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Abstract. We analyze three related families of g-series arising from characters of vertex
(super)algebras. More precisely, we consider: (i) graph series and characters of principal
subspaces associated with arc algebras; (ii) characters, or indices, of class-S vertex operator
algebras in the context of 4d ' = 2 SCFT; and (iii) supercharacters of the & family of vertex
superalgebras and their quasi-modular properties. Along the way, we introduce a family of
multiple g-zeta values associated with simple Lie algebras and present their conjectural
properties.
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1 Introduction and summary of results

In this paper we investigate several families of ¢-series arising from characters of vertex algebras
and vertex superalgebras, together with Hilbert series of arc algebras. We begin with graph
series associated with certain principal subspaces of non-conformal vertex algebras, where mod-
ularity is absent but rich combinatorial structures emerge. We then turn to conformal vertex
(super)algebras, whose characters are expected or are shown to possess quasi-modular proper-
ties. A common theme throughout the paper is the appearance of g-multiple zeta values and
their generalizations.

There is a vast literature on multiple zeta values (MZVs), much of it devoted to understanding
the relations among them. Under the usual multiplication, MZVs (and ¢-MZVs) form an algebra.
This property led to the development of the harmonic (or “stuffle”) and shuffle algebras [28].
There remain many deep questions concerning generators of these and related algebras [7, 8, 13,
25, 29, 43, 44, 53, 54], and multiple zeta values have remarkable connections with many areas
of mathematics.

In their standard form,! ¢-MZVs are usually defined as

(
Cq(al,...,ak) = Z q

ny>ng>-->np>1 (1- qn1>a1 T (1 - an)ak ’

a1—1)ni+-+(ap—1)ng

(1.1)

where a; € N and a; > 2. Throughout the paper, N = {1,2,3,...} and Z>o = {0,1,2,... }.
There are closely related ¢-MZV versions with non-strict summation variables (so-called multiple
q-zeta star values); see [43] and especially [7, 9] for a discussion of various models.

This paper is a contribution to the Special Issue on Recent Advances in Vertex Operator Algebras in honor
of James Lepowsky. The full collection is available at https://sigma-journal.com/Lepowsky.html
! Another “standard” form is (1 — ¢)** T T, (a1,. .., ax) [13].
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In this work, we are concerned with ¢-MZVs and related g-series in connection with characters
of vertex (super)algebras. Throughout the paper we consider vertex algebras, vertex operator
algebras, and vertex operator superalgebras. A vertex operator algebra is a vertex algebra
equipped with a conformal vector, whose associated grading determines the usual notion of
character and is the basis for studying its modular properties. By contrast, a general vertex
algebra need not possess a conformal vector, although it may still carry natural gradings. In
particular, the principal subspaces studied below are naturally graded but are not conformal,
so their characters are defined with respect to this auxiliary grading. We also consider vertex
(operator) superalgebras, the Zs-graded analogues of vertex (operator) algebras; whenever the
distinction is irrelevant, we use the collective term “vertex (super)algebra”.

Our approach is motivated on the one hand by our previous work on arc spaces and graph
series [15, 30, 31, 36] (see also [35]), and on the other hand by character formulas for certain
vertex algebras introduced by Arakawa [5], related to genus-zero class-S theories in physics
[10, 11]. As already pointed out in [15, 31, 35, 36], the Hilbert series of the arc algebra Jo(Rr),
where Ry is the edge algebra (defined below) of a simple? graph I, coincides with the character
of a certain principal subspace Wt (after Feigin and Stoyanovsky [24]) inside an appropriate
lattice vertex algebra [17, 32, 40]. Moreover, the arc algebra Jo(Rr) carries the structure of
a commutative vertex algebra, and this correspondence can be realized as an isomorphism of
commutative graded vertex algebras. We stress, however, that the principal subspace Wr is not
a conformal vertex algebra, so its grading is not canonical. Therefore, following [35], we equip
the principal subspace Wr with the grading

(65, y) = m -+
where
) = X ey
meZ
together with the color grading recording the multiplicity of each generator e*. This grading is
the analogue of the grading on the arc algebra Jo(Rr), where the jet variables satisfy
deg(zim) = m+ b;.

Thus the correspondence

Tim e(_m 3

preserves both the homogeneous grading and the color grading.

Unless stated otherwise, the variable g records the chosen grading (conformal in the conformal
case and the auxiliary grading described above in the non-conformal case), while the variables z;
record the multigrading (or charge) associated with the generators.

We now return to the connection with arc algebras. The corresponding Hilbert series of
Joo(Rr) is what we call the graph series

InArnT+bini+-+beng

Hrp(q) = Y -

neNg

)

’ (Q)nr

where Ar is the (symmetric) adjacency matrix of a graph I' with r vertices and b = (b1,...,b,) €
N”". Here we use the standard ¢g-Pochhammer notation

o0

n=ﬁ(1—qj) and Hl—q
j=1

2Tt is possible to slightly relax this condition and consider graphs with loops [35].
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whenever the latter product is viewed formally or converges analytically. The vector b deter-
mines the grading of the generators of Wr. Equivalently, we can start from the full character
of Wr,

inArnT

x" g2
HF(qax) = Z

N /N
I’IEN6 (q)nl e (q)nr
and specialize to x = ¢P. Essentially the same type of (g, z)-series appeared in so-called “knots-
quivers” correspondences; see [23, 33].
In this paper, we are only interested in the standard grading b = (1,...,1), in which case
o _
deg(e(”,, 1)) =m+1,
and we simply write Hr(q) instead of Hr(g), thus recovering the original graph series intro-
duced in [15, 30, 31]. Although not directly related to this work, it is worth noting that there is
an interesting connection among the Donaldson—Thomas invariants of symmetric quivers, coho-
mological Hall algebras, and the dual of the principal subspace of Wt [20, 21] (see also [22]).
In parallel with the h-polynomial of the Hilbert series of a finitely generated graded commu-
tative algebra, it is convenient to express Hr(q) in the form

_ hr(q)

where d is the Krull dimension of the edge algebra Rr. Here

Ry = k[xy,...,z;]/Ip, (1.2)

where It is the ideal generated by all monomials z;z; such that the vertices ¢ and j of I' are
connected by an edge; there are no other generators.

In our previous paper with Bringmann and Jennings-Shaffer [15], see also [35, 36], we had
observed that graph series of several well-known graphs (with a small number of vertices) give
rise to interesting ¢-series with peculiar modular and combinatorial properties. The problem of
finding a closed expression for Hp(q) for every graph is of course hopeless, but in many examples
we have obtained significant simplification that led to new g¢-series identities.

We noticed in [15] that non-isomorphic graphs can have identical graph series. For example,
the 5-cycle C5 (later also denoted by I's) and FEg graphs (see Figure 1) give the same graph
series up to an Euler factor, i.e., a multiplicative power of the Euler product (¢)eo:

Zn>1 173]71” Zn>1 (1_q”n)2
Hey(q) =q¢ ' =54,  Hglq) =q¢ ' ———, 1.3
(@) W% o(a) 0% (13)
and thus
Hesept(q) = Heg(9), (1.4)

where “pt” denotes the trivial (or singleton) graph with one vertex and no edges, and @ denotes
the disjoint union (coproduct) of graphs. This indicates that Hr, which is clearly a graph
invariant, does not distinguish non-isomorphic graphs. This is perhaps not so surprising, as
there are non-isomorphic algebraic schemes with identical Hilbert series.

Our first result in this paper extends (1.3)—(1.4) to two infinite families of graphs. Part (i)
identifies one family with the special multiple g-zeta values 37(2,1,...,1) (see (1.5) below), while
part (ii) recovers the ordinary g-zeta values 34(k).
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Figure 1. C5 and FEg graphs.

Theorem 1.1. We have

(1) Let Usyy2 be the leafless graph defined in Section 2.1. Then
n (") ¢
R Y

HF3k+2 (Q) =q (q)k—H
00

Here the numerator is the logarithmic derivative of MacMahon’s (k + 1)-dimensional gen-
erating series for higher-dimensional partitions [2]:

1
n¥E-2)"

Moot (1 )"
(13) Let Toxyo, k > 2, be the (k + 1)-star graph described in Section 2.2. Then

—1 3q(k)
HT2k+2 (Q) =dq ! (qq)’é;fl’

n n+k72)qn

where 34(k) = >_,>1 U:IT)’“ =D n>1 (’“1%(]” is the k-th q-zeta value.
From this, we obtain the following.

Corollary 1.2. Fork >1,

HF3/€+2€Bpt(Q) =k- HT2k+4 (Q) - (k - 1)HT2k+2@pt(q)'
In particular, for k =1 this is equivalent to (1.4).

