(©[2016]
Bud B. Coulson

ALL RIGHTS RESERVED



AN AFFINE WEYL GROUP INTERPRETATION OF THE
“MOTIVATED PROOFS” OF THE ROGERS-RAMANUJAN
AND GORDON-ANDREWS-BRESSOUD IDENTITIES

BY BUD B. COULSON

A dissertation submitted to the
Graduate School—New Brunswick
Rutgers, The State University of New Jersey
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy

Graduate Program in Mathematics

Written under the direction of
James Lepowsky

and approved by

New Brunswick, New Jersey

May, 2016



ABSTRACT OF THE DISSERTATION

An affine Weyl group interpretation of the “motivated proofs” of

the Rogers-Ramanujan and Gordon-Andrews-Bressoud identities

by Bud B. Coulson

Dissertation Director: James Lepowsky

A motivated proof of the Rogers-Ramanujan identities was given by G. E. Andrews and R. J.
Baxter. This proof was generalized to the odd-moduli case of Gordon’s identities by J. Lepowsky
and M. Zhu, and later to the even-moduli case of the Andrew-Bressoud identities by S. Kanade,
Lepowsky, M. C. Russell and A. Sills. We present a reinterpretation of these proofs, with new

motivation coming from the affine Weyl group of sl((2).
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Chapter 1

Introduction

The classical Rogers-Ramanujan partition identities state that

[ =X (1.1)

m>1, n>0
m#0, 2 (mod 5)

H 1 —1qm = ng(n)qn, (1.2)

m>1, n>0
m#0, +1 (mod5)

where
di(n) = the number of partitions of n for which adjacent parts have difference at least 2
and

da(n) = the number of partitions of n for which adjacent parts have difference at least 2

and no part is equal to 1

The “product sides” (i.e., the left-hand sides above) of the Rogers-Ramanujan identities enu-
merate the partitions whose parts obey certain restrictions modulo 5, and the “sum sides” (the
right-hand sides) enumerate the partitions with certain difference-two and initial conditions. Gen-
eralizations of the Rogers-Ramanujan identities for all odd moduli were discovered by B. Gordon
[G1] and G. E. Andrews [A1]. Analogous identities for the even moduli of the form 4k + 2 were dis-
covered by Andrews in [A2] and [A3], and subsequently, for all the even moduli, by D. M. Bressoud
in [Br].

In [AB], Andrews and A. Baxter gave an interesting “motivated proof” of these two Rogers-
Ramanujan identities, a variant of one of the original proofs by Rogers and Ramanujan and of

an earlier proof by Baxter himself. In their proof, they explained the difference-two condition



appearing in the sum sides directly from the product sides, and in doing this, they were able to
both motivate the expressions on the sum sides and prove the two identities.

Their method was to start by rewriting the product sides of the two identities using the classical
Jacobi triple product identity (as in done is most proofs of the Rogers-Ramanujan identities), then
to take certain combinations of these series to generate an infinite tower of series. Once notices
empirically that these higher series converge to 1 in a suitable sense. They called this assertion the
“Empirical Hypothesis”, and they were able to prove it by giving closed-formed expressions for the
higher series. Then, solving for the base series in terms of these higher series exactly yields the
partition conditions present on the sum sides.

Recently, J. Lepowsky together with students and collaborators have given a series of analogous
“motivated proofs” for various identities of Rogers-Ramanujan type, in which the “motivation” has
been similar in spirit to the motivation in [AB]. Correspondingly, we will use the term “motivated
proof” as a technical term. In particular, in [LZ], Lepowsky and M. Zhu gave a “motivated proof” of
the Gordon-Andrews generalization of the Rogers-Ramanujan identities, and in [KLRS], S. Kanade,
Lepowsky, M. C. Russell and A. Sills gave a “motivated proof” of the Andrews-Bressoud identities.

It is well known that partition identities of Rogers-Ramanujan type are closely related to the
representation theory of vertex operator algebras. Early vertex operator theory was in fact moti-
vated by the successful attempt to realize the combinatorial sum sides of identities of this type -
exhibiting them as the graded dimensions of vector spaces constructed from certain natural ver-
tex operators. In a series of papers ([LW2]-[LW4]), Lepowsky and R.L. Wilson accomplished this
using the theory of “principally twisted Z-operators”, built out of the “twisted vertex operators”
starting from [LW1]. In fact, the Z-algebraic structure developed in [LW2]-[LW4] gave a vertex-
operator-theoretic interpretation of the whole family of Gordon-Andrews-Bressoud identities, as
well as a vertex-operator-theoretic proof of the Rogers-Ramanujan identities, in the context of the
affine Lie algebra Agl). For the cases beyond Rogers-Ramanujan, A. Meurman and M. Primc, in
[MP], extended this vertex-operator-theoretic interpretation to a full proof of the higher identities.
This Z-algebra viewpoint (or an equivalent formulation) was later used by K. Misra [Mil]-[Mi4],
M. Mandia [Ma], C. Xie [X], S. Capparelli [Capl]-[Cap2], M. Tamba - Xie [TX], M. Bos - K. Misra
[BM], and D. Nandi [N] to give further interpretations and proofs of these same identities, as well

as to study new identities, in the context of a wider range of affine Lie algebras. A very different



vertex-algebraic approach to the sum sides of the Rogers-Ramanujan and Gordon-Andrews identi-
ties was developed in [CLM1], [CLM2], [CalLM1] and [CalLM1] based on “untwisted” intertwining
operators.

These connections have been major incentives in seeking out “motivated proofs”. However,
in all of the “motivated proof” papers referenced above, the proofs have been based entirely on
the manipulation of g-series, while all of the vertex-operator-algebraic proofs have made use of
deep vertex algebraic theory. This distinction between the two approaches has made it difficult to
understand “motivated proofs” from a strictly vertex-operator theoretic viewpoint.

The present work was inspired by our desire to approach this ultimate goal, and we have
succeeded in making a significant step in this direction. We choose to view the Jacobi triple
product identity as the denominator identity for the affine Lie algebra Agl): T@), in order to
recast the g-series entering into the proofs of the Gordon-Andrews-Bressoud identities in terms of
the affine Weyl group of s[(2). It turns out that this leads to surprising insights into the nature of
these series and into the algebraic and geometric structure underlying the “motivated proofs” of
these identities. In particular, most parts of the “motivated proofs” are made shorter and take on a
much more natural form, and the nature of certain contributions to the series becomes much more
transparent. While the proofs are still based on g-series manipulation, the ad hoc manipulations
used previously become motivated transformations that come directly from the Coxeter group. This
work should help to bridge the gap between the “motivated proof” papers and the vertex-algebraic
papers mentioned above.

We expect that this approach can be generalized to higher rank affine Lie algebras. Applying this
analysis to higher-rank affine Lie algebras should lead to many new identities of Rogers-Ramanujan
type, as well as to new proofs of known identities.

In this work, first we treat the special “test case” of the Rogers-Ramanujan identities. Once
having gone through all the proofs here, we handle the more general case of the Gordon-Andrews
identities. Finally, we deal with the Andrews-Bressoud identities, which exhibit some new behavior

but follow the same general paradigm.



Chapter 2

Background material

2.1 Affine Lie algebras

We start with recalling basic theory of affine Lie algebras, and specifically information related to

the smallest affine Lie algebra

—

AWY = 61(2).

This material is covered in many introductory texts - see for example [Ca] or [K]. After reviewing
some basic material, we will specify what we will be using in this work.

The general Weyl-Kac denominator formula states that given an affine Lie algebra g, we have
> (—1)fmeveme = T (1—e) (2.1)
weW acAt

where W is the associated affine Weyl group, AT is the set of positive roots, and p is the fundamental
weight.

For w € W, the quantity wp — p will be extremely important to us. As is well known, this
expression is equal to the sum of the positive roots made negative by w (see for example [Cal,
Chapter 20). The standard notation for this set of roots is A,,, and correspondingly, we will denote
the wp = p by the symbol

| A

(where the “absolute value” is meant to indicate the sum of the enclosed set). This action can be

computed explicitly from the action of the generators (basic reflections): for any root =,

siy =7 — (ou, 1) hi

where «;, h; are respectively the root and coroot corresponding to s;.



Remark 2.1. Although we have written the denominator formula above in its natural generality,
in this work, we will be exclusively concerned with the concrete affine Lie algebra Agl). Hereafter,
whenever W appears, it is to be understood to refer to the Weyl group of this particular affine Lie

algebra (i.e., the affine Weyl group of A; = sl(2)).

The group W can be viewed as the group of affine reflections on a one-dimensional lattice. It

has generators sg and s; (corresponding to the two simple roots, a, and «;), with defining relations

=N
I
o

(and no others).
The sum

5:a0+a1

is the basic imaginary root, and it is well known that there are three strings of positive roots: the
imaginary roots

k6, k>0

and the real roots

a,+ k6, p=0,1, >0

When working in this context, given an element of the root lattice (for example, |A,|), we will

denote its coordinates in the «y, o, basis by the subscripts 0,1. In particular, we have
|Auw| = [Au[ya0 + |Aw] (2.2)

Remark 2.2. In this work, we will deal extensively with formal power series in a formal variable
q (i.e., formal series with non-negative integral powers of ¢), where the summands are indexed by
elements of W. The summand corresponding to w € W will always be a polynomial in ¢, and the
data making up this polynomial will always be expressed in terms of the |A,| quantities defined
above. Thus, it is of the utmost importance to know the exact dependence of |A,| on w, and how

it changes under certain transformations of W.

We now compute the action of the generators so, s1 on |A,|. First, we recall the basic actions



of of the Weyl group on the roots, which follow directly from the formula given above:

So0 = —ay (2.3)
Soy = 20 + (2.4)
S$1000 = g + 20 (2.5)
S100 = —oy (2.6)
Applying these equations, we get:
|Asowl, = —|Awl, + 2|A], +1 (2.7)
Asgul, = 1Al (2.8)
[Asiwly = [Awl, (2.9)
|Asiwl, = 2|Aw], — |Aw|, + 1. (2.10)

It is also direct from the definition that
’A€’ == O == an + Oal

Using this initial condition and the above recursions, we see that the values assumed by the |A,|

components are the triangle numbers. Specifically, the points |A, |, w € W trace out the parabola
(|Aw|0_‘Aw|1)2: |Aw|0+‘Aw|1 (211)

in the aya; plane.

To clarify the above, and for later use, at this point we introduce special notation for Weyl
group elements: for h > 0, let wg denote the Weyl element of length h whose shortest expression
(in the generators sg, s1) starts with sp and w}ll denote the Weyl element of length h whose shortest
expression starts with s;.

Notice that

W =
both correspond to the identity element of the group.

Explicitly, for h > 0, we write
length h
wh = 555150 (2.12)
length h
wh = Frsosr (2.13)



Then we can restate the conclusions above as

h+1
Al = ("5 1) = 18w, (2.14)
h
Ayl = (5) = 18w, (2.15)
It follows that
[Augl, = 18w, | (2.16)
Byl = 1By | (2.17)

Now we have developed enough background to revisit the denominator equation in the context
of Agl). It becomes
D (F1) el = (€720, e (7 e )o (he 0 e
weWw

where

(@;q)oe = [] (1 —ag™)

m>0
(the g-Pochhammer symbol).

The technical proofs in this work all deal with the manipulation of formal power series of the
form described in Remark 2.2. The series will be different for the different classes of identities we
consider, but they will all have certain features in common.

Our basic tools for manipulating these series are the application of certain transformations of
W, will which act on the series as “changes of index”. Many times, we will need to make use of
how these transformations affect the common features of the series. For convenience, at this point

we record these results here, and then reference them later as appropriate.

Definition 2.3. Let s;x : W — W be the map of left-composition with the generator s;. This
map s an involution. In terms of the notation introduced above, this map acts on elements of W

by interchanging wg and w,lH_l. Its action on an expression of the form |A,| is recorded above in

(2.9), (2.10).



Definition 2.4. Let f: W — W be the outer automorphism which exchanges the two generators
so and s1. This map is an involution. In terms of the notation introduced above, this map acts on
elements of W by interchanging w2 and w,l1 (in particular, it fizes the identity element e € W). Its

action on an expression of the form |Ay| is to switch its components in formula (2.2).

Notice that s1* changes the length of each element by +1, while f(-) preserves the lengths of

elements.

Let w be an element of the affine Weyl group W. Consider the following expressions in the
formal variable q:

(gl — glBelomry  (glfwlo — glfwlimr)
It follows from the discussion above that the transformation s;- turns the first expression into

(q2|Aw‘o_|Aw|1+1 _ q|Aw|0_r) =q

[Aw|g—]Awl;+1 (q|Aw|0 _ q|Aw|1_(7’+1))
and the second into
(q|Aw|o _ qQ‘Aw|o_‘Aw‘1+1_T) — q‘Aw|o_‘Aw‘1(q‘Aw‘1 _ q|Aw‘o_(T_1))
On the other hand, the transformation f will clearly just interchange these two expressions. It
follows that:

Corollary 2.5. Applying the transformations s1x, f(-) to W gives:

81* : (qlAwll — q|Aw|0)(q|Aw|0 — qIAwll_l)(q‘Awll — q‘Aw‘O_l) “ e (q‘Aw‘O — qlAw‘l_h)
— (q|Aw‘1 — q|Aw|o)(q|Aw|o — q|Aw|1_1)(q‘Aw|1 — q‘Aw|o_1) ce.

(q\Aw\o — qIAw\1—h)qh(2lﬁw|o—2lﬁwh+1)

f() . (q‘Awh _ q‘Aw‘o)(q|Aw|o — q|Aw|1_1)(q|Aw|1 _ q|Aw|o_1) - (q|Aw|o _ q|Aw|1_h)

— _(q‘Awh _ q‘Aw‘o)(q|Aw‘o _ q|Aw|1_1) - (q|Aw|1 _ q|Aw|o_(h_1))(q|Aw|1 — q|Aw|0_h)



S% (qlﬁwh _ qlﬁwlo)(q\ﬁw\o _ q\Awh*l)(qlﬁwh _ qlﬁwlofl) ... (qlﬁwh _ q|Aw|07h)
— (q|Aw|1 _ q|Aw|0)(q‘Aw|o —_ q‘Aw‘lfl) - (q‘Aw‘o _ q‘Awh*h)(q|Aw|o _ q|Aw|1*(h+1))

- gD (Awlo—|Awl)+(h+1)

F() 1 (¢Ph — glAwloy(glAwlo — glauwhi=1y(glAwl — glAwlo=1y. . (glAwli — glAwlo=hy

Remark 2.6. The result above can be made to look even more natural: when these factors
occur in our series, the values —r in the exponents actually arise as the following expressions:
|Aut|, = [Ayz], for those factors in parentheses with [A|, first, and —[Ao| + Ayl for those

factors in parentheses with |A,,|, first. Since s; acts on W by interchanging w? < w; ,, and the

0

U ¢+ wl, we see that the transformation of expressions calculated above work

map f interchanges w
even on this level of notation. This is another strong motivation for considering the series in this

light.

Remark 2.7. Note in particular that in two of the cases, the expression is only rescaled by a sign

and/or power of ¢. This fact will prove to be vital in the proofs of the “edge-matching” phenomena.

