 3un’272)? +

2(
1 -1 no 3 ooy o —3y2
+(u— 52)(1 +uz 4 (U + FU )27 4 E€3277)

1
= u® + 3u? + 3w + wu’ — U 2wl 4 2w + 3ud — wu — frac32ud — &

= o™ 4+ gus + gu’Q + buu’ — &3

Exercise 16.3. More generally prove that &, = uw?*=2) plus polynomials of differ-
ential degrees less or equal than 2k — 2. Compute also hs (see below)

Now we want to find h such that ‘m“ = ¢, we get then
ho = u,
1
h] = 5“2,
1 1
h2 = 5”3 — §’LLI2
The equation corresponding to hy with respect to {, } i is
d ohy 3 w2

== — ! (3)
U= (2 +u") = 3uu +u

which is the KdV system and we proved that the first integral of motion are:

/u, /uz, /u?’—u’2

We need to make sure that such an h exists, for that we state the following

16.7. Theorem. Provided that (K, H) is bi-hamiltonian and K 1is non-degenerate
in the sense that KMK = 0= M = 0 for any operator M. Suppose that K& = Hn
and K¢ = HE, with §,n € 32, Then ¢ € $2.

Proof. In the conditions for the Lennard Scheme we know that K&, = H{,_1 and
Kéyy1 = HE,. Hence &,_1,&, € % implies that €441 € %, so it suffices to check
that &, & € 22, g

Given ¢ the formula for A is

h = /01 do(&(ou),u)

16.8. Example. for £ = u” + 3u? we get

h = /auu —|—0 3da

1 1
— 5uu// + 5u3
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17. LATTICE VERTEX ALGEBRAS I - TRANSLATION INVARIANCE

Exercise 17.1. Consider the following one-dimensional algebra R = C[01, Oa]w
with A = (A1, A\2)-bracket:

[W)\W] = )\281&) — )\182&) + a1 A + 052>\2, o; € C

Show that this is a Lie conformal algebra corresponding to the Lie algebra of
divergenceless vector fields on S' x S with the corresponding Hamiltonian operator:

Ow 0 Ow 0 0 0
= o1 — + g —

By—=—2 =+ 7
“ Ox 0y Oy oz Oz oy

Proof. Let g be the Lie algebra of polynomial divergenceless vector fields on the 2-
torus. Parameterize torus S* x S* by angle coordinates (™1, e™2). Let 2 = ™%
and y = ™2, The vector fields on the torus then will be of the form fd, +gd,. By
Green’s theorem each divergenceless vector field is given by the following formula:
V(f) = 0y fOr — Oz f0y, for some polynomial function f. It is easy to see that, the
Lie bracket for such fields is given then as follows:

A function on S' x S' can be though of as a smooth double-periodic function
on R? and from Fourier analysis we know that functions e"™1em7if2 — gnym
comprise a basis for the space of such polynomial functions. Hence we can choose
the following vector fields to be a basis of our Lie algebra: ay, ,, = V(z"y™) =
ma"y™ 0, — nz""1y™d,. Then:

’

[y @] = [V (@"y™), V(2" y™)]
_ V(nlxn/flym/mwnymfl _ nxnflymm/xn'ymlfl)
= ( 'm — nm/)an+n’71,m+m’71

Consider now a central extension g of g given by a basis {Ly, m }n,mez, @1, @2,
where a; and ag are central elements, and commutation relations:

[thml ) anm’bz] = (anl - nlm2)Ln1+n2—1,m1+m2—1+

+ 041n15n1,7n25m1+m2771 + a2m15n1+n27*1(sm1,*m2

We need to check that this central extension still defines a Lie algebra:

(1) Skew-symmetry. This is clear since:

[Lnl,mlaLng,mg} + [an,mg;Lnl,ml] = (anl - n1m2)L7L1+n2—1,m1+m2—1+
+ alnl&nl,*n26m1+m27*1 + a2m16n1+n2,*15m1,*m2+
+ (nima — noma) Lngtny —1,motmi -1+
+ a1n26n2’,n15m2+m1’,1 + a2m25n2+n17*15m2,*m1
= al(nl + n2)5n1+n2,06m1+m27*1 + aQ(ml + m2)6n1+n2,*16m1+m270
—0
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(2) Jacobi identity. The proof is a tedious computation:

[Lnlaml’ [an,m27Ln3,m3]] + [Ln27m27 [Ln35m3’ Lnlaml]] + [Lnﬁami’»’ [Ln17ml7Ln27m2]] =
=Ly mas (Namae — m3n2) Ly tng—1.matms—1 + @141 + o B1]+
+ [Lnymss (Mims — ming) Ly, 4ny—1,my+ms—1 + @142 + aaBo]+
+ [Lng.ms, (Mam1 — mani) L, +no—1,my+me—1 + @143 + a2 B3]

= - E A1 Moy (nff;smﬂz - m(73n0'2)5n171+n02+n63716m61+ma2+ma3727
o€EA3

- E Mg, (Ngy Moy — mosnaz)‘snﬂ Friog +1g 00y 41y +migy 1
o€A3

:al(nlngmg — N1N9oMmi + Nonimy — NoN3Mo + NoN3zMy — ngnng)X
X 6711+n2+n3,16m1+m2+m3,0+
+ Oég(mlmgng — Mmi1MaNy1 + MaM1N1 — MoM3N2 + MoN3zny — mgmgng)x
X 6n1+n2+ﬂ3,06m1+m2+m3)1
=0
: : : _ _ —n—-1_-m— 1
Define a formal distribution w = L(21,22) = >_,, ez Lnm21 " 23
We have:
[L(Zl, 2’2) L(wl, wg)] =

_ z : —ni—1 yom1— 1 w2 1 —m2—1
- 21 22 Wy Wy [Lm,muLn'z,mQ]

_ ,—ni—1_—m1—1, —no—1 —mo—1
=% 29 wy Wa (m1n2 —n1m2) Ly 4ny—1,my4ma—1 +

+Za1n1z;"1—1z;ml‘1w?l Ml Y agmazy ™ T ey e ey
O kzyFw )(Z( n—Dw " wy ™ Ly ) (O 2 )

) kP w )(Z(—m—nw; Ty ™ L) Zz* wh
a1 (O kPO 2 wh) + (D kgt w Zz*l !

= 811,2(5(2’2, wg)awlL(w1, w2)5(2’1, wl) - 8w1(5(2:1, wl)asz(wl, wg)(S(Zg, ’LUQ) +
+ 100, 0(21, w1)0(22, wa) + @20, (22, w2)d(21, w1)

Now apply the Fourier transform to get:
[(.«J)\w] Fz)\llun F;\;w2 (611;25(22, wg)awl L(wl, w2)5(z1, wl)—

— 8w1($(21, wl)ang(wl, w2)§(22, U.)Q) + alawlé(zl, ’(1)1)5(22, ’(1)2)
+OZ28U,25(227U)2)5(217U}1)) =
= XO1w — A\1Oow + a1 A1 + a2 )o

Since we obtained the A-bracket from the commutation relations of the g-valued
formal distribution, this bracket defines a Lie conformal algebra (c.f. Lecture 2).
The fact that B is a Hamiltonian operator follows from theorem 15.3. Indeed,
the (A1, A2)-bracket gives a Lie conformal algebra on R. By example 14.10, the
quasi-classical limit of V(Rp) is S(R) with A-bracket from R extended to S(R)
by Leibnitz rule and skew-commutativity. Hence on S(R) our A-bracket defines a
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structure of a Poisson vertex algebra, and the associated operator
0z dy Oy Oz 'O 2 dy

is Hamiltonian. O

Bw

Lattice Vertex Algebras. We have constructed a vertex algebra corresponding
to any Lie conformal algebra. In particular, given a finite dimensional Lie algebra
g with a non-degenerate symmetric bilinear form, we can construct its Kac-Moody
affinization g and the corresponding Lie conformal algebra Curg = C[0]g+CK. We
get then the universal affine vertex algebra V(Curg) and V*(g) = V(Curg)/(K —k)
the universal vertex algebra of level k.

A very special case is a commutative Lie algebra ) with a non-degenerate sym-
metric bilinear form. We have V() and the corresponding R = C[d]h + CK.
We know also that the quasi-classical limit of V(R) is S(R). We can view then
the vertex algebra V!(h) as a quantization of the Poisson algebra of functions
Map(St, ) = b[t,t~!]. An important open problem is how to quantize the algebra
of functions Map(S', M), where M is an arbitrary manifold. by quantization we
would understand a family of non-commutative associative algebras A, such that
limh_@ Ah = A.

The simplest case after the flat space h is h/Q where @ is a lattice of rank equal
to dim f. In this case we have:

map(S*,h/Q) = map(S', ) x Q

And the space of functions is then:

F(map(S,h)) © C[Q]
Hence its quantization is:

Vi(h) ® C[Q)]

We have V1(h) = S(p[t~!]t~! @ K) with the vacuum vector |0 >= 1. For each
h € b we have the field h(z) = >, h,z='~". Here h,, are operators on V*'(h)
defined as follows: hg = 0, hy, is the operator of multiplication by ht", if n < 0.
And for n > 0, hy, is the derivation of the symmetric algebra defined by (recall
[, B = MOy —n(hy B'))

Ry (RWt7™) = by m(h, h')
We then obtain:
[hins ] = M0y, —n (R, 1)
= [h(2), W (w)] = (h, ') 0wd(z — w)
= [hal'] = (h, ')A
The vectors hl;_,, ...h%,_, |0 > span the space V' (h) and the state fields corre-
spondence is given by:

Y((hlt—l—"l) (R, Z) _1Ohi(2) .. 00kt (2)

n!. .. ng!

This makes V1(h) a simple vertex algebra.
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Now we want to discuss C[Q]. First of all, C[Q)] is a commutative unital algebra
with basis e* (o € Q) and product e®e® = e85 such that ¢’ = 1. Take an
arbitrary function € : Q x @ — {£1}, and define the new product:

e“e? = e(a, B)e* P
We now want C.[Q] to be an associative algebra with a unit element 1 = €°.
Exercise 17.2.
(1) C[Q] is associative if and only if for all o, 3,7 € Q:
e(a, B)e(a + B,7) = (e, B +7)e(B:7)
i.e. €(a, B) is a 2-cocycle.
(2) €Y is a multiplicative unit if and only if e(a,0) = €(0, ) = 1.
Proof.
C.[Q] is associative
& Va, 8,7 € Q, (e"eﬁ)e"’ = eo‘(eﬁe”’)
& ela, Bl e = e (e(8,7)e” )
& ela, B)e(a+ 5,7)e* ™ = e(B,7)e(a, B+ 7)e T
& (o, Be(a+3,7) = e(a, B+7)e(8,7)
elis a unit in Q
o e = e =%, Va e Q
< €(0,a)e” = e* = e(a,0)e”
< e(a,0) =1=¢€(0,a), Va € Q
O
We let Vo = S(h[t71t 1) @ C.[Q] and we want to extend the structure of vertex

algebra from S to V. For this it will be enough to extend the action of the operators
hrn to V. Define:

hn(s ®e%)
ho(s ® e®)

hn(s) ® e, n#0
(o, h)s ® e”

We still have:
[m, Bl = M6y, —n(hy B')
= [h(2),h (w)] = (h, k)06 (2 — w)
= [h\h] = (h, ')A
We need to construct the fields, for this let:
Y(1®eY z):=T4(z)
such that Vg extends the structure on S by Y(v® 1,2) = Y (v, z). We take 1 ®1
for the vacuum vector, and we get:
Y(s®e* z) =Y (s,2)la(2) :
where we take s ® e® = (s ® 1)(1 ® e*). The dependence of the definition on this
choice is illustrated in the following exercise:
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Exercise 17.3. Denote by e* the operator of multiplication by 1®@e® in Vg. Then
e“hy = hpe® if n #0 and e*hg = hoe® — (o, h)e®
Proof. Forn#0,V s®@e’ € Vg :
(€“hy — hpe®) (s @ €)= e (h,(s @ 7)) — hy(e¥(s ® 7))
— ¢ (ha(5) ® €7) — hu(s @ e(r, B)e )
= hn(s) @ e(a, B)e* ™ — hy,(s) @ e(a, B)e*t? =0
Forn =0,V s®el € Vgt
(e“ho — hoe®) (s ® €7) = e*(ho(s @ €°)) — ho(e®(s @ 7))
=e®((8,h)s @ €P) — ho(s ® e(a, B)e*tP)
— (8, h)s @ (o, A — (a+ B, h)s @ e(a, B)e™+
—(a, h)e(s @ €P)
O

The OPE tells us:
[h(2), To(w)] =Y ((ht1)|0 >,z),Fu(w)] = Z Y((htl)(n)ea,w) Opd(z—w)/n!

