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1 Introduction

Any element of a vertex operator algebra (VOA) generates a graded trace (one-
point correlation function). For holomorphic VOAs, Zhu proves that these
graded traces are modular forms [Zhu96]. In their paper, Monstrous moon-
shine of higher weight [DMO00], Dong and Mason describe the space of graded
traces generated by the moonshine module, V¥. In particular, they find that it
contains all cusp forms. Additionally, they explicitly compute the graded traces
of a family of highest-weight vectors, achieving non-zero cusp forms of weights
congruent to zero modulo four, and conjecture that every cusp form can be
achieved as the graded trace of a (monster-invariant) highest-weight vector of
V. In this paper we compute the graded traces of another family of highest-
weight vectors obtaining non-zero cusp forms of weight congruent to two modulo
four.

2 Notation and Definitions

We use the definition of vertex operator algebra given in On Aziomatic Ap-
proaches to Vertex Operator Algebras and Modules[FHL93] and also adopt most
of their notation. A VOA is specified (V,Y,1,w); V is the underlying vector
space, Y (v,z) = Y. -, v(n)z~ "~ is the vertex operator associated with v, 1 is
the vacuum vector, and w is the conformal vector. We denote the central charge
c and let V' = ®,>,,V, be the decomposition of V' into homogeneous spaces.
Vertex operator algebras are, by definition, representations of the Virasoro alge-

bra via Y (w, z) = 3, 5 L(n)z=""2. By a highest-weight vector v of V we mean



a highest-weight vector of this representation, i.e., L(n)v = 0 for all n > 0.

One-point correlation functions are defined by Zhu [Zhu96]. We call them graded
traces, because the term is shorter and more algebraic. Let v € Vj, and define
o(v) =v(k —1). The linear map o(v) preserves the grading of V' and we define
the graded trace to be

Zy (v,q) = try o(v)g" O~/ 1= =24 N " x| o(v)g". (1)
neZ
We also use the notation Zy (v, 7); 7 is related to q via g = €2™7.
The moonshine module, V¥, is a VOA constructed using the Leech lattice VOA
,Va. In our calculations of graded traces we will need explicit formulas for the
vertex operators of V. To this end we summarize the definition of lattice VOA
below. (For more details, see [Don93].) Further aspects of the definition of the

moonshine module will be presented in the text as needed. (For the complete
construction of V¥, see [FLMS8].)

Let L be a positive-definite even integral lattice with inner product (, ) and let
b := L®zC. The corresponding Heisenberg Lie algebra is bz := hoC|t,t~1]@Ce,
and M(1) := U(by) Ruwecece M is the irreducible hz-module induced from
the one-dimensional h ® C[t] ® Ce-module M, in which elements of h @ C[t] act
as 0, and ¢ acts as the identity. Let {a, ag, ..., @, } be a basis for ), and denote

the element o ® " of bz by «(n). Polynomials in the variables a;(—n), where
1<i<mandn>1, form a basis of M(1).

Since L is a free abelian group of finite rank, we can define a Z-bilinear cocycle
€: L x L — Z/27 such that e(a,3) — ¢(8,a) = (a,f)mod 2. Let C{L} be
the twisted group algebra with basis {e’|3 € L} and multiplication e®e” =
(—1)<(@PeatB  The lattice VOA, Vi, is defined to be M(1) ® C{L}. Tt is
linearly isomorphic to S(h® ¢t~ *C[t~']) @ C[L].

Let v = a1 (—n1)az(—n2) ... ax(—ng) ® e be an element of V.

Vv, 2) = g(M(i)"“Zﬂ@)

<(1(i)”k‘;k@)m5,z>E+<ﬂ,z>eﬁzﬁz (2)

ni — 1)!

where

a(z) =Y a(n):"

neZ

B(5,2) = eXp(Z Pln) Z;n)

neN



The actions of a(n) on u ® e¥ € V, are

(a(n)u) ®e? ifn <0,
an) - u®e’ = n%@e” ifn>0, (3)
(a,y)u®eY if n=0.

The actions of e? and z? are
e? u®e’ = (—1)PMy el (4)

Poune’ =uxe 2B,

The normal ordering J - - - 5 of the operators in Y (v, z) indicates that a(n) with
positive n acts before, i.e., to the right of, a(n) with negative n and that «(0)
and 2% act before €.

3 Highest-Weight Vectors

The moonshine module is the direct sum of two spaces. The first is a sub-VOA
of the Leech Lattice VOA, V. It is denoted VA+ . The second is a twisted
module for Vj. Tt is denoted (V;I)*. Because we will be directly computing
graded traces, we limit our search for highest-weight vectors of V' to elements of
Vj‘ . The vertex operators associated with these elements are known explicitly,
unlike those of (V).