Remark 2.8. As has been indicated above, the series sums we consider will always be over the
full Weyl group. Frequently, we visualize the elements of the Weyl group as living on the parabola
traced out by the components of their respective |A,,| values. Because of this, it may seem natural
to view these sums as “two-sided infinite”, with the identity element (corresponding to the vertex of
the parabola) in the middle. However, what turns out to be best is to view the sum as “one-sided”
infinite, starting at w = e and continuing in a zig-zag up the parabola. This is akin to the the
appearance of the series in [LZ], but with the following important and fundamental difference: in
[LZ], the sum was made infinite by “folding” the Weyl group in two and pairing. Essentially, each
summand in the series in [LZ] corresponds to the combination of two different Weyl elements. In
our approach, we instead introduce a natural linear ordering on the Weyl group: starting with

w) = e, we alternatingly apply the two transformations above in the order si-, f(-). In terms of
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our notation, the ordering of the Weyl elements is

0 1 0 1 0
Wq, Wy, Wy, Wa, Wo, -+

Remark 2.9. Of course, the analogous transformation sgx could have also been considered in
addition to or instead of sy*. The fact that we prefer s; over sy is an arbitrary choice, made
to confirm to earlier works on motivated proofs. The origin of this distinction comes from the
choice of specializations of formula (2.1) we make to define initial “shelves” of series below - the
alternative choices (switching the specialization in each case) would correspond to working with

the sp transformation throughout.

Remark 2.10. Although we have used the language of the Lie algebra Agl)in discussing the
material above, all of the analysis in this work takes place solely on the level of the affine Weyl

group. The relevant underlying theory is that of Coxeter groups, not that of Lie algebras.

2.2 Partitions

When we discuss the combinatorics of the “sum sides” of the identities, we will be using the following
terminology concerning partitions:

A partition of a non-negative integer n is a finite nonincreasing sequence of positive integers,
written as

7T:(7T1,...,7Tt)

such that m + --- 4+ m = n. Each 7, is called a part of . The length ¢(7) of 7 is the number of
parts in 7, and given a positive integer p, the multiplicity m(p) of p in 7 is the number of parts
of m equal to p. As is conventional, we say that the integer 0 admits the unique partition into no
parts (the empty partition).

Given a sequence (ay), n > 0, the corresponding generating function is the formal power

series

Z anqn

n>0

in the formal variable ¢. In all of the identities we consider (and as was already seen in (1.1), (1.2)),

we will want to interpret the right-hand sides as generating functions of partitions satisfying certain
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restrictions. In other words, the coefficient of ¢" will be the number of partitions of n obeying the

given restrictions.
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Chapter 3

Rogers-Ramanujan case - new interpretation

3.1 Introduction

As was mentioned in the introduction, the Rogers-Ramanujan identities were the first identities to
be given a “motivated proof” (in [AB]). Here we give a brief summary of their “motivation” and
their proof technique.

Starting with the product sides of the identities (1.1), (1.2), one subtracts the second series
(which they denoted G2(q)) from the first one (denoted G1(q)), and divided by ¢ to obtain a new
formal series G3(q). Next, one forms G4(q) = (G2(q) — G3(q))/q*. One repeats this process, giving
Gi(q) = (Gi—2(q) — Gi—1(q))/q" 2 for all i > 3, and notices empirically that for each i > 1, G;(q)
is a power series in the formal variable ¢, it has constant term 1, and G;(q) — 1 is divisible by ¢*.
This is the “Empirical Hypothesis” of Andrews-Baxter, and its truth easily leads to a proof the
two Rogers-Ramanujan identities.

To prove the Empirical Hypothesis directly from the product sides, one starts by transforming
the two initial Rogers-Ramanujan product sides into alternating sums using the Jacobi triple prod-
uct identity. By running these alternating sums through the recursion given above, one obtains
alternating sum formulas for the next several G; series, and can conjecture and prove closed-formed
formulas for all of the higher series. However, the calculations necessary to establish these formulas
(formal manipulation and reindexing of g-series) are essentially ad-hoc.

We will be following [LZ] and the appendices to [CKLMQRS], which refined this argument.
These papers incorporate concepts not used in [AB], such as placing series on “shelves”, as we will
review. While the basic logic of the proof below is the same as in these earlier papers, we will go
through the motivated proof “from scratch” using our new perspective, highlighting the differences

between these prior works and our new approach, and giving new motivation for each step. Our
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approach leans heavily on the observation first made by Lepowsky and S. Milne in [LM], that the
Rogers-Ramanujan series arise as graded dimensions of the level-3 modules for the affine Lie algebra

1
AW,

3.2 Definitions and background

By specializing the quantities e=®°, e~ in (2.1) to appropriate powers of a single variable ¢, we
obtain the product sides of the Rogers-Ramanujan identities (up to a factor), and can use the
identity above to express them in alternating-sum form.

Specifically, specializing e~ — ¢3, e~ > ¢%, we get

(050 (0”,67) 50 (0, 6") oo = (4, D)oo (0, ) (", 4°) )

3.1
_ Z (_1)Z(w)q3|Aw|0+2\Aw|0 ( )
weWw
Specializing e~ — ¢*, e — ¢, we get
(0:6°) 0 (0", 8°) o0 (0%, €)oo = (0, @)oo (@®. 4°) - (¢°, 4°)
(3.2)

_ Z (_1)e(w)q4|Aw\0+|Awlo
weW

Denote by F(q) the series

(@:0)00 = [T (1 = 4™

n>1

Dividing these equations through by F'(q), we recognize on the left-hand sides the Rogers-Ramanujan
product expressions from (1.1), (1.2). In the proofs, we will work with the right-hand sides, which

we denote as

1 CVw) 318w +21Aw]

1 ‘
= LY gl

respectively (we choose the symbol R instead of G for these series to distinguish between these and
the more general Gordon-Andrews series of the next chapter).
We emphasize that these two expressions are our definition of a “zeroth shelf” of series, which

we will subsequently use to generate infinitely many higher shelves of series.
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Starting with these two series, we inductively define an infinite sequence of series by the equation

Ri(q) — Ri+1(q)

Riya(q) = p

(3.3)

As mentioned above, this recursion was originally motivated (in [AB]) by the empirically evident
fact that the resulting R; series are always of the form 1+ ¢’ + - - -, with all positive coefficients. A
new feature seen here for the first time is that this recursion also aligns naturally to the recursion for
the |A,| terms. This provides a new motivation coming directly from the Coxeter group structure.

We arrange these series into shelves of two series each. The two series on shelf j are R;;q and
Rjio. In particular, the zeroth shelf consists of the series Ry and Ry given above, and the second
series on each shelf is the same as the first series on the next shelf.

In order to use the recursion, it is necessary that all the series on a given shelf must share a
similar form. We demonstrate how this works for the first few shelves:

The zeroth shelf consists of the two series

F(q)

w

1
Roy1(q) = =— Z (_1)f(w)q:’>|Aw\O+2|Aw|1
ew

1
Rota(q) = == > (=) Wgttelotiaeh
F(q) M%:V
Substituting these series into the recursion yields

R, — R 1
Ria(q) 0+1(q) — Rota(q) _ S (— 1)) (glBuls — glBulo)gBduloHAul,

q qF(q)

weWw

To complete shelf j = 1, we need a similarly-shaped formula for the Rs series. The natural thing
to try is to have the same factor in parentheses and ensure that after distributing the parentheses,

the positive part is identical with our previous Ry formula. This approach yields:

1
Riy1(q) = o) Z (—1)4@) (glAuly _ gldulo)gtiaulo
weWw

In order for this formula to be valid, we need the difference Rg42 — R1+1 to be 0. This difference

is the series

1
(_1)f(w)q5|Aw|o
F(q) wgv

which is in fact 0, as can be seen by applying the “change of index” w — sjw. This has the effect
of changing the length by 1, but has no effect on the value of |A,|,. Hence the overall effect is to

negate each term of the series, which in turn implies that the whole sum is 0.
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Next, we recursively compute

Ri11(q) — Riya(q 1 w _
Rosa(q) = 211 )q2 +2() _ s 3 (1) g — gl g e — vl )l
weWw

To complete shelf j = 2, we need a similarly-shaped formula for the R3 series. Again, we

attempt to match the parentheses, which gives

1

Ro11(q) = @)

S (~1)H@) (glAuh — gldulo)(glAulo — glawhi=1)g2AulotAu,
weW

As before, in order to verify that this series expression is identical to the previous expression

for R3(q), we need to consider the difference Ri49 — Rat1. This is given by

1
Sy O (F1) (g Bl — gl BulotiAul,
7*F(q) u;V

This time, we apply the change of index w — f(w). Clearly the length of a Weyl group element is
invariant under this transformation, and its effect on |A,| is to interchange the components |A,],
and |Ayl,.

Hence the transformed expression is

1
2F
a*F(q) ;

ST (1)) (glBulo gl 2,
(w)ew

which is once again precisely the negation of the original difference series. As above, this implies
that the sum is 0, and that the two forms of the R3 series are both valid.

Notice that in this last computation, the bijection w <> f(w) fixes the identity element of the
Weyl group, w = e. However, this does not cause any problems: the summand corresponding to
the identity element is 0 because the factor (gl®¢lo — ¢l®<l1) is (¢° — ¢°) = 0.

Although it is not readily apparent yet at this early stage, it is also the case that the powers
of ¢ appearing in the denominator before the sum can be nicely expressed in terms of Weyl data.

This will be made explicit below in the general series formulas.

3.3 Closed formulas

We have the following remarkable closed-form formulas for these series:
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Theorem 3.1. Let j > 0 and ¢ =1,2. If j = 2h is even, then

1 24,0l -1)— [Aw0| +lA ol }(Qi)
h 0 h 0 h 1

Ronyi(q) = Wq
. Z (_1)Z(w)(q|Aw‘1 _ q|Aw‘0) . (q|Aw|o — qlAwllHAw%‘o_lAw}zh)
weWw
q(2+i—h)|Aw|0+(3—i—h)|Aw|1 (3.4)

If j =2h 4+ 1 is odd, then

] ‘{Awiﬂ Ha g | G-D-218, | (-9
Ronyy1ila) = Wq 0 ! 0

[Awlo=IA o] +IA ol
. Z(_l)g(w)(q‘Awh _q‘AU"O)...(q‘A“"l —q 0 h O h 1)
weWw

B~ AuloHi=1-R)]Aul, (3.5)

Remark 3.2. We mentioned in Remark 2.8 that one way in which our formulas differ from those
in earlier works is that ours are “unfolded”. Now that we have stated this theorem, we can justify
this claim by comparing our formulas (3.4), (3.5) to the corresponding formulas from Theorem 2.1
in [LZ] (in the special case k = 2, which gives the Rogers-Ramanujan series). Each summand of
the series there corresponds to two terms of our series as given above. In fact, the pairings of terms
on even and odd shelves (values of j) correspond exactly to the involutions defined in Definitions

2.3, 2.4 respectively. However, this disparity between even and odd shelves is invisible in [LZ].

Remark 3.3. By replacing some of the expressions in terms of |A,| data with their numerical
values, we can write the above formulas in a much more compact form:

1
qh(h+1)(i—1)+h2(2—i)F(q)

S 3 (1) g Rl — glRulo) (giulo — el (gl — gl
weWw

Ropti(q) =

=) Bl o+ (3=i=h) Aul, (3.6)

R (q) = :
(2h+1)+ilq) = gD (=1 +h(h+1)(2-0) F(g)

. Z (_1)£(w)(q‘Aw|1 _ q‘Aw|o)(q|Aw‘o _ q|A’W‘1_1) - (q|Aw‘1 _ q|Aw|0_h)
weW

g Awlo+(=1=h)|Aul, (3.7)
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In the statement of the theorem, we have chosen to write out the expanded version for several
reasons: first of all, this is the form in which the exponents actually arise out of the recursions. It
also makes it clearer how the transformations si-, f(-) act on these factors. Finally, in the proof of
the Empirical Hypothesis in the next section, this formulation makes it evident how cancellations
arise in the exponents for the smallest non-zero contribution. However, choosing to write the
formulas this way does necessitate an extra step in the proofs of the edge-matching, invoking
certain identities of the |A,| components in order to properly compare the two different series. In
this section we will point out these shifts whenever they occur, but in later sections we will suppress

these reminders.

Proof. The expressions above give two different formulas for the “edge” cases — i.e., i = 1 on shelf
7 >1and 7 =2 on shelf j — 1 — so we first prove that they are compatible.

Let R;;(q) denote the right-hand side of the formulas above. We will verify that the difference

Rj2(q) — Rj+11(q) =0

We do this by performing a suitable “change of index” on the sum, namely, the two transformations
defined above in Definitions 2.3 and 2.4. The calculation will depend on the parities of the shelves
involved.

Let j = 2h (so that j +1=2h +1). Then we have:

thz(CI) - RQh—&-l,l(‘])

= LRl S Lyt (gl glulay . (glauly _ Bl T

q
F(q) weW
. q(4*h)\Aw|o+(1*h)|Aw\1
1 —20A,1 | ow) (| Aw] |Aw] 1Al [Buwli+A 1] —[A 1]
T Fg)! mero N (=1) ) (gl — glAvlo) . (glRulo — g mo th)
q weW

Awlo—|A A
(gDl — Al Bupl Ay emiauly kA,

— L _3|Aw2‘0+|Aw2|1 Z (—1)€(w)(q|Aw|1 _ q|Aw|o) A (q‘Aw|o _ q‘AwhHA“’}Llo_‘A“’ih)

q
F(q) et

- =P Bulo=hlAul,

Above, we have implicitly made the identification

1
Whyt'y

[Ayel =14
h'0
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for the leading exponents.
We now apply the transformation s1# (from Definition 2.3) to the Weyl group. This is a bijection
of the Weyl group, so must leave the above sum invariant. Recall from (2.7) that the effect of this

transformation on the components |A |, and |Ayl,:
[Aw| = |Au|,0 + |Aw] 00 = [Agw] = [Awlya0 + (2] Aw], — [Aw|, + 1o

Also recall that it changes the length of each Weyl element by one. We have already computed
above in Corollary 2.5 the effect of this transformation on the factors in parentheses. Hence the

above sum is transformed into:

th,Q(‘]) - EQh—l—l,l(Q)
= 71 q_S‘Aw2|o+IA“’2‘1 Z (_1)Z(Slw)(q\Aw|1 _ q‘Aw‘o) - (q‘Aw‘o — qlAw‘IHA“’}z'o_‘Aw}z'l)
F(q) .
TweWw
"Bl Aul + DGR Auwlo=hClAuwlo=|Aul +1)
= —Lq_3|Au}?L‘O+|Aw2|I Z (_1)4(“)) (q|Aw‘1 _ q|Aw‘o) c (q|Aw|o — q'Awl1+|A“’ilz‘o_|A“’}L|1)
F(q) .
TweWw
g5 M Buly—hlAl,

This final expression is exactly the negation of the starting series. The anti-commutativity of this
expression proves that it must be 0.

Next, let j = 2h + 1 (so that j + 1 =2(h +1)). Then we have:

Ront1,2(9) — Rognr)1(q)

— 1A T HA ] Aulo—|A A
- %q [ Mo B Z (—1)f@) (gldwh — glAwloy... (glAwl — q| 0712wl 1”2'1)
(9) et

=120 | +AL0 } Awlg—|A A
. Lq |: h+1 ¢ h+1 1 Z (_1)€(w)(q\Aw\l _q\Aw\o) (q|Aw\l . q| lo—I w2|0+| w2|1)

F(q) ot
(@Aelo — g MR TR eemiaulpra-miaa),
1 28, | Wy Bulo=la,01 +1A ol
:Wq h+1 1 Z(_l)g(w)(q\Aw‘l _q|Aw‘o)...(q|AW‘1 —q 0 h 0 h 1)

.q(2—h)|Aw|0+(2—h)\Aw|1
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Above, we have implicitly made the identification

‘A0|+‘A0|2’A1|+|A ‘

1
Wht1'y Wht1'y Wht1'y Whi1'y

for the leading exponents.