This gives us (by the Exercise 17.3):
(Mt~ (nye® = hne®|0 >= [hy, |0 >
Hence we get:
(17.0.1)  [h(2),Ta(w)] = (a, W) To(w)d(z — w) < [hn, To(2)] = (o, h)2"To(2)
17.1. Lemma. Formula (17.0.1) is equivalent to
Ty (2) = e®e™ Zi<o ey e~ 2i>0 o Aq(2)
where A, commutes with all the hl s

Proof. Let Xo(z) = e>i<o z%af(ea)_lfa(z)ezbo 7% Then Xao(2) commutes
with all the h,,. Indeed, if n > 0 we have:

[hn’Xa] = (ea)_l[hn7ezj<0 %aj]l—‘a(z)ezpo z];‘JO‘J +
+(ea)—lezj<o %aj (a, h)z”l“a(z)eZ»o %a]‘
=0

Exercise 17.4. Check the last statement when n < 0.
Proof. If n=0, we have:
[ho, Xa] = €% T (—(a, 1) (") ' Ta(2)eX=0 T +
1

e T (e) 7 o, )T ()00 T
=0
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Ifn <0, h, commutes with all a;; for j < 0, in particular it commutes with
¢Xi<0 *7% . Hence:
[hna Xa] =
= hn(e) T eRre0 T, (2)eXim0 T — (e9) e T T, (2)eXi0 TV hy
= (ea)_lezj<0 %‘jaj hnFa(2>€Zj>0 %’jaj — (ea)_lezj<0 zzi‘jaj Fa(z>ezj>0 %’jaj hy,
= ()7} (€< T [y, Ta(@)]e520 T % 4 €200 5T T () fn, 2520 7))
But,

—J —J

eXi<0 T % B, To(2)]eXi>0 T % 4 eXi<0 TNy (2)[hy, €250 7 %] =
= €X5<0 T (a, h) 2" T (2)e29>0 7% + X550 T (2)[hn, e29>0 7]

=0
since
[, €225>0 %0"] = —(a, h)z"e>i>0 S
O
17.2. Corollary. A,(2)(s® €?) = anp(2)s ® e € C((2))
Proof.
hoAu(2)s @ e® = (B,h)An(2)s @ e’ Vh =
= An(2)s @’ =aqp5(2)s @€l
(I

We have I',,(2)|0 >= e* A (2)(1 + za—1 + 0(z)). By the vacuum axioms:
To(2)]0 > 220 = €* = aa0(2) =1+ caz + 0(2)
and I'q (2)]0 >= 1®e* +(cal®e* +a_1®e*)z+0(z). Hence (since T'a = a(_2)[0 >),
T(l®eY) =ca(l®eY)+a_1®e. Since Y(Ta,z) = 0.Y(a,2) and Y (a(_1)b, 2) =:
Y(a,2)Y (b, z) : we must have:
0.T'a(2) = cal'a(2)+ : a(2)To(2) :

Exercise 17.5. Applying lemma 17.1 in the last equation we get a differential
equation on Ay (z) :

(17.2.1) 0.A0(2) = 27 g An(2) + cada(?)

and all its solutions are of the form Ce®*2% where z*°(s ® ef) = 2(*P) (s @ ).
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Proof. By lemma:

0:Ta(z2) =e* Z 29 | e Zjco 5T e Eyso 504 An(2)+
§<0
+ e Tico S5 Z ;2 | em 20 ZJ;']ajAa(zH—
§>0
+ e%e” <o %jo‘fe_ Zis0 570 0,A4(2)
cal'a(2) =cqe“e” P B PP M e Y An(2)
ca(2)Ta(2) = a(2)+T0(2) + Ta(2)a(z) -
Noting that a(z)- = >, ajz7 7 + apz~! and a(z)% =20 ajz"'77 and
.=
adding up above equalities and canceling by e“e™ 2.j<0 55 % on the left and
e” 2550 5oy on the right, we get the desired differential equation:
0.A4(2) = 27 apAn(2) + cada(2)
Multiply both sides of this ODE by z~0:
(0.A40(2))27% = 27 apAn(2)27% 4 e Ay (2) 27 =
(0.A44(2))27% — Ay (2)2  apz™® = cqAa(2)27
Note that Vs ® e € Vo, we have:
0.(z~(s@e”)) = az(z—(aﬁ)(s ®e”))

= —(a,8)z" @ (s @)
- —z_lz_(o"ﬂ)(a, B)(s® 65)
= —z71z7@Pgy(s ® eP)
=2 lagz (s @ eP)

Hence 0,(27%) = —z7lapz=?. So for B(z) = A4(2)27% we get the following
differential equation:

0.B(z) = caB(2)

Let C(z) = e “*B(z). Then above equation transforms into simple equation
for C'(2):
0,C(2) =0

Its solutions are C'(z) = C', C-constant. Hence all solutions to the initial differential
equation are:

Cefa®z0

where C' is a constant. O

17.3. Corollary. @ must be an integral lattice, i.e. (a,3) € Z for all o, 8 € Q.
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18. LATTICE VERTEX ALGEBRAS II - LOCALITY

We are constructing the vertex algebra Vo = V1(h) @ C.[Q], where Q is an
integral lattice in h (i.e. (a,b) € Z for all a,b € @ ). Recall

Y((ht™"),2) =h(z) =Y hpz"' 7"

nez
T(ht™') = ht?
(s @el) = 2P (s @ eP)
and
Y(1®e* z)=T4(2)
(18.0.1) — a0 0~ X0 %jajef S %ja]-’ o € C

TleeY) =co(l®@e*)+ a1 ®e”
we must have:
Tse')=T(s)@e*+ (s 1)T(1®e")
Recall that the requirements to apply the existence theorem are:

vacuum axiom holds for h(z) by example 13.3 and for I',(z) by the remarks above Ex.
17.5.
trans. invariance holds for h(z) by example 13.3 and we need to check it for I'y(2).
locality holds for pairs (h(z),h'(z)) by example 13.3 and for pairs (h(z),[w(z)) by
(17.0.1).
completeness obviously holds.

So we need to check
(1) [T\ Ta(2)] = 0:Ta(2).
(2) Locality of pairs (I'4(2),T'5(2)).
Recall that we denoted by e® the operator of multiplication by 1 ® e®.

Exercise 18.1.
(1, e%](s ® %) = c(a, B)s((at ™) + Cars — cg) @ e+
= e(a,B)s(at™) @ P 4 e%s ® (B, — By)e?)
where By (e?) = coyp€P.
Proof.

[T,e*](s @ e?) = e(a, B)T (s @ eTF) — e (T(s) ®e’ 4+ (s®1)x
x (cg(l@e’)+pt ' ® eﬁ)>
= e(a, ) (T<s> ® e tearps ®1)(1@ )+
+()(att ot H® P _T(s) @ e TP —
—cps et — (Bt ® ea+ﬁ>

= (0 B)s(cars + (at™") — c5) @ P
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Hence the first part follows. For the second part we continue

[T,e*)(s ® e”) = e(a, B)s(catp + (at™!) — cg) @ ™7
= e(a,B)s(at™) @ P 4 e%s ® (carpe” — cae?)
= e(a, B)s(at™) ® e**P 4 e%s @ (B, — Bo)e”

O

Note that since s € V1(h) = U(h) and b is commutative, we can write this as
[T, ea] = eo‘(a_l + Ba — Bo)

Now we compute [T, T,] using (18.0.1) and [T, hy,] = —nh,_1 we claim that:

[T,e%] =T(a)e”
27 i
T,-> —aj] = ajaz™
7<0 J 7<0
z™d —j
T,=> eyl =) gz
o0 J 7>0

[T,z%°] =0 since [T,a0] =0

Indeed, we see inductively that [T, a"] = n[T,a]a™ ' and hence it follows that

1 1 _
[T,e%] = Z E[T’ at] = Z Ek‘[T7 ala*=t = [T, ale”
k>0 k>0

The following two equalities follow from this one. For the last one we write
explicitly:

Tz%s®el —2%Ts® e’ =
= 2(@PTs @ el — 2% (T(s) ® ef tegs®eP +501® eﬁ)
= Z(Q’B)T(s) ®e’ + z(a’ﬁ)cﬁ;s ®e? + 2058 1 @ e’ —
—z(a’ﬁ)T(s) ®el — z(a’ﬂ)Cﬁs ®el — 2R3 | @ el
_

Exercise 18.2. Deduce from this that
[T, T.(2)](s® eﬂ) = <cafa(z)+ ca(2)Ta(z) 1 +
+(Ba = Bo)Ca(s) + (ca0t 2 + ca)Tal) )10 ¢

Proof. We know that ad(T") is a derivation hence using the above formulas we have:
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[T.Ta(2)] =

= [T,e“%e*2%e” <o S50 e~ 2i>0 %jaj]

= [T,e“%le*ze” 2j<o %jo‘ie_ >0 z];]% +
+e? T, e*]z%%e” <o %0‘7 e 2i>0 %‘jaj +
+efeFe® 2 T e” 2j<o %j%’]e— im0 500y
efaret 0 Tyco 57 [T, e 2>0 %‘jo‘j]

= cala(z) + €% ((at™)

_ Et/PVUNE < 279 .
+(Ba — Bp))z*0e” 2o ST %eT 2ix0 5
, —j i
+efoFez0 E aj1z7’ €™ Xi<0 T ¥eT X0 5%

J<0
Fela?e 00~ Xjco a, Z aj 1277 |e” Tis0 S5
7>0
I PNt D < SR i

= cola(2) + e“%e¥(By — By)z®0e™ 2i<0 75 Ye~ 2i>0 "7 Y4 q2)(2) :

Now note that we have
[By,e®e” = (¢yrats — ¢ypp)ee”

And this commutes with e, hence we can commute the term (B, — By) to the left
to get:

[T,To(2)](s ®e’) = (cafa(z)+ ca(2)Ta(z) 1 +

+ (Ba — Bo)Tw(2) — (2048 — 2¢ats + Cg)Fa(z)> (s® 6'8)
O

But last time we calculated
0.0 (2) = cal'a(2)+ 1 a(2)To(2) :

Hence (1) holds if and only if By, — By = (c2a+8 — 2¢a+s + ¢g) Id. Applying the
expression to e”, we get cat5 — 3 = Coat — 2Ca+p + Cg, hence

Coat8 = 3Catp — 2¢p

This last equation applied to the cases 8 = 0 and § = —2« implies (noting obviously
that ¢o = 0):

0 =2cy) = 3cq — Caq

0 =3cy — 2¢24

And from this we get ¢, = 0.
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Now to check (2) we need to compute I'y(2)I'g(w):

To(2)Tp(w) = 22206~ Zico 7% ™ Lm0 5574
xeﬁwﬁoe_ Z:j<0 wa;jﬁje_ Ej>0 wj;jﬁj
Exercise 18.3. e¢%zP0 = z—(@.h) ;000

Proof.

