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Abstract

In this paper, we start by considering generating function identities for linked
partition ideals in the setting of basic graph theory. Then our attention is turned
to g-difference systems, which eventually lead to a factorization problem of a spe-
cial type of column functional vectors involving g-multi-summations. Using a re-
currence relation satisfied by certain g-multi-summations, we are able to provide
non-computer-assisted proofs of some Andrews—Gordon type generating function
identities. These proofs also have an interesting connection with binary trees. Fur-
ther, we give illustrations of constructing a linked partition ideal, or more loosely,
a set of integer partitions whose generating function corresponds to a given set of
special ¢g-multi-summations.

Mathematics Subject Classifications: 11P84, 05A17, 05C05, 05C20, 33D70

1 Introduction

1.1 Rogers—Ramanujan type identities

The two Rogers-Ramanujan identities [22, 24], which read as follows, have attracted a
great deal of research interest in the theory of partitions.

Theorem 1 (Rogers-Ramanujan identities).

(i) The number of partitions of a nonnegative integer n into parts congruent to +1
modulo 5 is the same as the number of partitions of n such that the adjacent parts
differ by at least 2.
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(ii) The number of partitions of a nmonnegative integer n into parts congruent to +2
modulo 5 is the same as the number of partitions of n such that the adjacent parts
differ by at least 2 and such that the smallest part is at least 2.

There are many identities of the same flavor, including the Andrews—Gordon identity
2, 12], the Géllnitz—Gordon identities [11, 13], the Capparelli identities [8] and so forth.
In 2014, Kanade and Russell [16] further proposed six challenging conjectures on Rogers—
Ramanujan type identities, the latter two of which were proved in 2018 by Bringmann,
Jennings-Shaffer and Mahlburg [7].

Among these Rogers—Ramanujan type identities, two types of partition sets are con-
sidered. One partition set consists of partitions under certain congruence condition. For
example, in the first Rogers—Ramanujan identity, we enumerate partitions into parts
congruent to £1 modulo 5. The other partition set contains partitions under certain
difference-at-a-distance theme. Let us first adopt a definition in [16].

Definition 2. We say that a partition A = Ay + Ao + - -+ + Ay satisfies the difference at
least d at distance k condition if, for all j, \; — \j 1, = d.

In this setting, we may paraphrase the corresponding partition set in the first Rogers—
Ramanujan identity as the set of partitions with difference at least 2 at distance 1.
Although it is straightforward to find the generating function for partitions under a
given congruence condition, it is generally not easy to obtain an analytic form of gener-
ating function for partitions under a difference-at-a-distance theme — this is why the six
conjectures of Kanade and Russell remained mysterious for years. But this problem was
recently settled by Kanade and Russell themselves [17] and independently by Kurgungoz
[19] using combinatorial approaches. Also, Kurgungoz carried out similar treatments for
Capparelli’s and Gollnitz—Gordon identities in [20]. Later Li and the author [9] proposed
an algebraic method to reprove six Andrews—Gordon type generating function identities
related to the Kanade-Russell conjectures and also to discover a number of new identities.
For example, in the Kanade-Russell conjecture I;, we would like to count

“partitions with difference at least 3 at distance 2 such that if two consecutive
parts differ by at most 1, then their sum is divisible by 3.”

It was shown in [19] that its generating function is a double summation as follows:

So- 3 0

n1,n220

24+3n2+3n1ng ™ +2n32

(1)

(¢ Dny (@ s

where A runs through all such partitions, £(\) denotes the number of parts in A and ||
is the size of A (that is, the sum of all parts in \).

1.2 Span one linked partition ideals

In the 1970s, George Andrews [3, 4, 5] has already started a systematic study of Rogers—
Ramanujan type identities and developed a general theory in which the concept of linked
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partition ideals was introduced. The interested readers may refer to Chapter 8 of Andrews’
monograph: The theory of partitions [6)].