The conformal vector w of V¥ is the same as that of V,, namely Z?il a;(—1)2,
where {a; | 1 < i < 24} is an orthonormal basis for h = A ®; C. The set of
highest-weight vectors of V' in VXF contains exactly those highest-weight vectors
of Vj that lie in VXF . However, the graded traces of these vectors on the spaces
V% and Vj differ, and there are highest-weight vectors with non-zero trace on
V% and zero trace on Vjy. In fact, it is not hard to show that any highest-weight
vector of V that is not in M (1) has a graded trace on Vj equal to zero. This
is not necessarily true of its graded trace on V. Dong and Mason compute the
graded trace of 1 ® (e +e™*) on V¥ for all 0 # A € 2A and find the graded
trace to be non-zero for (A, \) > 24 [DMO0O].

First we examine V" more closely. It is the sub-VOA of V) = M (1)®C{A} fixed
by the VOA automorphism ¢, which is defined by t(e*) = e~ for e* € C{A}
and

t(oq(—nl)az(—nz)...ak(—nk)) = (—1)k (ozl(—nl)az(—ng)...ak(—nk)) (5)

for ay(—n1)as(—ng)...ar(—ng) € M(1). For 8 in A, define V(8) to be M (1) ®
(CeP 4 Ce™”) and V(B)* to be those elements of V(f3) fixed by t. Clearly, we



have the following vector-space direct-sum decomposition;

i= @ v,

BeEAN/<£1>

in which @ gen/<+1> Means that the sum is taken over exactly one element
from all pairs +3.

Lemma 3.1. Let v € V(B)". There exists a unique v € M(1) such that

v=u®e’ +tu)®e P

Proof. Let v € V(B)* and let {us|a € A} be a basis for M(1). As v € V(j),

we can write
v= Z Ca(Ua ®eﬁ) + Z do (ta ®e P,

a€cA a€cA
for some unique co,dq € C. Define u := 3" 4 catiq and v’ := ) 4 dati. As
v eV, v=1tw),ie.,
u@e’ +u' @e P =t) @’ +t(u) @e P,
The uniqueness of «’ implies that ¢(u) = u’ and the result follows. O

We will also find it useful to know how the vertex operators act on the subspaces

V(B)".
Lemma 3.2. Let 3,y € A and v € V(y)T. Then

Y (0,2): VB — (V(B+)*F UV(B—)7) [[2,27]).

Proof. Letv e V(y)T and w € V(B)". Foralln € Z, v(n)w € V(B+~y)UV (58—
7). To see this examine the vertex operator for V,". It is the restriction of the
vertex operator for Vi given in equation (2). (In particular, see equation (4).)
Furthermore, since ¢ is a VOA automorphism, v(n)w € V. Hence v(n)w €

VB+NUVE@B-NNVy =V(@B+y)TuV(E -t O

Let v € V/;r be a highest-weight vector with decomposition v = Z,BeA/<il> vg
such that vz € V(B)". Since v is a highest-weight vector, for all n > 0

0= L(n)v= Z L(n)vg.

BeN/<E1>

The conformal vector of V¥ is in V(0)*. So by Lemma 3.2, L(n)vg € V(3)*.
The uniqueness of the decomposition 0 =35, 11 0 implies that L(n)vs =0



for all n > 0. Therefore vg is a highest-weight vector. Thus finding the highest-
weight vectors in all the V(8)%s would suffice to describe the highest-weight
vectors in V.

Define V(3);} := {u®@e’ +t(u)®@e P|wtu = n}. Clearly V(3)* = @,,-, V(8),
and as wt (L(m)v) = wtv —m; B
V() ifm<n,

0 otherwise.

L(m) : V(B)y — {

n?

then v, is a highest-weight vector for all n. Therefore, to find it would suffice
to find the highest-weight vectors in all the V(8);}!s.

So if v € V()% is a highest-weight vector and v = 3, - v, With v, € V()

Our biggest challenge is not finding highest-weight vectors but finding highest-
weight vectors with non-zero graded trace on V. The graded trace on V' is the
sum of the graded traces on V" and (V{)*. To increase the odds of getting a
non-zero trace on V%, we assume that the graded trace on V' is non-zero.

Proposition 3.3. Ifv e V(A" and Zy+ (v,q) # 0 then A € 2A. Furthermore,
if A#£0, then

Zy s (0,q) = ¢ONVEY "]y gyro(v)d”
n>0

Proof. The VOA VKF has central charge 24, and the weight of the elements of
V(B);; is (3,8)/2 + n. Thus the graded trace, equation (1), on V, is

Zyi(,q) =q PPN TN Ty gy ro(v)d” (6)
BeEA/<E1>n>0

By supposition, Zvj(v’Q) # 0. Hence tr|y g +0(v) # 0 for some § € A.