In addition to results about graph series, we also analyze Hilbert series of the edge ideals
Rr,, ., and of Ry,

Since we have encountered a g-zeta-type value 3,(k), it is natural to ask whether other
g-multiple zeta values also arise as graph series, possibly with additional Euler factors. As
indicated above, we are primarily interested in the standard grading, corresponding to b; = 1.
Within this framework, the ¢-MZVs relevant to our work were introduced by Ohno, Okuda, and
Zudilin in [43]:

n1

5Z(a1""’ak) = Z (1—qm)m ?..(1_an)ak' (1.5)

ni>ng>--2>nE>1

The star symbol indicates that the summation is over non-strict summation variables as opposed
to the more standard model:

q
3q(a1,...,ak) = Z

ny >N Snp>1 (1 — qm)al - (1 _ an)ak .

n1

The difference between the strict and non-strict ¢-MZV models is controlled by the “lower depth”
¢-MZVs, so one can easily transform between the two. Our next result concerns graph series
and multiple g-zeta values (1.5).
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Theorem 1.3. For every choice of positive integers a1, ..., ay, there is a simple graph Z,, ... a,
such that
—1,%
q sga1,. .., ax)
Hz, .. (0)= :

..... (q)]gjal_;_..._i_ak

In particular, for k =1 and a1 = r, this recovers Hr,, ,(q) and Theorem 1.1 (ii).

Remark 1.4. With a different framing vector b € N and the same underlying graph as in
Theorem 1.3, the graph series of Z,, o, can be expressed using the standard ¢-MZVs (1.1),
albeit in non-strict form.

Our previous results concerned non-conformal vertex algebras, and therefore their modular
properties cannot be studied using standard methods such as those of [52]. In Section 3, we
change perspective and consider characters of vertex operator algebras arising from the genus
zero class-S vertex operator algebras [5, 11], which play an important role in four-dimensional
N = 2 superconformal field theories [10, 11]. These vertex operator algebras are expected to be
quasi-lisse, and consequently their characters should satisfy modular linear differential equations
(MLDESs) with modular coefficients; see [6] for a precise formulation.

As we shall see later, certain characters of class-S vertex operator algebras can be expressed
as suitable modifications of ¢-multiple zeta values associated with a simple Lie algebra, which
we introduce next.

Denote by A a root system of ADE type, by A, the set of positive roots, and let (-, -) denote
the inner product normalized such that (a,«) = 2 for every root «. For integers ko, > 1, we
define a ¢-MZV associated with g as

q% Za€A+ ko‘ ()\—i-p,a)

Coglkas;a € Ay) = Z (1.6)

ot Ha6A+(1 _ q<)\,a+p>)ka

where the summation is over the cone of positive dominant integral weights. The asymptotic
behavior motivates our definition. Indeed, after setting ¢ = €™ and taking the asymptotic
limit 7 — 0+ with k, := k > 2, we recover Witten’s (-function of g (see [51])

1
> TR
et dim(Vy)
as the leading coefficient of the asymptotic expansion. This fact follows from the Weyl dimension
formula.
In the simplest case of g = sly, where A = {£a}, these g-zeta values are given by

Cona(k) =3 <13q>k

n>1

This slightly non-standard g-zeta value has several nice properties. For instance, the summand
is invariant under ¢ — ¢! for k even and skew-invariant for k odd. For simplicity, we only
consider k even here. Then it is known (or it can be easily verified) that for k > 1, (a1, (2k),
up to an additive constant, is a linear combination of Eisenstein series, and in fact we have

ClCoty,q(2k) : k > 1] = C[Ea(q), E4(q), E6(q)],
=OM

where FEy; are Eisenstein series defined with their g-expansion; see formula (3.1) in Section 3.
The space QM is called the ring of (holomorphic) quasi-modular forms on SL(2,Z). For k odd
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and k > 3, these values capture Eisenstein series of level two which we do not consider in this
paper. In parallel with other, more familiar examples of ¢-MZVs, we expect a symmetry formula
to hold.

Conjecture 1.5. Assume that g is of A type. Denote by Ay = {a1,...,a,} the set of positive
roots of g. Then we have

(1) Let ko € N for every o € Ay. Then

Z CQyQ(kuOélv s 72kUaT) S QM,
ceW

where W is the Weyl group of g and where we let k_,; = kq, .

(ii) In particular, for k = ke, we have

Caq(2k) = Coq(2k, 2k, ..., 2k) € QM.

The second part of the conjecture is closely related to another quasi-modularity conjecture for
the characters of vertex operator algebras Vg introduced by Arakawa [5]. Based on previous
work of Beem and Rastelli [11], dealing with the g = sly case, we expect the following.

Conjecture 1.6. For every even k > 3,
n(r)"ekch[Vgr](r) € QM,

where mg i, is a positive integer depending on g and k and n(T) = g/ [Tis:(1 = q') is the
Dedekind eta function.

In Section 3, using results on the constant terms of quasi-Jacobi forms, we prove (see Theo-
rem 3.13 and Proposition 3.14) the conjectures in the first non-trivial case:

Corollary 1.7. Conjectures 1.5 and 1.6 hold for g = sls.

In our subsequent work [16], we established significantly more general quasi-modularity results
related to the conjectures above. Although [16] treats a much broader class of examples, the
methods developed there are substantially different from those used in the present paper. The
sl3 case treated here therefore remains an independent and self-contained proof.

The third part of the paper concerns a different but related family of examples. Motivated
by a similar circle of ideas, Adamovié¢ and the author constructed in [1] a new family of vertex
operator (super)algebras U (m) ;> 3. More precisely, U™ is a Z>o-graded vertex operator
superalgebra for odd m and %Zzo—graded vertex operator algebra for even m. These are expected
to share properties with those in the class-S setting [10, 11] and with Deligne’s series [6], including
quasi-modularity of characters. In contrast to Deligne’s series — where the corresponding vertex
operator algebras admit a unique ordinary module — U™ (for m > 3) possesses precisely
m inequivalent irreducible ordinary modules. Consequently, their characters are expected to
transform under an additional level-m structure. The algebra &™) is an infinite conformal
extension of L_;(sl,) and can also be viewed as a coset subalgebra inside Li(psl,,;,); see [1,
Proposition 7.1]. This explains its simultaneous relation to affine and superalgebraic examples.
We finish with a result on supercharacters for the U-series in the vein of Conjecture 1.6.

Theorem 1.8. For m odd, we have

n(mr)?

SCh[u(m)](T) = W m(T);

where Fp, (1) € Q[E2(7), Ea(T), E¢(T), E2(mT), Eg(mT), Eg(MmT)] is a quasimodular form on
Lo(m).
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2 Graph series and multiple g-zeta values

This section contains the first part of the paper. We recall the elementary commutative-algebra
background for edge ideals, then compute graph series for the families I'sx10 and Torio, and
finally explain how the same construction realizes the non-strict ¢-MZVs appearing in the intro-
duction. The connection with vertex algebras enters through the interpretation of these graph
series as characters of principal subspaces mentioned in the introduction. However, once this
correspondence is established, the proofs in this section are entirely commutative-algebraic and
combinatorial.

2.1 Hilbert series of Rr

First we recall a few basic facts about square-free monomial ideals and their Hilbert series.
Let [n] :={1,...,n}. A simplicial complex A on the vertex set [n] determines the square-free
monomial ideal

In = (zi - x| {i1, ..., in} § A) C S i=k[xy,... 2]

This is the unique Stanley—Reisner ideal associated with A. Conversely, every square-free mono-
mial ideal I C S determines a unique simplicial complex by declaring {iy,...,%,} to be a face
precisely when x;, - - x; ¢ I. In particular, an edge ideal is square-free because it is generated
by square-free quadratic monomials x;x; corresponding to the edges of a simple graph.

The Stanley-Reisner ring k[A] := S/Ia has a multigraded Hilbert series, with deg(z;) = 1,
that can be computed directly from A. We regard it as an element of the formal power-series
ring Z[[x1, ..., xy,]]. It is given by

H(kAfs o) = D0 ] fx

cEA €T

where the sum is over all faces o of A and every denominator is expanded at the origin, namely
(1 —a;)7t =3, ooaF. Thus the displayed rational expression is always understood through
its image in Z[[z1,...,2,]]. This formula arises from the fact that the monomials not in the
Stanley—Reisner ideal Ia correspond precisely to the monomials supported on faces of A, and for
each face o, the set of monomials supported on o contributes the term ], 1 ff% To obtain the
standard (total degree) Hilbert series, we make the substitution z; = ¢ for all i as our generators
all have degree 1. We denote the corresponding Hilbert series by Hy(k[A]).

The combinatorial structure of the simplicial complex A of dimension d — 1 is encoded by its
f-vector (f_1, fo, ..., fa—1) and its h-polynomial h(t) = hg + hit + - - - + hgt?. These are related
to the Hilbert series of the Stanley—Reisner ring k[A] by

I fiiatt ho+hyt+ e+ hat?
Ht(k‘[A]):Z({_lz)i: ot 1(t1-|;t)d+ )

In particular, the order of the pole at ¢ = 1 equals the Krull dimension d = dim k[A].

In this work, we are only interested in edge ideals (1.2) and their graph series. Since the edge
ideal It = (z;x; | {i,7} € E(I')) of a simple graph is generated by square-free monomials, it is
a Stanley—Reisner ideal and k[A] = Rp, where A is the corresponding independence complex.
Then H(K[A]; x1,...,2,) can be analyzed using the graph series as follows.

Proposition 2.1. Suppose that A is associated with It; see (1.2). Then we have
H(k[A];z) = CT¢Hr(g;x),

where on the right-hand side we are taking the constant term with respect to the q-expansion.
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Proof. Observe that the contribution to the constant term in ¢, that is monomials of the form
"™ 77, only comes from r-tuples n = (nq,...,n,) € Z%, for which n'Arn = 0 and

prd Qj?l “ e xTT7
that is precisely the case when z;x; does not divide z* -- -z} ¢ I. |

For an edge ideal Ir, the corresponding simplicial complex A and the full Hilbert series
H(Rr;x) may be quite complicated to determine explicitly. But in the situation when the
Hilbert series is specialized 1 = --- = x,, = t, so it only depends on a single variable, we have
the following very useful result (see, e.g., [49]).