What we are interested in this paper is a special case of linked partition ideals — the
span one linked partition ideals. In fact, this special case is enough to cover most partition
sets under difference-at-a-distance themes.

Let us first fix some notations.

Let & be the set of all integer partitions with the empty partition @ included. We
adopt the convention that |&| = 0 and §(@) = 0. We define a map ¢ : & — & by sending
a partition A\ to another partition which is obtained by adding 1 to each part of A. Also,
we stipulate that ¢(@) = @. For example, ¢(5+3+3+2+1)=6+4+4+3+2. For
k > 1, we iteratively write ¢*(\) = ¢(¢F71()\)) with ¢°(\) = X. Also, for two partitions
A and 7, their sum A\ @ 7 is constructed by collecting all parts in A and 7 in weakly
decreasing order. For example, if A\ =3+2+1+1land7w=4+2+2+1+1, then
Apr=4+34+2+24+2+14+1+1+1.

Let II be a finite set of partitions containing the empty partition &. For each partition
7 € 11, we define its linking set L(m) by a subset of II containing the empty partition &.
Also, we require that the linking set of the empty partition, £(&), equals II. It is possible
to construct finite chains

M= AL = Ao = o= A (2)

such that \g € II, Ax # @ and for all 1 < k < K, Ay € L(Ar_1). We may further extend
such a finite chain to an infinite chain ending with a series of empty partitions

C: o> M= = =2 A>T >0 — . (3)

Let S be a positive integer no smaller than the largest part among all partitions in II.
The above infinite chain C uniquely determines a partition by

X &0 (M) B¢ (No) & - & " (k) @ 0T (2) & g () (4)
which is equivalent to
A ® 0% (A1) B (Na) ® -+ B "5 (\pe). (5)

Let us collect such partitions along with the empty partition A = @ (which corresponds
to the infinite chain @ — @ — ---) and obtain a partition set .# := Z((II, £), S). Then
& is called a span one linked partition ideal.

Example 3. In the first Rogers—Ramanujan identity, we consider partitions with differ-
ence at least 2 at distance 1. It is not hard to verify that this partition set is a span one
linked partition ideal .# ((II, £), S) where IT = {@, 1,2} in which 1 denotes an integer par-
tition containing one part of size 1 and likewise 2 denotes an integer partition containing
one part of size 2, the linking sets are

L(@)={2,1,2}, L(O1)={2,1,2}, L(2) ={9,2},
and S = 2.
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1.3 Generating function for span one linked partition ideals

Given a span one linked partition ideal .# = Z((II, L), S), one crucial problem is to
determine its generating function

V@) = F(a.q) = 3 Vg
AES
Assume that II = {m, m,..., 7k} where m = &, the empty partition. We define a
(0, 1)-matrix o/ = o/ ((I1, L)) by
Ay = 1 ?f m; € L(m;),
0 if m; & L(m),

and a diagonal matrix # (x) = # ((Il, L) |z,q) b

(6)

Iﬁ(wl)qlﬂ—ll
i) gl

W (x) = ) . 7)
xﬁ(ﬂK)qlﬂ—Kl

Let the S-tail of a partition A be the collection of parts in A that are at most S.

Theorem 4. For each 1 < k < K, we denote by % the subset of partitions \ in
F((IL, L), S) whose S-tail is m, € II. We further write

G.(r) = G(x,q) Z Mgl
AEI

Let o/ and W (x) be defined as in (6) and (7), respectively. Then, for |q¢| < 1 and
x| < g™,

“(z) 1
f =W (x). (1\}1—%0 (dW(xqu))> || (8)
Gy () " 0

Remark 5. Recall that m; = @ (so that m; € L(m) for all 7 € II) and £(@) = II. It follows
that all entries in the first row and column of &/ are 1. Further, the first entry in # (x)
is also 2°¢° = 1. When |q| < 1 and |z| < |¢|™!, we have