We now apply to the Weyl group the transformation f, defined in Definition 2.4. This is a
bijection of the Weyl group, so must leave the above sum invariant. Recall that the effect of this
transformation is to interchange the components |A, |, and |A,|,, and that it leaves invariant the
length of the Weyl element. Invoking Corollary 2.5, we see that the above series is transformed

into:

§2h+1,2<Q) - §2(h+1),1(Q)

_92|A _
= _1)q 2 w}mtl‘l Z (_l)é(f(w))(q\Awh _ q‘Aw|o) S (q‘Aw‘l _ q‘Aw‘O |Aw2|0+‘Aw2|1>

flw)ew

- g Bul 2Bl Aul,

Again the overall effect of this transformation is to negate the sum, and the anti-commutativity of

this expression proves that it must be 0.

Remark 3.4. The calculations in this proof are simpler and more philosophically satisfying than
the corresponding steps in the proof in [LZ] (or [CKLMQRS] for the edge-matching, which was
suppressed in [LZ]). Because the series there were “folded” (see Remark 3.2), it was necessary in
the proofs to break up each series and reindex different halves separately in order to match up terms
appropriately. Here, the sums are always over the full Weyl group W and terms always match up
naturally. Moreover, the “reindexing” now comes from a natural transformation of the indexing

group W, instead of an ad hoc shifting.

Now that we have verified the edge-matching, it remains to show that these formulas satisfy the
recursion. We handle this in two cases once more. In both cases, we take the difference of the two

shelf j series formulas to get the ¢ = 2 entry on shelf j + 1.
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First, let j =2h, j+1=2h + 1:

Rony1(q) — Rany2(q)
q2h+1

1 1 A0l =1A, 0l ¢ Aw A A [Awl+HA 1] =lA 1]
T F(q)q ho h1 Z(fl) (w)(q| u|1iq| w|0)_”(q\ w|07q 1 AN 2

weW
- qBMIAuloHR-h)Aul,

1 —2A Ayl +A —|A
q 1Bl Z(_l)f(w)(qmwll_q\Aw\o)...(qlAw\o_q| Al will)
F(q) =

g PIBuloH1-h)lAul;

q
F(q) et

. (q\Awll B q\Awlo—\Au,g|O+|Awg\l)q(g_h)|Aw|0+(1_h)|Aw|1

—|A —|A —(2h+1 Ay A —|A
1 ! “’2'0 | w2|1 (2h+1) Z(—l)z(w)(q|Aw‘1_q|Aw|o)...(q|AW|0_q| L will‘o | wilzll)

= Riont1)+2(9)

Secondly, let j =2h+ 1, j+1=2(h+1):

Rontr1)+1(9) — Reongy+2(9)

q2h+2
1 1 72|Aw1 ‘ 0 A A A |Aw‘ _|Aw0‘ +|Aw0|

:W Wq h+1 ¢ Z(_l) (w)(q\ w‘l_q| w‘o)...(q| w‘l_q 0 h 0 h1)

weW
.q(4—h)\Aw|o—h|Aw|1
—|A —|A Aulo—]A A

_ Lq | wilz—o—l'o | wflL+1|1 Z (_1)€(w)(q|Aw|1 _ q|Aw|o) . (q|Aw|1 _ ql lo~| w2|0+| w?t‘l)

F(q) gt

B PIBuloH(1-m)lAul,

1 28,1 | ‘ [Auwlo—=IA o] +IA ol
Wit g § 1 (w)(q|Aw|1 _ q|Aw|0 - q|Aw|1 —q Yho Wh 1)
F(q> wEW( ) ) (

Awpl+|A —|A
.(qmwb_q‘ 1+ wi+1‘0 | “’flz+1ll)q(3—h)|Aw|o—h|Aw\1

= Ront2)+2(9)

O

Remark 3.5. From these calculations, we see that the most natural way to express the denomi-

nators of the recursions (3.3) is as

(1A,1

Yht1 wl AT 1 )=(A0l HlA0l) A, | =1A,0l
+:q h+1 o ht1 1 ho hil=gq "“htli ho1

q
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when j = 2h and
2[|A —|A
q2(h+1) =gq { “’2+1|0 | “’}11+1|0]
when j = 2h + 1 (indeed, we have already implicitly made use of these expressions to obtain the

final lines of the equations above).

Remark 3.6. In previous works on motivated proofs, the sum was always reindexed at each stage
of the recursion to ensure that all summands were nonzero. This was natural, because there was
no visible reason for preserving the information of having terms equal to zero at the beginning of
the sum. However, our sums are never “reindexed” (they are always over the full Weyl group), so
we do end up with a finite number of summands equal to zero at the start of every R series past

the first shelf.

Remark 3.7. It is important to note that the common factor F'(¢) plays no role in the proof here,
except for the identification with the original R;(q), i = 1,...,k. The factor F'(q) could have been
replaced with any nonzero formal power series in ¢, and every step of the proof would have been
identical (beyond the identification with the original R; (¢), ¢ = 1,...,k), and equivalent to the
existing step. However, F(q) is crucial for the “Empirical Hypothesis,” which in fact, as we shall

see, uniquely determines this factor.

3.4 Empirical Hypothesis

As a consequence of Theorem 3.1, we are now in a position to formulate and prove the Empirical

Hypothesis. This is the main ingredient needed to complete the motivated proof.
Theorem 3.8 (Empirical Hypothesis). For any j >0 and i = 1,2,
Riyi(q) = 1+ ¢ (q)

for some

v(q) € Cl[g]].

Remark 3.9. Note that since Rji12(q) = R(j+1)+1(¢q), Theorem 3.8 implies that we can write

Rji2(q) = 1+ ¢/ T2v(q) where 7(q) is some formal power series.



22

Remark 3.10. The proof of this theorem is a more involved argument than for the corresponding
result in [LZ] and [CKLMQRS], because it is necessary to “translate” the data of the series from
Weyl notation to integers in order to compare the term of the series to the shape of the proposed

Empirical Hypothesis.

An overview of the proof: Recall the linear order on W introduced above, in Remark 2.8. In
general, for each R series, the first few summands in this ordering will be equal to 0. The first term
which is nonzero will contribute the initial 1+ ¢/*! in the Empirical Hypothesis, and in general, all
other contributions from it and all subsequent terms will involve only greater powers of ¢q. In the
special case ¢ = 2, a closer analysis shows that the next term after the least nonzero contributor

contributes exactly what is needed to make the series of the form 1 + ¢/+2.

Proof. First, we consider the even-shelf series, which from Theorem 3.1 are of the form

1 24,0l (i—l)—[lAwo +A 0] ](2—1')
h 0 h 0 h 1

Ronyi(q) = 754

-‘rl( ) F(q)
-3 (C1)f) (glAul — glelo). . (glaulo — SRl TRl gerimmiaul o+ G-i-miawl,
weW

First suppose that w is one of the first 2h elements (with respect to the linear order)- i.e., w is

either of the form w? for r < h, or w} for r < h. It follows from (2.14), (2.15) that
|Aw9|0_|Aw2|1 =r= |Aw}|1_‘Aw}’O (38)

Considering the corresponding term, we see that exactly one of these factors inside the parentheses

will be zero in this case. Specifically, if w = w? for some for r < h, then

(q‘Awh _ q\Aw|0*|Aw9|0+‘Awg|1) = (q|Aw|1 _ q|Aw|0_r) =0 (3'9)

while if w = w} for some r < h, then

(q‘Aw|0 _ q‘AwllJ’»lAw,}'Oi‘Aw}"l) — (q'Awlo — q|Aw|1_r) = 0 (310)

We claim that the first nonzero contribution to the series is from the term w = w(,)L, and that this

contribution is of the shape 1+ ¢?"*1 + O(¢?"*?). This claim is justified by the following sequence
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of computations, starting with the w = wg term from the series referenced above:

Flg)*

A A A A A1l —|A 2+i—h)|A 3—i—h)|A
(_1)g(w2)(q\ wgll_ql w(ﬁ‘o)...(ql wglo_q\ Wyl F1A] will).q( =R A | +@E=i=h)A 0l

1 24,0l (-1)— [Aw0| +lA ol }(Qi)
h 0 h 0 h 1

1 24,0l -1)-— [|Awo| +lA ol ](21')
h 0 h 0 h 1

A Aol —1A A ol —h A ol —1A of +h
(_1)h{q| ’wgll(l _ ql w(}:‘o | w%ll)}” .{_ql w(F)L‘l (1 _q| w2|0 ‘ w2|1 )}

(2+i=h)|A o] +(B3=i=h)|A ol
q h 0 h 1
gD A= = a™)

~20A 01 (i=1)— 1A 0] +1Au0l |@=42h]A 0] ~IA 0] +@+i-R)A 0| +B—i-h)|A 0]
q h 0 h 0 h 1 h 1 h 0 h 0 h 1

In the middle of the calculation, we used the fact that in the factors —gl®«hi—" for r = 1,....h,
each r is really [A,1] —[Ay1| . Then the relations (2.14) - (2.17) allow us to collapse the sum

1+ .-+ h into a telescoping sum which yields the singleton —|Aw2 |0 in the exponent on the next

line.

Looking more closely at the exponent of g, we can regroup it as
2 (18], + 18031~ (ug], + g1 )]
#1801, ~ 18ug1) - (], - 1))
+ ‘AwO’ + |Aw0| - h(’AwO| - |Aw0| )

h'0 h'1 h'0 h'1
=0+0+h°—h?
=0
Moreover, expanding
Flg)=(1-q)(1-a)(1-¢°)-

we see that we can cancel the first 2h factors of F'(¢) with the remaining factors in the term. Hence

this term is in fact equal to
(" ) =1+ + -

(as can be seen by using the standard expansion (1 —¢) ' =1+q¢+¢@+¢ +---)
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To verify that all subsequent contributions are O(¢*"*1), we will once again make use of the
two bijective transformations of the Weyl group using Corollary 2.5.

The proof here is essentially by induction: starting with wg (for which we have explicitly
calculated the contribution), we compute how the minimal power of ¢ in the next (with respect to
the linear order) term is related to the powers present in the previous term. We will perform two
calculations, one for each of our the transformations (and corresponding respectively to those w of
each of the two forms w?, w!). For these calculations, the part of the data that is the same across
all terms (i.e., the leading factors written in terms of F(¢) and the components of |Aw2 |) will not
be affected, and hence can be neglected in the computations.

First, suppose that w is of the form w? for some r > h. Using Definition 2.3 and Corollary 2.5,
we are able to express the term corresponding to sjw = sjw? = w},; in terms of the w? data. The
overall effect is to scale the term by a certain power of g. By combining the factor from Corollary

2.5 and taking the difference of the original and transformed ending exponents, we calculate that

this power of ¢ is equal to

h<2|Aw|0—2|Aw|1+1>

+ (2417 —h)|Ayl, + (B —1i—h)(2|Aw|, — |Aw|, + 1)
—(2+i—=h)|Ayl,+ B —i—h)|Ay|,
—h<2]Aw\0—2]Aw\1+1>

+ (3 —1i—h)(2|Au|, — 2|Au|, + 1)

=(3—-19)(2|Aul, — 2|Aw|, + 1)

>2h+1

where for the last inequality holds, we have used the facts that ¢ < 2 and that for elements of the
form w? with 7 > h, we have |A,|, — |Ay|, > h. (Notice that in particular, we get equality in

the last line only when ¢ = 2 and r = h, and in this case the least contribution from this term

_9h+1

is —q . which precisely cancels out the ¢2/+!

from the previous term, giving us a series of the

form 1+ ¢ 2 + ...,

This shows the agreement between the edge-matching and the Empirical
Hypothesis). In general, this confirms that all higher contributions are O(¢g?"*1).

Next, suppose that w = w} for some r > h + 1. Here the next Weyl element in the linear order
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is f(w!) = w?. From Definition 2.4 and Corollary 2.5, the relevant parts of the terms that we need

to compare are

(q|Aw|o _ q‘Aw|1_h) . q(2+i_h)‘Aw|0+(3_i—h)|Aw|1

- q(3+i—h)|Aw|o+(3—i—h)|Aw|1 — q(2+i—h)lAw\o+(4—i—h)\Aw\1—h

for the w! term and

_ (q\Awll — q\Awlo*h)q(Qﬂ'*h)\Awl1+(3*i*h)|Aw|o

(B+i=h)| Awlg+B—i—h)|Auly _ (2+i-h)Awlg+(d—i—h)|Ay|,—h

q —dq

The ratios between the parts of these expressions is

g2 DIAwloH(2i=1)| Aul,—h

for the positive parts and

DI Aul o+ 2Dl Au] +h

for the negative parts. The ratio between positive parts is the smaller of the two, and we can bound
its exponent as

(26 —1) [|Aw|1 — \Aw|0] —h>2i-1)(h+1)—h>1
Hence the power of ¢ must increase, and here, too, the contribution is O(QOH).
Combining these results, we have verified the Empirical Hypothesis for even shelves.
For odd shelves, from Theorem 3.1, the series are of the form

| DAwb1'+AwiH']“”2Awbl'@“
Rony1)+i(q) = W(I 0 ! 0

[Awlo=lA,0] +A,0l
Z(_l)z(w)(qlAwll _q|Aw|0)...(q|Aw|1 _q 0 h 0 h 1)
weW

. q(5_i_h)|Aw|0+(i_1_h)|Aw|1

First suppose that w is one of the first 2h + 1 elements (with respect to the linear order) - i.e.,
that w is either of the form w? for » < h, or w} for r < h. Then reasoning as above, it follows from

the formulas (3.8), (3.9), and (3.10) that the terms corresponding to these elements are 0.
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We claim that the first nonzero contribution to the series is from the term w = w,ll 41, and that
this contribution is of the shape 1 4 ¢***2 + O(¢?"*3). This claim is justified by the following

sequence of computations, starting with the w = w,lz 41 term from the series referenced above:

1 1A I HA | E=D)=21A 0 | (2-9)
q h+1 o h+1 q h+1 o

F(q)
A A A A —|A A
(_1)f(wi+1)(q| w)11+1|1 _ q| w)11+1|0) R (q| w}11+1|1 _ ql w;lL+1|0 | w2|0+| “’2‘1)
(5—i—=h)[A 1 | +(E=1=h)|A 1 |
. q h+1 ¢ h+1 1
1 —[|Aw1 | +HA,1 | ](i—l)—QAwo | (2—19)
— q h+1 o h+1 1 h+1 ¢
(9)
A A —|A A —h A —|A +h
(_1)h+1{_q| wi1z+1|o(1—q‘ wle'l‘I | wfll-&-l‘o)}...{_q' “’flz+1‘o (1—(]‘ wflz-&—l‘l | “’}IL-H‘O )}
(5—i—h)|A ol +GE—1—-h)|A o]
q “ho Yho1
1 242 2h+1
:W(—l) Pl-q) - (1-g")
1A,y | +lA | E=1D)=2[A 0 | @=)+@h+1)[A o] —[A 1 | +(B—i=h)|A o] +(E-1-h)[A ol
q h+1 o h+1 1 h+1 o h 1 h+1 o h o0 h 1

As above, the relations (2.14) - (2.17) allow us to collapse the telescoping sum —(1 + --- + h) into

the singleton —|Aw}11+1| in the exponent on the next line.
0

Looking more closely at the exponent of ¢, we can regroup it as

180p,,], = 180y,
w0801~ 180 1) = (805, ] = 18041

F 1B 1B = e DAy | = 18y )

1 Wht1'o

=0+0+(h+1)2—(h+1)?