Therefore the intersection of o(v) (V(8)*) and V(3)" must be non-trivial. By
Lemma 3.2, this implies that A = 0 or A = £2(. In both cases A € 2A. Now
assume that A # 0. The only V(3)" which contributes to Zy+ (v,q)is V(A/2)T.

The second assertion follows from equation (6). O

In this paper we treat the X # 0 case; the calculation for A = 0 is quite different.
For each n > 0, we would like to find the graded trace on V¥ of highest-weight
vectors in S, := {v € V(A);[|X # 0, A € 2A}. The weight of an element of S,
is (A, A)/2 +n. So if n is odd, the weight of all v € S, is also odd. The graded
trace of a highest-weight vector v on V¥ is a modular form of level one and
weight equal to the weight of v [Zhu96]. It is known that the only such form
with odd weight is zero. (See, for example [Ser73].) Therefore only even n can



give non-zero graded traces. Dong and Mason did the n = 0 case [DM00]. The
next case of interest is n = 2.

Henceforth fix a non-zero A € 2A and an orthonormal basis {a1, as, ..., a} of
b such that A = fa;. The subspace of M(1) composed of weight-two elements
has basis

{ai(=1)% ai(—1)a;(—1), i (=2)]i # 4,1 < i,j < 24}.

Substituting the elements of this set for u in the expression u ® e* +t(u) ® e~
produces a basis of V(\)5 .

A

Using the Virasoro relations, [L(m), L(n)] = (m —n)L(m +n) + migm5m+n7oc,
we can show that L(1)-v =0 and L(2) - v = 0 imply that L(n) - v = 0 for all

n > 3, i.e., that v is a highest weight vector.

Direct computation using w = Z?il a;(—=1)? and Yy:(w,2)v = Yy, (w,2)v =
> nez L(n)vz=""2 for v € Vit gives

24
L) = > ) ai(l—n)as(n),

L(2) = Z(%%‘(UQ + Z @i (2 = n)a;(n)).

We know that L(1) takes V(\)3 to V(M) and L(2) takes V(A3 to V(\)d.
Since V(A\)] NV(A\)§ = 0, we can define

L)+ L(2) : V(N3 = VT @ V(N)g
(L(1) + L(2))v +— L(1)v + L(2)v.
The kernel of L(1)+ L(2) equals the intersection of the kernels of L(1) and L(2),
which is the set of highest weight vectors in V()3 .

Let 2 <4,j < 24 with ¢ # j. The actions of L(1) 4+ L(2) on our basis elements
are

a(-1)2 @ +e™) = 20 (-1)@ (e —e N+ 1@ (er +eH),
ai(-1)?@ (e +et) = 1@ (e,
ar(—D)a; (=)@ (e* +e™) = Lai(—1) @ (e —e™H),
ai(—Daj(-1) @ (e*+e ) — 0,
a1(—2)®@ (e —e™) = 201(-1)®@ (e —e M) +20® (e +e7?),
ai(=2) @ (e —e™) = 2a;(—1)® (et —e?).

Finding the null space of L(1) 4+ L(2) yields the following proposition.



Proposition 3.4. The following set is a basis for the space of highest weight-
vectors in V (N3, A # 0.
{ai(=Da;(~1)@(Me ), 2a1 (- Daz(~1) @ (Me ) —Lai(-2) @ (P-e ),
—lag(=2) @ (M e M) + (2° - 1)} ® (eMe M +a(-1)?2® (e ?)
|2 <i,j<24,i# 5}

The first two types of vector listed in the proposition have graded trace equal
to zero. That the last type does not is an implication of our main theorem.

4 Main Theorem

Recall that A is the Leech lattice, A is a non-zero element of 2A and {ay, ag, -+ , @24}
is an orthonormal basis of § such that A = fa; for some ¢ € C. Fix a basis
element «y, i # 1 and define the following element of V;

v(A) == —L (a1 (—2) ® (e* — ™))
+ (207 - 1) (ui(-1)? @ (e*+e™) +ar(-1)? @ (e* + e 7).

Theorem 4.1. Let 0 # X € 2A and let v(\) be the element of V¥ defined above.
Then v(\) is a highest-weight vector of weight k = (A, A\)/2+ 2 and

)\ O)-12
Zys(v(N), ) = , /\)’17(7')12 {Q(EQ(T) — 2E5(27)) (612()>

8

- (AA)—12
+ (= Ba(7/2) + 2B5(7)) (@22( )>

2\ ()12
+(—E2(T/2)+4E2(7-)_4E2(2T)) (932( )> }

Remark 4.2. If A = 0 or A ¢ 2A then v(X\) s still a highest-weight vector;
however, in those cases Zyy(v(A),7) = 0. For A € 2A, if (\,\) > 32, then
Zya(v(N), z) is non-zero.