100 -0
100 --- 0
lim oW (x¢™°) = , _
M—o0 :
100 - 0
Throughout, [[Y_, (&7 # (x¢™)) means
A W (xq®).d W (xq*). - W (q™®). (9)
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Remark 6. We have

gl(l’) = ng(aqu)
Hence,
G (x) = G (xq5). (10)

In September 2018, George Andrews communicated to Zhitai Li and the author a
conjecture on the generating function for linked partition ideals, which was recorded in

[9]-
Conjecture 7 (Andrews). Every linked partition ideal has a bivariate generating function

of the form

ni,...,ny =0

(_ 1)L1 (n1,...,nr)qQ(nl,...,nT)JrLg(nl,...,nr)$L3(n1,...,nT)
(@55 qM )y -+ (@539 ), ’

in which Ly, Ly and L3 are linear forms in ny,...,n, and @ is a quadratic form in
ni,...,n,. Here the coefficient of the £¢™ term is the number of partitions of n in this
linked partition ideal with exactly m parts.

(11)

By examining a number of examples in [9, 17, 19, 20], it seems that in some cases
the % (x)’s in Theorem 4 are of a unified form of g-multi-summations. It motivates us to
consider a matrix factorization problem involving column functional vectors of certain g-
multi-summations. This, in turn, provides some crude ideas for the conjecture of Andrews.

Further, the algebraic method in [9] of proving generating function identities such
as (1) relies heavily on computer algebra (Mathematica packages qMultiSum [23] and
qGeneratingFunctions [18]). Now we are able to present a new approach that may
simplify the considerations related to computer assistance.

It should be admitted that when a span one linked partition ideal is given, to derive
an Andrews—Gordon type generating function identity, one still has to obtain first a
conjectural (x,q) sum-side. This then requires an extensive search using the general
shape given by Andrews’ Conjecture 7; see Section 5 in the work of Li and the author [9]
for some discussions.

However, we could also start in the opposite direction. That is, if we are given a
family of nice g-multi-summations, then we may try to use the approach in Section 4
to construct identities like (50) and (58), from which we may further construct some
combinatorial objects, or even more luckily, a span one linked partition ideal and its
subsets, such that the g-multi-summations correspond to their generating functions. One
such instance is given in Theorem 23 and Corollary 25. This is indeed what we hope the
framework in this paper could provide.
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1.4 Outline of this paper

This paper is organized as follows.

In Section 2, we first define the generating function for walks in a directed graph G.
Then, by assigning an empty vertex to G, we obtain a modified directed graph G'. The
generating function attached to G' can be defined naturally. Now we merely need to
define the associated directed graph of a span one linked partition ideal .# ((Il, £), S) and
then deduce Theorem 4 from the generating function attached to this associated directed
graph.

In Section 3, we will study a ¢-difference system arising from Theorem 4. Two examples
will then be discussed: one example comes from the Rogers-Ramanujan identities and
the other is about the Kanade-Russell conjectures I;-I3. Then, a matrix factorization
problem will be identified from the two examples.

In Section 4, we turn to non-computer-assisted proofs of two identities obtained in
Section 3. The two identities, in turn, can be used to prove Andrews—Gordon type
generating function identities for span one linked partition ideals. Our approach relies
on a key recurrence relation obtained in Section 4.1. Also, we are able to elucidate the
proofs by binary trees. Further, as an illustration of the framework in this paper, we will
construct a set of integer partitions whose generating function corresponds to a set of
g-multi-summations in Theorem 23 and Corollary 25.

Finally, we are going to raise some open problems in Section 5.