2 (B) g g @ 7 = e(a,fy)z_(o"ﬁ)zﬂos ® eV

= ¢(a, ’y)z*(a’ﬁ)z(wr%ﬁ)s ® e
— (1B g ® e

=e%2% 5@ e

18.1. Lemma. Let A and B be operators on a vector space V , such that [A, B] = C
commutes with both of them. Then

eerwB — eszewBezA

Proof. We rewrite

eerwBe—zA _ €ZwC€wB

and now both sides satisfy the same differential equation
d
%X(z) =wCX(z)

Indeed, it is straightforward to prove by induction that B"A = AB™ —nCB"!,
after this we get (calling X (z) the LHS)

dX(Z) _ _ zA w" n —zA
T = AX - XA=AX - ;HBA e
— AX — ezA Z winABn esz + 6zA Z Lﬁle«anl 67ZA
- = ™ n>0 (n—1)!

= AX - AX +wCX

On the other hand the RHS obviously satisfies the same equation, and clearly
at z = 0 both sides are equal. O

By the lemma we have

e~ 2i>0 %‘j%’ e~ 2j<o wTﬁﬁi = e <o wTﬁﬂf e~ 2i>0 %j”ﬁe—(a’ﬁ) 20 %(%)J
where we have used that [a;, 8—;] = j(a, 8). Now recalling that —>_. ‘"’;—J =
log(1 —z) if |z] < 1, we get

_ 29 wlg _ w g 279 w (@.5)
e 230 T % ediz0 T hi = em 20 T PieT Xine 5 iz (1 - 7)
z
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Hence we get the important formula:
Lo (2)Ts(w) = e(a, B)izw(z — w) @ x

2= w=d g 2y wdg
Xea+ﬁzaowﬁo€_zj<o(7aj+ 7 ﬁj)e_zj>u( 7t 6J)

Fa,ﬁ
Tg(w)Ta(2) = (—1)(0"5)6(6, Q)i 2 (2 — w)(o"ﬁ)Fa,g(z, w)

Note that we want e(a, 3) = (—1)(*P¢(B, a) in particular we get if & = 3 that
(—1)(®®) = 1. Therefore to deal with non-even lattices we are forced to introduce
the following structure of a super-space on Vjp:

p(s @ e”) = p((a, a))
Then the necessary and sufficient condition of locality of (I'y(2),T's(2)) is given by
(18.1.1) e(a, B) = (=)@ H @B (3 q)

then we have
Lo (2).Tp(w)] = c(a, B) (z'z,w<z — ) iy (e - w><aﬂ>)ra,ﬁ<z, w)
And finally

0 (o, 8) >0

[Ta(2),Tg(w)] = {E(mﬁ)fmpaﬁ(z,w) (a,3) <0

Summarizing we have proved:

18.2. Theorem. Given a finite dimensional commutative Lie algebra b, a non-
degenerate (,), a lattice Q,e a 2-cocycle of Q with €(a,0) = €(0,a) = 1, the space
Vo = Vi(h) @ C[Q] is a space of states of a vertex algebra with vacuum vector
0>=1®1 and Y (ht™*,2) = h(z) = >, hnz" 17" if and only if Q is an integral
lattice, Vg has parity p(s ® e*) = p((a, o)) and e satisfies the condition (18.1.1).
Then we have Y (1 ® €%, z) = 'y (z) given by

Y(Il®e* 2z)=Tu(2)
(18.2.1) e s0gm S0 Fhosgm o Fhey
Tl@e*)=a_1®e"
and, more generally;

V(A1) (A1) @ el 2) = 2OMBL(2) ... 00T (2)Ta(2)

n!. .. n,!
Construction of the Virasoro Field. Take dual bases {a;},{a’} and let
1 .
L(z) = 3 zZ: cai(2)a’(z) ==Y (v, 2)
1

v=752 (a)-(a)]0>
We know that this is a Virasoro field with central charge ¢ = dim b and all h(z) are
primary of conformal weight 1. We also know that [hAxI'y] = (a, h)Ty or [Larh] =
—(a, h)T',. Then we can compute:
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Parl] = gTax Y e’ ]

Il
I
=
Q
>
&
=
-
+
S
&
!
Q
>
QN.
+
S—
>
=
Q
>
)
fadi
=
IS
=
S
=

-5 [(a,ai) :That: +(a,a’) : ;T :] + % Z/O/\(Ofvai)(a,ai)Fad#

= Al

1 1 (o, )
——ally: =z Tha:
“ g fred it

By skew-symmetry we get:

(o, 0)
2

1 1
[LaT,] == :aly: —|—§ :Taa:+(0+N) T,

2
but : Tpa :=: al'y : +fET[FaAa]d)\ so we get
:Taa = al'y : —(a,@)dT,
Hence
[L,T,] = oy : +(a, )

now recalling that : oIy, := 0Ty, we get

[L,Ta] = 0Ta + (A (O"a)) T,

So v is a conformal vector and T, is a primary field of conformal weight («, «v)/2.

(@, a)

[L.Ta] = 000 + A5

T,=T=1L_,

19. LATTICE VERTEX ALGEBRAS III - UNIQUENESS

19.1. Remark. V¥ with k = —h" has no conformal vectors (?).

Exercise 19.1 (Correction of a correction in Lecture 16). Any Hamiltonian oper-
ator B is skew-symmetric in the usual sense of matrix differential operators. For
example the Virasoro Hamiltonian operator is

B =2ud+
B* =2(-0)u+u
= —2u —2ud +
= —u —2ud
=-B
Proof. Follows directly from Ex. 15.2 O

Exercise 19.2. Vg . is isomorphic to the charged free fermions if Q = Z, (a,b) = ab
and e = 1.
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Proof. This is a restatement of Ex. 9.4, defining ¢ : V71 — F(A) by
hn - an,
em — |m >,

then by the uniqueness theorem we only need to check I't; — 9* which is the
statement of Ex 9.4. O

Recall that Vg . = V1(h) ® Cc[Q] where € : Q x Q — {£1} satisfies:

(1) €(a,0) =€(0,a) =1,

(2) e(a,b)e(a+b,c) =€e(a,b+ c)e(b,c),

(3) ela,b) = efba)(~1) D+ 0D
Existence and uniqueness of e. if we replace e® by €,e® with ¢, = +1 and
€0 = 1, we get:

(cac®)(e56”) = el B)(€atpent p)earse™”
and this is in turn by definition
ela, B) ~ e1(a, B) = eaege;iﬂe(a,ﬁ)

which by definition is an equivalent cocycle, we take then by definition H?(Q, +1)
to be the group of all 2-cocycles modulo the trivial 2-cocycles.

A different interpretation is given by noting that any 2-cocycle defines a central
extension: ~

1-{x1}-Q—-Q—1
given by
Q={*1} xQ
({E, CL) ' (yv b) = (xye(a, b)? a+ b)

Exercise 19.3. Q is a group if and only if e(a, B) is a 2-cocycle. Prove also that
these groups are isomorphic if and only if the corresponding cocycles are equivalent

Proof. Consider a central extension

where the group operation in @ extends that of Q. This means that if we choose a
splitting

QLQx{+1}
Then the operation in @ is of the form
(a, €a)(b, &) = (a+ b, €(a,b)eq€p),

for some function € : Q x Q@ — {#1}. Clearly since the operation in Q extends that
of ), we have:

(a, 1) = (a, 1)(a, 1) = (a, €(a,0)) = €(a,0) =1
and similarly €(0,a) = 1. We also have
[(a, 1)(b, 1)] (¢,1) = (a+b,e(a,b))(c,1) =(a+ b+ ¢, e(a,b)e(a+b,c))
(a,1) [(b, 1)(e, 1)] = (a,1)(b+c,e(b,c)) = (a+ b+ c,e(a, b+ c)e(b, c))
and from associativity in Q we get
e(a,b+ c)e(b,c) = e(a,b)e(a + b, c)
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hence € is by definition a 2-cocycle. ~ }

Suppose now that we have two different central extensions ) and Q', together
with an isomorphism ¢ : Q :3 Q' preserving the subspace @, i. e. choose two
splittings @ ~ @ x {£1} and Q" ~ @ x {%}. This gives us two cocycles € and €.
We have for a, b € @ the inclusion ¢ — (a,1) and b — (b,1) in @ now under ¢
these two map to (a,€,) and (b, €) (recall that ¢ preserves the subspace Q). Their
product is in Q’:

(19.1.1) (a+b,€(a,b)egep).
On the other hand, since ¢ is an isomorphism we have

¢(a,1)(b,1) = ¢(a + b,e(a, b)) = (a+b,e(a,b)eqtp)

this is equal then to (19.1.1), hence we get (comparing second coordinates)

€(a,b) = € (a,b)e a+56a€b
and the two cocycles are then equivalent.
O

Exercise 19.4. Given a central extension Q, we define the map B : QxQ — {£1}
as follows:

B(a,b) = aba~'b~' e {£1}
where &,I; are their preimages of a,b € Q in Q respectively. Prove that B is an
unique invariant, i.e. that it does not depend on the choice of €.

Proof. Choosing one splitting Q ~ Q x {£1} given by € we have
B(a,b) = (a,1)(b,1)(a, 1) (b, 1) 7"
and this is expanding and taking only the second coordinate:
(19.1.2) e(a,b)e(a, —a)"Ye(b, —b) " te(—a, —b)e(a + b, —a — b).

Choosing a different splitting given by a cocycle € and expanding is straightfor-
ward to expand and get the same expression (19.1.2) so B is an invariant. Unique-
ness follows by an easy (but long) calculation to check that B(a,b) is itself a 2-
cocycle, hence given the invariant B we construct a central extension Q, and we
have just seen that two different central extensions give rise to two different invari-
ants B.

O

Note that in our case we get
(L)L) = (L)L) (L)1)
= €(a, B)e” T (e(B, )e™ )
(a

= e(a, B)e(B, )"
— (—1)(@B) @B,

-1

The invariant in our case is then B(a, §) = (—1)(®A)+(@a)(B:8) §o we cannot have
a quasiclassical limit of Vi . if B is non-trivial. Also, by the proved uniqueness of
B we get that Vg . is independent of e.

To prove existence we construct €(«, 5) by demanding
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(1) (bimultiplicativity)
e(a+a,B) =e(a,Be(d, B)
(e, B+ B) = e(a, He(a, B)
(2) e(a,a) = (—1)3(@a)H(@a)?),
it is easy to show that this conditions guarantee that e is a 2-cocycle. And also
writing
e(a+ B+ B) = e(o, a)e(B, Be(a, B)e(B, a)
(_1)%((a-&-ﬁ,a-&-ﬁ)-&-(a-&-ﬂ,a-ﬁ-ﬁ)z) _ (_1)%((a,a)+(oz,0¢)2)(_1)%((575)4‘(575)2)6(@’ﬂ)e(l@’ a)

We see that the third property for € is satisfied. Now to construct such an € we
choose a basis a; of () and define

(o, ;) = (,1)%((ai’ai)+(ai’ai)2)
e(ai, aj)e(ay, ;) = (—1)l@na)t@nalag.a;)
And now we extend to ¢ by bimultiplicativity.
Exercise 19.5. Check that condition (2) is satisfied for all

Proof. First, see that if condition (2) holds for «, it also holds for —«. Indeed,
by bimultiplicativity, we have e(—«, —a).€(—a, @) = e(—«,0) =1, so e(—a, —a) =
e(—a, «). Using bimultiplicativity one more time, e(—a, a).e(a,a) = €(0,a) = 1
and finally, e(c, @) = e(—a, @) = ¢(—a, —a) and considering the bilinear form, we
see that (—a, —a) = (o, @) which proves our claim. Similarly, we can see that the
defining equation

el a)elay, 05) = (~1)(@o)Henad(@0)

holds if we substitute o; with —cy; and/or a; with —a;. Therefore, we can change
the sign of the basis elements without violating the defining relations.