=0

Moreover, expanding F(q) = (1 — ¢)(1 — ¢*)(1 — ¢3) - - -, we see that we can cancel the first 2h + 1

factors of F'(q) with the remaining factors in the term. Hence this term is in fact equal to

2h+1 -1

(@) =1+ 4

To verify that all subsequent contributions are O(¢g?**?), we use the same technique as for the
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even shelves: applying the two transformations to terms coming from the above series and verifying
that exponents always increase.

First suppose w is of the form w! for some r > h + 1, so that the next Weyl element in the
linear order is f(w}) = w?. By Definition 2.4 and Corollary 2.5, the f(-) transformation acts as
negation on the factors in parentheses, and its effect on the ending exponents results in rescaling

by a power of ¢, whose exponent is:

(i—1=h)|Ayl,+ (5—i—h)|Ayl,

— (5= — h)[Ay|, — (i — 1= B)| Ay,
= (2i = 6)| Aul, + (~2i +6)| Ay,
=203 — )[|Aw|, — |Aul,]

>2h+2

with equality only when ¢ = 2 and w = w,l1 41~ Since we have made the assumption that the

2h+2)

preceding term is at least 1 + O(q , and the minimal exponent here is at least 2h 4 2 higher,

we conclude that the contribution here is O(g*"*+2).

Next suppose w is of the form w? for some r > h + 1, so that the next Weyl element is sjw? =
wi +1- Using Definition 2.3 and Corollary 2.5, the relevant difference in the two corresponding terms

is the replacement of

(el — gldulo=h)g(5=i=h)lAuly+(-1-h)Aul,

5i—) | Al g +(i—h) | Ay _ (6—i—h)| A g (= 1—h)| Aoy~

_ 4 4

from the w? term with

— (gwlo — glduli=(ht1)y g1 (Buwlg—|Bul )+ (1) +(G—imh) [+~ 1=h) (2 Awlo [ Aul 1)

— q(4+i—h)|Aw|0+(_i+1—h)|Aw|1_h _ 4BFi=h)|[Ay|g+(—i=h)|Aw|,

q

for the w},; term.

The ratios of the positive and negative parts here are respectively

DAl o (20D Ay i=h (i~ D) Awlo+(=2i41) | Au| +i+h
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The lower ratio is between the positive parts, with exponent
(20 —1) [|Aw|0 — \Awll} +i—h>i+1

(using the fact that |Ay,|, — [Aw|, > h + 1 for w in the range we're considering). Therefore it is
also true in this situation that the power of ¢ increases, and the contribution to the series remains
O( q2h+2)'

Having done both cases, we see that all higher contributions are O(¢?"*+?), and we have verified

the Empiricial Hypothesis for odd shelves.

Remark 3.11. Our proof of the Empirical Hypothesis provides justification for the linear order we
have defined on W (see Remark 2.8). Also, compared to the proof of the corresponding Empirical
Hypothesis in [LZ], here we get additional information as to the contributions to the series from
each term, in terms of its Weyl index. This was hidden before because of how the series were

written without leading Os (see Remark 3.6).

3.5 Combinatorics

To complete the motivated proof, we now recall Theorem 2.2 from [LZ].

Remark 3.12. The proof we give here (which is in the spirit of [LZ], Remark 4.1) is not the
most satisfying philosophically because it requires us to have “known in advance” the shape of the
sum sides. In [LZ], the primary proof of the theorem is much more detailed and interesting. In
particular, the polynomials ihl(j ) below are computed explicitly, and the combinatorics of the sum
sides are derived directly from just the R series we have been working with. However, since our

new viewpoint in this work has nothing to add to this argument, we just give the shorter proof

here for the sake of convenience.

Theorem 3.13. For each j = 0,1,..., Rj11(q) is the generating function of partitions in which

subsequent parts differ by at least 2, such that the smallest part is greater than or equal to j + 1.

Proof. Suppose Ji,Ja,... is an infinite sequence of formal power series in ¢ which satisfy the

recursions (3.3) (with J in place of R) and the Empirical Hypothesis. By rewriting (3.3) to solve
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for the lowest-indexed series and applying this formula iteratively, we see that for eachi =1,...,2,

we have expressions

Ji(q) = ih (@) Jj1p(q)

p=1
for some polynomials ,-h](gj )(q) € Clg]. Notice that the coefficients Z-h](j ) (q) of these combinations
depend only on the recursions, not directly on the Js. It follows from the Empirical Hypothesis
that the series Ji, ..., Ji are uniquely determined (considering the combination at shelf j determines
the first j terms of the series J; just in terms of the ihéj)(q)). Hence, the whole sequence Ji, Jo, . ..
is uniquely determined.

By our work in the earlier sections (the definition of the R; series in (3.3) and Theorem 3.8),
the series R; above satisfy these conditions. Let .S; denote the generating functions of the classes
of partitions described in the statement of the theorem. By uniqueness, it is now enough to check
that the S; also satisfy the recursions and Empirical Hypothesis.

The Empirical Hypothesis (that S; = 14+¢**1 4 --.) follows directly from the definition. (Recall
from earlier that the empty partition of 0 is valid, and vacuously satisfies the conditions).

To check the recursions, we consider the series

Si(q) — Siv1(q)
7

The series in the numerator counts partitions satisfying the difference 2 condition, and for which
the smallest part is exactly ¢. The denominator has the effect of deleting this part, and the next
smallest part must be no less than i+ 2. Hence this is the generating function S;12(q), and we have

verified the recursions. O
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Chapter 4

Gordon-Andrews case - new interpretation

4.1 Introduction

The Rogers-Ramanujan identities admit a natural generalization, the Gordon-Andrews odd-modulus

identities. In explicit power-series form, the identities state that for any k> 2,i=1,--- )k

I1 . _1qm = dii(n)q", (4.1)

m>1, n=0
m#0, £(k—i+1) (mod 2k+1)

dji(n) = the number of partitions of n for which parts at distance k — 1 have

difference at least 2, and 1 appears as a part at most k& — ¢ times

It is clear that when k = 2, these identities reduce to the Rogers-Ramanujan identities.

From our perspective, this generalization comes from a different choice of specialization of the
same denominator identity. Ultimately, it corresponds to the graded dimensions of the Agl)modules
at odd level, extending the special case of Rogers-Ramanujan at level 3.

As mentioned in the introduction, in [LZ], Lepowsky and Zhu gave a motivated proof of these
identities. Concepts developed in later works on motivated proofs (in particular, the shelf picture)
were not explicitly present in this work, but in the appendices to [CKLMQRS], the appropriate
structure was made explicit. We largely follow that appendix here, but use our new viewpoint and
notation to highlight the underlying algebraic structure at play. In anticipation of this section,
much of the work in the Rogers-Ramanujan special case we did out above was written in a form
that allows for straightforward extension to this level of generality.

Although we will not stress these points in this chapter, remarks analogous to Remarks 3.2, 3.3,

3.4, 3.6, 3.10, and 3.11 are true in this setting as well.
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4.2 Definitions and background

Fix an integer k£ > 2, and allow the parameter ¢ to range over the values 1,--- , k. Consider the

following specializations of (2.1): e™®0 s gh+i e=1 1 gh+1—i

These yield

(@ P (@, 6o (@ P o = (4, 0o 11 (¢" S
m=1,- 2k+1,
m#Zk+i,k+1—1i,2k+1 mod 2k+1
= Z (—1)4w) gkt Awlo+ (1= Aul,
weW
(4.2)
o0
Let F(q) denote the series (¢,q)oc = ][] (1 — ¢"), as above. Again we divide through these
n=1

equations by F'(q), and recognize on the product sides of the Gordon-Andrews identities (4.1) on

the left-hand sides. Taking the right-hand sides, we define a zeroth shelf of series by

1 , y
Gi(q) = = Z (—1)f(w)q(k+z)|Awlo+(k+1 NAw|,

Fla) S

After defining this zeroth shelf, we recursively generate higher shelves of series according to the

following rules: given the k series on the jth shelf, G(k_l)j+i(q),i =1,---,k we tautologically have

G- G+1)+1 = Ge—1)j+k

and for i = 2,--- , k, we define

Gh—1)j+(k—i+1) (@) = Gr1)j+(k—i+2)
Gr-1)(+1)+i(@) = D) (4.3)

We write out these formulas explicitly for the first shelf, for expository purposes. For i =

2,k

1 w —1 i—
G—1)4i(0) = ) Z (1) W) (gt — glAwlo)gGh=itDAvlp+(i-1)Au], (4.4)
weWw

Remark 4.1. If we allow 7 = 1 in the expression (4.4), it stands to reason that the series we get
should be G(;_1)11, and hence the same as G (q) = G _1)o4k from the zeroth shelf. In fact, this
is the case - this is an example of the edge-matching phenomenon which will be expounded upon

in the next section.
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Let us see how this equality comes about in this instance: the zeroth-shelf formula for Gi(q) is

1
Grla) =z > (~1) @) g2HAulotiAul,
weWw

while the extrapolated first-shelf formula is

G-1)+1(q) (4.5)
1 o) JAuly _ 1Aulgy, 2K A]
— -1 wly _ glBwlg wlo 4.6
Fa) wew( )" (q g vlo)q (4.6)
1
_ (—1)Hw) [Pkl AuloHBuly g Ch+DIAul) (4.7)
Fla) S

The difference between these two expressions is thus

1
LN gyt kAl
g 27V

However, we know that in the affine Weyl group W, the effect of left-composing with the funda-
mental reflection s; will not change the value of |A,,| but will change the length by 1. Hence this

sum is zero because the terms cancel in pairs: w, sjw.

4.3 Closed formulas

We have the following closed-form formulas for these series:
Theorem 4.2. Let j >0 andit=1,--- k. If j = 2h is even, then

. | 28,01 (1= [|Aw2 AL '1] (ki)
(k—1)2h+i(Q) = mq

S (—1)A) (gleh — glauloy.. (glul — gt RGNSy i mlA g ii-mlAul,
weWw

(4.8)

If j =2h + 1 is odd, then

. I R I R (G AR
(k—1)(2h+1)+i(2) = IOk
D L P e B e e A A B L
weW
(4.9)
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Proof. The expressions above give two different formulas for the “edge” cases — i = k for shelf
j > 0and i =1 for shelf j + 1 — so we first prove that they are compatible.

Let Gj,i(q) denote the right-hand side of the formulas above. We will verify that the difference

Gik(q) —Gip11(q) =0

This works in the same way as in the Rogers-Ramanujan case: the involutions six, f(-) (from
Definitions 2.3, 2.4) of the Weyl group are applied to the series as “changes of basis”, and these
have the effect of negating the difference series.

Let j = 2h (so that j +1=2h +1). Then we have:

Gonk(q) — Gani1.1(q)

1 —21Aa k-1 Ayl +HA 1] —|A
= g Rl S ) glauly — glulo). . (glawle — g S h IS TR

F(q) S

- @B Bulo+(1-B)]Aul,

1 218,10 | (k=1

— 7(:] h+1 ¢ Z (_1)4(10) (q'Awll —_ q|Aw|0) P (q'Aw|0 —

A A —|A
. q\ wlitd 1l —1A ]
(q) et

Awly—|A A
.(q|Aw|1—q| o w2|1).q(%fh)mwlofhlAwll

—|A — A Ay A —|A
= LRl CEEDHRRL Syt (glBuly — glBulo) . (glBulo — oSBT
F(q) =

- PRI Awlg=hlAu],

We now apply the transformation s1* to the Weyl group. This is a bijection of the Weyl group,

so must leave the above sum invariant. Using Corollary 2.5, we get:

% fIAwglo(%fl)HAwg\l Z (_1)e(slw)(qmw|1 _ q\Aw|O) o (qmw\o B q\Aw\ﬁlAw}Llof\Awill)
(Q) siweW
.q(2h+1)(\Aw|0—\Aw\1)+(h+1)+(2k+1—h)\AwIo—h(2|Aw|0—|Aw|1+1)
_ _Fl q_|Aw2‘o(2k_1)+|Aw2‘1 Z (—l)e(w)(qlAwh B q|Aw|O) o (q'Aw|O _ qIAw|1+\Aw}L|0—|Awi\l)
(q) siweW

q(2k+1_h)‘Aw|0_h|Aw|1

This final expression is exactly the negation of the starting sum. The anti-commutativity of this

expression proves that it must be 0.
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Next, let j = 2h + 1 (so that j + 1 =2(h +1)). Then we have:

§2h+1,k(f1) - G2(h+1),1(Q)

1 —[Awl | +HA,1 | ](k—l)
q h+1 o h+1 1

- F(g)
Awlg—|A +|A
3 (—1)0) (glAwh — glAuloy... (gl g el TR AWy L e emlau ot 1-m) A,
weWw
1 —[Awo | +A0 | ](k—l)
_ q h+1 o h+1 1
F(q)

S (1)) gluls — glauloy . (gldulo — PRIy L emiaul ottt
weWw

_ Lq_mwiﬂ'O(’“—”_'A“’}ﬁl‘lk Z (_l)é(w)(qmw|1 _ q\Aw|0) L (q‘Awh - q‘Aw‘o_|Aw2+1‘0+|Aw2+1|1)

F(q) weW

- qb=WIAwlot (k=) Awl,y
We now apply to the Weyl group the outer automorphism f(-). This is a bijection of the Weyl

group, so must leave the above sum invariant. Using Corollary 2.5, we get

1 —lA 1| (k=2)=|A1 |k

——q “h+1 g h+1 1
F(q)

= 3 (1)) gl Bl (gl g TR R Ly L Al Al
weWw

Again the overall effect of this transformation is to negate the sum, and the anti-commutativity of
this expression proves that it must be 0.

Once we have verified the edge-matching, it remains to show that these closed formulas satisfy
the recursion. We do this in two cases once more. In both cases, we take the difference of two shelf
j series formulas to get the ith entry on shelf j+ 1. As in Remark 3.5, we express the denominators

of the recursions in terms of appropriate Weyl data.
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First, let j =2h, j+1=2h + 1:

Gon(k—1)+(k—i+1)(@) = Gonk—1)+(k—i+2)(Q)

(1A, | =1A,0l )GE-1)
q h+1 1 h 1

- ['Awiﬂ | 1A, |J (-1

=4q
| 2a ) (i) [Aw2|o+mw2 ] (i-1)
N4
(9)
T (—1)f (gleh — glduloy .. (glawlo — MRSy kit iomiAulotG-IAw,
weWw

1 2080l (k—it1)+ [|Awo +A ol ](12)
h 0O h 0 h 1

— mag
F(q)
3 (—1) 0 (gleh — glbuloy. . (glawlo — RN TIR kit miAulptG-1-mlAw,
weWw
| 2a ] (ki) [|Aw0 HA | }(i—n
— q h 0 h 0 h+1 1
F(q)
Z (—1)6(1”) (q|Aw|1 — q|Aw|O) . e (qIAw|O — q‘Aw|1+‘Aw}L|07IAw}L‘1) . (qIAw|1 — qIAw|Oi‘Aw2|O+|Aw?L‘1)
weWw

- iAo+ 1-R)] Au,

1 28,1 | (k=i)- |:|Aw1 | +HA,1 | }(il)
h+1 ¢ h+1 ¢

h+1
= Fo)" o
Ayl +A —|A Awlo—|A +|A
Z(_l)z(w)(q|Aw|1_q|Aw|o)...<q|Aw|0_q‘ l1+] “’i'o | wi‘l).(q|Aw|1_q| o~ wglo | w?L‘l)
weW

. q(Qk—i-l—l—h)‘Aw|o+(i_1_h)‘Aw|1

= Gont1)(k-1)+i(q)
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Next,let j =2h+1,j+1=2(h+1):

G oni 1) (k—1)+ (k—i+1) (@) = Gns1)(k—1)+(k—i+2)(2)

2(1a,0 | =lA, 1)@E=1)
q h+1 o h+1 g

—2{1A,0 | =[A, | |(G=1)
q h+1 ¢ h+1 ¢

1 [Awl | +A, | }(ki)2lﬁw1 | (=1)
h+1 ¢ h+1 1 h+1 ¢

Aylo—|A A . .
Z (_1)4(w)(q|Aw|1 _ q|Aw|0) o (qlAwh _ q\ lo—| w2|0+| wg\l) ) q(k+th)|Aw|0+(k717h)|Aw|1
weWw
1 [Awl | +HA, | ](kiﬂ)?lAwl | (i-2)
_ q h+1 o h+1 1 h+1 ¢
F(q)

I (1)) (glAwh — glAuloy... (gl A e LI GRS IR
weW

—2|A i—1)— | |A +|A k—i
1 28y |G- [ wby,) H wiﬂl]( )

[Auwlp—IA o] +IA ol
Z(_l)g(w)(q|Aw|1 _q|Aw|o)...(q|Aw|1 —q 0 h o h 1)
weW

Awli—|A +|A
q‘ w‘l | w}Hrl‘o | wilz |

. (q‘Aw|o _ +1 1)q(k+i_1_h)|Aw|0+(k_i_h)|Aw|1

1 24,0 | (-D- [Awo | +lA0 | }(ki)
_ q h+1 g htl o htl'q
F(q)

[Auwlo—IA o] +IA ol
Z(_l)ﬁ(w)((ﬂAwh _q|Aw|0)...<q|Aw|1 —q 0 ho h 1)
weW

|Awl =&, | +A |
q

- (gHBwlo — hatlo T Whin 1) g L=l Aulo+(k=i=h)|Aul,

= Gons2)(k—1)+i(0)

4.4 Empirical Hypothesis

As a consequence of Theorem 4.2, we are now in a position to formulate and prove the Empirical

Hypothesis. This is the main ingredient needed to complete the motivated proof.