Proposition 3.4 asserts that v(A) is a highest weight vector. Computing its
weight using the L(0) operator is straightforward. To compute the graded trace
of v(A\) on Vi =V, @ (VI)*, we start with the trace on V.

By proposition 3.3, to calculate ZVA+ (v,q) we need only consider the trace of
o(v(N)) on V(B)T, where 8 = \/2.



Let u(f) =u®ef +t(u) @ e ? € V(B)* and

vi=—log (—2) + (262 — 1) oy (—1)? + a1 (—1)% (7)
We can write v()\) as v ® e* + t(v) ® e~*. Only the terms of Y (v()), 2)u(3) in
V(B)* can contribute to the trace. These are

Y(w@et 2)tu) @e P +Y(tv) ®e ™, 2)u® e
Let E~(FA,2)ET(FA,2) = Y.,z ET(n)27". The vertex operators on V,"
are the restrictions of those on Vj given in section 2. Bearing in mind that

28 = X = Loy, we calculate:

V(a1 (—2) @ e 2)u @ e

= 4° Z —Da1(m)ET(n)z " 2232 0y @ T8,
m,neEZ
72 /20((:FO[17:F6 2:|: Z _1 al )me72>
meEZ
m#0
-ZEJF(n)z_"gu@eiB,
neZ

Y(op(—1)? @ e 2)u @ TP
= 0 S ap(fan(m)EF(n)s TNy g 078,

7,m,n€Z

B T S

meEZ
m##0
+ Y a@arm)z ) ST EF )z Guw et
JMEZL nez
4,m#0

We wish to calculate the trace of o(v(\)) = Res, 2¢/271Y (v()), z). By equating
the coefficients of 2~2~%/2 in the above equations, we have

o(£ai(-2)®@e*uwet’ = (gE:F(O)u

£ (-m=1)am)ET(-m)Su) @, (8)
meZ
m##0

oai(-1)2 @ eFu@ e = (3 Sai(fai(m) S BF(—j - mpu) @ =P, (9)

JmEL
J,m#0



ofor(-17 & = ¥ = (ZEF0)uF £ 3 San(m)BF(-m) 2

meZ

m=#£0
+ 3 ca m)E¥ (—j m)gu)miﬁ. (10)
JmEZL
3,m#0

Combining equations (8), (9) and (10) as indicated by the definition of v, equa-
tion (7), gives
o(v@eMuee? = (Otu) ® e?
ot(v)@e Mu®e’ = (07u) ® e P

where
EQ
ot = ——E$ :I:EZm a1 (m)ET(—m) 2
MmeEZL
m#0
H(200-1) > ai(f)ei(m) S BT (—j—m)+ Y 2ar(j)an(m)EF(—j—m)¢.
JymEL jymEZ
J7,m#0 7,m##0

To compute the trace of o(v(\))g"(® on V(8)* we use the decomposition
V)T =M1)TRC (e’ +eP)aM(1)” @ C (e - )
in conjunction with the following lemma.

Lemma 4.3.

tr O(U()\))qL(O)‘ _ qﬁ/g tr OiqL(O)’

M(1)+®C(ef+e—HF) M(1)+

tro(v(A))qL(O)‘ = —q‘32/8 tr OiqL(O)‘

M(1)~®C(ef—e—5) M(1)-

Proof. We prove the second equation. The proof of the first is very similar.
Let {u,|]y € C} be a basis of M(1)7; {uy ® (¢’ — e #)|y € C} is a basis of
M(1)~ ® C(e? —e™P). We apply o(v()\))g™? to uq @ (e? — e=P), project into
V(B) and get

(= (0%uq) ® e’ + (07us) ® e_g)qWt uatl/2, (11)

Because ¢ preserves V(3), and o(v(\))g*©u, and (e —e=?) are in V,F[g], (11)
is in V(8)T[q], in particular it is fixed by ¢. Thus

—t(0%ua) = O™ uq. (12)



Let {v5]0 € D} be a basis of M(1)*, and write Ot uq = - (o eyuy+> 5¢p Css
and O~ u, = Zvec dyuy + D s5cp dsvs for some ¢, c5,dy,ds € C. From (12),
¢y = dy and —cs = ds5. We rewrite (11) as

qZQ/S< o Z CylUsy & (66 — 675) — Z csUs & (6'6 +e*ﬁ))qwtua.

veC 6eD

The projection into the span of u, ® (¢? — e™P) is fqlz/scaq“’t Uas thus

tro(v(A L(O)‘ — _ /8 gVt
O] iy =
Clearly tr O*¢"(*) |M(1)7 =2 cc &g " and the result follows. O

Hence it remains to compute the trace of O*¢*(® on M(1)*. To do this we
define %V € (End M (1)) [x] by

N (a1(—n1)ag(—n2) ... ar(—nk)) = xkal(—nl)ag(—ng) cooap(—ng)  (13)
for a;; € h and n; > 0 and compute the trace of OFz"¢%(®) on M(1).