2 Directed graphs

Let G = (V, E) be a directed graph where V' is the set of vertices and E is the set of
directed edges. Throughout, we allow loops (that is, directed edges connecting vertices
with themselves) in G but for any two vertices u and v, not necessarily distinct, we allow
at most one directed edge connecting u with v. Let V' = {vy,vq,...,vx}. Let & = & (G)
be the adjacency matrix of G, that is,

12
0 if there are no directed edges from v; with v;. (12)

{1 if there is a directed edge from v; with v,
ij =
We say that w is a walk of step M in G if w is a chain of M + 1 vertices

Wy —> W —> - —> WM
such that for each 1 < m < M, there is an edge from w,,_; to @,,. Let W), be the set
of walks of step M in G.
2.1 Generating function for walks in a directed graph

To define the generating function for step M walks in a directed graph G = (V| E), we
assign two weights to each vertex v: one is called length, denoted by #(v) € N, and the
other is called size, denoted by |v| € N.

THE ELECTRONIC JOURNAL OF COMBINATORICS 27(3) (2020), #3.33 6



Let the shift S be a nonnegative integer.
For any walk w € W),

W= 1wy —> Wy = — W, (13)
we define its generating function by
g(w | x,q) = xﬁ(wo)qkﬂol > (xqs)ﬁ(wl)qul X e X (quS>ﬁ(WM)q‘WM|_ (14)

Now we are able to define the generating function for step M walks from v; to v; for any
1<4,j < K:

G W lw) =%;War|2,q) = Y F(w]z,q). (15)

wEWN
W=V,
WM =1V

Let us define a diagonal matrix # (z) = # (x,q) by

m’ﬁ(vl)q'vll

xﬁ(vQ)q‘UQI
W (x) = . : (16)

xu(vK)qvi|

Theorem 8. Let &7 be the adjacency matriz of G and let # (x) be as in (16). Then
<, iWar | ) is the (i, )-th entry of

W (x).od W (xq®).d W (xg®). - o W (xg™). (17)

Remark 9. Let usset x = ¢ = 1. Then #'(1,1) is a K x K identity matrix and hence (17)
becomes @M. Since 4, ;(Wis|1,1) equals the number of walks of step M from vertex v
to vertex v;, Theorem 8 immediately leads to a well-known result in graph theory:

Corollary 10. The number of walks of step M from vertex v; to vertex v; is the (i, j)-th
entry of /M.

Proof of Theorem 8. We induct on M. When M = 0, that is, the chain w of vertices in
(13) contains only one vertex @y, it follows that

xﬁ(vi)thi\ if i = j,
0 if i £ 4,

which is identical to the (7, j)-th entry of # (z).
Now let us assume that the theorem is true for some M > 0. We also write for
convenience

i Wo|z) = {

MM =W (x).d W (xq®).d W (xq>). - A W (xg™).
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Then &, ;(Wh | x) = A (M), ;. Further,

(M) o ity 5 (g DS ) gl

M)~

e
Il
—

G, Wy | 1)ty (wgMHDS)EE) gl

] =

i
I

On the other hand,

GiWunlz)= Y G(w|z,q)

weEWNr+1
TWo="V;
w N =V

K
Z Z G(w|x,q) | (gD gl
k=1 weWM

wo=";

WM =V

G, s Wy | 1) oty ; (gD )0 glosl,

]~

i
)

Hence, %, jWh41 | x) = A (M + 1), ;, which is our desired result. O

2.2 Assigning an empty vertex

Let us assume that v; € V' is an empty vertex, that is, its length and size are both 0:
f(v1) =0 and |vy] =0. (18)

We also assume that, for 2 < k < K, f(vg) and |vg| are both positive integers.

Now we stipulate that, for each 1 < k£ < K, there is an edge from vertex v, to the
empty vertex v;. Hence, the entries in the first column of the adjacency matrix o7 are all
1.

We call such modified directed graph G' = (V', E").