Theorem 4.3 (Empirical Hypothesis). For any j >0 andi=1,--- ,k,

Gr—1)j+i(0) = 1+ ¢ ()



37

for some

v(q) € Cl[g]].

Remark 4.4. Note that since G(;_1)j4%(q) = G(k—1)(j+1)+1(q), Theorem 4.3 implies that we can

write G(;—1);+k(q) = 1 + ¢*?v(q) where 7(q) is some formal power series.

The structure of the proof is largely unchanged from the Rogers-Ramanujan special case. In
general, for each G series, the first few summands in the linear ordering will be equal to 0. The
first term which is nonzero will contribute the initial 1 + ¢/*! in the Empirical Hypothesis, and all
other contributions from it and all subsequent terms will contribute only higher powers of g. In the
special case ¢ = k, a closer analysis shows that the next term after the least nonzero contributor
contributes exactly what is needed to push the Empirical Hypothesis up to the shape it needs to
be for the next shelf.

Unless otherwise noted, the justification for individual steps in the calculations are identical
to what they were for the Rogers-Ramanujan case. Hence we will largely suppress explanatory

comments for these proofs (but see Remark 3.3 for more details).
Proof. First, we consider the even-shelf series, which from Theorem 4.2 are of the form

1 —QIAwglo(i—l)— [IAwgoJrlAwgll] (k—i)
G2h(k71)+i(Q) = mq

Al HA 1] =18
3 (1) (g Buls — glBuloy . (glulo g T TRl T el
weW

B Ao+ (k=i 1=R) Auly

First suppose that w is one of the first 2h elements (with respect to the linear order) - i.e., w is
either of the form w? for r < h, or w} for r < h. Then as before, it follows from the formulas (3.8),
(3.9), (3.10) that the corresponding terms of the series are 0.

We claim that the first nonzero contribution to the series is from the term w = wg, and that this
contribution is of the shape 1+ ¢?"*1 + O(¢?"*2). This claim is justified by the following sequence

of computations, starting with the w = wg term from the series referenced above:
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1 28,0l (-1)— [|Aw0 +lA ol ](ki)
h 0 h 0 h 1

q
F(q)
(—1)€(w2)(q‘Aw?L|l _ qlAwg\O) . (q'A“’2|o B qlﬁwg\ﬁlﬁw}zlo—lﬁwill)

(k+i—h)|A 0| +(k—i+1=h)|A o
h 0O h 1
1 24,0l —1)— [Aw0| +A ol ](k—i)
h 0 h 0 h 1

A A ol —|A A ol —h Aol IA o| h
O T R R e O I I (A T )

(k+i—h)|A 0| +(k—i+1—h)|A o]

q h 0 h 1
:7_12h1_q.”1_q2h
g0 1)

=2[A o] G=1)=]|A, 0] +lA ol |(k=D)+2h|A o —[A ol +(k+i=h)|A of +(k—i+1=h)[A o]
q h 0 h 0 h 1 h 1 h 0 h 0 h 1

As in the corresponding part of the proof in the Rogers-Ramanujan case, the singleton |Aw2 \O com-

ponent of the exponent on the ending line comes from the sum 1+ --+h (interpreted appropriately)

on the previous line.

Looking more closely at the exponent of ¢, we can regroup it as
b[(18ugl, +180g1,) = (8], + 180 ])
+il08u],~ 180y1) - (g, - 1))
Bl + 1Bgsl —h(1Ayel ~1A41)
=k*x0+ix0+h*—h?
=0
Moreover, expanding F(q) = (1 — q)(1 — ¢*)(1 — ¢®)---, we see that we can cancel the first 2h

factors of F'(g) with the remaining factors in the term. Hence this term is in fact equal to

2h 1

(@ @) =1+¢" "+

To verify that all subsequent contributions are O(¢?"*1), we argue as in the previous chapter.
First, suppose that w is of the form w? for some r > h, so that the next Weyl element in the

linear order is s;w? = w} +1- As was the case earlier, the effect of applying the transformation sy is
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to rescale the term by a power of ¢, whose exponent can be computed by summing the contributions

from Definition 2.3 and Corollary 2.5. We get:
h(2\Aw|0 —2|Ay, + 1>
+(k+i—h)|Ayl,+(k—i+1—h)2|Au], —|Aw|, +1)
—(k+i—h)|Ay|,+ (k—i+1—h)|Ayl,
= h<2|Aw|0 —2|Ay|, + 1>

+(k—i+1-h)(2lAu], — 2[Ay|, +1)
= (k—i+1)(2]Aul, — 2|Au|, + 1)

>2h+1

For the last inequality, we have used the facts that i < k and that for elements of the form w?
with r > h, we have |Ay|, — |Aw|, > h. (Notice that in particular, we get equality in the last line
only when i = k and r = h, and in this case the least contribution from this term is —¢?"*!, which
precisely cancels out the ¢2"*1 from the previous term, giving us a series of the form 14 ¢2+2 4. ...
This shows the agreement between the edge-matching and the Empirical Hypothesis). In general,
this confirms that all higher contributions are O(¢?"*1).

Next, suppose w is of the form w! for some r > h + 1, so that the next Weyl element is

f(w}l) = w?. From Definition 2.4 and Corollary 2.5, the factors that are different between these

two terms are

(q|Aw|o _ q|Aw|1—h)q(k+i—h)‘Aw|0+(k_i+1—h)‘Aw‘1

(it L) | A [ o+ (k=i 1) Ay (ktimh) | Ao g+ (k—i+ 2= )| Aus|, —h

=4q —q

for the w! term versus
(q|Aw|1 — q|Aw|0_h) . q(k+i_h)‘Aw‘1+(k_i+1_h)|Aw‘o

_ q(k—z'+2_h)|Aw|0+(k+z‘—h)mw|1—h _ o(k=i+1=h)|Ay|g+(k+it+1=h)|Ay|; —h

q

for the w? term.

The ratios between the parts of these expressions is

gD Al o+ 2Dl Aul, ~h



40

for the positive parts and

DAl o+ 2Dl Aul, +h

for the negative parts. The ratio between positive parts is the smaller of the two, and we can bound
its exponent as

@ 1) 18], = 18ul,| =12 @i = D7) = b2 1

Hence the power of ¢ must increase, and here, too, the contribution is O(QOH).
Combining these results, we have verified the Empirical Hypothesis for even shelves.

For odd shelves, from Theorem 4.2 the series are of the form

1 ['A }L+1| +|A“’%L+1| ](11)2|Aw}11+1| (k=0)
G 2nt1)(k—1)+i(q) = T ’ ' 0
Auwlo—|A A
Z( |A l1 _q|Aw|0)...(q|Aw|1_q| o= w2|0+| wg‘l)
ew

. PR=iHI=IAulo+i=1-h)Aul,

First suppose that w is one of the first 2h + 1 elements (with respect to the linear order) - i.e.,
w is either of the form w? for 7 < h, or w! for r < h. Then as before, it follows from formulas (3.8),
(3.9), (3.10) that the corresponding terms of the series are 0.

We claim that the first nonzero contribution to the series is from the term w = w,lZ 41, and that
this contribution is of the shape 1 4 ¢***2 + O(¢?"*3). This claim is justified by the following

sequence of computations, starting with the w = w}L 41 term from the series referenced above:
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1 —[IAw1 | +A,1 I](i—l)—QIA o | (k=)
q h+1 o h+1 1

F(q)

|

A A —|A +|A
| A1 | | 1+1\0 | wglo \ wgll

A A
(71)5(10;1#1)((1‘ w;lb+1 1 q‘ w}lL+1 )(q “h41 9 — q “h

)

@k—i+1-h)|A 1 | +(i—1-h)A 1 |
h+1 o

- q h+1 1
1 —[Awl | +A, 1 ](i—l)—2Awo | (k—i)
— q h+1 o h+1 1 h+1 o
F(q)
A A —|A A —h A —|A h
R e N & Ak B SR ST

(2k—i+1—h)[A 0| +(i—1-h)|A o]
h 0 h 1

1
_ 7(_1 2h+2 1 — Q) . (1 - q2h+1)
F(q) A
_|:|Aw1 | +|Aw1 | :|(’i—1)—2|Aw() | (kf—i)+(2h+1)|Aw0| —‘Awl | +(2k—i+1—h)|Aw0| —l—(i—l—h)‘Aw(ﬂ
q h+1 o h+1 1 h+1 o h 1 h+1 o h 0 h 1

Looking more closely at the exponent of ¢, we can regroup it as

zk[mwl TN
h+1 "0

Whit'y
w0801 =180 1) = (804 ] = 18041

)

1
Whi1'y

FlA L A | = (1A ]~ A
=2kx0+ix0+ (h+1)* = (h+1)?

=0

Moreover, expanding F(q) = (1 — ¢)(1 — ¢*)(1 — ¢3) - - -, we see that we can cancel the first 2h + 1

factors of F'(g) with the remaining factors in the term. Hence this term is in fact equal to

-1

) o e S

(q

To verify that all subsequent contributions are O(¢?"*+?), we argue as before.
First, suppose w is of the form w! for some » > h + 1, so that the next Weyl element is
f(w}) = w?. By Corollary 2.5, the action of this transformation on the w! term is by negation on

the group of factors in parentheses. Hence to study the change in the power of ¢, it is enough to
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just consider the change in the ending exponent, which is

(i—1—=h)| Ay, + 2k —i+1—h)|Ayl,

— 2k —i+1—=h)Ay],— (i—1—h)|Ay,
= (=2k +2i — 2)| Ay, + (2k — 20 + 2)| Ay,
—2(k —i+ D)[|Aw], = |Au],]

>2h+2

with equality only when i = k& and w = w,l1 41~ Since we have made the assumption that the

2h+2) " and the minimal exponent here is at least 2h + 2 higher,

preceding term is at least 1 + O(q
we conclude that the contribution here is O(g?'+2).
Now assume w is of the form w? for r > h + 1, so that the next Weyl element is sjw! = w; ;.

By Corollary 2.5, the overall change in factors when applying s1* to the w? term is the shift from

(gely — gldulo=h)g@h—it1=h)|Aulo+(i-1-h)Aul,

= R DI Aot =R Auly _ (k=i 2=h)| Ao+ (i=1-h)|Aul,~h

in the w! term to

— (q|Aw‘o — qlﬁw\1—(h+1))q(2h+1)(|Aw|o—\Aw|1)+(h+1)+(2k—i+1—h)|Aw|o+(i—1—h)(2\Aw|o—\Aw\1+1)

(2ki— )| A [ (—it L) [ Ay~ (ki L) | A [ (—i— ) D]

=q q

in the w}_H term.

The ratios between the positive and negative parts are respectively

q(2i—1)|Aw|o+(_2i+1)‘Aw |y +i—h q(2i—1)|Aw|o+(—2i+1)|Aw |y +i+h
Y

The lower ratio is that between the positive parts, and there the exponent is
(20 —1) [|Aw|0 - \Awll} +i—h>i+1

(using the fact that |Ay|, — |[Aw|, > h + 1 in the region specified). Therefore in this situation too
the power of ¢ increases, and the contribution to the series remains O(q2h+2).
Having done both cases, we see that all higher contributions are O(¢?"*+?), and we have verified

the Empiricial Hypothesis for odd shelves. O
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4.5 Combinatorics

To complete the motivated proof, we now recall Theorem 2.2 from [LZ].

Remark 4.5. As in Remark 3.12, the proof we give here is much simpler than the main proof in
[LZ], but not as deep because it requires us to “know in advance” the combinatorics. Essentially,
we are performing a verification rather than a proof from scratch. Again, see Remark 4.1 in [LZ]

for more details.

Theorem 4.6. For each i = 1,...,k, j = 0,1,2,..., Gr_1)j1i(q) is the generating function of

partitions satisfying
1. difference at least 2 at distance k — 1
2. smallest part is at least j + 1
3. 7+ 1 appears as a part at most k — i times

Proof. Suppose K, Ko, ... is an infinite sequence of formal power series in ¢ which satisfy the
recursions (4.3) (with K in place of G) and the Empirical Hypothesis. By rewriting (4.3) to solve
for the lowest-indexed series and applying this formula iteratively, we see that for eacht=1,--- | k,

we have expressions
k
Ki(q) = Zz’h}(gj)(Q)K(k—l)j-i-p(Q)
p=1

for some polynomials ,;hl(,j )(q) € Clg]. Notice that the coefficients ih,(;,j ) (q) of these combinations
depend only on the recursions, not directly on the Ks. It follows from the Empirical Hypothesis
that the series K1, ..., K are uniquely determined (for example, considering the combination at
shelf j determines the first j terms of the series K; just in terms of the ihéj )(q)). Hence, the whole
sequence K1, Ko, ... is uniquely determined.

By our work in the earlier sections (the definition of the G; series in (4.3) and Theorem 4.3),
the series GG; above satisfy these conditions. Let H; denote the generating functions of the classes
of partitions described in the statement of the theorem. By uniqueness, it is now enough to check

that the H; also satisfy the recursions and Empirical Hypothesis.

The Empirical Hypothesis (that H,_qy4 = 1+ ¢+l 4. ..) follows directly from the definition.



44

To check the recursions, we consider the series

Hi1)je—is1)(@) = He—1)j1(k—iv2) (@)
q(j+1)(i_1)

The series in the numerator counts partitions satisfying the first two conditions of the theorem, and
for which the part j + 1 appears with multiplicity ¢ — 1. The denominator has the effect of deleting
all of these parts. In order to satisfy condition 1, the there can be at most k — i parts equal to j+ 2.

Hence this is the generating function Hj_1)(j+1)+i(¢), and we have verified the recursions. O
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Chapter 5

Andrews-Bressoud case - new interpretation

5.1 Introduction

Another set of identities closely related to the Rogers-Ramanujan identities are the Andrews-
Bressoud even-modulus identities, whose product sides correspond to the graded dimensions of
modules for Agl)at even level.