Lemma 4.4.

—Paq
2 nxq® \ &P <Zn>0 n(l—xq"))
tr OF 2N gH(©) = — (—1 + 24 >
M(1) 4 1;) 1 —xqm [Lhs0(1 —2qm)%

Proof. Dong and Mason [DMO00, Lemma 4.2] show that

g™
+ N L(0) o exp (Zn>0 n(l—mq"))
tr E=(0)z" ¢ = —1
M(1) [0l —zq™)

We compute the traces of the remaining components of OF using their method-
ology.

Let A=Cay, B=Cq; and h = AP B ® C be an orthogonal direct sum, then
M(1)=S(h")=SA")®S(B7)®S8(C7).

Furthermore, if T, U, V and W are linear endomorphisms such that T'| M) =
Ulsca-) @ Vigs-) ® Wlg(e-) then

trT =trU -trV - tr W.

10



It is not hard to see that

> meaa(m)EF(m)gaNg |

@ 2N gL O

= me ai(m)ET(—m) ¢z L(O)’ .,
S mzan(mEF (-m) s 0| P

2 a1 () (m) B (= —m) S gHO)
JMEZL
J,m#0

= Y tar(aa(m)ET (=) —m) 2" )|
J,mMEL
J,m#0

M(1)

@ aNgh®
=)

S(A S(BaO) )

For 3 i mez o ai(j)ai(m) 3 EF(—j — m), write a generic element of M(1) as pgq,
Jym#0
where p € S(B7) and ¢ € S((A/eﬁ*) ). Here p is a polynomial in «;(—n)’s
n € N, of degree k. Assume that J a;(m)a;(j) S E¥(—m — j) has a non-zero
contribution to the trace on M (1). It must preserve the degree of p. The terms
of E¥(—m — j) have no effect on the degree of p, because (), a;) = 0; however,
a;(m)a;(j) takes p to 0 or a polynomial of degree k — (m + j). Thus m+j =0,
and the only terms of > mez S ai(j)as(m) S ET(—j — m)pq that contribute to

,m

the trace are > ez S a;i(m)a;(—m) S ET(0)pq. Furthermore
m#Q0

> saitmai(-m) ¢ E¥ (0)aV )|
meEZL

m#Q0

— E¥(0 NL(O)‘
(0)z™q sti-

M(1) )

® 2 Z ai(—m)ai(m)quL(o)’
meN

® quL(o) ‘

S(B-) s(E-)

We know that for any vector space W of dimension k
1
trquL(O)’ R = _
S(W-) 111:[0 (1 —2qn)k
Additionally, Dong and Mason [DM00, Lemmma 4.1] show that

g )
ex n
trEi(O)quL@)‘ = P (Zn>0 n(imwe?)
S(A-) [T.50(1 —2q)

The remaining traces necessary to find tr OFzN ¢Z(©) ’ M1y Are given in the fol-
lowing lemma.

11



Lemma 4.5. We have

trz mgal(m)EjF(—m)ngqL(o)‘S =
meZ 47
m#0

-y
Y Z nxq® P (Zn>0 n(l—i?}"))
1 — xqn [I,o01—2q" ’

(14)

w2 Car(ar(m)EF (= —m)SaNgHO| =
Jj,mMEZL
3,m#0

— 2 zq™
n  ©Xp (Zn>0 n(l—xzq™)

nxq

)

1 —aqn

Proof. We prove equation (14) in some detail and sketch proofs of equations (15)
and (16)

The set {ai(—n)kai(—(n — 1)1 ay(=1)*1|k; > 0,n > 1} is a basis for
S(A™). Fix a basis element o = ay(—n)fray(—(n —1))k1...a;(=1)*, and
for convenience set m 2 a;(m)ET(—m) S = fF(m). We find the projection, Py
into the space Ca of Zme% fT(m)a . Only those summands that preserve

the degree of all of the o (—7) in a will have non-zero contributions to this
projection. For 7 . fT(m) these are

- by p1 P+l
LR (EACD)” (EAm)
mz::l pjz—:o pmz,::om P P (p, + 1)L
i
(EAC)™ (FND)" alm(EAm)™  (FX0)"

np"pn! pl! mpmpm! np"pn!

Using equation (17) and the actions of the aq(n)’s given in equation (3), we

12



calculate:

PO‘(Z ¥ (m) ) iz Z Lyprttrmgy

m>0 m=1 p;=0
1<j<n

2pm Pt (B — i) ﬁ 0P §Pifk; .- (kj —pj + 1)

m2pm+1(pm + 1)!pm! =1 ]21)3 (pj')2 *
J#EmM
EZ Pm N (k ) 62
S 3 e (G ()
> Z o) 505
1<j<n j#m

A similar calculation for m > 0 shows that Po(),, o fT(m)a) is the same as

Pa(Xpmso [T(m)a). So Pa(Zm% fFm)a) =2Pa (3,50 [T(m)a).