Now, let &« = Y m;«;. By the above remark, we can think that m; > 0 for all s.
Now, let a and 3 be two elements with non-negative coordinates. By induction on
the number of components of «, we can prove that

e(a, B)e(B, o) = (il)(a,ﬁ)vL(a,a)(ﬁ“B)

and use this relation to run induction on the sum of the non-zero coordinates
towards proving (2). In fact, if this sum equals 1, the statement is true by definition.
If the statement is true for o and for (3, we can see that it holds for a + 3 as well
as follows:

ela+f,a+pP) = ela+f,a).e(a+p5,05)
e(a, a)e(a, B)e(B, )e(3, B)

—1)z (et (o)) (_py(@B)H(ea)B.8) (_1)3((BB)+(8.6)")
_1)%((a,a)+(a7a)2+2(a76)+2(a7a)(5,5)-5-(6,5)-5-(&5)2)

—~

= (_1)%<<a+ﬁ>+<a+ﬁ>2>
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The state-fields correspondence is given by:

cOMAN(2) ... 00 R (2)a(2)

ni!...n,!

Y ('t (R @ e, 2) =
where h(z) =3, hy,z717™ and these operators are the usual ones except for
ho(s® e®) = (a, h)s ® e*

2=, 27,
— Q0™ Zj<0 7 %e Zj>0 A

La(z)
[h(2), B (w)] = (h, k)00 (2, w)
[7(2), Pa(w)] = (, A)T o (w)d(z, w)
T (2), Tp(w)] = e(a, B) (i (z = w)! P =iy (2 = w) DTy 5z, w)

19.2. Corollary.

(1) [Ca(z), Lp(w)] = 0 if (o, B) =
(2) [Ca(2), Dp(w)] = €(a, B) (Z,w) o p(w) if (0, ) =
B) La(2),T—a(w)] = e(e, —a)((w)d(z,w) + Oud(z, w)) f (a,0) =

Proof. Recall that 0(z,w)f(z,w) = 6(z,w)f(w,w). Also T'y g(w,w) = T'qqpg(w),
o (2) follows. Now 0, f(z,w)d(z,w) — f(z,w)0,0(2,w) = —0wd(z, w) f(w,w) and
thus

(19.2.1) f(z,w)04,0(z,w) = 0, f(2,W)| s=wd (2, w) + f(w, w)0yd(z,w)
Therefore, to check (3) we apply (19.2.1) to

[a(2),T—a(w)] = €(a, =) 0u0(2, w)la —a (2, w)
and get the RHS of (3). Here we note that I',, _(w,w) = 1 and since

Lo —alz,w) =
—J —J —J —J
= 2%w”* exp —Z Z—,aj — —w_ oj |exp | — Z Z—,aj - —w, a;
j<o J J >0 7 J
we get
0o —a(z,w) =
= aoz_lfa,_a + Z z_j_laj Ioy—a+Ta—-a Z 2y
Jj<0 7>0

and then

0.T 0 —a(2,0)] 2 = agw™ ' + Zw*jflaj + Zw*jflaj = a(w)

Jj<0 i>0

Consider now the special case when @) C § is a root lattice, simply laced, i.e. A,
D, E cases, so that the set of roots is A = {a € Q|(a,a) = 2} then Q is an even
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integral lattice. We have the fields

=> h,z """ hep
n

z) = Zeﬁz‘l_" a€e A
n

Then the conditions above are translated to

(1) [hm,hl) = mbpm,—n(h, k)
) [ m> € %]_(o‘ h) m+n

(2
(3) [enen] = 0if (a, 8) > 0.
(4) [en,ef] = e, Blep, if (a, 8) =

() lem en ]—f(aa—a)(am+n+m5 m,—n )

And these are the commutation relations for the affine Lie algebra of level 1:
g =g[t,t "]+ C1 and we have g = h + DneaCef is a simple Lie algebra with root
system A.

Exercise 19.6. The invariant bilinear form on g is the extension from b by letting
(h,e§) =0, (eg‘,eg) =0ifa+F#0 and (e*, e %) = —1. Check that this bilinear
form is invariant.

Proof. By definition, the bilinear form is invariant, i.e. for any triple of elements
a,b,c € g, we have ([a,b],c¢) = (a,[b,c]). By linearity, it suffices to consider the
cases when each of a,b, c in in § or in Ce®. We have to consider a number of cases.

(1) All a,b,c are elements of h. Then having that h is commutative,

(la,b],¢) = (0,¢) = 0 = (a,0) = (a, [b,])

(2) Two of the elements a,b, ¢ are in § and the third is in Ce®. There are three
possibilities:

(a) a € Ce§.Then we have [a, b] is a multiple of (h, ef) which is by defini-
tion 0 on the one hand, and [b,¢] = 0 on the other which shows that
both LHS and RHS equal 0.

(b) b € Ce§. Then, again both LHS and RHS are equal to 0. Similar to
above, [a,b] and [b, ] are a multiples of (h,eg).

(c) c € Cef. This case is exactly like the first one.

(3) Two elements are in ef and eg and the third is in §. Here we have again
three subcases:

(a) a € h. Then we have (a,[e®, e?]) for the LHS and ([a,e?],e?) for the
RHS. Then, considering equalities (3), (4), and (5) above, we can see
that again LHS=RHS.

(b) b € h. Then since [e§, h] is proportional to ey and (e, k) = 0, so both
LHS and RHS are equal to 0.

(¢) c € h. This case is exactly like the first one.

(4) a=e* b=¢" and c=e¢7.

(a) a+ B+~ #0. Then obviously both LHS and RHS equal 0.

The rest is similar to these ones.
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20. BORCHERDS IDENTITY
We will show that Vg  is simple.
20.1. Theorem. LetV be a vertez algebra, a, b, ¢ € V then the following Borcherds

identity holds: for any rational function F(z,w) with poles only at z = 0, w =
0, z = w one has
Res,_4 Y(Y(a, z —w)b, w)iw,z,wF(z, w) =
= Res. (Y (a,2)Y (b, w)i. o F(z,w) — p(a,b)Y (b,w)Y (a, 2)iv.F(z,w)),

Proof. Tt suffices to prove this formula for F = 2™(z — w)"w!. For this F the
identity becomes (multiplying by w™!):

(20.1.1) Y <”7)Y(a(n+j)b, w)yw™ I =
izo

=Y -1y (?) (@(msns)Y (byw)w? — p(a, b)(—1)"Y (b, w)amyw™ )
Jj=0
in particular this identity is independent of [ so it suffices to consider only 2 cases:
Case 1 F(z,w) = 2™ where m € Z.
Case 2 F(z,w) = (z —w) " ! where n € Z.
since any F(z,w) can be written as a linear combination of these expressions with
coefficients Laurent polynomials in w. But now case 1 of formula (20.1.1) is

m m—j
o Vb = 3 (7)Y gy
JELy J
which is the OPE formula we have proved in Ex 12.1. In the second case the formula
reads:
:00Y (a,w)Y (b,w) :
n!

which is the n-th product formula for n < 0 (I

= Y(a(_l_n)b, w)

The coefficient of w™'=* of (20.1.1) is given by:
Z (T) (a(nﬂ')b) (mtk—)¢ = Z (-1 (?) (a(m+n—j)(b(k+j)c) -
j€zy j€zy
(20.1.2) —p(a,0)(=1)"b(n+k—j) (a(m+j>0))
Therefore the following is immediate:
20.2. Corollary. Ifa(z), b(z), c(z) are pairwise local fields then they satisfy (20.1.2)
Borcherds identity can in fact be written in a somewhat better form as follows.
20.3. Proposition. The Borcherds identity is equivalent to the following:
(20.3.1) Y(a,2)Y(b,w)isw(z —w)™ —pla, b)Y (b,w)Y (a, 2)iy,.(2 — w)" =
= D Y(agnb, w)di,é(z —w)/j!

JELy
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Proof. Take F(z,w) = (z —w)"6(x — 2) = (z —w)" Y., o, 2™x~ =™ where z is a
parameter. In order to substitute F'(z,w) in Borcherds identity we calculate:

Res, (2 —w) " iy, wd(x — 2) = 06(x — w) /5!
which follows from differentiating by w j-times of:
Exercise 20.2.
Res,_w(z — w)fliw,z_w(;(:r —2)=6(x —w)

Proof.

Sz —z) =zt Z (%)n

nez
_ Zx—l—n((z _ w) + w)n
= Zx—l—nwn (1 + < _w)n
w
But it is clear that Res, (2 — w) Yy 2w (1 + ﬂ)n =1 for all n and hence

Resz,w(z—w)*liwﬁz w0 (T — 2) inl Tw™ =d(x — w)

|
Exercise 20.3. Tuake the generating series of n-th product arioms
Y(a,2)m)Y(b,z) =Y (am)b, 2)
we get:
076
Y (Y (a,2)b, ~w) = iz Y (a, 2 — w)Y (b, ~w) — p(a, )Y (b,w) (f w)%)
JELy 4
Proof.
Z Y (@b, —w)z" "t =
nez
= ZY a,— n)Y(b —w)z " !
nez
= Z Resy[Y Y (b, —w)iyw(y +w)"
ne”Z

—p(a, b)Y (b, ~w)Y (a,y)iw,y (y + w)"]z7" "

The two sums on the right hand side can be computed by making use of straight-
forward calculations similar to Ex. 20.2, namely,

Z Res, f(y)iy,w(y + w)nz_n_l = iywf(z —w)

neL
Ziw,y(erw)”z*"*l = Z v 0V (z,w

nez JEZLy
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we get:
07,6(z,w)

Y(Y(a,2)b, —w) =1, Y (a,z2 —w)Y (b, —w) — p(a, b)Y (b, w) Z i

JELy

a()
(]

But applying these operators to ¢ and multiplying by (z —w)™ for n large enough
the second term vanishes so we get the associativity formula:

(z —w)"Y (Y(a, 2)b, —w)c = (z — w)"Y (a, 2 — w)Y (b, —w)c

which physicists often write without the (z — w)™ factor.

Comparing with usual associativity formula L(L(a)b)c = L(a)(L(b)c) where L
is the operator of left multiplication, we see the above formula is a parameter
dependent analogue.

Exercise 20.4. An equivalent definition of a vertex algebra is given by two axioms:
(1) Y(0),2) =1, acy0) =a.
(2) Borcherds identity.

Proof. We already know (1) and (2) are implied by the usual axioms. We show the
converse. First, from Proposition 20.3 locality is immediate. Now a special case
of Theorem 20.1 with F' = 1 and b = |0) gives a(;)|0) = 0 for all j > 0. Also, by
defining 7" on V' by T'a = a(_2|0), the Borcherds identity in the form of (20.1.2)
with ¢ = |0) and m = 0,k = —2 we get (a(n)b)(,2)|0) = a(n)b(,2)|0> —na(n,l)b_1\0>
&)

[T,a(n)]b = (a(n)b)(,2)|0> — a(n)b(,2)|0> = —na(n,l)b_1|0> = —na(n,l)b

and hence translation invariance follows.

Representation Theory of Vertex algebras.

20.4. Definition. a representation of a unital associative algebra A is a linear
map A — End(M) (we denote it by a — a™) where M is a linear vector space,
such that

(1) 1M =1dy,.

(2) (ab)M = aMpM
20.5. Definition. A representation of a vertex algebra V is a vector space M

(a V-module M) and a linear map V — (End M)][z, 27 !]] which maps a to a field
YM(a,2) =Y, a%)zfl’” with af‘g) € End M such that

(1) YM([0), 2) = Tdu.