For any finite walk in G*,

w=wy —>w " — WM,
with w); # vy, we may extend it to an infinite walk
W=y —> W > > Wy >V >V >

Conversely, for any infinite walk w* in G* ending with v; — v; — - - -, a series of empty
vertex, we may find the last vertex, say w);, which is not empty, and reduce w* to a finite
walk w = wg = wy — -+ — wy. If there is no such w),, that is, if the infinite walk is
v, — v — -+, we reduce it to v;.
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It follows from the assumptions f(v;) = 0 and |v;| = 0 that
Y(w* | 2,q) = F(w| 2,q). (19)
Also, for the infinite walk vy — vy — ---, we have
Gy = vy — - |2,9) =9 (v |z,q) = 2" = 1.

Let W* denote the set of infinite walks in G' ending with v; — v; — -+ -, a series of
empty vertex.
We are now in the position to define the generating function attached to G, by

GG x,q) = > G(wx,q) (20)

w*EeEW*

Theorem 11. For each 1 < k < K, let 9.(G"|z) = %.(G" | z,q) denote the generating
function for infinite walks in W* starting at vi. Let the shift S be a positive integer.
Let o/ and W (x) be defined as in (12) and (16), respectively. Then, for |q| < 1 and
x| < lq ™",

% (G| x) 1
%(G' | ) - 0

: =W (x). ]\/llgnoo (o A (xq™)) | . | (21)
G (G| 7) " 0

Proof. We simply observe that, for each 1 < k < K,

(G ) = lim Y G(w]wq)

wEWN
TWO=V}
WM =V1
By Theorem 8, this is the (k, 1)-th entry of
M
W (x).od W (xq®).d W (xg®®). - =W (x). <A}1m (%W(xqms))) .
—00
m=1
The desired result therefore follows. O

Remark 12. Results of the same flavor as Theorem 11 are available in literature for some
other concrete identities; see [14, Section 3] for Gordon’s identities, [10, Section 5] for
the Andrews—Gollnitz—Gordon identities, and [15, Section 6] for the Andrews—Bressoud
identities.
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2.3 Proof of Theorem 4

To prove Theorem 4, let us define the associated directed graph of a span one linked
partition ideal .# = #((I, L), S).

We first define the set of vertices. Since IT = {my, 7y, ..., Tk} is a finite set of partitions,
we may treat each 7, as a vertex. We also define the length of 7, as the number of parts
in 7 and the size of 7 as the sum of all parts in 7. In particular, since 7; is an empty
partition so that #(m;) = 0 and |m| = 0, we may treat m; as an empty vertex.

We next define the directed edges in a natural way. For 1 < i,j < K, if m; € L(m;),
then we say that there is an edge from vertex m; to vertex m;. Recall that for any 7 € I,
its linking set L£() is defined to contain the empty partition m; = &. Hence, for each
1 < k < K, there is an edge from vertex 7 to vertex ;.

We call this graph the associated directed graph of .#, denoted by G'(.#) = (V}(.#),
E'(.#)). In fact, G'(.#) is a modified directed graph described in Section 2.2.

Recall from (4) that each partition A in .# can be uniquely decomposed as

A= @6 (M) & ¢ () & @ 0" (k) & 6T (@) & g (@) & -

so that A\ # @ as long as X\ # @. Hence, we have a natural bijection to infinite walks in
G'(f) ending with m — 7 — -+

WA =X—=2A 2 d— s AT T

Further, if A is an empty partition, then the resulted infinite walk is simply 7y — 7 — ---.
Now let us define S to be the shift. Then

NN =G (w (V) |2, q). (22)

Hence,

G(x) = Zxﬁ(’\)qw = Z G (w* | x,q).

AeS wreW*

The rest follows directly from Theorem 11.