Lemma 2.2. Let X, be the neighborhood of the node v of the graph I'. Then we have

t
Hy(Br) = Hi(Br\}) + 7 He(Br\(qojux,))-

Next we prove Theorems 1.1 and 1.3 stated in the introduction and related results.

2.2 Edge ideals and graph series of I'sp 12, K > 1

We first define a family of leafless graphs I'sp1o that generalize the 5-cycle and are obtained
by gluing together several pentagons. The graph I'syio has 3k + 2 vertices, enumerated by
1,2,...,3k+2. The vertices 1 through 5 form a pentagon, so we impose the adjacency relations

1~2~3~4~5~1.
Continuing, we require
t~141, 5<i<3k+1.
Vertices 1 and 4 are special: for these we additionally impose
1~3t+2 and 4~ 3t+2, t>2.
Finally, we impose the relations
3s+1~3({+1)+2, 2<s<(<k-1.

This graph has in total 5k + W edges. For example, below we display graphs I'14

and I'y7 to illustrate how to inductively construct g9 from I's;_; (additional edges and vertices
are denoted in red), see Figures 2 and 3.

=11—-12—-13—-14

Figure 2. Graph I'y4.
We first compute the Hilbert series of Rr,, .
Theorem 2.3. For k > 1, we have

L+ )11+ (24 k)t +t2)
(1 _ t)kJrl :

Ht(RF3k+2) = (2'1)

In particular, the Krull dimension of Rr,, ,, 1s k+ 1.
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=11-12-13-14-15-16 - 17

Figure 3. Graph I'y7.

Proof. We require some auxiliary graphs and their edge ideals. We denote by s the graph
obtained from I's,o by adding a path of length two to the (3k + 2)-th vertex, i.e., g o is
obtained from I's;10 by adjoining a path of length two at the terminal vertex. For example, in
Figure 3, I'14 is the subgraph induced by the vertices 1,...,16. Here a “path of length two”
means two consecutive edges joining the old terminal vertex to two newly added vertices. As
such, this new graph has 3k + 4 vertices.

Next, we choose in Lemma 2.2 the vertex v to be the (3k + 2)-th vertex, and we obtain
a relation

t(1+t)*

Ht(RF3k+2) = Ht(Rf%fl) + W’

where for the second term we used (several times) that Hy(Re_s) = 125

We also apply Lemma, 2.2 starting from I's; o where we take again v to be the (3k + 2)-th
node. This gives a new relation

1+1¢ t(1+t)*
Hi(Bry,,) = 73 He By ) + 3 gz

We claim that Hy(Rp,, ) = %(1 +(k+3)t+ (k+ 2)t2). This follows easily by induction
using the second relation and the fact that Hy(Rp,) = %, which is easily checked. The rest
follows from the first relation and the formula for Hy(Rp,, ). [

Recall that a standard graded ring is Cohen—Macaulay if its depth equals its Krull dimension.
It is Gorenstein if, in addition, its canonical module is isomorphic to a graded shift of the
ring itself (equivalently, the canonical module is self-dual in the standard graded setting used
here). The graph families studied here were originally selected because their edge algebras
possess these distinguished algebraic properties. In particular, among the cycle graphs only Cj5
is Gorenstein [49], and it is precisely this graph that gives rise to the remarkably simple graph
series appearing in [15].

This example motivates the analogous question for the family I'sy1o appearing in Conjec-
ture 2.4. Based on the palindromic property of the h-coefficients in (2.1) and analysis for small &,
we expect the following.

Conjecture 2.4. The algebra Rr,, , is Gorenstein for k > 1.

We now turn to the study of the graph series associated with I's 2. One drawback of working
with leafless graphs is that their graph series are more difficult to analyze, and in particular,
we lack an analogue of Lemma 2.2. As already suggested in [15], there does not appear to be
a satisfactory closed combinatorial formula for the graph series of the n-cycle, except in the
cases n = 3 and n = 5. The following result was used in [15].
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Lemma 2.5. For any integers a,b > 0, we have

Z qmn+m(a+1)+n(b+l) 1 1
@m(@n (@) () (@) (@)

n,m>0

We also record an elementary identity for ¢-Pochhammer symbols:

(Q)M1+---+mk _ (Q)m1 (qm1+1)m2 . (qm1+m2+...+mkf1)mk’ (2’2)

To compute Hr,, ,(q) as in Theorem 1.1, we require the following result.

Theorem 2.6. For k > 1, we have

HF3k+2 (Q) =
Z qZ?:o n3it2
13152 >0 (1 — qnsk—1+n3k~+2+1) (1 — q"Sk—4+n3k—1+n3k+2+1> .. (1 — q1+2§:0 "3i+2) 7

where the summation is over k + 1 variables.

Proof. The theorem clearly holds for k£ = 1, where we recover the result from [15] so we assume
k > 2. Next we group certain summation variables in pairs. We first sum over n; using Euler’s
identity, and then we sum over k pairs of variables (ng,ny), (ng,n7),. .., and (ngg, n3xr1) using
Lemma 2.5. Notice that this will result in a summation over k + 1 variables appearing in the
formula

HF3k+2 (q) = Z ;

k
ni,...,n3542>0 Hi:l (q)nSi—l
¢ (n2+ns+-+nzpo+1)+no+ns+-+nspyo qn3n4+n4(n5+ns+~~+n3k+2+1)+n3(n2+1)

X
(@D (@Dns (@Dna
qn3kn3k+1+n3k+1(n3k+2+1)+n3k(”3k71+1)
X o .. ><
(Drng (Dngpeia

From this, we easily get using Lemma 2.5

k
qZk:O N3k+2

Z (Q)Zizo N3k+42

(q)lgg-l(q)n3k+2 (q”3k+2+1) (qn3k+2+n3k71+1)

n2,ns,...,n3k4+2>0 ngg—1+1 ngg—a+1
1
X “ .. X % -
(quZQ "3i+2+1)n5+1 (qu:l n3i+2+1)n2+1
qu:() Nn3i+2
= n27n57.;n3k+2>0 (q)’;fjl (1 — qn3k+2+n3k71+1) (1 _ qn3k+2+n3k71+n3k,4+1)

1
(1 _ quzl n3i+2+1) (1 _ qu:() Tb3z‘+2+1) ’

X...X

where in the last line we used the elementary identity which follows directly from (2.2):

(Q)Zfzo n3ito
%
_ c 3 1
(Q)n3k+2 (qn3k+2+1)n3k71+1 (qn3k+2+n3k 1+1)n3k74+1 o (qZFl . )n2+1
(q)n%+2 (qn3k+2+1)n3k_1 (qn3k+2+n3k71+1)n3k_4 .. (quzl n3i+2+1)

<Q)n3k+2 (qn3k+2+1)n3k_1+1 (qn3k+2+n3k_1+1)n3k_4+1 .. (qu:l n3¢+2+1)n2+1
— 1 m
- (1 — qn3k+2+n3k—1+1) (1 — qn3k+2+n3k—1+n3k—4+1) . (1 — qu-C:o n3i+2+1) ’

n2
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To prove Theorem 2.6, we first require an auxiliary result.
Lemma 2.7. We have
N1 NE

q-x _ xq
Z (1—gm)-- (1 —qw) o Z (1 —zqm)(1 —qm2) .- (1 —qm)’

ni>ng>->nE>1 ni>ng>-2nE>1

Proof. We compare the coefficients of ™, m > 1, on both sides. On the left-hand side, we

clearly have 30, S5 sn i>m (17qn1)...(137;1%—1)(17@)' On the right-hand side, we get (using

E n1€
1—xq™1 mq"l ZZ

nim nom
q

q _
2 (1—gn2)---(1—qm™) 2 (1—gm2)--- (1 —qm)(1—qm)

ni>2ng>-2ng>1 ng>-2ng>1

Thus it remains to show
nim

q" _ q
Z (1_qn1)...(1_an)_ Z (1—(]"1)--'(1—(]”’“)‘

n1>ng>-2ng>m ny>--2ng>1

This certainly holds for m = 1 (for all k). Next we write

qn1(m+1) B 1 B qn1m
) BRI S (1—61”1 1)(1—61”2)"-(1—q"k)

ny>>ng>1 ny>->ng>1

nim nlm

-2 ] - Y X
ny>-2>nEp>1 (1 N q"l) o (1 B qu) no>-->n>1 n1>n2 1 o qnl (1 - an)
Z il Z g
ny>->ng>1 (L=gm)---(1=q™) ng>-->np>1 (1—qm)--(1—q™)(1—q™)

Also observe

q
2 (I—gm)--(1—qm™)

nizng>-->np>m+l

_ _ ¢
_< Z Z )(1—(1”1)"'(1—(]"’“)

ni>ng>-->np>m ni>ng>>ng g >m
Tbk:m

n1

_ q
> (T=gm)- (1= q™)

ni2ng>-2ng>m

ni

q
o Z (1—qu)---(1—qm1)(1—qm)

ni>ng>-2ng_1>m

The proof now follows by induction on m. |

Taking the first derivative f—x and then letting x = 1 in Lemma 2.7 gives

ni

ngq" B q
2 (T=gm)---(1—qm) 2 (L= gm)?(1—gr2) - (1 —g)

ni>ng>-->ng>1 np>-2>np>1

To compare with the graph series of I's;1 0, the left-hand side above can be written as

ngq™
Z (1_qn1>...(1_an)

nizng>--2>ng>1

mi+-+mei1+1

— q
- Z (1 _ qm2+m3+1) . (1 — qm2+m3+-~-mk+1+l)(1 — qm1+m2+m3+--~mk+1+l) ’ (23)

mecNF+1
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The last relation easily follows by letting

ng =mo +ms+1,

Ng—1 = ma +m3g +mg + 1,

ny=mi+me+ms+---+mgy + 1.