(2) YM(agyb,z) = YM(a,2) ) Y™ (b, 2), where n € Z.

(3) {YM(a,2)}sev is a local system.
20.6. Remark. Taking b = |0), n = —2in (20.1.2) we get Y™ (Ta, 2) = 9,Y M (a, 2).

Exercise 20.5. An equivalent definition of V-module is given by
(1) YM(|0), 2) = Idp
(2) Y™ (a,2)YM(b,w)i,w(z —w)™ — pa,b)YM(b,w)YM(a, 2)iy . (2 —w)" =
= YM(a(jsnb, w)05,0(z — w) /5!

JEL
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Proof. Assume the original definition of vertex algebra representation. From local-
ity we have decomposition of commutators of fields [Y™ (a, ), Y™ (b, w)] as a finite
sum involving delta functions, and the coefficients must be given as Y (a ()b, w)
due to the n-th product formula for n > 0. Hence we have the usual OPE formula,
which, together with the n-th product formula for n < 0 implies the Borcherds
identity, and vice versa. Hence the two definitions are equivalent.

O

21. REPRESENTATIONS OF VERTEX ALGEBRAS

Equivalent Definition of a Module over a Vertex Algebra

Let V be a vertex algebra. A vector space M is called a V-module if there
is a linear map from V to a space of End M-valued fields, a — YM(a,2) =
> nez a%)z’k” such that

(1) YM(|0 >,2) = Idy.
(2) YM(a(n)b, z) = YM(a,z)(,L)YM(b, z).
(3) {YM(a,2)}aev is a local system.

In the last lecture we stated that these conditions are equivalent to the following
ones

(1) Vacuum axiom YM (|0 >, 2) = Idyy,.
(2) Borcherds identity

Res._w YM(Y(a, z2—wW)b, Wiy s—uwF (z,w) =
= Res.(YM(a,2)YM (b, w)izWwF — pla, Y M (b, w)YM(a, 2)iy o F)

for any rational function F(z,w) with poles only at z =0, w=0, z = w.

Exercise 21.1. Check that these two sets of conditions are equivalent to

(1) YM(|0 >,2) =1dy.

(2) YM(Ta,z) =0.YM(a,z).

(3) [YM™(a,z2), YM(b,w)] = ez, Y(agb, w)0d §(z,w) /4.
(4) : YM(a,2)YM(b, 2) := YM(ai_1yb, 2).

Proof. The equivalence of the first two definitions is proved in Ex 20.5. Thus it
suffices to prove the equivalence of the above definition to the first one. Let us
prove that the conditions of the third definition follows from the first one. The
first condition is the same. The second condition follows from Borcherds identity
(see remark 20.6). Condition 3 follows from the fact that Y (a,z) form a local
system and that the map Y™ preserves j-th products. Finally, condition 2 in the
first definition implies the last condition in the third one.

The converse implication is also easy. Condition 3 of the third definition im-
plies that the system {Y™(a,2)},cv is a local and that the map Y™ preserves
j-th products for j > 0. The following calculation shows that Y preserves j-th
products for 57 < 0 as well
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Y M(a, 2)YM (b, 2) :
n!
YM(Tra, 2)YM(b, 2) :
n!

.y (: (T"a)b Z)

n!

YM(av Z)(—l—n)YM(b> Z)

= YM(CL(,l,n)b, Z), n>0.
Here we use conditions 2 and 4 of the third definition. O

21.1. Example (Abstract example). Let V be a local system of End M-valued
fields, 0,-invariant, containing Id; and closed under all n-products of fields (n € Z).
We know that V is a vertex algebra but then defining

YM(a,2) =a €V
makes M into a V-module.

21.2. Definition. A V-module M is called conformal if there exist an operator
TM such that [TM,YM (a,2)] = 0,YM(a, 2).

In particular if V has a conformal vector v then TM = L, is such an operator.

Exercise 21.2. A conformal V-module M is a module over V, viewed as a Lie
conformal algebra.

Proof. Since the map Y™ preserves all n-th products we have that the A-bracket
in the Lie conformal algebra V' turns to the A-bracket of the Lie conformal algebra
defined naturally on the space of the local system {Y™ (a, 2)}4cy by the respective
n-th products. Since we also have the operation [T -] on the space of the local
system {YM(a, z)}4cv and the identity

[TM Y M(a,2)] = 0.YM(a, 2)
M can indeed be viewed as a module over the Lie conformal algebra. O

21.3. Theorem. Let (g,F) be a mazimal formal distribution Lie (super)algebra

associated to a Lie conformal (super)algebra R = F. Let M be a g-module such
that

(1) foranyv € M and a € F we have apyv = 0 forn >> 0 (restricted module).
(2) There exists T™ € End M such that [T™ o™ (2)] = 0,a™ (z), where a(z) €
F.
Let V(R) =U(g)/U(g)g— be the universal enveloping vertex algebra of R. Then the
g-module structure of M extends uniquely to a V(R)-module V (g, M). Moreover,
these are all the conformal V (R)-modules.

Proof. By the existence theorem the fields a(z) (they are fields due to (1))
generate a vertex algebra V(g, M). Then the representation of g in the vector
space M give rise to an homomorphism (of Lie conformal (super)algebras) F —
V (g, M). Now by the universal property of the enveloping vertex algebra we get that
this morphism lifts to an homomorphism V(R) — V(g, M) which is a conformal
representation of V(R) in M.
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Exercise 21.3. Prove the last statement of the theorem.

Proof. If M is a conformal module of V(R) conditions 1 and 2 of the theorem are
satisfied since a € V(R). Hence M has the desired structure of the restricted g-
module which in turn generates the V(R)-module structure by the first part of the
proof.

We mention that for a representation of the vertex algebra associated to a formal
distribution Lie (super)algebra (g, F) we have the following formula for the map
YM
cOMmatM(z) .. 0% atM(2)

n!...ng!

)

Y]\/[(a%ilinl) . a‘(tlfns)|0 >, Z) =

which follows from the vacuum axiom and the fact that Y™ preserves n-th products.
O

21.4. Example. g = Vir = {L,, C},ez. Let Virg) = EnZO CL,, + CC, let also

M(h,¢) = Indyi;  Cine)

where
L,-1=0 n>0
Loy-1=h-1
C-1=c-1
This is a V°-module (after dividing by (C' —c¢)). Thus M (h, ¢) are modules over V¢,

the universal enveloping vertex algebra of the Virasoro algebra of central charge c.
It is clear that Ly acts on M (h,c) diagonally on the basis

Ly, ...L_p lhyc>

with eigenvalue h + ny + -+ + ng € h + Z4 where |h,c¢ > is the image of 1.
M (h, c¢) obviously decomposes into a direct sum of finite dimensional eigenspaces
of Ly. Then the general technique of highest weight representations allows us to
conclude that M (h,c) contains a unique maximal submodule J. Hence we get
L(h,c¢) = M(h,c)/J, the irreducible V¢-module.

Fundamental Question: When is L(h, ¢) a V,-module?

21.5. Example (Ising module). ¢ = 1. In this case L(h, 3) is a V; jo-module if and
only if h =0, %,%.

Exercise 21.4. Prove that if L(h, %) is a Vi 2-module then h =0, % or % .
Proof. Let us try to find a singular vector of the vertex algebra V1/2. Simple
calculations show that there are no singular vectors with ¢ = 1/2 if the energy of
the vector is e = 2,3,4, and 5. We are looking for such a vector of the form

(21.5.1) v=(al_¢+BL_4L_o+~yL*;+0L3,)0> .

Since L; and Lo generates the whole subalgebra of the Virasoro algebra spanned
by the generators L,, for n > 0 the statement

L,v=0, Vn>0

is equivalent to the pair of equations
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(21.5.2) Liv=0, Lyw=0.

Direct computation reduces (21.5.2) to the following homogeneous linear system
on a, (3,7 and o

T« + 4y 460 =0
58 +8y 490 =0
3lo +3 +40y =0
83 + 330 =0.

(21.5.3)

The determinant of the respective matrix vanishes and a nontrivial solution for
(21.5.3) is found to be

31 16
0429, ﬁ:22, 7:—17 U:—g
Thus
31 16
(21.5.4) v=(9L_g+22L_4L_y — ZLig - gLiQ)m >

is a singular vector of V1/2.
If M = L(h, %) is Vi /o-module then
YM(v) =0.

By definition of a module over a vertex algebra and by definition of —n-th prod-
ucts for n > 0 we have

(21.5.5)
31 16

3
YM(v) = gaﬁL(z) +11: 0?L(2)L(2) : 7 0,L(2)0,L(z) : -3 L3(2) :,
where : L3(z) : is just L(z)_1)(L(2)(~1)L(2)) .
The operator (21.5.5) is of conformal weight 6. Hence the lowest degree in z in

the expression

(21.5.6) YM(v)|h,1/2 > = (gajL(z) +11: 02L(2)L(2) : —

31 16

-7 0.L(2)0,L(z) : —— : L3(2) )|h,1/2 >

3
is —6.
A rather long computation shows that
16h% h
S5YM(v)|h,1/2 > = (3h? — = 6)|h, 1/2> .
The latter expression vanishes if and only if h = 0 or 1/2 or 1/16 and the statement
follows. O

21.6. Remark. In the following lectures we will give explicit realizations of V} /o-
modules which are the V'/2-modules L(h,1/2) for h = 0, 1/2 and 1/16. Tt would
imply the respective converse statement.
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21.7. Definition. Let V be a vertex algebra with a conformal vector v so that
Y(v,2) =Y L,z"""2. A V-module is called a positive energy module if L is
diagonalizable. The eigenspaces of L are finite dimensional, and the real part of
its spectrum is bounded below.

21.8. Proposition. All positive energy irreducible V<-modules are L(h, c).

Proof. Let M be such a module. Let v € V¢ be an eigenvector of Ly with eigenvalue
h'. Then, since M is irreducible, it is irreducible as a module over the Virasoro
algebra Vir. Then M ~ U(Vir)rv hence the eigenvalues of Ly C h' + Z. This is
a discrete set, hence we have a minimal eigenvalue h, M}, is the corresponding
eigenspace. Then U (Vir)v is a submodule of M, with v the only vector with eigen-
value h. Hence dim M}, = 1 and hence M is a quotient of M (h,c). Now this implies
that M = L(h,c). O

Exercise 21.5.

(1) Consider the Clifford affinization A and let F'(A) be the corresponding
vertex algebra of free fermions. Show that F(A) is the only positive energy
irreducible module.

(2) Let V(h) be the vertex algebra of free bosons, show that all positive energy
wrreducible G—modules are parameterized by h* as follows:

L(p) = Indz[tHCK C, peh*
where (at™)C, =0 for n >0 and ol = p(a)l, K =1.

Proof. Let M an irreducible module of the vertex algebra of free fermions. Then
M is irreducible representation of the Lie (super)algebra of free fermions with the
commutation relations

(21.8.1) [Oms Y] = Om.—n < @, >, n,m€e€Zy+1/2.

Since M is a positive energy module of the Virasoro algebra there exists an eigen-
value h of Ly with minimal real part. Let v be the corresponding eigenvector. Then
due to the commutation relations of L and ¢ (see for example lecture 9) we have

Lopnv = (h—n)v,

and hence
v =0, Vn>0.

This means that there is a morphism of A-modules o : F(A) — M . The morphism
o is surjective since M is irreducible and injective since F'(A) is irreducible. Hence
M =F(4).