Example 13. It is shown in Example 3 that partitions with difference at least 2 at
distance 1 form a span one linked partition ideal & ((II, £),S) where II = {&, 1,2}, the
linking sets are

L(@)={2,1,2}, L(O1)={2,1,2}, L(2) ={9,2},

and S = 2. We represent its associated directed graph in Fig. 1.
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Figure 1: The associated directed graph in Example 13

3 @g-Multi-summations

3.1 A g-difference system and the uniqueness of solutions

Recall that in Theorem 4 we have shown that

% (x) 1
%:(x) — W (). ( Jim 1 (d%@ﬁ%)) . 0 . (23)
G () " 0
Let us focus on
Fi(x y 1
L (Mlgnm w.%(xq”ﬁ))) ! (24)
Fi(a) " 0
Notice that
Fi(z) Ny 1
Fz*:(flf) (1 (d'W@qu))) ‘
Fie(a) " 0
y 1
= W (xq”). (A}Enoo (M.W(mqsqms))> : 0
0
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Fi(vq®)
If we further write Fy,(z) := F}(xq~) for each k, then the column vector

]{‘:1 (2)
F(r):= 2.(:6)

Fi(x)
satisfies the g-difference system
F(z) = o W (x).F(zq°). (25)
Remark 14. It follows from (23), (24) and (25) that

F(x) =W (x). =4 : : (26)
F;?(l’) Grc ()

Recall that, we have defined in Theorem 4 that, for each 1 < k < K, %, denotes the
subset of partitions in .#((II, £), S) whose S-tail is 7. Further, ¢4 (z) is the generating
function for .#;. Since & is a (0,1)-matrix, it follows that Fy(z) € Z[[q]][[z]] for each
1 < k < K. More importantly, since the empty partition & is contained in .#; but not in
Iy for 2 < k < K, we have 4(0) = 1 and 9%;,(0) = 0 for 2 < k < K. Since the entries in
the first column of 7 are all 1, it follows that

Fi(0) = Fy(0) = - = Fye(0) = L. (27)
5).

(2
Proposition 15. In the g-difference system (25), we assume that, for each 1 < k < K,
Fi.(z) € Cl[q]][[=]]. If F1(0) = F5(0) = --- = Fk(0), then there exists a solution to (25).
Further, the solution is uniquely determined by F(0).

We next show the uniqueness of solutions of

Proof. For each 1 < k < K, let us write
n=>0

where fr(n) € C[[¢]] for n > 0. We also write for notational convenience that fx(n) =0
for n < 0. Then,

K
ka<n)1’n:z 7'—]) | J|Zf nS "
j=1

n=0 n=0
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K
= Z (Z %JqlfrjIJr(n—ti(m))Sfj(n _ ﬂ(ﬂj))> T

n=0 j=1

Recall that f(m) = |m| = 0 and %, ; = 1 for all k. We have that, for n > 0,

fir(n) = ¢"* fi(n +Zﬂf}c g TS fi(n — () ). (28)

7j=2
Setting n = 0 gives the requirement Fj(0) = F5(0) = --- = )
(f1(0), £2(0), ..., fx(0))T uniquely determines fi(n) for all 1 < k¥ < K and n > 1 by
(28). O
3.2 Two examples

Recall that, for each 1 < k < K, %, denotes the subset of partitions in & ((II, £), S)
whose S-tail is 7. Further,
- S

AEI

3.2.1 Example 1
In the first example, we consider
“partitions with difference at least 2 at distance 1.”

This partition set obviously corresponds to the Rogers-Ramanujan identities. In Example
3, we have shown that it is a span one linked partition ideal .#({II, L), S) where IT =
{my, mo, w3} with m; = &, mp = 1 and w3 = 2, the linking sets are

L(m) = {m,m, 3}, L(m) = {m,me,m}, L(ms)={m, 73},

and S = 2.
Notice that the generating function for partitions with difference at least 2 at distance
11is

G(2) + Go(2) + G(r) = 3 (qq”. q) (20)

and that the generating function for partitions with difference at least 2 at distance 1 and
the smallest part at least 2 is

qn +n n
{4 —l— f% (30)
n=0 T4
We know from (26) that
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Hence, by (29) and (30), if we put

and

Fi(z) 111
B |=[111
F3(z) 101

Conversely, if we are able to prove (33) directly (notice that F;(0) = F»(0)

1

xq?