The linear factor in the numerator in (2.3) is the factor ny, which after the change of variables
equals the number of possible splittings of the relevant summation variable into meo and ms.

n

Following the notation from the introduction, we have 34(m) = 3;(m) = >_, (1:]7)7% and

ni

* . q
3(1(2717"'71)_ Z (1_qn1)2(1_qn2)...(1_an)'

ni2ng>-2ng>1

Lemma 2.8. We have

. n("
21, =) L

k-tuple

Proof. This, for instance, follows directly as a special case of the main theorem in [43] (cyclic
formula)

5220, 1) =k gi(k+ 1) — (k—1) - 55(k)

k-tuple
and properties of binomial coefficients. |

This concludes the proof of Theorem 1.1 (i).

Remark 2.9. One can show that the adjacency matrix of '3, 2 has determinant (—1)*+1(k + 1).
Consequently, the graph series associated with I'si1o may be interpreted as the character of the
principal subspace Wr,, ., corresponding to a non-degenerate lattice L of rank 3k+2; see [40]. It
would be interesting to investigate g-series identities arising from distinguished Wr,,  ,-modules
associated with irreducible Vz-modules. For the case k = 1, such identities were studied in [15].

2.3 Graph series of star graphs T5 2

Recall that an f-star graph is a graph (more precisely, a tree) consisting of a central vertex of
valency ¢ together with ¢ legs of arbitrary length. In particular, every ¢-star graph has exactly £
leaves. An /f-star graph is called simple if all of its legs have length one. The graph series
associated with simple (-star graphs were studied in [15].

Next, we define a family of graphs Thx o, for k > 2, each having 2k + 2 vertices. The graph
Tokyo is a (k + 1)-star graph with k legs of length two and one leg of length one. We label the
central vertex by 1. The leaf vertices are labeled by 3,5,...,2k+1 and 2k + 2, where the vertex
2k + 2 corresponds to the short leg. The vertices 2,4,6,...,2k all have valency two. For k = 2,
the graph Ty coincides with the Dynkin diagram of type FEg, while for k = 4 the corresponding
graph is depicted in Figure 4. .

The Hilbert series of Rr,, ., is easily computed giving Hy(Rr,, .,) = g&;ﬁl

To compute its graph series, and finish proving Theorem 1.1, we only need basic manipulations

with g-series.
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7 10 9

N -
~

3 2 1 4 )

Figure 4. Tj( graph.

Proposition 2.10. We have
+h—2
Z (nk—l )qn
i
(@)5

Proof. By definition, the graph series of Tog o is

Hry, ,(q) = Z d

n1,..,M2k4+2>0

HT2k+2 (q) = q_

Z?iiﬁ n; +nln2k+2+2?:1 (ningj+nzjnzjt1)

(Q)m (Q)TLQ T (Q)n2k+2

First, we sum over the variables n3, ns,n7,...,nog11. For each of these variables, the summand
r(n;+1)
has the form 4 ——

variable. By the Zj—binomial identity

z" 1
Z (Q)r T (7 7

, where r denotes the variable being summed and n; is the adjacent remaining

T‘ZO (Z) Q)OO

we obtain
o1 (o
= @ (@ hde (9

The numerator (q),, cancels the corresponding factor already present in the denominator of
the original summand. Since there are k£ such summations, their total contribution is ﬁ.

We next sum over the remaining intermediate variables no, ng, ns, ..., nog. After the precediilog
cancellations, each of these variables occurs only through a geometric factor ¢"(" 1. Hence
Y >0 grmtl) — Hﬁ' There are k such geometric sums, and therefore together they con-
tribute m.

To prove the assertion, we observe

n

—k
DR ST (o PR

n>1 n>1£>0
k+0—2\ ¢
_ Z k+€—2 anZZ(kl)q -
(-1 1—¢qt
>1n>1 >1

The edge algebra of Thi,o is not always Gorenstein (e.g., T1p). However, we still have the
following,.

Proposition 2.11. The edge algebra Ry, ., is Cohen—Macaulay for every k > 1.

Proof. As already pointed out, Thx 19 is a bipartite graph with the bipartition

X={1,3,....,2k+1} and Y =1{2,4,...,2k+2}.
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We relabel the vertices as
ri=2i—1, 1<i<k+1, and y i =2k+4—-21, 1<i<k+1.
With this notation, the following clearly hold:
(1) z; ~ y; for every i,
(2) if Ti ~ Yy, then ¢ < j,
(3) for i < j < k, the condition z; ~ y; and z; ~ y; implies x; ~ yi. However, this never

occurs since x; ~ y; and x; ~ y; does not happen simultaneously.

These conditions (1)—(3) are necessary and sufficient for Rp (when I' is bipartite) to be Cohen—
Macaulay [27, Theorem 3.4]. [ |

2.4 Graph series and multiple g-zeta series

Now we are ready to explain how to construct all multiple g-zeta values in the framework of graph
series and thus of vertex algebras. As already discussed in the introduction, we are interested
in the ¢-MZV model given by

ni

. B q
5q(a17~--7ak)_ Z (1_qn1)a1...(1_an)ak'

ni>ng>-->nE>1

Consider a disconnected graph with 2k vertices {1,...,k,1’,... k'} and k edges:
1-1/ 2-2 3-8 4-4' 5-5 - o ek}

We next construct a graph, denoted by Z,, . 4,, which will contain the above graph as a sub-
graph. In this new graph, the nodes denoted by 1’,... k" are leaves (so they are only adjacent
to 1,2,...,k, respectively).

To construct our graph, we attach various simple star graphs to the underlying graph with 2k
vertices. For better transparency, in parallel, we consider the graph 71122 displayed on
Figure 5.

We first attach a; simple (k + 1)-star graphs to the k nodes enumerated by 1,2,...,k (e.g.,
on Figure 5, we attach one 6-star graph with the central node 6 to the nodes 1, 2, 3, 4, 5). Then
we attach ao simple star graphs with k legs to the kK — 1 nodes enumerated by 1,2,...,k — 1
(e.g., on Figure 5, we attach one 5-star graph with central node 8 to the nodes 1, 2, 3, 4). We
continue until we attach aj 2-star graphs (i.e., paths of length two) to node 1 (e.g., on Figure 5,
we attach two 2-star graphs with central vertices 16 and 18 to node 1).

The Hilbert series of Rz, can be recursively computed using the relations

..... ag,

. L g @t
Ht(RZal """ ak) = Ht(RZa1—1 ,,,,, ak) + (1 _ t)k+1 (1 — t) ’

= Hy(Rz,,

A closed formula for Hy(Rz,, ) is somewhat messy so we do not display it here.
For the graph series, we have the following result:

B q '3i(an,. .., ax)
(q)gé-&-m-&-ak-i-k
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17 13 11

16 12 10

AN

1<1 2-2 3-3 4-4 _5-5

\W

18 14

19 15 9 7

Figure 5. Graph Z;1,12,2.

sdady

Proof of Theorem 1.3. Again, the proof is easier to follow by considering an example in par-
allel; see Figure 5. We first sum over all (k + 1)-star subgraphs. By definition, there are a; such
subgraphs. For each subgraph, we start from the leaf node s (for instance, node 7 in Figure 5)
and the central node ¢ (for instance, node 6 in Figure 5). This leads to the following summation:

Z q"

ng,mt>0

s(ne+1)+ne(ni+--+ng+1) t(n1+---+ng+1) 1

N -
Q)ns (q)nt Z nt+1 )nt B (q)oo(l — qn1+"~+nk+1) )

ng = >0

Repeating this a; times (observe that the summation variables corresponding to the relevant
subgraphs are independent) results with
1
(@) (1= qrt-met) ™

We repeat the same procedure for k-star graphs attached to 1,2,...,k — 1. These subgraphs
contribute with
1
(@)% (1 — grittmeatl)®

We continue until we sum over paths of length two (e.g., nodes 17 and 16) attached to the node
1. Here the contribution is

1
()3 (1 — gm*t)™

We also have to sum over the variables that correspond to the “prime” nodes:

qn’1 (n1+1)4-+n} (ng+1) 1
n’l,.;n;go (@ (@, - () (qtt)
Combining everything with the final k-fold summation over nq,...,ng, we quickly get
1 qn1+“‘+nk
(@)F= "y Teso (1= q=im )™ (1= glimi met )™ (1 — grt) ™
Setting ny +no+---+ng+1—=>my,ny+no+---+npg+1—mo,...,n1 +1 — my proves the

claim. [ |
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Remark 2.12. Observe that Z,, . ., is a connected bipartite graph. Using exactly the same
type of argument as in the proof Proposition 2.11, it follows that the rings Rz, o, Ar€ Cohen—
Macaulay.