Furthermore, F'(A) is indeed a positive energy module of the Virasoro algebra.
In lecture 9 we had

(Lo, 1] = —ng, -

Hence the vectors
0>

Pl P,
are eigenvectors of Ly with eigenvalue nq + ... + n,. These vectors generate the
module F'(A) therefore real part the spectrum of Ly is bounded below by 0 and
every eigenspace of Ly is finite dimensional.
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If L is a positive energy irreducible h-module then there exists an eigenvector v
of Ly whose eigenvalue h has a minimal real part. In lecture 7 we had

[Lo, an) = —nay, ,
which implies that
Loa,v = (h—n)ayv.
Hence o, v = 0 for any n > 0. Furthermore

Loagv = hagv = p(a)vh

for some p € h* since g is a central element of h and L an irreducible G—module.
Thus as in the case of the Lie algebra of free fermions we have nontrivial morphism
of modules L(u) and L. Since both modules L(u) and L are irreducible by Schur
lemma we get that L(u) ~ L.

Finally, by analogous line of arguments as for F'(A) we get that L(u) is indeed
a positive energy module for the Virasoro algebra for any p € bh*. (]

21.9. Example (affine algebras). Consider V*(g) where g is simple and k # —h".
For a finite dimensional irreducible g-module F let M (F, k) = Indg[t] +ci I where
gt"|p =0forn >0, K =k. Let L(F,k) = M(F, k)/the unique maximal submod-

ule.

Exercise 21.6. Show that M (F, k) is a positive energy module, L(F, k) is a positive
energy irreducible module. And these are all positive energy irreducible V*(g)-

module (k # —hY).

Proof. From the Sugawara construction (see lecture 8) we have

ab(a; 1 . Z_
fo= 2<12(+ l)zg) T3k mz;o (4 (i) + (@) -mt,)

Hence the subspace F C M (F, k)(L(F,k)) is a eigenspace of Ly with an eigenvalue
C/(2(k + h¥)) where C is the value of the quadratic Casimir operator of g in F'.

From lecture 8 we also know that the A-bracket between L and a € g looks as

[Laa) = (04 Na.

This gives the following commutation relation
(21.9.1) [Lo,al] = —na’ .

Both g-modules M (F, k) and L(F, k) are spanned by vectors

aijnl...aijnsm vel.

Hence due to (21.9.1), the spectrum of Ly is C/(2(k+h¥)) +Z and the respective
eigenspaces are obviously finite dimensional. Thus M (F, k) and L(F, k) are positive
energy modules for any F and k # —h" . L(F, k) is irreducible by construction.

Let further M be a positive energy irreducible g-module. There exists an eigen-
value h of Ly with minimal real part. Let F' be the respective eigenspace of Lg. F
is finite dimensional by definition of the positive energy modules. Relation (21.9.1)
implies that gt"|p = 0 for n > 0 and the subalgebra g corresponding to the zero
modes preserves F'.

If F; C F is a proper g-submodule of F' then we have a proper submodule in
M generated by action of g on the vectors of Fy. Thus F is an irreducible finite
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dimensional g-module and we have a nontrivial morphism from L(F, k) to M which
is an isomorphism by Schur’s lemma. d

22. REPRESENTATIONS OF LATTICE VERTEX ALGEBRAS

We are studying representations of the lattice vertex algebra Vo = V1(h) ®
C.[Q] where @ C b is an integral lattice. Vg is generated by the fields h(z) =
> ez hnz 17" (where h € h), and T (2) = e*2%0e” Zico T = Byno T

In order to construct a representation of Vi consider the dual lattice

hoQ ={(Q) CcZ}>Q

22.1. Example. @ = Z, (a,b) = mab for some fixed non-zero m € Z. Hence we
get Q* = m~'Z hence we get a lattice but not always integral.

Consider the decomposition Q* = HueQ* mod Q(u + @) and the space
Vo =V(h) @ Ce-[Q"]
where C.«[Q*] is a C.[Q]- module defined by
(22.1.1) e“(e?) = e (a, N)er e

so that each subspace Ce« [+ Q] = ®rc,u+qCe? is a submodule. We want (22.1.1)
be a representation of the associative algebra C.[Q]

e“(efet) = (e“e?)et
and we want then
(22.1.2) (o, B+ Ne" (B, \) = e(a, B)e" (a + B, )
A construction of ¢* fixing a coset representative, let
e (a,n+ ) =e(a, B) a,fEQ
Now we can check (22.1.2) since for A = p + 7, v € @ then (22.1.2) becomes:
e(a, B +)e(B,7) = ela, B)e(a, 5,7)

which is the cocycle condition.

Exercise 22.1. By rescaling e* (A € Q*), any cocycle satisfying (22.1.2) can be
transformed to any other one.

Construction of a representation of Vg in Vo« = M. we start defining h
in the same way as before: for n # 0, h, acts on the first factor so we get the
same operators as before. For n = 0 we define ho(s ® e*) = (\,h)s ® . We let
YM(ht=1 2) = hM(z) for every h € h. Now we let for a € Q

YM(1®e* 2) =TM(2)
i M

M _ z2=J M _ 277
= %% ¢ 2j<0 559 e 250 559

where in the RHS, e* acts on C.«[Q*].
In general we get:

(22.1.3)
YM((hlt—l—nl) o (hrt_l_"T) ® e Z) _ : 8?1 th(z) - @Th’“M(z)Fa(z) .

n!...n,!

22.2. Proposition.
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(1) Equation (22.1.3) defines a structure of a Vg-module in M.
(2) Viro =V(h) @ Ces [ + Q] is an irreducible submodule of M and

(22.2.1) M = ®ucg* mod @Vu+qQ

Proof. See Remark before theorem 23.3. First of all note that all the fields we have
defined so far are pairwise local. We need to check that the n-th product satisfies:

YM(ab, 2) = YM(a,2) () Y M (b, 2) a,b e Vg

And this is true without the superscript M. But this products are expressed via
hls, s (resp. the corresponding operators on M).

Another argument: Consider the vertex algebra V' generated by the End M-
valued fields h*(z) and TM(z), where h € h and o € Q. Then we have to check
that it satisfies the uniqueness conditions V = V1(h) ® C.[Q] We need to check
then that the span of the fields (22.1.3) is a v.a.

Now since e®*Ce-[p + Q] C Cex [ + Q] we have that V1 ¢ is a submodule of M
and it is clear that M is a direct sum of these submodules. The only thing to check
is that these are irreducible. Let U be a non-zero V), g sub-module. Let u € U be
a non-zero element with

u=Y 5o, s esni )

such that the ); are pairwise distinct. Therefore applying h? (u) = > (i h)is;@et
and noting that the Vandermonde matrix is invertible, we get that each s;®e* € U.
Now since S(h[t~1]¢t 1) is irreducible we conclude that 1®e* € U for some A € u+Q.
But then (1® e*) € U for any A\ = A+ (3,5 € Q, just apply

Fg[(z)(l @ ) = 2D eAB(1 4 o(2))

and note that all the coefficients of z lie in U hence (1 ® e**?) € U. Now applying
the lowering operators we get U = V4. O

Exercise 22.2. Show that all Vg-modules V,, ;¢ for (p € Q* mod Q) are non-
isomorphic. Thus we constructed Q*/Q irreducible Vg-modules.

Proof. Comparing the action of hg we get (A, h) = (u, h)Vh, which implies the
result. |

Exercise 22.3. The vector (R ) ... ("M ) @ e* is an eigenvector of Lo with

—ni N
eigenvalue %()\, A)+ny+---+n,.. Conclude that, provided that Q is a positive lattice
(i.e. (o, ) > 0 except for a = 0), all modules V,,+q are positive energy modules.
Next time we will prove that any p.e. module over Vg (Q positive definite) is a
direct sum of V| os.

Proof. This follows from the construction of the Virasoro field in Lecture 18 and
Ex. 13.4. O

22.3. Example. If @ is a root lattice of type A,D or E it is easy to describe the

decomposition of Q*:
Q =QI (ITw:+@)
where the product is over the special vertices ¢ and w; are the fundamental weights.

22.4. Corollary. Vg is simple, hence Vg = Vi(q).
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22.5. Corollary. Let (,) be normalized with the condition that (a, ) = 2 for all
roots (g = A, D, E). The positive energy irreducible g-modules are parameterized
by a pair (k,\) where k is the level and \ €

We know that Vg is isomorphic to V1 (g) hence as a result we constructed |Q*/Q)|
positive energy modules of V;(g). We proved that these are all p.e. modules of
Vi(g). For any k € Zy all irreducible positive energy modules of Vi(g) appear in
tensor products of those for k = 1 (see exercise 24.1) And this gives a complete
description of Vi (g)-modules where k € Z, these are L(k, F'())), with the condition
(A, 0) < k where 0 is the highest root (see theorem 24.1).

23. RATIONAL VERTEX ALGEBRAS

A digression on the complete OPE

In this lecture we will talk about the complete operator product expansion. If
(a,b) is a local pair of End V-valued fields, one has the complete OPE:

(23.0.1) a(z)b(w) = Z(a(w)(j)b(w))iz,w(z —w) 14 a(w)b(w) :

>0
23.1. Definition. An End V-valued formal distribution in two indeterminates is
called a field (in z and w) if for allv € V, a(z, w)v € V((z,w)) = V{[z, w]][z7, w™!]
Exercise 23.1. : a(2)b(w) : is a field if a(z) and b(z) are.

Proof. Recall that : a(z)b(w) := a(z)+b(w) + p(a,b)b(w)a(z)-. For each v € V,
choose M € 7Z such that amyv =0 for all m > M. For each integer ¢ from 0 to
|M| — 1 let N; € Z be such an integer that b, (a¢yv) = 0 for all n > N;. Finally,
let N be such an integer that bi,yv = 0 for all n > N. Clearly, then a(z)b(w)v
has no negative powers of z and only up to the |N| negative power of w. At the
same time, b(w)a(z)_v has only finite number of negative powers of z and hence
b(w) applied to each of them, lies in V((z,w)).

So : a(z)b(w) : is indeed a field. O

Exercise 23.2. Any field a(z,w) has a Taylor expansion up to any order N > 0:
N-1 _

(23.1.1) a(z,w) = Z d(w)(z —w) + (z —w)Ndy(z,w)
j=0

where ¢ (w) = dla(z,w)|,=w/j! and dn(z,w) is a field. Moreover, this Taylor
expansion determines ¢ (w) uniquely.