To compute the trace we sum the above coefficient of o over all possible choices
of a, that is over all n’s and k;’s. Let Z*° = €, Z, i.e., the space of n =
(n1,n2,...,nj,...) such that n; € Z for all j and n; =0 for all but ﬁnltely
many j. Put a partial ordering on Z* such that n < m if n; < m; for all j.
Then

tr Y mar(m)ET(—m) qL(O)‘ i _i%z D pm+1

mezZ m>0  keZ>* peZ*™
m7#0 k>0 0<p<k
k; .
_ 92 Pm J _ 92 pj
. (5> I (L') (5> S0k S o b
" jz1 Pt A
J#m

which equals

Sy et (=Y
+9¢ m( Pm+' < ) ka qum)
m>0  Nkppm>o Pmt AT
kj,p; >0 Nkj,p;>0 p]
j>1
J#m

We can now rearrange this sum as Dong and Mason do in the proof of their
lemma 4.1 [DMO00] and get equation (14).

We now turn to equation (15). Fix a basis element o = a;(—n)*»a;(—(n —

1)kn=1. a,(—1)k of S(B7).

ZQZ( o = kama

m>0 m>0

13



Add over all basis elements to compute the trace;

trZal m)z™ " ’ Z ka H:c gk

m>0 keZ> m>0 7>0
k>0
We have
0 1 mxq™
Mk ztm g™ = g— = .
,;;0 med g <1—wqm> (1—zqm)?

So summing over the k;’s in k we conclude that

o ‘ N _L(0) _ mzq™
trZaz( m)az(m)x q ‘S(B_)_,mz 17$qm Hl*ﬁﬁ(]]

m>0

To prove equation (16) write > mez o a1 (j)ar(m)EFT(—j —m)? as

Jym#0
> san(d)an(m)EF(—j —m)s
JmEZ
J,m#0
J#EEmM

+ Z a1(m)2ET(=2m) S + Z ar(—m)ay (m)ET(0) ¢
meZ meZ
m#0 m#0

The m # +j terms make no contribution to the trace because each pair (m, j)
with j > 0 is cancelled by (m, —j).

Calculating the second and third sums as in the proof of equation (14), we find:

Y Sar(ar(m)ET(—j—m)sagH V| =

J,mEZ S(47)
7,m#0
2 e (A rew 1)
m>0 Pm=>0
1 ( —PPxg™ )pmH 1 Z 1 ( — gl )pj
' | — g™ — j !\ i(1— j
P! \m(1 — xq™) j>01 xqﬂpjzop]. J(1 —xqd)
#m
mx 1 1 —Pxq P
ey MU S ()
m>0179:qm 1—xzg¢ pj>0pj! n(l — zq™)

The last equality follows from the identity

Pm 2 m Pm
Pm g™ _ (Pxq
’I’I’LZ ( 1—xq )) 1_$qmpz>:0 ( 1—xq )) )

p>0

and equation (16) now follows easily. O
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This also completes the proof of lemma 4.4. O

We introduce the notation
2
exp (Zmo ‘n(l—zqqn))
[Tos0(l—2qm)?*

and rewrite lemma 4.4 in terms of this notation;

T(q,x) := Z naq”

1—agn’
n>0 q

flg,x) =

62
troiquW\ = 5 (—14+247(q.2)) (g, ).

M(1)

It is not hard to see that
2

tr oiqL@‘M( _C (( —1+4247(q,1)) f(g, 1) + ( — 1+ 24T(q, —1)) f (g, —1)),

1)+ 8
(18)
tr OF ¢~ ‘M(l)_ = %(( —1+247(q,1)) f(g, 1) — ( — 1 +24T(q, 1)) f (g, _1)).
(19)

Recall that the trace of o(v()\)) on V" equals the trace on V()" which equals
the sum of the traces on M (1)t ® (e 4+ e=?) and M (1)~ @ (e — e~ ”). From
lemma 4.3 and equations (18) and (19), we have

42
o] ="l (C 1T ) s ) @0
A
From lemmas 4.3 and 4.4 of Dong and Mason [DMO00]
?-12
2 O (7
g5 ' flg,—1) = n(r)"? <12()> 7 (21)

where 7(7) := ¢*/®[[,-(1 — ¢") is the Dedekind eta function and ©;(r) :=

2¢Y# [T,s0(1 — ¢")(1 + ¢™)? is a Jacobi theta function. (For more about 7(r)
and ©;(7), see [Cha85].)