2.5 Algebra of graphs series

The set of all graph series of simple graphs is closed under the multiplication

HF1 (Q) ’ Hl"z (Q) = Hl"1691"2 (q) (2'4)

Under this operation we form a QQ-algebra
G = Q(Hr(q) | T € SGraphs/~),
taking the Q-span over all isomorphism classes of simple graphs. This algebra is filtered,
G=JGn  Gn Gm CGmin,
n>0

where G, is spanned by all Hp(q) where I" runs through the set of (non-isomorphic) graphs with
< n vertices, and Gy = Q. As we already indicated, apart from the obvious relations (2.4), new
relations start to emerge for graphs with six and more vertices. Moreover, this Q-algebra is not
graded, as is visibly seen from the (non-homogeneous) relation

Hrygpe = 2H1,(q) — Hryopt (q),

a consequence of Theorem 1.1. Let gr(G) denote the associated graded algebra of G. Summa-
rizing the previous discussion:

dim(gr(G);) =1, dim(gr(G)2) = 2, dim(gr(G)s) =4,

dim(gr(G)4) = 11, dim(gr(G)s) = 34,
all coinciding with the number of non-isomorphic graphs on 1 <n <5 vertices, but dim(gr(G)s) <
156, the number of non-isomorphic graphs on six vertices. Most graph series are unfamiliar ¢-
series even for graphs with a small number of vertices. For instance, among the 21 connected
graphs with five vertices, their graph series Hp(q), modulo multiplicative powers of the Euler

product, do not appear in the OEIS database [46], except for He,(¢) and Hp,(q), which were
studied in [15].

2.6 Quasi-modularity and graph series

We end this part with some comments on quasi-modularity of ¢-MZVs. This feature is important
and directly related to conjectures on graded dimensions of the algebra of ¢-MZVs. For classical
multiple zeta values, we have a well-known formula [28]:

Z C(Qko(l)a SRR 2kja(n)) € Q[ﬂj]‘
o€Sn

More precisely, the left-hand side can be expressed as a sum of products of the ordinary zeta
values ((2k). For ¢-MZVs, this type of formula is formulated in terms of (,(2k) or, equivalently,
in terms of quasi-modular forms. Either way, [13] shows that

Cq(2k, 2k, ..., 2k)

can be expressed as a polynomial in g-zeta values (,(m). Even though [4]
(4(2,2,...,2) € OM,

in general

Co(2k, 2k, ... 2k) ¢ QM.
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3 Multiple g-zeta values, quasi-modular forms, and characters
This section contains the second part of the paper. Throughout, we let 7 € H, z € C, g = >™7,
and ¢ = e*™*. Unless stated otherwise, all identities involving Fourier series in ¢ are interpreted
in the annulus specified in the statement, which determines the corresponding geometric-series
expansion of each denominator. We begin by recalling the elliptic and quasi-Jacobi functions
needed for our constant-term computations and then apply these techniques to characters of
genus-zero class-S vertex operator algebras.

3.1 Elliptic functions, theta functions, and quasi-modular forms

We present some basic (and mostly well-known) results on elliptic functions, (quasi)-Jacobi
forms, and their Fourier coefficients. We closely follow [34].

The Jacobi theta function is given by

. o . 1
19(2;7_) — E : emin T+27T17’L(Z+2).
nGZ—i—%

We also define Eisenstein series with their g-expansion, for integers k£ > 1 (and with the usual
convention that Es is quasimodular)

(27Ti)2k n2k71qn o
G = 2((2k =7
Zk(T) C( )+ (2]6—1)' 1_qn ; q € )
n>1
and slightly normalized versions
4k n2k71qn
E =1-—— _ 3.1

where By, is the Bernoulli number. Recall that QM us the ring of quasi-modular forms for the
full modular group discussed earlier. A famous result of S. Ramanujan is that

d
<q> : QM — OM,
dg
so QM is a differential ring. This well-known fact is employed throughout this section and in
later parts.

The Weierstrass (-function® and the p-function are defined as

1 1 1 z
(z7) = z+(n7m%:(0’0) <z—m7—n + mr+n + (m7'+n)2> ’

1 1 1
p(ZaT)_?_’— Z -

(I (0.0) (z—=m—n7)2  (m+n7)?’

oy LA
§(57) = 59l

27iz

3Not to be confused with the Fourier coefficient ¢ = e used below.
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Their Laurent expansions around z = 0 are then given by

1
T)= o Z Ganga ()27,

n>1

1
p(z;7) = =t 2(211 + 1)Ganya(1)2%",

n>1
O (7)== — Y n(2n + 1)Ganpa(r) 2?1,
n>1

For concrete computation, it is convenient to use the so-called P-functions or “propagators”
(widely used for computations of genus one correlators in CEFT and vertex operator algebra [52]):
k 1<n n

7“ k—1,—n
Pu(Ciq) = 2 ,Z( e (- 1)’@’””1_@;1”).

n>1

Then inside |q| < [¢(7!] < 1 we have

Py (e*™*,7) = —((2;7) + Ga(7)z — mi, (3.2)
P (e%iz, 7') = p(z,7) + Ga(1), (3.3)
Py (e%iz,v’) = —¢/(2,7). (3.4)

Similarly, Py (e%iz; 7'), k > 4, is proportional to the (k—2)-th z-derivative of p(z; 7). The second
and the third relations (3.3)—(3.4) are equivalent to the following:

ol = ~Gar) + mi)? 3 (Lo 4 ).

2\ -

, _ ) n2qn<n n2<7n
den =6 T (505 - i)

n>1

To see that (3.2) holds, we require an identity
¢ < g q"¢ > 1 ( ¢"q" ¢ >
- + — - - - , 3.5
(-1 zzl 1—=¢tgm 1-g"¢) 2 l—q" 1-q" (3.5)

again valid in |g| < [¢7!| < 1. We denote either side of (3.5) by Ji(z; 7). This function does not
transform as a Jacobi form, instead we have

M

Ji(z+mT+n;7) = Ji(z;7) —m,
-1
J1 (Z;T) =7J1(2z;7) + 2.

We also require o(z;7), which can be defined using the theta function [34]

o(z;7) = —exp (771222) Qi(:é:))a’

where 177 = G2(7) in the normalization of [34]; for our purposes, it is a function of 7 only and
will not be used elsewhere.
Functions g, ¥, and o are related through a fundamental relation [34]:

(21;7) — p(22;7) = o(z1 + 22, 7)o (21 — 22;7) _ 921 + 22; 7)(21 — 29;7)
o o o215 7)o (22;7)* A2 (213 7)20 (22; )% (7)5

(3.6)



Generalized ¢-MZVs and Characters of Vertex Algebras 19

Our next result concerns the constant term in the Fourier expansion of elliptic functions with
respect to ¢ = €2>™#. This result is well known and has appeared previously in the literature;
see, for example, [26, 40]. In the present work, however, we adopt the approach of [14], where
all Fourier coefficients of certain index-zero Jacobi forms are investigated, rather than focusing
solely on the constant term.

Proposition 3.1. Let f(z;7) € Clp(2;7),9'(2;7)]. Then, in the range |q| < C_1| < 1, the
constant term CT¢f(z;7) belongs to QM, and the non-constant terms CT¢f(z;7)(", r # 0,
are not quasi-modular.

Proof. We may assume that f = p"(p’)%. Using the Weierstrass equation

(9)? = 40" — ga(1)p — g3(7),

where go(7) and g3(7) are multiples of E4(7) and Eg(7), respectively, every higher power of ¢’
can be reduced to the cases s = 0 and s = 1. We use the Laurent expansion in the variable z
around zero to write

f(z;7m) = Z M—FDQ(Z’)-FO(Z),

A—2i
0<i<i

where the z-coefficients Dy_o;(7) are holomorphic modular forms of weight 2i that can be ex-
plicitly computed using the Laurent expansion of p and @', and £ = 2r + 3s. Of course, Dy(z)
could be zero depending on the parity of s. To compute the (-constant term, we proceed as in
[14, Theorem 1.1] dealing with a particular Jacobi form of index zero (the case when m is even
in [14] is precisely the case of elliptic functions here).