Proof. First we show uniqueness.
If we differentiate in z both sides k times we get:

N-1
o a(z,w) = Z JG =1 (G —k+ 1) (w)(z —w)7F + (2 — w) VN Fdy (2, w)
j=k

Plugging in z = w we get:

OFa(z, W)z = k!c¥(w)

Uniqueness is proved.
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Now we show existence. It will be enough to show that for any field a(z, w) there
exist fields ¢(w) and d(z,w) such that:

a(z,w) = c(w) + (z — w)d(z, w)

The general case then follows trivially by induction. But the above equation sug-
gests to take ¢(w) = a(w,w). This will clearly be a field as a(z,w) is a field. Note
that for the simple case a(z,w) = z7"w™, n > 0 we have:

a(z,w) — a(w,w)

d(z,w) T w
w™ 1 1
= ol o)

n
m w- —z

(z — w)z"w"
— _wm—nz—n(wn—l L Zn—l)

and d(z,w) is easily seen to be a field. Same goes for a case when a(z,w) =
z"w™,n > 0. In this case:
a(z,w) — alw,w) m 2t —w"

d(Z,w) = Y —w = w ﬁ = wm(znil + ..+ wnfl)

is also a field. When a(z,w) is a power series in z and w, d(z,w) is also a power
series. Therefore, since a(z,w) is a finite sum of simple fields above and a power

series, d(z,w) is a finite sum of fields and a power series. Hence it is a field. O
Now applying (23.1.1) to (23.0.1) we get:
N-1 _
sa(z2)b(w) = (a(w)(—1—pb(w))(z —w)? + (z — w)Ndy(z,w)
§=0

And this gives us the complete OPE:
(23.1.2)  a(2)b(w) = Z (a(w)(jyb(w))izw(z —w) "7 + (2 — w)Ndn (2, w)
jz—N
After some preliminary work we will apply this to
To(2)La(w) = e(a, B)izw(z — w) @y 5(2,w)
where:

w7

2wl 2—i
a+ﬁzaowﬁoe—2j<o(7%+ 7 ﬂj>e_zj>0(70‘j+ 3 51)

Fag=e
is a field in z and w. Note also that:
La,5(2,0)|:=w = Tayp(w)
0. (:0) s = AL s w) :
Exercise 23.3.
0.Ta (2, w) = a(2)[a 5(2z,w) :

021 gz, w § ko
+) = Z ek ko, ... ) af2)k (0.a(2))™ ... Tap(z,w) :
Ky +2kat-=n



114 VICTOR G. KAC

where ¢, are some numbers.’?
Proof. Differentiate 'y g(z, w) using the formula for derivative of products:

Pt w—J Pt w—J
0.To p(z,w) = e2HPP, z000Poe™ 2ico STt 557 B = 2y S0t 4576 4

2y wd 2w
+ e HB yer0qPo (@e‘zxo Tt B,) e Xi>o Tt 0y

—J —J —J —J
+ eo‘JrﬁzaowﬁO@_ 2jco Tt 0; (aze_ 2o TGty ﬂj) =

—J —J —3J —3J
= 6a+6aoza071wﬁ06_ Ej<0 zTajJ'_wj 616_ Ej>0 zTaj+wTﬂj+

. 27 w=J . 29 L wd g
+ e HB yor0qyPo E 2y PR e e A I D B e R
3<0

) - , — —
4+ @B ya0,,B0 0= 2jco Tyt 5B § AT e~ Xm0 S5t 6

3>0

= (pz ' + Z z*jflaj)I‘a,g(z, w) + Ty (2, w) Z z*jflaj
j>0 j<0
— (2)+ Tas(,0) + T (2 w)a(2) - = ()2, w) :
The proof of the second part goes by induction. For n = 1 clearly the statement
holds. Assume that statement holds for some n. Then to prove that it holds for
n+ 1 it will be enough to show that for all tuples (I;), such that > 1; = n:

2, :a(z)h (8204(2))12 o Taglz,w) =
- S balkike, ) s a(2)" (8:a(2) L Tap(z,0)

k14+2ka 4 =n+1
for some numbers b, (ki, ka,...). We use the fact that 0, is a derivation of
normal ordered product.

l2

9t a(2) (0:(2))* .. .Tap(z,0) :=

= [ S a2 @.0() 0. (00 (2)) (Do)

1;>1

S Taplz,w) | +

+:a(z)b (3Za(z))l2 0,00 5z, w)

= Yt a=) (@.a(2)= ... (Bia(z))" T (0 (=) L Tap(zw) s | +

1L,i>1
Fralz) X)L To5(zw) :
= Z bu(ki, ko, ...) : a(z)™ (3Za(z))k2 T plz,w):

ki+2ks+--=n+1

5Tt can be shown ¢, = (k1lka!... (1)1 (20)k2  )=1,
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Now we have:

Ta()Ts(w) =e(,8) D S ealki,ka,... )iz w(z —w) @D Hx
nely ki€Zy
ki42ka+-=n

x :a(w)® (awa(w))k2 o Tagp(w):
up to arbitrary order.

23.2. Remark. Note that exactly the same OPE hold for the I'}(z), hence the n-th
product identity for I',(2) corresponds to n-th products of '} (z). More generally,
to construct a Vg-module structure on M = V*(h) @ C-[Q*]:

COMRMM () L one M () TM(2) -
711! . nS!

YM((p ) (hft ) ®e, 2) =

we consider the space spanned by all these fields. This space is clearly 0, invari-
ant. Moreover the complete OPE implies that this space is closed under all n-th
products. So this is a vertex algebra, hence M is a module over V. This in turn
completes the proof of Proposition 22.2.

Recall that M = ®ucQ* mod @Vu+q, where V, 4o are irreducible Vg-modules.
All of them are positive energy modules provided that @ is a positive definite lattice.
23.3. Theorem. Assume Q is a positive definite integral lattice. Then:

(1) The Vg-modules V,1q, p € Q* mod Q are all positive energy irreducible
Vg-modules.
(2) Any positive energy Vo-module is a direct sum of a finite number of them.

23.4. Definition. A vertex algebra with a Virasoro element is called rational if
it has finitely many positive energy irreducible modules and any positive energy
module is completely reducible.
Proof of 23.3. Let M be a Vg-module, then we have End M-valued fields h™ (z) =
> nez Wi 271" and T'Y(2) such that:

(1) [t M) = by, (s 1)

(2) [h, TE(2)] = (a, )2 T3 (2).

(3)

Fa(z)rﬁ(w) = e(a,B) Z Z cn(ky, ko, ... )iz,w(z - w)(a’ﬁ)+n X

neEly ki€Z 4
ky 42kt =n

% a(w)P (Opa(w))™ .. Ty g(w) :
(4) 0,TM(2) =: oM (2)TM (2) :, since
YM(e 2) = YM(Te?, 2) = oMTM(2) -

The same argument as we used for Vg shows that (2) implies:

YM(1®e® 2) :=TM(z) = e Zi<o o)l o= Siso %O‘JMAQ/[(Z),
where AM(z) commutes with all A}, (m € Z). As for Vo, formula (4) gives a
differential equation for AM(2):

20, AM (2) = AM (2)a)!

(03
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The same argument as before shows that the only solution for this equation is
a®z’ where a® is some fixed element of End M. o} commutes with L}, since
[0, Lo] = 0. Since eigenspaces of Lg are finite dimensional we conclude that «}! is
a direct sum of operators in a finite dimensional space. Hence a}f = S + N where

N is the nilpotent part and S is the diagonal part (semisimple). Now we have

M
20 — ZSZN _ ZSe(logz)N

and this is not a series in z unless N = 0, hence o} is diagonal with integer

eigenvalues. We have then:
]_—‘i\é/[(z) = aazat])\/[e_ <0 %‘jaye_ >0 %a;‘/’
Exercise 23.4. Derive from (2) (respectively, (3)) that:

(5) [hM,a®] = 6,.0(c, h)e®.
(6) a“a” = (e, B)a*P.

Proof. If n =0, h)! commutes with all o, hence from (2):

[ M ()] = [A, 0]z e Taco 5570 em Tymo 557"

M -3 M —J M
= (a,h)a®z* e~ <0 T T Xm0 T Y

z

2= M —J M
Canceling by 220 e~ Zi<o 7% ¢~ X0 T %4 we get [h, a®] = (o, h)a®.

If say n > 0, then h,, commutes with all o; for all j > 0, in particular h,
, -
commutes with e~ 2i>0 7 O‘;VI, hence canceling by e~ 2i>0 579" we can rewrite
(2) as:

(234.1) R B I CHO B
L—3
Now observe that e~ 2230 oyt 14 ciz' 4+ 222 +.... Compare the coefficients
at the z*  in both sides of (23.4.1) to get:
[hvl\z/lvaa] =0

Similarly, [h},a®] = 0 when n < 0.
For the second part we note that we can proceed as for End V-valued fields to
see that if we denote:

Ma,ﬁ(z) _ aa-i-ﬁzaéwwﬁéwe_ Zj<0(%‘j°‘y+w7ﬂ5y)e_ Ej>0(%j°‘§w+w;j ﬂJIVI)
then by the same argument that we used for Vg, the field
Nog(2) = e(a, B)izw(z — w) P Mo g
gives the same OPE as the field T'y(2)I'3(2):

Nop(z) = €e(a, B) Z Z en(k1, ks igaw(z — w) @D+ x
n€Z+ ]C,;EZ+
k142ko4--=n

% a(w)? (Ba(w)) ™ . Nopp(w) :
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Therefore, TM (2)I'} (2) = €(a, B)izw(z — w) @ My, 5(z). Hence:
a®al 200" wh' i w(z —w)@Pe” EK“(%]‘O‘;MJF%BJ]'M)e* Zi>0(%jay+w7ﬁﬂy) =
= €(a, B)izw(z — w)(aﬂ)Ma,ﬁ
Canceling we get a®a’ = e(a, B)a*th. O

Now (1), (5) and (6) tell us that we have a representation of the direct sum of
a commuting pair of algebras: one is the infinite dimensional Heisenberg algebra
H = ®p20(ht™) + C1, and the other one is the algebra U = C.[Q] x h with the
action:

(23.4.2) WM, a%) = (o, h)a®
Fact: Any positive energy module M over H is of the form:
V(b)) @ My

where the action is trivial on My: a(v ® m) = av @ m
We have a representation of & on M, with diagonal action of . Note that
from from (23.4.2) follows that a® shifts the h-weight by a. So M? = @y MY
(h-weight spaces) with a® : Mf\) — Mg+a. Moreover, a® are invertible operators,
so these maps are isomorphisms. Also, A € Q* since za°|M§ = (@ Now it is
clear that M is a direct sum of modules V¢, and it is finite because it is positive
energy.
O

24. INTEGRABLE MODULES

Last time we proved that any v.a. Vg is a rational v.a. and the number of
irreducible modules is |Q*/Q|. But if @ is a root lattice of type A, D or E, then
Vo ~ Vi(g) is the simple affine v.a. of level 1 associated to the simple Lie algebra
g of the corresponding type.

24.1. Theorem. Let k € N, g a simple Lie algebra of type A, D or E, (-,-) a
symmetric invariant bilinear form normalized such that (a,a) = 2 for any root
a. Then Vi(g) is a rational v.a. all of it’s irreducible modules are L(k,F) where
F = F()\) is a finite dimensional irreducible g-module with highest weight A € b*
such that (X, 0) < k; where 6 is the highest root.

24.2. Remark. The modules L(k, F') are Integrable Modules; a module over
V..(g) is called integrable if the chevalley generators e_,, and e,, act locally nilpo-
tently.

Proof. We know that this is true for k = 1.

Exercise 24.1. As we mentioned before, we can take tensor product of these mod-
ules, namely, if My,..., My are Vi(g)-modules, then My ® - -- ® My, is naturally a
Vi(g) module. Indeed Vi,(g) naturally embeds in Vi (g)®*.

Proof. Let M; be Vi(g) modules, let a € V*(g) and take any representative a €
V(g,F), also consider & be the image in Vi (g). We define then the M-valued field
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Y™ (a, z) by the action on a basis:
(24.2.1)

k
YM(a,z) ®§:1 v; = Zvl R QU1 ®YMi(d,z)vZ- Q@ Vit1 Q... Uk v; € M;
i=1

and extend this by linearity. It is clear that this field doesn’t depend on the choices
made since the center acts as scalar. Also it is clear that if we choose a = k£ then
we have @ = 1 hence (24.2.1) gives us:

k
YM(k, 2) @F v = Z ®F_ v =k ®j_; v;
i=1

To check that this is in fact a representation is straightforward and is the same
proof as the construction of the tensor product of vertex algebras in Lecture 12.
Hence we constructed a V¥(g)-module structure on M. The maximal ideal in V*(g)
corresponds to the maximal ideal J in V1(g) since it is given by the decomposition
with respect to the same virasoro element. Now since M; is a Vi(g)-module we
know J acts trivially and (24.2.1) gives us a Vj(g)-module structure. O

Any of the L(k, F) is a submodule of the tensor product of integrable modules
of level 1 (in fact all but one can be taken to be L(1,C)). Hence all integrable
g-modules of level k are Vi (g)-modules.