Fy
xq | B
F3

(zq”

(zq?

1), then by Remark 14 and Proposition 15, we can compute that

4 (x) 1 Fy(x)
D(x) | = q F3(x)
Y3(x) xq? Fi(x)

1 Fy (qu)

= xq F2(l’q2)

zq? F3(q?)

Also, (29) and (30) can be deduced with no difficulty.

3.2.2 Example 2

In the second example, we consider

“partitions with difference at least 3 at distance 2 such that if two consecutive

parts differ by at most 1, then their sum is divisible by 3.”

7*)
(2¢°)
7*)

(31)

(32)

—~
w
w

~—

This partition set corresponds to the Kanade—Russell conjectures I;—I3. It was shown in
[9] that this partition set is a span one linked partition ideal .# ((II, £), S) where S = 3,

and IT = {my, 7o, ..., m;} along with the linking sets given as follows.
II linking set
™ =J {7T1, To, T3, T4, T, T, 7T7}
Ty =1 {7T1, To, T3, T4, T, T, 7T7}
T3 =241 {m1, ma, W3, T4, M5, WG, W7}
m=34+1 {7717 T5, T, 7T7}
Ty = 2 {my, ma, w3, Ty, TS, TG, T}
e =3 {m, 75, me, w7}
T =3+3 {m, me, mr}
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It was also shown in [9] that the generating function for such partitions is

g + g + g + g n1 3n2+3n1n2 ni—+2ns
1 () 2(z) 3(x) 4( Z q z 7 (34)
+95(x) + Go(x) + G (a vy (@G (%6 ),
that the generating function for such partitions with the smallest part at least 2 is
qn%+3n%+3n1n2+n1+3n2 Pyl +2n9
G (x) +%(x) + Y% (z) + % (x) = : (35)

(@ D (6356 )y

n1,n22>0
and that the generating function for such partitions with the smallest part at least 3 is

ni +3n%+3n1 no+2n1+3nsg T +2n2

q
G (x) +%(z) + %% (x (36)
mnzm (¢ @i (4% 6% ),
We know from (26) that
Fi(z) 1111111\ [%@)
Fy(x) 111111 1| (%@
F3(x) 1111111 9s(x)
Fiz)[=[1 00011 1]|.|%@
Fs(z) 111111 1| |%@
Fs(x) 1000111 Y ()
Fr(x) 1000011 “:(x)
Hence, by (34), (35) and (36), if we put
( ) ( ) ( ) ( ) qn%+3n%+3n1n2xn1+2n2 ( )
Fi(z) = F5(z) = Fs5(z) = F5(z) = , 37
1 i ’ i (@ @i (4%.6%)ns
ni,n2=>0
qn +3n2+3n1n2+n1+3n2xn1+2n2
Fy() - > (38)
na (@ @i (4%.6%)ns
and
F( ) qn%+3n§+3n1n2+2n1+3n2$n1+2n2 (39)
71. - . 3_ 3 b
o (4 D (4% 6%y
then we have the following relation from (25):
Fi(z) 1111111\ /1 Fi(zg?)
Fy(z) 1111111 xq Fy(zq®)
F3(x) 1111111 22¢? F3(zq?)
Fiz){=]11 000111 2¢* Fy(zq®) (40)
Fs(x) 1111111 rq* Fs(xq®)
Fs(x) 1000111 ¢ Fs(xq®)
Fr(z) 1000011 x5 Fr(zq?)
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Conversely, we are also able to recover

(%(2), %(x), %3(x), 94(x), (), Go(x), G (2))"
as well as (34), (35) and (36) provided that we have proved (40) directly since F;(0) =
Fy(0) = = F(0) = 1.
3.3 A matrix factorization problem

Motivated by (33) and (40), we turn our interest to a matrix factorization problem as
follows.