For the nonzero Fourier coefficient f,(7), r # 0, we compute the contour integral

f(w; 7)6_2”1”" dw,
oP.,

where
P,={2+rr+s|0<rs<1},
in two different ways: directly as a contour integral, and by the residue theorem by choosing

9

N[ =
o

20 = —

so that the only pole inside the contour is at z = 0. This quickly leads to a formula for the r-th
coefficient, which is quasi-modular if and only if » = 0 and not quasi-modular otherwise (see
[14, Theorem 1.1]). More explicitly,

CTCf(Z; 7') = Do(T) + Z )\iDQi(T)EQi(T),
i
where \; are some coefficients. This is certainly contained in QM. [ |

3.2 Quasi-Jacobi forms

We are also interested in Fourier coefficients, or more precisely the constant term, of more
general functions that include 7-derivatives of elliptic functions. For that we need the concept
of quasi-Jacobi forms (see [37, 42, 50] for instance). We are only concerned with the subspace
of meromorphic quasi-Jacobi forms of index 0 with poles at L, = Z7 + Z. These are known
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to form a subring 07" = C|Es, E4, J1, 9, ¢] inside the ring of quasi-Jacobi forms QJ :=
C|F, Es, E4, J1,9,¢'] (Eg can be omitted from both rings though), where F is a particular
quasi-Jacobi form of non-zero index not needed here [42]. Besides J;(z;7) mentioned earlier, we
also require more general quasi-Jacobi forms (k > 2):

Ju(zim) = Br—k Y N+ (DR

n,r>1

Next we define the polynomials p,,(z), m > 2 via

nmflxn — xpm(x)
2 (

= 1—z)m

For instance, po(x) = 1, ps(x) = 1 + z, etc. These are known as (slightly shifted) Euler’s
polynomials. The next result is elementary and essentially follows from the definition of p,,(z).

Lemma 3.2. We have

(1) For every even s >0, and k > 1,

Z 7°q"par(q") € OM.

_ 2k
= (1—-q7)

(2) For every odd s > 1, and k > 1,

r°q" (14 q")par(q”)
(1 — gr)2k+1

€ QM.
r>1

Proof. For (1), it is enough to observe:

a—1_n

qupa-‘rj(qr)_ g oa+ji—1 nr __ i g a—1_nr _ i g noq
SR S et = (o) S e = (ag) S

r>1 r>1,n>1 r>1,n>1 n>1

This implies that, for every s and k as above, we may choose a > 2 and j > 0 such that the sum
in (1) is a (higher) derivative of an Eisenstein series, or an Eisenstein series with its constant
term removed. Similarly, any series appearing in (2) can be expressed as a linear combination
of derivatives of two Eisenstein series. In either case, the resulting sum lies in QM. |

Theorem 3.3. Let f(z;7) € QJ°. Then in the range |q| < ’C_l‘ <1, CT¢f(z;7) € QM.

Proof. Compared with Proposition 3.1, where f is doubly periodic in z and belongs to C|gp, ¢'],
the only new issue is the contribution of Ji(z;7) and thus it suffices to prove the statement for

flzr)=Ji(z; 1) g(z71),

where g(z;7) € Clp, ¢'] is elliptic and j > 1. We use induction on j. For j = 1, we have to
analyze

Ji(z7)g(27),

where g(z;7) is elliptic. We will compute the constant term by expanding g(z;7) = ("g,(7),
where go(7) is quasi-modular (possibly zero) and non-zero Fourier coefficients are given by [14]

o) =75s 3 D), v
0<t<m/2



Generalized ¢-MZVs and Characters of Vertex Algebras 21

and

g(r)=—7—— D, D). r<0,
q 0<t<m/2

where the parity of m depends on the parity of the z powers in the Laurent expansion of g(z;7),

and Dy(7) are modular forms as in Proposition 3.1. Multiplying out J;(z;7) = %+Zn21 (fi—‘é: -

%) and ¢(z; 1), we quickly find the constant term of Ji(z;7)g(z;7) to be

1 m—20—1 .7 T)mfﬂflqr

S0 = Y DZ(T)ZTQ_*QT)‘Q— > De(T>Z(_(1_qr)2

0<b<m/2 r>1 0<b<m/2 r>1

If m is even, then the two sums cancel out and we end up with £go(7) for the constant term
which is certainly in QM by Proposition 3.1. If m is odd, then we get a contribution from the
sum
> i
_ 27

= (1-q)
where s :=m —2{—1 > 0 is even. For s = 0, this sum equals 5;(1 — E»(7)) € QM. For s > 2,
the sum is the first (qd%)—derivative of the Eisenstein series Es_1(7) and thus in QM.

For the induction step, we need [41, formula (11)] that allows us to express Ji as a linear

combination of Jy, an elliptic Jacobi form K, and quasi-Jacobi forms involving Jf, k < £, for
which the induction hypothesis applies. Thus in order to finish the proof we have to argue that

CT¢Je(z;7)g(2;7) € QM,

where g(z;7) is elliptic. As in the j = 1 case, we first observe that

L ()
(=i = 3 (LG + 0 TR,

where py are as above. We distinguish two cases: £ is even and £ is odd. Assume first that £ = 2k
is even. After we multiply out Fourier expansions and extract the constant term as above, the
constant term takes the shape

Z ¢*"*par(q") —(—1)° Z q"r°pax(q")

(1 _ qr)2k+1 (1 _ qr)2k+1’

r>1 r>1

where s := m — 2n — 1 could be either even or odd. For s even, we have

8 q* por(q”) rq"par(q") r8q"por (q")
—(—=1)® - _
é:l (1 _ qr)2k+1 ( ) Z (1 _ qr)2k+1 Z (1 _ qr)Qk

r>1 r>1

whereas for s odd, we obtain

r°q* par(q") r5q"par(q") r5q" (1 + ¢")par(q”)
> +> = :

gt (1 _ qr)2k+1 (1 _ qr)2k+1 - (1 _ qr)2k+1

r>1 r>1

By Lemma 3.2, both series are in QM. Similarly we argue for £ odd. That completes the
proof. |
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Denote by D, = %@ and D, = 552 and let s(x,y) € Clz,y] be a polynomial with

71 0z 27 07>
complex coefficients.

Corollary 3.4. Let f(z;7) € QJY. Then
CT¢(s(Ds, D7) f(2;7)) € QM.

Proof. We only have to argue that the ring Q7" is closed under D, and D,. This can be
verified explicitly on the generators Ji, p, ¢, E4, Fg (see, for instance, [42, 50]). |

An important special case involves products of derivatives of the P-functions introduced
earlier. A similar result appeared previously in [26, Proposition 5.9], though our proof differs.

Proposition 3.5. We have

(1) Form>1andk>1,

CT¢(Py(¢;m)™) € OM.

(1) More generally, for every polynomial s(xz,y) and k > 1,

CT¢{(s(D7, D2) (¢ 7)™} € QM.

Proof. Part (ii) follows immediately from Theorem 3.3, Corollary 3.4, and formulas (3.2)-
(3.4). |

3.3 Characters of genus zero class-S vertex operator algebras

In this section, g denotes a finite dimensional Lie algebra of ADE type for simplicity. In the
introduction, we constructed a ¢-MZV function associated with g, (5q(ka;a € AL). Letting
ko > 1, we consider a slightly different ¢-MZV model where all k, are equal and there is an
extra polynomial dependence on the labels of A € P;:

k(A +p,p)
. q
¢s (k)= (dim(V(A))? .
b =2 Moca, (- P}

The boldface symbol V ; denotes Arakawa’s vertex operator algebra attached to the Lie alge-
bra g (actually our notation Vg corresponds to Arakawa’s V‘é p With g = Lie(G) and b = k+2;
see [5]) and the positive integer parameter k; it should not be confused with the ordinary italic
letter £ used as a summation or weight parameter elsewhere. Here V() is the finite-dimensional
g-module of highest weight A, so that dim(V(\)) can be computed using the Weyl dimension
formula and p = % Y ac A, Ovis the half-sum of positive roots. Then we have a remarkable result
of Arakawa on class-S vertex operator algebras motivated by the previous very important work

of Beem, Rastelli and others [10, 11].

Theorem 3.6 ([5]). For every k > 3, there is a vertex operator algebra Vg, such that

BVael(r) = s Ch (= 2) (3.7

n(r

where my j, = dim(g)k — (k — 2)rank(g) is a positive integer and n(t) = ¢*/% [Iis:(1— q') is the
Dedekind n function.
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Remark 3.7. Although this seems to be implicit in the literature, it is expected that
dim ng’k = mgy,

where Xv_, is the associated variety of Vg;. In the 4d/2d correspondence, the associated
variety is expected to recover the Higgs branch of the corresponding four-dimensional theory,
while the vertex operator algebra character is identified with its Schur index. Thus formula (3.7)
suggests that the generalized ¢-MZV is the infinite-dimensional analogue of the numerator in
a Hilbert-series presentation: it contains the non-free contribution after the universal product
factor has been separated. We use the phrase “Hilbert-series numerator” here, rather than
“h-series”, to avoid confusion with the h-polynomial of a finitely generated graded algebra.

Example 3.8 (g = sl). For k > 3,
ko (k—2)
k n-q:
k—2)= —_— .
Gala g ( ) nzz:l (1— g2
Example 3.9 (g = sl3). For k£ > 3,
q(m1+m2)(k72)
(1 _ qml)k‘—Z(l _ qm2>k‘—2(1 _ qm1+m2)k—2 :

Gogk=2)= " (mima(m +ma))*

mi,ma>1

It is not hard to see that we also have

q*=2 G Ty (= 1+ ) (n—it1)m)

Gingk=2)= > IT (mit-+my)t

' . it tmy k-2
mi,...,mp>1 \1<i<j<n HlSZSJSH(l q )

This can be rewritten as

L(k—2)(imi+-+im;)
k k9°
Caly 1.9k —2) = Z H <(mi e tmy) (1- qmi+"'+mj)]€—2> :

mi,...,mp211<i<j<n
Based on the sly case studied by Beem and Rastelli [11], it is expected the following.
Conjecture 3.10. We have

(1) For k > 3 even, Cf[n+17q(k — 2) belongs to QM and for k > 3 odd it belongs to QM[2] :=
Q[Ea(7), (1), 03(7)*] 4

2 F(” k > 3 ﬁb(i h(:” a 15(27 h V g T a ()l t 0 o] a Od Lan l earn d l
’U)Z]f coe CZe’I’L]’ZS m 01 5 epe’ll an on 1& e pa (3 y .