These identities state that for every k > 2 andi=1,--- | k:

Hm>1(1 _ q2km)(1 _ q2km—k+(z’—1))(1 _ qka—k—(i—l))
) =D bri(n)q", (5.1
[T (1= ™) Z ki() )

where by, ;(n) is the number of partitions 7 = (71, - ,7,) of n (with m > m41) satisfying
1. difference at least 2 at distance k — 1
2. mp — Ty < lonlyif mp+ -+ mipo=k+7 mod 2
3. at most k — ¢ parts equal to 1

In other words, the partitions satisfy difference (at least) 2 at distance k — 1, and in fact difference
2 at distance k — 2 unless a certain parity condition is met.

As in the odd-modulus case, it is possible to define higher shelves of B series by recursion.
However, if we do this just in terms of the B;s, we are forced to encounter the undesirable behavior
of having non-pure powers of ¢ in the denominators of the recursions, which is not “motivated”
and would not admit a description from our viewpoint. In [KLRS], which we follow below, this
difficulty was dealt with by introducing intermediate “ghost shelves” of series. Combining the true
and ghost series lead to recursions which do involve only pure powers of g. In this section, we
reinterpret the proof from [KLRS| using our new viewpoint and Weyl-theoretic notation, and see

how it fits the paradigm we have established.
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As in the previous chapter, remarks analogous to those given in the Rogers-Ramanujan case are

true here as well.

5.2 Definitions and background

Fix an integer k > 2, and allow the parameter ¢ to range over the values 1,--- , k. Consider the

following specializations of (2.1): €0 s ¢hF+i=1 e~y gF=i+1 This yields

oo (0,0 ) o0 = (¢, 1) o0 11 (q™, ¢*") )
m=1, 2k+1,
mzk+i—1, k+—itl, 2k mod 2k (5.2)

Z (_1)Z(w)q(k+ifl)\Aw|0+(k+17i)\Aw|1
weW

k—i—&—l’ qZk) k—‘ri—l’ q2k)

(¢ % (q

As above, let F(q) denote the series
(¢:9)00 = [J(1 ="
n=1

Once again we divide through these equations by F(¢), and recognize the Andrews-Bressoud prod-

uct sides from (5.1) on the left. We define a zeroth shelf of series to be the right-hand sides:

1 e .
Bi(q) = Q) Z (—1)8@) g kDl Aulo+ (k4 1=0)| A

weW
fori=1,--- k.
Let us see how appropriate recursions (from [KLRS]) simultaneously define the the zeroth ghost

shelf and the true first shelf. Define:

By — By =
Biyi1(q) = . By, (5.3)
Bi—p— Bi-ps1 _ Bipi1 — Bi_pio
Biip = P . ptl P+ - P+ (5.4)
q qr
for p=2,--- ,k — 1 In these recursions, the right-hand equality is used to define the ghost series
B; for i = 2,--+,k, and then either equality serves to define the next shelf of true series Bj_1)1;-

Solving these equations yield the definitions of the zeroth shelf of ghost series:

~ 1

By, = —1)tw) g(2k=2)Awlo+2Awly 5.5
EE P 09

- 1 . .

5 T (1)) (2uls Rl ) b2 Al 5By (5.6)

" (1+q)F(q)

fori=2,--- k—1.

weWw



Remark 5.1. Notice that allowing ¢ = k in the second expression gives

~ 1
Bie LN (L) (2ul 2wl k2Bl
irgr 2 0 )

which is valid because its difference from the defined E; is

TR 2 0
weW

which cancels to 0 under the pairing of Weyl elements w, sqw.

Using these expressions, the next shelf of true series is defined as:

1
B — T (1)) (g4l — gHAulo)gChop-DlAulotG-1lAul,
k:+p (1 +q)qp71F(q) wew( ) (q q )q

The general recursions are as follows:

Bk-1)j+k-1) — Bo—1)j+k =

Br—1)(j+1)+2(q) = RS = B(-1)j+k
B  _ Benireiy — Banjrt-it2) _ Be-njtt-it2) — Be-n)j+-its)
(k=1)(j+1)+i gD qU+D(-2)
fori=3,--- k.

Solving these recursions for the ghost series leads to the following definitions: Fori =2, - - -

- B vioi +qj+1B Vel
(k—1)j+(i—1) (k=1)j+(i+1)
B—1)j+i(q) = T+ g+

For i =k,
Bk—1)j+®x-1)

B—1)j+x(a) = 1+ gt

5.3 Closed formulas

We have the following closed-form formulas for these series:
Theorem 5.2. Let j >0 andi=1,--- k.

If j = 2h is even, then

B (q) 1 —ZIAwglo(i—l)— [IAw2|0+|Au,2|1] (k—i)+h(2h+1)
(k—1)2h+i q) = (1 + q) . (1 + q2h)F(q)q
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(5.7)

(5.8)

7k_1)

37 (~1)) (g2Auh_g2Aul) .. (@ Bwlo_g R 2B ] ZHAG LY Gim1am) Al (ki 1-2m) A,

weW

(5.11)
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If j =2h + 1 is odd, then

1 - IAM}LH\OHA%HIl (i71)72|Aw}11+1Io(kfi)+(h+1)(2h+1)
Be-1)@n+1)+i(q) = (T+q) (L4 (g q

3 (1)1 (g2Avh _g2laulo) .. (g2lAuly o HRug ] FERL ) kil ti-2-20)iAul,
weW
(5.12)

Theorem 5.3. Let j >0 andi=2,--- k.

If j = 2h is even, then

E 1 —2|Aw2 |O(i—1)— |:|Aw2 |0+Aw2|1:| (k—i)+2h(h+1)
(k71)2h+i(q) - (1 n q) . (1 + q2h+1)F(q)q

2|Aw| +2|Aw1\ —2|Aw1\
Z (—1)2(1”) (QQIA“"l — q2|Aw‘0) . (q2|Aw|0 —q 1 h 0 h 1)
weW

(Pl 4 PlBulotly (=222 Aul+(k=i=2)|Auly (5 13)

If j =2h + 1 is odd, then

_ 1 - |18 \O+|Aw}1l+1|1 (i71)72|Aw}11+1|0(k7i)+2(h+1)2
Be-1)@n+1)+i(q) = (+q) (142 F(g) q

2[Awlo—2]A o] +2|A ol
Z(_l)ﬁ(w)(qmﬁwh _q2|Aw‘0)...(q2|Aw|1 —q 0 ho h 1)
weWw

(2Bl 4 2801y Ghi=1=2h) Auly+(i-3-2)Auly (514)

Remark 5.4. There is a subtle point here that bears mentioning: for the Gordon-Andrews series,
the edge-matching was logically needed for the generation of new shelves of series. Specifically, in or-
der to obtain the formula for G (_1)(j41)+#(q), one needs the “shelf j” formulas for both G'(;_1);41(q)
and G(;—1)j42(q)- Since the series G(;,_1;41(q) was originally defined as G ;_1)(j—1)+x(q) (i-e., given
in its shelf j — 1 form), this requires edge-matching.

For the Andrews-Bressoud identities, the only time the ghost series appear in the recursions,
they are always in the form E(k_l)jﬂ»(q) for ¢ = 2,--- , k. Hence there is no need to prove an edge-
matching result for these series (although it certainly does hold!). Edge-matching is still required

for the true series, however, for the same reason as in the Gordon-Andrews case.

Proof. We will once again have to check that these formulas obey edge-matching and the recursions.
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Let Bji(q) denote the right-hand sides of the formulas for the true series above. We will verify

that the differences

Bji(q) — Bj+1,1(q) =0

We do this by performing suitable “changes of index” on the sum, namely, the transformations s,
fC)
Let 7 = 2h (so that j +1 = 2h + 1). Then we have:

Bop i(q) — Bant1,1(q)
1 —2|A o] (k—1)+h(2n+1)
1+q) 1L+ F(g)! "
S (—1)(g2Auls — g2Aulo) .. (g2l A O G OISR DL
weWw

1 —20A,1 | (k=1)+(h+1)(2h+1)
- 2ht1 q o
(1+q)---(L+¢**1)F(q)
S (1)) (g2l — @bulo) . (g2l _ AR Ry 12t Aot (-1-20) 1A,

weWw

1 72|Aw? |0(k71)+h(2h+1)
(I+q) - (1+@")F(g)!

21Au | 4+21A 1] —2|A 1]
Z (—l)g(w)(quwh 7q2‘Aw‘o)...(q2|Aw|o —q 1 h o h 1)
weW

(14 @)1= Aulot (1=2m)Auly _ 21 (g2Auly _ 2Aulo=2h) (2k=1=20)Aulo+(-1-20)Auly)

—q
1 72|Aw2 |0(k71)+h(2h+1)
(I+q) - (L+¢ ) F(g)!

2|Aw| +2|Aw1\ —2|Aw1\
Z (—1)£(w)(q2|Aw|1 _q2‘Aw‘0)...(q2|Aw|o —q 1 h 0 h 1)
weW

. [q(2k7172h)|Aw|0+(172h)|Aw|1 + q(2k+1f2h)|Aw|O+(7172h)\Aw|1+1]

1 —2|Aw2 |O(k:—1)+h(2h+1)
(T+q) 1+ @ )F(g)!

2[Aw | +2[A 1] —2|A 1]
S (—1)f ) (gHAw — g2ula) ... (qAAely — g "Rl Rl TR
weWw

When we apply the transformation s;* and use Corollary 2.5 (with ¢? in place of q), the series
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becomes:

1 72|Aw2| (k—1)+h(2h+1)
q
(I+q)--- 1+ F(g)
S (- 1)ere) hEAulo—2Aul D) (g28uly _ @Bulo) . (g28uly MR R,

stweWw

. <q2(2|Aw|o_‘Aw|1+1) + q2|Aw|0+1) (2k—1-2h)|Aw|+(—1-2h)(2]Aw |y —]|Aw|,+1)

q
1 208,01 (k=1)+h(2h+1)
q
(I+q)-- 1+ F(q)
S (1)) (gl — g2l (q2Bulo MR TRy gt 4 g2l
stweW

. q2h(2\Aw\o*QIAwl1+1)+(2|Aw|o*2|Aw\1+1)+(2k*1*2h)IAw|o+(*1*2h)(2|Aw|o*|Aw|1+1)

_ 1 72|Aw2|0(k71)+h(2h+1)
T 0t (I )F(g)!

2/Au]+21A 1] =2[A 1]
Z (_1)Z(w)(q2|Aw|1 _ qQ‘Aw|o) ... (q2|Aw‘o —q ! ho h 1)
stweW

. (qQ‘A’w‘l + q2|Aw|0+1)q(2k_1_2h)|Aw|0+(_1_2h)‘Aw|1

Comparing this to the last line of the series of equations above, we see that this transformation

has exactly negated the expression. This anti-commutativity proves that the difference is 0.
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Next, let j =2h+1, j+1=2(h+1). Then:

Bont1,k(q) — Banr1)1(q)

1 — [AwiHOHA“’iHJ (k—=1)+(h+1)(2h+1)
(T+q) 1+ F(g)"
S (~1)H@) (g2 — g2aulo) . (gAauly  HA TR ARy | Gmamlau o220l

weW

1 [|Awo | +1A,0 | ](k1)+(h+1)(2h+3)
_ q h+1 ¢ h+1 1

(144q)--- (14 ¢P+D)F(q)

Z (=)W (Bl — 2lAwloy. . (gPBwlo —
weW

2|A +2|A —2|A
q| wlit?l w%LJrl'O | wilwlll)

- k=22l Al o+ (k=2=2) A,

1 - [Iﬁwg+1 | HAug |1] (k=1)+(h+1)(2h+1)
IR B R P
Z (_1)£(w) (q2‘Aw|1 _ q2|Aw|0) . (QQ‘Awh _ q2|Aw‘0—2|Aw2‘0+2‘Aw2|1)
weWw

: [(1 4 U =2 [ Ao+ (b—2-20) Al

2D (28uly 28] 2D ) o (k-2-20)| Aulg+ (k=2-28) Aol

1 - [mwo | a0 | ](k—1>+(h+1>(2h+1)
— q h+1 o h+1 1
(1+q)-- (14 ¢PtD)F(q)

2|Awlo—2[A o] +2|A ol
Z (_1)f(w)(q2\AwI1 _ q2IAw|o) e (q2\Aw|1 —q 0 h'o )
weWw

2P Bl (k—2=2R) Ay | o (k=2-20)]Au g+ (h—20)|Aul

1 - [|Awo | +1A,0 | ] (k—1)+(h+1)(2h+1)
q h+1 ¢ h+1 1
(1+q)-- (1+ ") F(q)

2|Aw]g—2|A 0] +2[A ol
Z(_l)ﬁ(w)(qQ‘Awh _q2|Aw|o)...(q2‘Aw|1 —q 0 h 0 h 1)
weW

(28wl - @Bl yy (k=2 1) Auly(h—2(h+1) Al

It is simple to see that the transformation f(-) negates this sum (Corollary 2.5, with ¢? in place of
q, describes how it acts on the factors in parentheses, and it is clear that it leaves the exponent at
the end invariant). Hence, as above, the difference is 0.

This finishes the proof of the edge-matching.
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Now, we verify that these formulas obey the required recursions. First, we deal with the ghost
series.

For the ghost series on shelf j =2h,i=2,--- ,k— 1:

Bi—1y2n+(i-1) + " Brm1yon+ (i41)
1 _|_q2h-‘r1

1 —2|Aw2 |0(¢_1)_ [|Aw2 0+|Aw2|1] (k—3)+h(2h+1)
T (+q (It F(g)!

2| 8w 1 +2[A 1| —2|A |
Z (_1)f(w)(q2\AwI1 _ QQIAwlo) . (q2\Aw|o —q 1 B0 )
weW

[ 20801 (18,01 1A o] T+ (h-Hi-2-2h)| Ao+ (k—i-+2-2h) A
- lq h 0 h 0 h 1

(2h+1)—-2|A o] +[A ol +IA ol 1+ (k+i—2R)[Aw|y+(k—i—2R)|Aw|,
q h 0 h 0 h 1 i|

1 72|Aw2|0(i71)7 [|Aw20+|Aw2|1] (k—i)+2h(h+1)
Tt +)F(g)!

, 21Aw] 1 +2[A 1| —2[A 1]
Z (_1)f(w)(q2‘Aw|1 _ q2|Aw|0) ... (q2‘Aw|o —q ! h'o h 1)
weWw

. (q2|Aw|1 + QQ‘Aw‘o+1>q(k+i—2—2h)|Aw‘0+(k—i—2h)‘Aw|1
= B(i—1)2n+i(q)

When ¢ = k, the recursive definition of the new series takes a slightly different form, and we
instead compute:

B—1)2n4(k-1)
1+ g2h+1

1 72|Aw2|0(k71)7 [|Aw2|O+Aw2|J +h(2h+1)
T (10 +)F(g)!

2[Aw|+2[A 1] =2|A 1]
Z (_1)€(w)(q2|ﬁw|1 _q2|Aw‘0)...(q2|Aw|o —q ! ho h 1)
weWw

. q(2k_2_2h)‘Aw|0+(2_2h)|Aw|1

This is not identical to the result of substituting ¢ = k£ into Theorem 5.3, but the difference is equal
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to

1 —Z\Awglo(k’—l)— [IAw20+|Aw21] +h(2h+1)
(1+¢q) - (1+ q2h+1)F(q)q

2|Au |1 +21A 1| —2(A |
3 (1) (@Bul  g2Buloy . (Bulo TR, TR
weW

(220 Ao+ (~20) [ Au] +1

Applying Corollary 2.5, we see that the sy* transformation exactly negates this last expression,
which forces it to be zero. This, in turn, verifies the above formula for E(k_l)%_,_k(q).