To rewrite —1 4 247T(q, —1), we multiply the each term in the sum T'(g, —1) =
- Zn>'0 % by tgwi, add énd subtract ng™ from the numerator and split the
result into two sums to obtain

n 2n
_ ng ng
T(q’_l)__21_qn+221_q2n'

n>0 n>0

The function Ey(7) :=1-24% _o1(n)g" =1-2437 4 %. So

—1+424T(q, —1) = Ey(7) — 2E,(27). (22)

15



The contribution of V" to Zy: (v, 7) is ¢! tro(v)g*(© |V+7 and equations (20),
A
(21) and (22) yield the following lemma.

Lemma 4.6. The contribution of Vi to Zys(v(\),T) is

2
én(7)122(E2(r) — 2E5(27)) < 5

8

Remark 4.7. The function Es has g-expansion analogous to the FEisenstein
series. However, it is modular of level two not one. This is to be expected as
VA+ 18 rational but not holomorphic.

Recall that V% = V;F @ (V{)*. We must now compute the contribution of (V{)*
to the graded trace of v(\). A twisted module for Vi, V{ is the tensor product
of two spaces, S(h[—1]7) and T. The first, S(h[—1] "), is quite similar to M (1),
described in section 2. It is a module for h[—1] := h @ t2C[t,t~] & Ce induced
from the one-dimensional module for the non-negatively graded subalgebra of
h[—1] on which ¢ acts as the identity and the positively graded subalgebra acts
as zero. The second part, T, is the projective 2'2-dimensional representation for
A such that 2A acts trivially. The involution ¢ acts on S(h[—1]7) in the same
way it does on the M (1) in Vj (see equation (5)) and on T as multiplication by
—1. Thus the elements of VI fixed by t are

(VE T =S@-17)" eT.

The action of V™ on (Vg )+ is given by the twisted vertex operator
Y. 1(v,2) = Yo(exp(A:)v, 2).
Here for w = a;(—n1) - ax(—ng) @ ¥ € Vi

'2_(%7)EI(_’772)EI(_P% Z)’}/27 > )
2 2

az(z) = Z a(n)z™" L,
n€Z+%
1
E:1t(OZ7Z) = exp (Z O[(j:(rfl+12))zq:(n+é)>
: n>0 :|:(n—|—§)

Each a(n) € h[—1] acts on S(h[—1]7) and 7 acts on T'. The linear map exp(A,) :
Vi — Va{z} is defined in Frenkel, Lepowsky and Meurman [FLM88, section 9.2].
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The space (V)T is integrally graded by defining the weight of an element
a1 (—ny)as(—ng) -+ ap(—ng) @t to be 3 + Zle n;. The contribution of the
twisted space to the graded trace of the element v(\) on V¥ is

gty tr |(VAT)i0%(U(>\))qn

n>1
where 03 (v) := Res; 2"~ 1Y; 1 (v, 2).
Recall that v(A\) = v@e* +t(v)®@e™*, where v = —lay (—2) + (202 + 1) i (—1)2 +
a1(—1)% Clearly,

Yz 1 =Yo(exp(A)v ® e, 2) + Yolexp(AL)t(v) @ e, 2).

With respect to our orthonormal basis of h, {1, aw, - - - as }, Frenkel, Lepowsky
and Meurman’s equation for exp(A,) [FLM88, 9.2.42] becomes

24 24

1 1
A)=1—= 1 i 2 1)%)z72
exp(A,) 2;ak( Jag(0)z7 + 16;(30%( Jag (0) + ag (1) )z
WAL 2
+ 3 (Z ak(l)ak(O)) 2T
k=1
and we calculate
A IR A
exp(A)v®e” = (v —lar(—1)z7 " + —=2 ) ®e
8 p (23)
exp(AL)t(v) @ e = (t(v) +lag(—1)z7 1 + §2_2) ®e

In analogy to the untwisted case, define E%i(m) by

ET (N 2)E

1 1
> 2

(£X,2) = Z E?(n)z‘"

nE%Z

Since A is in 2A, it acts trivially on V{. Thus using the definitions of o 1 and
Yy and equation (23) we can show that

01 (v(N) =277 (07 +05), (24)
where
OF =FL Y (=m=1)ar(m)ET (=m)+(20°=1) > ai(j)es(m)ET (—j—m)
’ mez+1 ’ jmeL+} i
. . 2
+ > ai(f)ar(m)EL (=j —m) F £ > ar(m)Ef (=m) + FET(0)
JmeZ+3 meZ+L
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Again we introduce the operator 2V € End S(f)[—l]‘)[x] (see equation (13)).
Using the same methods used to prove lemma 4.4, we can prove the following
lemma.

Lemma 4.8.