Beem and Rastelli verified these conjectures for numerous examples for g = sly (for both &
even and odd) and also for additional examples coming from genus g > 1 theories. These higher-
genus theories are not discussed in Arakawa’s paper but presumably correspond to characters
of (mostly unknown) vertex operator algebras due to 2d/4d correspondences [10]. In [16], we
proved a broader theorem that implies the even-parameter quasi-modularity assertion in Con-
jecture 3.10 (1) for the relevant A-type series. It does not by itself prove the MLDE assertion in
Conjecture 3.10 (2). Theorem 3.13 below supplies a direct, self-contained constant-term proof
for the first non-trivial case g = sl3, while Proposition 3.14 treats the corresponding symmetrized
family.

4Tt is possible to formulate a slightly stronger conjecture depending on whether or not p € Q, where Q is the
root lattice of g.
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3.4 Bi-brackets of multiple g-zeta values of a Lie algebra g

The notation in this subsection is independent of the one-variable zeta values in (1.6); here
the square-bracket notation records two arrays of parameters, following the terminology of bi-
brackets. Motivated by Arakawa’s character formula, we can also define more general multiple
g-zeta series, reminiscent of the bi-brackets construction in the setup of ¢-MZVs [7, 8, 9]. For
simplicity, we again only discuss the A-type here so the positive roots are parametrized by the
segments [i, j], i < j.

Let k[i,j] >1,1<i<jand S[i,4] > 0 be integers, and

Colnyn g [k[iJN lsisgs n]
sy 1<i<ji<n
k[zg (Zml"" +]mj)

q2
— . [
: E H (mi + -+ my)sl T

mi,emp>1 1<i<j<n

With this definition, we have

ki) = ks 1§i§j§n}

k+2
Cﬁ[n+1,q |:8[i,j] =k+ 2; 1 <1 S] <n Cﬁ ( )

[n+17q

Based on many examples, we expect a symmetric formula to hold.

Conjecture 3.11. Assume that all kj; ;) are even and s = sy; ;) for all [i, j]. Then

Z Cs[n+17q [ka[l,l]a ka[l,Q]a s O'[TL n ] € QM

oceW
where k—[l,]] = k[z,]]
One can also formulate a similar conjecture for other root systems. We also expect quasi-
kg 1 1<i<j<n
[i.4]5 1S0<7

- } provided that k., and s, have the same parity.

modularity to hold for G, ,,.q | 17 15520
i,7]0 tt>T >

3.5 Example: Quasi-modularity for s[(3)

The quasi-modularity of s[(2) ¢-MZV values and their modifications is well known to experts,
and therefore we only briefly comment on this case. Recall the Lie-theoretic ¢g-multiple zeta
values introduced in (1.6). In the simplest case g = sla, one has

nk

Cslz,q@k) = Z (1_(]7)%

n>1

It is well known that, up to an additive constant, these Lambert series are linear combinations
of Eisenstein series and consequently,

Cﬁ[g,q(2k) 6 QM

Similarly, for every k£ > 1, there exist constants c;; € Q, 1 <7 < k, such that, for every n > 1
and a > 0, the following identity of rational functions in ¢ holds:

2k+a nk k 2k+1-2¢ _2i—1+4a,.n
n d n
S (o) o)
(I—q") — dg 1—gq

Summing over n and letting a = 2 immediately gives

d 2k+1—24
52[1;;2 (2k) ZC’“ ( > Ea19i(q) € Q[Fs, Ey, Eg).
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Corollary 3.12. For integers k > 1 and a > 0, we have

k 2i—1+a n n 2i—1+a, n,—n
iy n q"¢ n q"¢

§ Ck’ink'-i-l 2% ( - + (_1)a+1 - >

i=1

n>1 1-q 1-q
_ Z <n2k+aq:k§kn N (_1)an2k’+aqr;k€;n> | (39)
—\(1-q) (1—q")

Equipped with (3.9) and results from Section 3.3, we are now ready to prove the following.

Theorem 3.13. Let k > 1 and let a > 0 be even. Then
q2k(m1+m2)

(1 _ qml)QkJ(l _ qmz)Qk(l _ qm1+m2)2k € QM

Z (mlmg(ml + m2))2k+a

my,me>1

In particular, taking a = 2 gives (2k+2(2k‘) € OM.

Proof. Keeping a even, we prove that

q2k(m1+m2)
(1 _ qm1)2k(1 _ qm2)2k(1 _ qm1+m2)2k

Gite@k) = Y (mima(my 4 mg))?He

mi1,ma>1

also belongs to OM. Keeping a even, observe an identity

3
2k+a nk n 2k+a nk —n
S n=r "¢
CT¢ Z i T (=1 n\2k
= (1—q7) (1—4q)
3
n2k+aancn n2k+aanc—n

+
= (1 _ qn)2k (1 _ qn)Qk

= CT,

2k(m1+mz)

))2k+a q

=6 Z (mima(my +my (1 — gm1)2R(1 — gm2)2k(1 — gmitma)2k’

mi,me>1

where in the last step we expanded the triple product as triple sums and we extract the constant
term from each individual term. Formula (3.9), together with Proposition 3.5, now gives the
assertion. |

The value of the present argument is not merely the abstract quasi-modularity conclusion:
it identifies the relevant g-series explicitly as constant terms of concrete index-zero quasi-Jacobi
forms and gives a direct proof that can be adapted to further graph and Lie-theoretic series.
This complements the more general result of [16] and explains the mechanism behind the first
non-trivial sl3 examples.

The method in Theorem 3.13, together with Proposition 3.5, can be used to prove the quasi-
modularity property for additional ¢-MZVs associated with sl3. For example, expanding the
triple product

2k+1 2k+1 —
> ( G m T
1— g™ 1—qg™
mi,mg,m3>1 4 q

y m§k+1<m2 me + 2k+1<— mo 2k+1<~m3qm3 + 2k+1< ms
1_qm2 1_qm2 1_qm3 1_qm3
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and extracting the constant term gives

2k+1 myi+ma

(m1m2(m1 —|—m2)) q
Z (1—qm1)(1—qm2)(1—qm1+m2) € QM.

mi,me>1

More explicitly, for &k = 1, we get

3 qm1+m2
mima(my + me
ml%x( ( ) (I—gm)(1—qm2)(1 —qmitm2)
S BR) o () — s Bal(r) Ea(r) Ei(7)
~ 570240 T T) — T T 7).
570240 ° 798336 ' 332640 "2\ T)FalT) o

Our next result concerns (yi, ¢(2k) values.

Proposition 3.14. For every k > 1,

<5[3,q(2k) S QM

More generally,

> Gotga(2ko(1): 2kin(2), 2kin(3)) € QM. (3.10)

o€Ss3

Proof. Recall the series Ji(z;7) from Section 3.1. Using formula (3.8), up to an additive
constant, we can write (here k > 1)

knzn knz—n
Qr(2;9) = Z ((1q qn)Qk + (1q7 qn)2k>

n>1

as a linear combination of Jo, := ﬁ(ng — Jor(2;7)), which are already in Q7°. For instance,

3n ,n 3n.—n
1= U W S P SN S
,; ((1 —qn)8 * (1-— q”)6> - 120J6(Z77') 24J4(Z77') + 30J2(z,7').

The rest follows as before by expanding the triple product

3
kn n kn, —n
q""C q"C
CT¢ Z (1—qn)2k + (1—qn)%k = 6Cs15,4(2K).

n>1

To prove (3.10), we expand the triple product

qklnCn N qk1n<fn quncn N quann
Z _ 2k _ 2k Z _ 2k _ 2k
s =g (1—gn)h (=g (1—gn)*e
ksn n ksn —n
q°"¢ q="¢
X + ,
,;1 (L—gn)*s = (1—qn)*hs

which results in eight triple sums. Two sums do not contribute to the constant term, and the
remaining six sums give the left-hand side of (3.10) after taking CT¢. |
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Remark 3.15. We expect (7 (k) ¢ QM whenever a + k is odd. For instance, some manipu-

lations with g-series as in [3] gives

qn-l—m _ d qn n2qn
2 (1=g")(1—gm)(1—g™t™) __<qclq)zl—qn+zl—q”

n,m>1 n>1 n>1
and
2 2.n
nmqg™t™ B d q® d n4q
2 (1—q”)(1—qm)(1—q”+m)__<qdq Zl—q”Jr Tdq Zl—q”'
n,m>1 n>1 n>1
Sums like anl % and Zn21 i—?}:, including their derivatives, do not belong to QM. How-

ever, many series of this type are holomorphic quantum modular forms (after Zagier). Closely
related g-series also appeared in the study of graph series of type A [15].