For the ghost series on shelf j =2h+1,i=2,--- |k —1:
2h+2

B(k—1)@2nt1)+6-1) + 4
11 g2hi2

(k—1)(2h+1)+(i+1)

1 1A, | +HlAr | [GE=1)=2]A 1 | (k=i)+(h+1)(2R+1)
= q h+1 0 h+1 1 h+1 g
(1+4q) - (14 ¢*"*2)F(q)
S (1)) (2l gula) . (g2Buly Aol A

weW
A1 | +Agr | =21A,10 | (2k—i+1-2R)|Ay|y+(i—-3-2h)|Aw|;
. |:q h+1 ¢ h+1 1 h+1 +
2-[|A 1 | HAL | AL | (Zk—im1-2R)[ Ao+ (i—1-2R)[Awl,
+ q h+1 o h+1 1 h+1 + :|
1 1A, | +lAa || GE=D)=2(A 1 | (k—i)+2(h+1)?
h+1 ¢ h+1 1 h+1 ¢

Tt 1+ ()]

S (1)) (g2Avh — gaulo) . (gAAuly _ Mo HRug ] FEA
weWw
(2 Bulo 4 Buly)gRh—i=1=20) AuloH(i=3=21)|Aul,

= B(k—l)(2h+1)+i(Q)

When ¢ = k, the recursive definition of the new series takes a slightly different form, and we
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instead compute:

B—1)@h+1)+(k-1)
1+ g2h+2

1 — |Aw1 | —HAwl | (k—2)—2|Aw1 | +(h+1)(2h+1)
g q h+1 o h+1 1 h+1 ¢
(1+q)---(1+¢*"*2)F(q)

2|Awlo—2|A 0] +2[A ol
S (1)) (A — gBulo) .. (gl — g "Rl TR,
weWw

- =120 Ao (k=3-2h) Al

This is not identical to the result of substituting ¢ = k into Theorem 5.3, but the difference is equal

to

1 —lla 1 HAL || (=2)=21A 1 | +(h+1)(2h+1)
q h+1 ¢ h+1 1 h+1 o
(I+4q)-- (1 +¢*"*2)F(q)

2|Aw]g=2[A 0| +2|A o]
Z (_1)€(w)(q2|Aw‘1 _q2|Aw|o)...(q2‘Aw‘1 —q 0 ho h 1)
weW

(k=1—20)| A [+ (k—1-2h)| Au

Applying Corollary 2.5, we see that the f(-) transformation exactly negates this last expression,

which forces it to be zero. This, in turn, verifies the above formula for E(k—l)(2h+1)+k (q).
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Next, for the true series on shelf j = 2h:
Bk—1)2h+(k—it+1) — E(k71)2h+(k7i+1)
qh+1)(=1)

1 208 ,0] (k=i)= [mwg 0+|Aw2|1] (i=1)+h(2h+1)
T (+q (1@ (g

2|Ay| +2|Aw1\ —2|Aw1\
Z (fl)g(w)(qu“’h — q2\Aw\0) . (q2|Aw|o —q L h 0 h 1)
weW

) [(1 +q2h+1)q(2k7i72h)|Aw\0+(i72h)|Aw|1

_ (q2|Aw|1 4 qQ‘Aw‘0+1)q_2‘Aw2|0+[|Aw2‘O+|Au,2|1]+(h+1)+(2k—l—2h)‘Aw|0+(l—2—2h)‘Aw‘1

1 1A, | HA [ 6E=1)=2[A 1 | (k=i)+(h+1)(2h+1)
— q h+1 ¢ h+1 1 h+1 ¢
(I+q)- - (1+¢**1)F(q)

2[Awlp=2[A 0] +2|A,0]
Z (_1)Z(w)(q2|Aw|1 _q2|Aw‘0)...(q2|Aw|1 —q 0 h 0 h l)
weWw

. q(%—i—?h)lAw|o+(i—2—2h)|Aw|1
= B(k—l)(2h+1)+z‘(€1)

For the true series on shelf j = 2h + 1:
B—1)2h+1)+(k—it1) — B—1)2h41)+(k—i+2)
g2(h+1)(i=1)

T+ 1+ )R’

2|Awlo—2|A 0] +2[A ol
S (1)) (A — g2ela) .. (gHAnly — g el TRl
weW

—11A A k—i)—2|A —1 h+1)(2h+1
1 | w}l+1|0+| whl'l (k—1)—2| w;bﬂ\o(% )+ (h+1)(2h+1)

_ {(1 +q2h+2)q(k+i—l—2h)|Aw|0+(k—i—1—2h)\Aw|1

—[|A +|A +2|A +(h+1)+(k+i—3—-2h)|Aw |+ (k—i—1-2h)| Ay
(el g g2l Bk TR A O Al LAl

1 72|Aw0 | (i—1)— \Awo | +|Awo | | (k—3)+(h+1)(2h+3)
— q h+1 ¢ h+1 ¢ h+1 1
(1+q)---(1+¢M+))F(q)

S (1) (el gulo) . (g2Buly — PR TR,
weW

q(k‘+i—1—2(h+1))\Aw\o+(k—i+1—2(h+1))\Aw\ 1

= B—1)2(h+1))+i(9)

This finishes the proof. O



56

5.4 Empirical Hypothesis

The only Empirical Hypothesis logically needed to complete the proof is that for the true series.
However, the ghost series also obey a Empirical Hypothesis, with an entirely analogous statement
and proof. We include it here for completeness, and because we use it to simplify the proof of the
combinatorics in the next section.

As in the other Empirical Hypotheses proved earlier, the behavior of the terms here will follow
the same pattern: finitely many terms at the beginning of the order contribute 0, the first nonzero
contribution is what provides the first two elements of the series (giving the proper “shape” to the
series as predicted by the Empirical Hypothesis), and all subsequent terms only contribute higher
powers. However, we do encounter a new phenomenon here not seen in the Gordon-Andrews proofs:
the minimal power of ¢ coming from each term are no longer always strictly increasing with respect
to the linear order. Instead, when ¢ = 1, it is possible for there to be a decrease instead, just not

so great a one as to disturb the shape of the Empirical Hypothesis.
Theorem 5.5 (Empirical Hypothesis). For any j >0 andi=1,--- |k,
Be—1yj+ia) = 1+ ¢ (q)

for some

v(a) € C[lq]l.
Remark 5.6. The proof of this theorem actually establishes a stronger result:
Bip-1)j4ilg) =1+ ¢+

fori=1,--- ,k—1 and

Bl 1)jr(q) =1+ ¢ 2+
Proof. Consider

1 72|Aw2 |O(ifl)+f |:Aw2|0+|Aw2 | 1] (k—i)+h(2n+1)
Bl 1ynsi(a) =
(k 1)2h+z(Q) (1 n q) T (1 + q2h)F(q)q
S (1)) (g2Avh — glaulo) .. (g2lauly _ MR FAAL

weWw

q(k+z‘—1—2h)|Aw\o+(k—i+1—2h)\Aw|1
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First suppose that w is one of the first 2h elements (with respect to the linear order) - i.e., w
is either of the form w? for r < h, or w} for r < h. Then as in the earlier proofs, formulas (3.8),
(3.9), and (3.10) (with ¢2 in place of ¢) prove that the corresponding terms of the series are 0.

The first nonzero contribution to the series comes at the term w = wg, and that this contribution
is of the shape 14-¢?"*1+0(¢?"*2). This claim is justified by the following sequence of computations,

starting with the w = w2 term from the series referenced above:

1 _2\Aw2|0(i_1)+_ [|Awg 0+|Aw2|1] (k—3)+h(2h+1)
1+q) - (1+@)F@)"
(_1)€(w2){q2mw2|1(1 — q2(|Aw2‘of|Aw2|1))} -

(k+i—1-2h)|A o | +(k—i+1-2h)|A o]
h 0 h 1

2|1A,0] —2h 2(1A8,0] —2|A 0| +h)
q h 1 q h 0 h 1

(1- )}

(_1)2h
(1+4q)---(1+¢MF(q)
o) (1 q4h)q4h\Aw2|1—2\Aw2|0—2|Aw2|O(i—1)—[|Awg\0+|Aw2|1](k—z‘>+h(2h+1)

g B 12| A g+ (h—iH1-2h) A

Looking more closely at the ending exponent of g, we can regroup it as
|80l +180g1) = (80, + 1803 1)
+1 { = 2|Aw2|0 + \Awg\o + |Awg|1 + ]Awglo — |Aw2\l]
+h(2h+1) — (2h + 1)(\Aw2\0 — |Aw2|1)
=04+0+h(2h+1)—(2h+1)h
=0

Moreover, writing F(q) = (1 —q)--- (1 — ¢**)(¢*", )00, We see that by combining all the factors in

parentheses with the first 2h factors of F'(¢q), we can cancel all these factors leaving just
(q2h7Q);ol =14+ q2h+1 N

To see that all higher contributions fall within the specified range, we again use the techniques
of applying our two transformations to individual terms and proving inductively that the resulting
expression involves sufficiently high powers of ¢. (As mentioned earlier, there are some cases here

in which the power of ¢ actually does decrease when applying these transformations).
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First, assume w is of the form w? for some r > h, so that the next Weyl element is s;w? = w; ;.
Corollary 2.5 (with ¢? in place of ) tells us the effect of the transformation sq* on this term is to

rescale it by a power of ¢, and that the exponent of this scaling power is:

2h[|Awl, — [Aw|, + 1] + 2R[|Awl, — [Aw|,] + (B +i—1—2h)[Ay],
+(k—i+1-2h)2]1Au], — |Aw|, +1] = (k+i—1—=2h)[Ay|, + (k —i+1—2h)|Ay],
= 2h[2|A|, — 2|Aw], + 1] + (K — i+ 1 —2h)[2|Aw], — 2|Aw]|, + 1]

= (k—i+1)[2]As], — 2|Aw|, + 1]

>2h+1

with equality only when i = k, w = w). This is large enough to make this contribution O(g*" 1)
(and is exactly what is needed to match the more precise Empirical Hypothesis in the edge case).

Next, assume w is of the form w! for some r > h + 1, so that the next Weyl element is
fw}!) = w?. From Corollary 2.5 (with ¢? in place of q), when applying the transformation f(-) to

this term, the overall difference is the replacement of the factor

(@Bulo — g2Auly=2hy  (btim1=2m) Ao+ (k—i+1-21)] Aul,

(ktit1—2h) | A | g+ (k—i+1—2h) Ay (kFi—1—2h)| Ao+ (k—i+3—2R)| Ay, —2h

=4q —4q

from the original term with

_ (qQ\Aw\l _ q2|Aw|0—2h) k—i+1-2h)[Aw|g+(k+i—1-2h)|Aw|,

q(

g k32 Aot (ktim 1=2h)| A [y =2k _ (k=i 1=2) Ao+ (ki 1-2h) | Au

from the transformed term.

The ratios between the positive and negative expressions here are respectively

(—2i42)| Ay +(2i~2)| Au |, ~2h (—242)| Ay +(2i~2)| A |, +2h

q and ¢
which means that the minimum change in the power of ¢ is

2[00 = D(|Awl, = [Awly) = h] = 2

with equality only when i = 1. If i > 1, this is > 2 because we are assuming w = w_} for some

r > h + 1, so certainly the result holds for all of these . However, looking above, when i = 1 the
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minimal power of g appearing in the original w term is at least
k(2h+1) > 4h +2
so even in the i = 1 case the exponent will still be O(¢g?*+1).
Now consider

) =180y HA 1 [6D-218, 1 () +0ER+)
B(k:—l)(Qh-‘rl)-‘ri(Q) = (1 + q) . (1 + q2h+1)F(q)q

3 (1)) (g2Ael — gHAuly . (gHAuly g oAl PRy | ki am) Al =22 Al
weW

Suppose that w is one of the first 2h + 1 elements (with respect to the linear order) - i.e., w
is either of the form w? or w} for » < h. Once again, formulas (3.8), (3.9), and (3.10) (with ¢ in
place of ¢) prove that the corresponding terms of the series are 0.

The first nonzero contribution to the series comes at the term w = w,%b 41, and that this contri-
bution is of the shape 1 4 ¢*"*2 4+ O(¢?"*3). This claim is justified by the following sequence of
computations, starting with the w = w,ll 41 term from the series referenced above:

1 - ‘Aw}b+1‘0+|A
(T+q) - (1+ 2 )F()"

2|A
(—1) k) {—g" P hlo (1 — g
(2k—i—2h)[A 1 | +(i—2-2h)|A 1 |
h+1 o h+1 1

1| [G=D=2(A1 | (k=i)+(h+1)(2h+1)
+1 1 h+1 ¢

U)h

218,01 —lA 1) 21A,1 | —2h 218,10 | —2[A 1 | +h)
h+1 1 h+1 ¢ )} . {_q h+1 g (1 —q h4+1 1 h+1 g

)}

-q
(_1)2h+2
(1+q)---(1+¢*)F(q)
)l q4h+2)q(4h+2)\Aw}L+l\072|Aw}11+1|07[\Awi+1|0+|Aw}L+1\1](i71)72|Aw1 | (k—i)+(h+1)(2h+1)

h+1 ¢
(2k—i—2R)[A,1 | +(i—2—2R)|A ;|
- q h+1 0o h+1 1

Looking more closely at the ending exponent of ¢, we can regroup it as

2k I:’AwilH—l‘O - ’Aw}lﬁ_l‘o
i [qawiﬂu ~ 1B 1) = (B =18y 1)

+(h+1)h+1)+ (h+ (1A | =18, 1)

1
wh+1 1

=0+0+(h+1)2h+1)—(2h+1)(h+1)

=0
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Moreover, writing F(q) = (1—¢q) --- (1 —¢*"1)(¢*"*, )0, We see that by combining all the factors

in parentheses with the first 2h 4 1 factors of F'(q), we can cancel all these factors leaving just
(q2h+1 (])_1 =1+ q2h+2 4.
? oo

Now we apply our same two transformations to individual terms to prove inductively that the
remaining contributions all involve only sufficiently high powers of q.

First, assume w is of the form w; for some r > h + 1, so that the next Weyl element is
f(w}) = w?. By Corollary 2.5, the overall effect of the f(-) transformation on this term is to negate
the factors in parentheses, and rescale the ending power of q. We compute that the exponent of

this scaling power is

(i =3) = 2k —i = D]|Aw[, + [(2k =i = 1) = (i = 3)]|Aw],
=2(k =i+ D([Aw], = [Auwly)

>2h+2

with equality only when ¢ = k, w = w}L 41+ This is large enough to make this contribution O(g*"+?)
(and is exactly what is needed to match the more precise Empirical Hypothesis in the edge case).