The next step is to prove that if L(k, F'), where F' = F()) is a Vi(g)-module,
then (A, 0) < k. Indeed Vi(g) ~ L(k,C) as a g-module. Let ey, e_g € g be the
root vectors such that (eg,e_g) = 1, so that [eg,e_g] = 0 € h* ~ h. Let ey, =
e_gt, €_ay = €t 1, hoy = K—0. Let e,,, €_q, and h,, be the Chevalley generators
of g. Then ey,,€_n, and hy, form an sly-triple, moreover, the {eq,;, €—a;, fa; }
with ¢ = 0,...,n are Chevalley generators for g. Clearly ey, |0 >= 0, hq,|0 >=
k|0 >. We claim that e’f&i\o >= 0. Indeed this vector is killed by e,, by the sly
representation theory. It is also killed by all e, clearly (since 6 is the highest root
of g). Hence if this vector isn’t zero, it would be a singular vector and hence the
representation would not be irreducible.

Hence

0=Y("0>,2)
Y((eot_l) ... (69t_1)|0 >, Z)
Y(egt™t, 2)Ft = Y(egt™1, 2)

=0

And we are done.
As an alternative proof we let first K = 1. Why Y ((egt=1)|0 >, 2) = T'g(z) = 0?
From the OPE we have:

Ty(2)Ty(w) = +(z — w) @y (2, w)

Hence letting w — 2z we get [y(2)? = 0. Similarly F(I,‘/Iz = 0. But level £ modules
occur in k-fold tensor product, hence I, (z)k“‘1 = 0, since in at least one factor we
have I'2 = 0. The same should hold in any Vj(g)-module M, i.e.

Y ((egt™1)]|0 >, 2) = 0.
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But this is nothing else than:

Y((eat™)[0 >, 2) = eg(z) = > _(egt™)z™ 7"

nez
Hence in any Vi (g)-module we have eg(2)¥*1 = 0. Now writing down the coefficient
of 2757F we get
(24.2.2) > (eot™) ... (ept™) =0.
ni+etng=s
n;E€Z
A particular case of this relation is when s = —k — 1 and we let vy, be the

highest weight vector of L(k, F'). Then (egt™)vy i = 0 for n > 0. Therefore in the
sum (24.2.2) we see that if any factor has n;, < 0 then there exists another n; > 0
and the only element that survives is

(egtil)kJrl”U)\yk =0

And now by the sly theory we conclude that (X, 0) < k.

We have to check now complete reducibility, and this in turn follows from the
following fact of representation theory of g: If M is a p.e. g-module such that
any irreducible sub-quotient is integrable, then M is a direct sum of integrable
g-modules. a

Question: How to list all integrable g-modules of level k7

For this we take the Dynkin diagram of g, and label each vertex with a natural
number a; such that 8 = ) a;«a;. All highest weight of integrable modules are
given by assigning a non-negative integer to each vertex such that > k;a; = k, then
A=) a;w; (where wy =0, and w; are the weights of level 1).

Now consider the simple Virasoro v.a. V..

24.3. Theorem. V_ is rational if and only if c = 1— =2 where p, ¢ > 2 and they

6(p—q)°
prq

(pr—gs)®—(p—q)*

are coprime. All of its irreducible modules are L(cp 4, h), where h = 7

and 1 <r<q—1,1<s<p-1.

The simplest non-trivial case is ¢3 4 = 1/2 and the values of h are 0, 1/2 and 1/16.
In order to construct this modules we use the free fermion space F'!, the universal
enveloping vertex algebra of one free fermion ¢ ([px¢p] = 1) and ¢ is odd. The cor-
responding Virasoro element L =: 9¢¢ : has central charge 1/2, also we know that
¢ is primary of conformal weight 1/2, so we write ¢(2) = 3-,.c; 242 dnz" "2 and
the commutation relations read [@y,, @] = Om,—n and [Lo, ¢,] = —n¢,. Moreover,
F! has the basis ¢_,,_...¢_p, |0 > with 0 < ny < --+ < ng. Define an hermitian
positive form H on F' by demanding this to be an orthonormal basis.

Exercise 24.2. with respect to this form we have:

¢: = ¢—TL7
L =L_,.

And with respect to Ly we have F' =Y

and F11/2 = C¢,1/2|0 >.

JE1/2Z Fjl, where we have F} = C|0 >
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Proof. Tt is enough to prove this for a basis of F'*. For this consider a sequence
of natural numbers 0 < ny < ny < --- < ng, and denote v = ¢_,,_ ... P_p, |0 >.
Similarly let w = ¢_p,,. ... P_m, |0 >.

Now let n > 0 and suppose n & {n;} then we can commute ¢,, to the right to
get ¢,v = 0. On the other hand, suppose that n & {m;}, in this case ¢_,w # 0
and by the definition of H we know (v, ¢_,w) = 0. If on the contrary, n € {m;}
then we have ¢_,w = 0 and again (v, p_,w) = 0. If n = n; then we commute ¢,
to the right in the expression of ¢,v to get

OV =0 _py e PP - Py |0 >
= qs—ns s (1 + ¢—7Lj¢n) s ¢—n1 ‘O >
S A M M S [
Now, as above, if n € {m;} then clearly we have by the definition of H,
(¢pv,w) = 0, moreover, in this case ¢_,w = 0 and hence we get (v, p_,w) = 0.
On the other hand, if n & {m;} then we have ¢_,w # 0. Again, by the definition

of H we (¢,v,w) = 1 if and only if we have s = r + 1 and the sequence {n;} is
equal to {m;} Un. In this case we clearly have ¢_,w = v hence we get in general

(¢nvvw) = ('Ua ¢7nw) = ¢7*1 =¢_n

The case n < 0 is treated exactly in the same way.
For L, note that

Ly = (Z L bin—i )
= Zl: it -
S
= XZ: S PP

= L*Tl
The rest of the statement is obvious and we did it in lecture 13. O

With respect to the virasoro algebra we have the decomposition: F! = Fl &
ngd and since the virasoro element contains only quadratic terms these spaces
are invariant. Moreover, these spaces are irreducible with respect to Virasoro, and
Flion = Vija, Foqq ~ L(1/2,1/2). Indeed, the only thing that we have to prove
is that these are irreducible modules over Virasoro. But one knows that the only
irreducible representations of Vir (with ¢ = 1/2) are L(1/2,0), L(1/2,1/2) and
L(1/2,1/16). Now if either of F,., or F1,, is reducible then we get a submodule

even

L(1/2,h) with h > 1, which be know is absurd.

25. TWISTING PROCEDURE

Let R be a Lie conformal (super)algebra. Fix an additive subgroup Z C T' C C.
A TD-gradation of R is a decomposition in a direct sum of C[d]-modules:

R = ®aer/zla [RaxR5| C Rspp
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25.1. Example. R = Ry + Ry is a Lie conformal (super)algebra. We have the
Ramond 1Z/Z-gradation (I' = 1Z) identifying 1Z/Z with Z/2Z.

25.2. Example. If ¢ is an automorphism of R such that ¢’V = 1 then we have a
+Z]Z-gradation, where
Rj; = {a € R|o(a) = e*™%a}
We associate to this data a twisted formal distribution Lie (super)algebra Lie™ R
as follows:
R[t'] = R® C[t*|a €T
R™W[t'] = Buer(Rs @ t%)

it is a C[9] and C[9;]-submodule. We let Lie™ R = R™[t']/(0 + 9;) R™[t'] with
the usual bracket (where a(,) = at™)

m
(2521) [a(m), b(n)] = Z (] ) (a(j)b)(m_,_n_j),

Jj=0
where
a€ Ry mea+7Z
beR; ,nefB+17Z
Exercise 25.1. This is a well defined Lie algebra. The corresponding twisted formal
distributions are a(z) =Y caiz GmZ "

The fact that the Lie bracket satisfies the skew symmetry and Jacobi Indentities
is proved as before (see proof of proposition 3.3). To see that the Lie bracket is
well defined, let (0 + 0;)at® be a homogeneous element in the ideal, and calculate

(D + Op)at™, btP] = [Dat®, bt®] + [aat™ ™, bt7] = [—aat®™ 1, bt7] + [aat® 1, bt € T
By skew-symmetry, [bt°(0 + 9;), at®] € I.
25.3. Example. R = C[d]g, 0 and automorphism of order N of g,
9= gjez/nz — L(g,0) =Y g;t!
J€z
is the twisted affine Lie algebra. Our general construction gives in this case for
a€ga, begs anda, § € (N 'Z)modZ, we have:
[@msbn] = [0, D) min mEa+7Znef+Z.

25.4. Theorem. Up to isomorphism, L(g,c) depends only on the connected com-
ponent of Aut(g) containing o.

25.5. Example. Let R = C[0]¢ + C, [¢,¢] = 1. This is the usual Lie conformal
(super)algebra of 1 free fermion. We take Vi (R) be the vertex algebra of the free
fermion. We have L(z) = % 100p = cu L,z7 "2, The central charge is ¢ = %,
and the commutation relations read:

6= 3 6" V% (b bul = min m,ne%+z

ne3+7
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Consider now the Ramond twisted fermion:

Z Simz

Zd)tw —n—1/2

nes; 147 neEZ
and the commutation relations are:
£ t
[ n\;v’(bnw] :6m,fn7 m,n ez

Recall that ¢°°™P(LieR) contains fields a(z) for ¢ € R which generate a v.a.,
hence they obey the Borcherd’s identity, which holds for any indices m,n,k € Z.
Hence the same identities holds for twisted fields:

m tw
2 <j ) (009)8) (-5
JELy
(K W W nptw W
= Z (_1)] <]> (aEnH—n—j) (bEk—i-j)C) - (_1) bzm—&-k—j)(azm-‘rj)c))
JELy
Where a € Rz, m € &+ Z and n € Z. We have also the special cases

(1) n =0 and we get the commutation relations (25.2.1).
(2) m=a, n=—1, and we get the following:

5 (%) @rmbe) ™= = ate) ot

j=0
where the normally ordered product is defined in the usual way, the only
thing we have to say is which is the negative and positive part. For this
we define a™(z)_ = > jcatzs a%z‘l_] and the positive part is defined
similarly.
Now we consider the twisted Virasoro algebra:

L™(z) = % 100 V= L(z)

is the usual virasoro Algebra with ¢ = % Consider the field

L 00() o(=)"

and a = 5 By (2) above we get:
; 06 (2)"™p(2)™ :3<a¢<z>(_1)¢<z>>tw+<a¢<z><o>¢<z>)th*1+
(25.5.1) +3 (1/2)( é(2) 1)¢(z))th*2 +...

And now noting

[6¢(n)¢] =0 n>1
[0¢1)0] = —
[0d0)¢] =0
hence we get replacing in (25.5.1)
1 1 w 1(1/2
5 £ 00000 = 5 (06 ola)” - 5 (1))

And therefore we get:
1

= LW —
(2) + 1622

9 (2)™p(2)™
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Hence the twisted Virasoro satisfies:
1 1
() = 5 2 0™ ()6 (2) :

1622
And in particular

1 1 1
Lo = — tw2 T\ Atw g tw
0= 346"+ D (n+ )N — o
n>1
1 tw L tw
> (n+5)eN 00 +
n>1
(Lo, ¢"] = —ngy”  nel
We can prove now that the Ramond twisted fermion has a unique irreducible module
with basis:

1

Lo 16

FW=<¢_ p ... n,[0>> 0<ni<ny<..., n;€Z

Hence we have a positive definite Hermitian for such that ¢} = ¢_,,, hence L} =
L_,. Note also that < 0[¢3|0 >= 2. And we get:

Ftw — Ftwcvcn + Ftwodd

and the lowest eigenvalue of Ly is 1—16

25.6. Theorem. Both are irreducible Vir-modules isomorphic to L(

L(3, 15) is a unitary module.

11
5> 16), hence
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