4 Characters and supercharacters of the U family
of vertex operator (super)algebras

In [1], Adamovié¢ and the author introduced an infinite family of vertex operator (super)algebras,
somewhat analogous to those appearing in the class-S and in the Cvitanovié—Deligne series
[6, 10]. We refer to this family as the ¢ family of vertex operator (super)algebras and denote
its members by (™). As demonstrated in [1], for each integer m > 3, U™ is constructed as
an infinite (super)extension of the simple affine vertex operator algebra V_;(sl(m)) of central
charge —(m + 1).

When m is odd, U™ is a Z-graded vertex operator superalgebra, and it is therefore natural
to consider its supercharacter sch[i/(™)](7). Recall that the supercharacter of a vertex operator
superalgebra is defined by taking the difference of the graded characters of its even and odd
subspaces. Equivalently, it is obtained by replacing the ordinary trace in the definition of the
character with the supertrace. When m is even, U™ is a vertex operator algebra with %Zzo-
grading. For simplicity, we restrict our attention here to the case where m is odd; see Remark 4.5.
The main motivation for the study undertaken in [1] was the following:

Conjecture 4.1 ([1]). For every m > 3, the vertex operator (super)algebra U™ is quasi-lisse.

One of the main results of [1] is that the characters and supercharacters of a distinguished
family of 4(™)-modules (including 4™ itself) exhibit quasi-modular behavior. This observation
provided one of the primary motivations for the conjecture.

In this section, we present two new results on supercharacters that refine and extend the
results of [1]:

1. We derive a more explicit formula in terms of the constant terms of powers of the Weier-
strass elliptic function, in the spirit of the computations carried out in Section 3.3.

2. We prove that the supercharacter can be expressed in terms of quasi-modular forms of
a specific type on the congruence subgroup I'o(m).

An important role in our construction is played by the index-zero Jacobi form
ma1 V(mz; mr)
Wz )™

where €, is some non-zero constant defined in [1]. Then we have the following result.

Fn(2;7) = €mn(7)

Theorem 4.2 ([1]). For m odd, we have (in a suitable {-range)
CT¢Fo(z;7) = schid™)](7),

where as before ( = e*™7,
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4.1 Supercharacters of U™ via elliptic functions

Using the notation from [34], let

r
Gan(0,4)(T) =9 (Nﬂ')
with 1 < r < N — 1, a certain weight two Eisenstein series of level N. Then we have for
A= (2b) eSL(27),
atr +b

GQ,N,(O,%) <CT n d) = (et + d)2G2,N,A(O,%)(7)'

Consider now ¢|N, so that ged(d, N) = 1. Then the right-hand side equals
(CT + d)2G2 N (cr d'r)(T) - (CT + d)QGQJV,(O,%)(T)

In other words, elements of I'g (V) permute the Ga-series. Using p(—=z;7) = @(z; 7) and letting N
be odd, we see that

(N-1)/2

Z Gi2,N,(0,2)(T)
a=1

is invariant under I'g(/N). Similarly, we evaluate elementary symmetric polynomials e;(x1, ...,
T(N-1)/2), 1 <P < (N —1)/2, at G27N7(07%)(7_) and construct genuine modular forms on T'g(V),
which we denote by G;(7) (observe that G1(7) comes from x1 + xg + -+ + 2 (y_1)/2). These are
modular forms of weight 2i.

Now we are ready to give a new formula for the supercharacter of U expressed using CT o(2)k.

Proposition 4.3. We have the supercharacter formula

nmr)® "R
sch{U/™](7) = o T > (~1)FGR(T)CTep(z: 7)F,
k=0

where py, # 0 is a constant depending only on m.

Proof. We first recall identity (3.6) that allows us to write

oy o () Z Ot E) - i)
p(z;7) K’(m’ > 4m20(z;7)20 (L5 7) ()6

Multiplying out these relations from j =1,..., mT_ (here m = 2k + 1 is odd!), using

Ed

k
2 27y
(1 2]’”'1 H 1 — :re2k+1 1 — xe 2k+J1

modulo Euler factors, we can express the Jacobi form F,(z; 7) as the product of p(7) — go(%, 7'),

where 1 < k < (m — 1)/2. After collecting the z-independent theta and eta factors, put
r=(m—1)/2 and a; = p(j/m;7). Vieta’s formula gives

T T
[[&X —a) => (1) Ferilar, ... an) X"
j=1 k=0
Taking X = p(z;7) shows explicitly that the coefficient of p(z;7)* is (=1)"*e,_r(ay, ..., a);

these elementary symmetric functions are precisely the forms denoted by G,_(7), up to the
common normalization absorbed into f,. |
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As an application, we compute the supercharacter for m = 3. We only have to examine
p(z;1) — p(%, 7). Explicit computation with Eisenstein series gives

(&) (;;T> = gGQ(T) - gGQ(?)T).

Combined with the fact that the constant term of p(z;7) is G2(7), we obtain

Galr) — (3Ca(r) — JCa(37)) = —2 Ga(r) + SGa(3T).

This agrees with the formula obtained in [1]:

3 T
sehU®](r) = ’375((37)) <_;E2(7) " 2E2(3T)>

— ¢o (1 + 8¢ + 44¢% + 152¢° + 487¢* + 13527 + - --).

We should point out that Eo(7) — 9E2(37) is not modular on I'yg(3) but quasi-modular. More

3
precisely, up to a scalar, it equals the logarithmic derivative of 777(]‘?:; . Another slightly more

involved example is m = 5. Analyzing p(%7 7'), 1 <19 <2, gives
sch[Ud®](7)
3
n°(57) [ 25 125 3125 625
E —Fs(7)E E —E —F
P (r) <1152 (1) = 19 PATER0T) + 15 Pal57)" + e Pa(r) = 7o Pa(5)

— ¢5 (1 + 24q + 2494 + 175047 + 9750¢" + 45750¢° + - - ).

The appearance of the series Eoi(m7) in these formulas is not an accident.

Theorem 4.4. Assume m > 3 is odd. Then we have

schly/ (™) _ _nmr)”, )’ T
U] () = B ()
where By, (1) € Q[Ea(T), Ea(T), E6(T), E2(mT), E4(mT), Eg(mT)] is a quasi-modular form on
To(m) of weight m — 1.

Proof. Let QM (m) := Q[Ea(7), E4(7), Es(T), E2(m7), E4(mT), Eg(m7)]. We only have to find
a Laurent expansion that involves suitable Eisenstein series. For this, we use a well-known
identity [34]

Iz 1) = —2man (1) - exp (— Z G22]€]{(;T)22k> .

k=1
The Laurent coefficients in the expansion around z = 0 of

J(mz;mt)

Iz )™

are of the form F»;(7) and Ea;(m7). Consequently, they lie in the ring generated by Es;(7) and
Esi(m7) for i = 1,2, 3, and hence belong to QM (m).

Using the same argument as in Theorem 3.3 or in [1], we then show that the constant term
can be expressed in terms of these Eisenstein series together with ordinary quasi-modular forms.
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Finally, to see that F,,(7) is a quasi-modular form on the congruence subgroup I'o(m), it
suffices to observe that

Eém) (1) := Es(1) — mEs(m), E4(mT), Eg(mt)
are modular forms on I'g(m). Therefore, any homogeneous polynomial in
Eo (1), E4(T), E6(1), Eo(m7), E4(mt), and Eg(mr)
is a quasi-modular form on I'y(m). [

Remark 4.5. The same method should apply to the ordinary characters of /(™ and its irre-
ducible modules for both odd and even m. The present paper treats only the supercharacters
in the odd case, where they have a particularly nice form. More precisely, using the formulas
from [1], we have

zm 4 Smr
chd™](7) = emn(r)" ! CT, <19 ( 19(;72);1 )> '

for some non-zero number €,,. Hence, as in Theorem 4.4 we obtain the same type of Eisenstein
series — however the formula is now more difficult to write down due to the shift in the z-variable.

5 Final remarks

We end with a few comments.

(i) We are not aware of examples of graphs I' for which ¢“Hr(q) is modular except if T’
is totally disconnected (no edges). We are also not aware of non-isomorphic connected
graphs whose graph series are identical. However, of course, there are edge ideals of
connected graphs with the same Hilbert series. For instance, R¢, and Rr, where I(I") =
(x129, 173, T324, T4T5, T523) have the same Hilbert series, although their graphs are non-
isomorphic.

To the best of our knowledge, the graphs in Section 2 are the only infinite families of
connected graphs (up to isomorphism) whose graph series can be reduced to familiar g-
series. Even elementary graphs such as paths (and especially cycles) are quite non-trivial
to analyze [15].

(ii) Based on the sl(3) example, we believe that ch[V ;] appears as the constant term in the
Fourier expansion (in appropriate range) of a nice family of meromorphic quasi-Jacobi
forms of index zero in several variables. At the same time, there is computational evidence
that characters ch[Vy ] can be interpreted as certain 1-point correlation functions on the
torus:

trx ofa)g"®

computed on a suitable bosonic space F or a Zso-twisted F-module, for particular choice
of a € F. If so, then [19] would immediately imply Conjecture 3.10 (i).

(iii) The approach based on 1-point functions, combined with [38, 39], can be used to give an-
other proof of quasi-modularity of “correlation functions” in the theory of Hilbert schemes
of point on surfaces [18] and various Bloch-Okounkov type formulas [50]. Another in-
teresting aspect of ¢-MZVs is in the theory of Hilbert schemes of points; see [45] and
especially [48]. It is unclear to us whether their work is connected with ours.
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