Next, assume w is of the form w? for some r > h + 1, so that the next Weyl element is
sjwd = w} +1- By Corollary 2.5, applying the s; transformation, the difference between the original

and transformed terms is the replacement of

(q2|Aw|1 — QQ‘Aw|o_2h)q(2k_i—2h)|Aw‘o+(i—2—2h)|ﬁw|1

i) o+ 2M) Ay _ o (2k—it2-2h) Ao +(i=2-2h) | Awly ~2h

from the original term with

_ (q2|Aw|o — q2‘Aw|1*2(h+1))

- AN (Aw o= Al +1D)42h(1Aw o= Aw 1) +(2k—i=2h)| Aw[o +(i=2=2h) (|Aw]o = | Aw], +1)

(q2|Aw|1—2(h+1) _ qQ\Aw|O>q(2kz—i—2—2h)|Aw|0+(—z’—2h)|Aw|1+z’

_ q(Qk—i—2—2h)|Aw|0+(—z‘+2—2h)|Aw\1+i—2(h+1) . q(2k—z’—2h)|Aw|0+(—z‘—2h)|Aw|1+z‘

in the transformed term.
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The ratios between the positive and negative expressions here are respectively

2B o (2D Aw | —2(t 1) (2i—2)| Aw| g+ (—2i+2)| A |, —2(h+1)+i+2h

and ¢

which means that the minimum change in the power of g is
2[(i = D)(|Awl, = [Awl,) = (R + 1) +1i

This is greater than or equal to —(2h + 1), with equality only when ¢ = 1. If ¢ > 1, this is at least
2 because we are assuming w = w? for some r > h + 1, so certainly the result holds for all of these
i. However, looking above, when i = 1 the minimal power of ¢ appearing in the original w term is
at least

2%(h+1) > 4h+4

so even in the i = 1 case the exponent will still be O(g?"*2).

This finishes the proof of the Empirical Hypothesis for the true series. O

Theorem 5.7 (Empirical Hypothesis). For any j >0 and i =2,--- ,k,

B1yj1i(0) = 1+ ¢ (q)

for some

v(q) € C[[q]]-

Remark 5.8. The proof of this theorem actually establishes a stronger result:

Bip-1)j4ilg) =1+ ¢+

fori=2,---,k—1 and

Bpe-nyjr(@) = 1+ + -
Proof. Consider

1 72\Aw2|0(i71)7 |:Aw2 |O+|Aw?L | 1:| (k—1)+2h(h+1)
(k—1)2h+i(Q) - (1 + q) . (1 + q2h+1)F(q)q
Z (_1)2(11}) (q2|Aw|1 — q2‘Aw|o) S (q2|A’W‘0 — q2|Aw|1+2|Aw}z|0_2|A“’}zl1)
weWw

B

. (q2|Aw|1 + q|Aw|0+1)q(k+i—2—2h)‘Aw|o+(k_i_2h)|Aw|1
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First suppose that w is one of the first 2h elements (with respect to the linear order) - i.e., w is
either of the form w? for r < h, or w} for r < h. Then formulas (3.8), (3.9), and (3.10) force these
terms to be 0.

The first nonzero contribution to the series comes at the term w = wg, and this contribution is
of the shape 1+¢*"*14-0(¢?"*2). This claim is justified by the following sequence of computations,

starting with the w = w2 term from the series referenced above:

1 —2|A o] (i—1)— [|Aw0| Aol ](k—i)+2h(h+1)

q h 0 h 0 h 1

(1+q)--- (14 ¢***1)F(q)
(18,01 =A,01 )
h 0 h 1

2|A 2 2|A —2h 2(|A —2|A h
(_1)g(w2){q| w2|1(1_q \ w2|1 (I “’2'0 | wg\lJr)

)} {—q (1—-gq

(k+i—2—2h)|A 0| +(k—i—2h)|A o]
)}q ko h1

)}

2(]A —|A
.{q2|Aw‘1(1_q ( “’2‘0 | w2|1)+1

(=1)*h
(14+q)--- (14 ¢*"+1)F(q)

(1—q%) - (1—¢")(1+ ¢

220+ 1)A 0| —21A0] ~21A 0] (~1)—[IA 0] +A ol J(k—i)+2h(h+1)
h 1 h 0 h 0 h 0 h 1

. qUrHi=1=20) Al (k—it1-2h)] Auly

Looking more closely at the ending exponent of g, we can regroup it as

|80l +180g1,) = (8], + 180 ])
#1081, - 13ug]) = (Bugl, = 180g])
T 2h(h+ 1) — 2+ 1)1 Ay] — Ayl )

= 0+0+2h(h+1) — 2h(h +1)

=0

Moreover, writing F(¢q) = (1 —q)--- (1 — ¢**)(¢*", )0, We see that by combining all the factors in
parentheses with the first 2h factors of F'(q), we can cancel all these factors leaving just (¢2",¢)2}.
The factor (1 + q2h+1) is cancelled by the same factor appearing explicitly in the term. Hence this
term is in fact equal to

(@) =1+ +

To see that all higher contributions fall within the specified range, we again use the techniques

of applying our two transformations to individual terms and proving inductively that the resulting
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expression involves sufficiently high powers of ¢. (As mentioned earlier, there are some cases here
in which the power of ¢ actually does decrease when applying these transformations).

First, assume w is of the form w{ for r > h, so that the next Weyl element is syw? = wr + 11.

By Corollary 2.5 (with ¢? in place of q), the effect of the sy* transformation on this term is to

negate it and rescale by a power of ¢ whose exponent is

(2h +1)(2[Awl, = [Aw|, + 1) + (k — i — 2h)(2[Aw|, — [Aw|, + 1)
= (k—i+1)[2]Au], — 2|Ay]|, + 1]

>2h+1

with equality only when i = k, w = w). This is large enough to make this contribution O(g*" 1)
(and is exactly what is needed to match the more precise Empirical Hypothesis in the edge case).
Next, assume w is of the form w! for some r > h + 1, so that the next Weyl element is

fwl) = w?. From Corollary 2.5, the transformation f(-) has the effect of negating the term and

T

replacing
(qZ\Aw|O _ q2|Aw\1—2h)(q2|Aw|1 + q2\Aw|0+1)q(k+i—2—2h)|Aw\0+(k—i—2h)|Aw|1

(q2|Aw‘o+2|Aw|1 + q4|Aw‘o+1 — q4|Aw|1—2h — q2|Aw|o+2‘Aw‘1_2h+1)q(k+i—2—2h)\Aw|o+(k_i—2h)|Aw|1

from the original term with

— (QQ‘Awh — q2|Aw|o_2h)(q2|Aw|o + QQ‘Aw‘1""1)q(k—i—2h)|Aw|o+(k+i—2_2h)‘Aw|1

— _(MAvlot2dul o AuliHL _ tlAulo=2h _ 2Aulot2Auly=2het ) (ki 20) Ao (- 2-20) Aul

from the transformed term.

The ratios between corresponding parts here are respectively

2Dl R Auly (24D Aulo+Ri=D)| Auly~(2h+1)

2D Bl 2i-2)|Au ] +@2hHD) (2042 Ao +2i-2) Al

which means that the minimum change in the power of ¢ is

2[(Z - 1)(’Aw‘1 - |Aw’0)] - (2h + 1)
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This is at least —(2h + 1), with equality only when ¢ = 1. If ¢ > 1, this is at least 1 because we
are assuming w = w! for some r > h + 1, so certainly the result holds for all of these i. However,

looking above, when ¢ = 1 the minimal power of ¢ appearing in the original w term is at least
k(2h+1) > 4h +2

which outweighs this potential negative shift, so even in the i = 1 case the exponent will still be
O(q2h+1).
Now consider
é 1 - |Aw}z+1|0+|A“’}1+1|1 (171)72|Aw}11+1|O(k7i)+2(h+1)2
(k—l)(2h+1)+i(Q) - (1 + q) . (1 + q2h+2)F(q)q

2|Aw]g—2|A 0] +2[A ol
Z(_l)ﬁ(w)(qQ‘Awh _q2|Aw|o)...(q2‘Aw|1 —q 0 ho h 1)
weW

. (q2|Aw‘0 + q2|Aw|1)q(gk—i—l—QhNAw‘o+(i_3—2h)|Aw|1

Suppose that w is one of the first 2h + 1 elements (with respect to the linear order) - i.e., w
is either of the form w? or w! for 7 < h. Once again, formulas (3.8), (3.9), and (3.10) (with ¢? in
place of ¢) prove that the corresponding terms of the series are 0.

The first nonzero contribution to the series comes at the term w = w,ll 41, and that this contri-
bution is of the shape 1 4 ¢*"*2 4+ O(¢?"*3). This claim is justified by the following sequence of

computations, starting with the w = w}L 41 term from the series referenced above:

1 1A, T HA | GE=D)=21A1 | (k—=)+2(h+1)2
q h+1 ¢ h+1 1 h+1 ¢
(I4+4q)-- (1 +¢*"+2)F(q)

2|A 2(1A —|A
(—1)Z(w}1+1){—q | wil”'l'o(l—q (I w}1H_1|1 | w]11+1‘0))}'”
2|A —2h 2(|A —2|A h
{—q | w’llﬂlo (1—¢q { w’ll“‘l | w%b+1|0+ ))}
2A,1 | 20180 | =lA 1) 0 @k=i—1=2R)[A 1 | +(i=3-2h)|A 1 |
. {q h+1 0(1 i q h+1 1 h+1 ¢ )}q h+1 ¢ h+1 1
(_1)2h+2

(14+q) - (14 ¢*"+2)F(q)

(1—¢*- (1= g")(1+¢*")q

(2k—i—1-2R)[A 1 | +(i—3-2R)|A,; |
. q h+1 ¢ h+1 1

22h+D[A 1 | (1A | A
h+1 ¢

w 1 | 1GE=1)=2|A 1 | (k—i)+2(h+1)?
h+1 ¢ 0

thrl 1 thrl
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Looking more closely at the ending exponent of g, we can regroup it as

2k (18, - 1A,
#0180 = (80 - 1))

)

+2(h+ 17+ 2(h + D) (1A, | 1A |
=0+0+2(h+1)?—2(h+1)?

=0

241y (?h 1 ¢) oo, we see that by combining all the factors

Moreover, writing F'(¢) = (1—¢q)---(1—¢q
in parentheses with the first 2h 4 1 factors of F'(q) together with the other factors appearing in the
denominator, we can cancel all these factors. Moreover, the remaining factor of (14 ¢***?) exactly

cancels the remaining factor in the denominator. Hence this term is in fact equal to

Now we apply our same two transformations to individual terms to prove inductively that the
remaining contributions all involve only sufficiently high powers of q.

First, assume w is of the form w} for some r > h + 1, so that the next Weyl element is
f(w}) = w?. From Corollary 2.5, the transformation f(-) has the effect of rescaling the term by a

T

power of ¢ whose exponent is

[0 =3) = 2k —i = D]|Au[, + [(2k =i = 1) = (i = 3)][Aw],
=2(k =i+ D([Awl, = [Auwly)

>2h+2

with equality only when ¢ = k, w = w,lZ 41+ This is large enough to make this contribution O(g*"+2)

(and is exactly what is needed to match the more precise Empirical Hypothesis in the edge case).
Next, assume w is of the form w? for r > h, so that the next Weyl element is s;w® = wr + 11.

By Corollary 2.5, the s1* transformation has the overall effect of replacing the factors
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from the original term with
_ (q2|Aw‘o — q2|Aw|1*2(h+1))(q2|Aw‘1 + q2|Aw|0+2)

DBl = Al 42004 1)+ (b =T=6h) Aus [+ (—i+3+2R)| A | +(i—3-2h)

for the transformed term.
As above, when we distribute the factors in parentheses and compare like terms, we find there

are three possible ratios between corresponding parts:

(20—2)| A | g +(—2i+2) | A |, +i—1£2(h+1)

g | Q@i DBuloH (-2 Aul i +i-1

Thus, the minimum change in the power of ¢ is
2[(i = D)(1Awly = [Awl,) = (h+ 1] +i—-1

This is at least —2(h + 1), with equality only when ¢ = 1. If ¢ > 1, this is at least 1 because we
are assuming w = w? for some r > h + 1, so certainly the result holds for all of these i. However,

looking above, when ¢ = 1 the minimal power of ¢ appearing in the original w term is at least
2k(h+1) > 4h +4

so even in the i = 1 case the exponent will still be O(¢?"*2).

This finishes the proof of the Empirical Hypothesis for the ghost series.

5.5 Combinatorics

To finish the proof of the Andrews-Bressoud identities, we recall Theorem 7.3 from [KLRS].

Remark 5.9. As in for the Gordon-Andrews series, the proof we give here is not the main proof

from [KLRS]. Instead, it is in the spirit of Remark 7.6 there.

Theorem 5.10. For each i = 1,...,k, j = 0,1,2,..., By_1);+(q) is the generating function of

partitions m = (my,- -+ ,Ts) satisfying

1. difference at least 2 at distance k — 1
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2. mp—TMyp—o < lonlyifm+- - +mqpo=(k—1)j+i+k mod 2
3. smallest part is at least 7 + 1
4. 7+ 1 appears as a part at most k — i times
and E(k_l)j+i(q) is the generating function of partitions satisfying
1. difference at least 2 at distance k — 1
2. mp —TMpyp—o < lonlyifm+- - +mpo=(k—-1)j+i+k+1 mod2
3. smallest part is at least j + 1
4. 7+ 1 appears as a part at most k — i times

Proof. Suppose L1, Ls,... is an infinite sequence of formal power series in ¢ which satisfy the
recursions (5.7) (with L in place of B) and the Empirical Hypothesis. By rewriting (5.7) to eliminate

the ghost series and to solve for the lowest-indexed series and applying this formula iteratively, we

see that for each i =1, ..., &, we have expressions
k .
Li(q) =Y ih$ (@) Lik—1)4p(a)
p=1

for some polynomials Z-h}(,j )(q) € Clg]. Notice that the coefficients Z-hz(,j ) (q) of these combinations
depend only on the recursions, not directly on the Ls. It follows from the Empirical Hypothesis
that the series L1, ..., L) are uniquely determined (for example, considering the combination at
shelf j determines the first j terms of the series J; just in terms of the ihﬁ,j )(q)). Hence, the whole
sequence L1, Lo, ... is uniquely determined.

By our work in the earlier sections (the definition of the B; and B; series in (5.7) and Theorems
5.5, 5.7), the series B;, Ez above satisfy these conditions. Let D, l~?Z denote the generating functions
of the classes of partitions described in the statement of the current theorem. By uniqueness, it is
now enough to check that the D; and D; also satisfy the recursions and Empirical Hypothesis.

The Empirical Hypotheses for the D; and 151 follow directly from the definitions.

To check the recursions, first we consider
Dk—1)j+(k-1) = Dg—1)j+k
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The indices of the two series in the numerator differ by 1, but because the parity condition is offset
for the true series versus the ghosts, they agree on the parity condition. Hence, the numerator is the
generating function of partitions satisfying the first three conditions above (with parity (k—1)j+1),
and such that the part j+ 1 has multiplicity one. Once that part is eliminated by the denominator,
the next smallest part must be at least 7 + 2. It can occur no more than k — 2 times to satisfy the

first (difference at distance) condition, and this is allowed by the second (parity) condition because
G+D+Fk-2)+2) =k -G+ +(k—-2)=(k—-1)j+(k—1)+%k mod 2

Hence expression is identical to the series D(k_l)(j+1)+2(q). A similar argument shows that it also
agrees with ﬁ(k,l)ﬁk (in this case, the parity condition is violated, so we end up with the smaller
upper bound of k — 2 for the multiplicity of j + 2).

Next, we consider

D—1yj+(k—iv1) — 5(k71)j+(k7i+2)
q(jJrl)(i*l)

Again the parity conditions match, so the numerator counts partitions satisfying conditions 1 to 3
above and such that the part j + 1 appears with multiplicity ¢ — 1. By condition 1, such parititions
can have at most k — ¢ parts equal to j + 2, and the maximum number is allowed by condition 3

because
G-+ +k-DG+2)=k-1DG+1)+k—-i)=k-1)(G+1)+i+k mod?2

Hence, once we have shifted these partitions by the effect of the denominator, we are left with the

series D(k_l)(jﬂ)ﬂ-(q) A similar argument shows that we get the same series by considering
De—1)j4(k—i+2) = Dk—1)j+(k—i+3)
qU+1(E=2)

(as in the second case above, the parity condition forces a lower upper bound). O
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