52
trOTaNgL O = —(14245(q,x ,x),
I ’S(h[fl]*) 5 (¢,2))9(q, )

where g(q,x) is the function used by Dong and Mason [DM00]

7z2zqn+l/2
exp ( En>0 (n+ 1) (1—=zqn+172)

9(q,x) == ¢** ,
[L.~0 (1 - an+1/2)24
and 112
_ zq"

n>0

The trace of OF¢%(® on S(h[—1]7) is the difference of the trace of OFzm¢L(©)
2 2

on S(h[—1]7) evaluated at z = 1 and the same trace evaluated at x = —1. The
operator oé(v(A))qL(O) acts as the identity on T, thus it contributes 2'2, the

dimension of T, to the trace. So from equation (24)

troé(v()\))quo) = 2127[2§<(1 +245(¢,1))g(q, 1)

(V)"

Dong and Mason show that

22y g,1) = n(r) (%”)ﬂm ,
212 0 =lo(q 1) = p(1)*2 (@3(7)>e2_127

2

where O2(7) = [[,(1 — ¢")(1 — (1”*1/2)2 and O3(7) = [[,-0(1 —¢")(1 +
n—1/2\2
q )°

Recall that T(q,z) = 32,50 171_90;.1;". By splitting the summation for T'(¢*/?, z)

into two sums according to the parity of the index variable, we see that
S(q7 I) = T(q1/27 I) - 2T(q7 SC)
Use this identity and Eo(1) =1—-24%" % to obtain

14+245(q,1) = —E2(7/2) + Ea(7).
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Using the same identities and equation (22), we can get
1+245(q,—1) = Eo(7/2) — 4E5(7) + 4E>2(27).
Put the above equations together to obtain the following lemma.

Lemma 4.9. The contribution of (VE)+ to Zys(v(N\),T) is

2
Sntry2{ (- B/ + 28200

@22(T)>5212

?2—12
+ (= Ba(7/2) + 4BEy(1) — 4B (27)) (@3(7 ) }

The main theorem now follows from lemmas 4.6 and 4.9.

5 Implications of the Main Theorem

In general, the graded trace on V? of a highest-weight vector of positive weight
is a cusp form [DMO0O, Proposition 2]. The Leech lattice is even and has no
elements of square length two, so for A € 2A, ¢2 = (A, )\) is divisible by eight
and at least 16. This means that wt(v(X)) = (A, A\)/2 + 2 is congruent to two
modulo four and at least ten. There are no non-zero cusp forms of weights 10
or 14, so the main theorem for (A, A) = 16,24 gives the identity;

2(E2(’7') — 2E2(2T))@1(T)n -+ ( — EQ(T/?) -+ 2E2(T))@2(T)n
—+ ( - E2(T/2 + 4E2(T) - 4E2(2T))@3(9)n =0

where n = 4 or 12.

For v(\) of weight at least 18, i.e., (A, ) > 32, it is straightforward to show that
Zys(v(A), T) is non-zero by computing the coefficient of ¢. Combining our results
with those of Dong and Mason [DM00, Theorem 3], there are V! highest-weight
vectors of weights 12 and 2k for k > 8 with non-zero graded trace. The spaces
of cusp forms of weights 12, 16, 18, 20, 22 and 26 are one-dimensional; so, for
these weights, all cusp forms are achieved as the graded trace of a highest-weight
vector.

One of the chief characteristics of the moonshine module is that it admits an
action of the monster simple group. Averaging v(\) over the monster produces a
monster-invariant highest-weight vector with the same weight and graded trace
as v(A). Harada and Lang [HL98] find a generating function for the dimensions
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of the spaces of monster-invariant weight-k elements of the moonshine module
and find the dimension to be one for k = 12,16, 18, 20, 22. For those weights, the
cusp form normalized so that the leading term in the g-expansion is ¢ is unique.
Thus we have the existence of a unique monster-invariant highest-weight vector
v € V¥ with Zy: (v, 7) equal to the normalized cusp form of weight k.

That portion of the construction of V¥ used in this paper, i.e., the spaces VA+
and (V{)T and the vertex operators Y (v, z) with v € V', can be made from any
even self-dual lattices, not just the Leech lattice. While Frenkel, Lepowsky and
Meurman [FLMS88] use the monster in their construction of the vertex operators
associated with v in (V)* and proof that V¥ is a VOA, Dolan, Goddard and
Montague [DGM90] perform an analogous construction without relying on the
monster. They show that V;" @ (VI)* is a VOA, called a Zg-orbifold for all
even self-dual lattices. Even self-dual lattices with rank 24, Niemeier lattices,
produce Zs-orbifolds with ¢ = 24. The calculations in this paper use the central
charge but do not depend on any of the special properties of the Leech lattice.
Therefore the main theorem also applies to the Zs-orbifolds of the other Niemeier
lattices.
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