Let R be a positive integer. Let o = (a; ;) € Matg«r(N) be a fixed symmetric matrix.
Let A = (A,) € NZ  and v = (v,) € N& be fixed.

Let § be a set of g-multi-summations defined by

§:={H(B) : B €Z" and condition (43) is satisfied}, (41)
where H(B) = H(B1, ..., Br) is of the form

gormr anetn (0 =1) /2031 <icjr @i mang 307 Brme 35 ene
Ap. LA ARp. A
(q 5q 1)n1(q Riq R)nR

(42)
and the additional condition reads: for all (ny,...,ng) € N¥\{(0,0,...,0)},

R
Z Q. rnr T Z a; jnin; + Zﬁrnr > 0. (43)

r=1 1<i<j<R

Now we consider a column functional vector

Fl(x) H(g1)
F2 Xz H

pate = | = [T (44)
Fe))  \H(B,)

where H(3,) € § for all 1 <k < K.
We expect F ﬁ( x) to satisfy the following factorization property.

Factorization Property. Let % be a (0,1)-matrix such that all entries in the first
row and column are 1. Let ¥ be a diagonal matrix such that all (diagonal) entries are
monic monomials in x and ¢ with #7; = 1. We say that F(z) satisfies the Factorization
Property if B

Fg(z) = %-W-Eg@qs) (45)

for some positive integer S.
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Also, S = 2.

Example 17. In the example in Section 3.2.2, we have o = (3 6>’ ¥ =(1,2), A=
(1,3) and

W N = DN =
DO WO W W W
S N N N N N

S
@
3
I
EFEFEEE

Also, S = 3.

4 Non-computer-assisted proofs

In [9], Li and the author provided an algebraic method to prove Andrews—Gordon type
generating function identities such as (34), (35) and (36). However, we note that the
proofs in that work rely heavily on computer assistance. Our aim here is to illuminate
and simplify such proofs using an alternate approach.

As we have seen in Section 3.2.2, to prove (34), (35) and (36), it suffices to show (40).
Our starting point is a recurrence relation enjoyed by H(fy, ..., Sr) defined in (42).

4.1 A key recurrence relation
Recall that
H(BIW“;BR)
qZ?:l aT,an(anl)/2q21<i<j<R Qi 1T qu‘:l BrnT$Z§:1 Yr Ny

(g5 ¢4 ), - (@275 2R )y

Theorem 18. For 1 <r < R, we have

H(ﬁlv"'aﬁﬁ"'a/@R):H(ﬁlw"aﬂr—{_A’rw"aﬁR)
—|—:v%q5rH(ﬁ1 + a1, B+ gy, Br+ rR). (46)
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Proof. We have (recall that a is a symmetric matrix so that a; ; = a;; for 1 <4, j < R)

HBv, ... B, Br) — H(Brs ... B+ Ary .. BR)
Z g ciina(ni=1)/2 3 gy cagnan o35 Fini (1 — gnrAr) 3 %ini
o (@504 )ny o (@507 )n, -+ (0475447 )y,
qu @i (”i—l)/Qquq Qi N qu Bimvi -3 i
> (g%5q%)n, -+ (@25 ¢4 )n—1 -+ (@475 ¢4 ),

ni,...,np =0

ne>1
_ xqu’B”" Z qu ai,mi(ni—l)/ZqZKj Qi qu(ﬁi+°‘m)”ixZi Yini
(qu7 qu)nl R (qAr7 qAr)nr . e (qAR’ qAR)TLR

= ,I"qu/BTH(ﬁl -+ ar,h e ,ﬁr + Ozrﬂ», Ce ,BR + ar,R)-

The desired identity therefore follows. O

Remark 19. It is worth pointing out that the recurrence (46) and its relations to sum-
like generating functions have connections with the theory of vertex operator algebras,
especially in the context of principal subspaces of modules. For one recent example, see

(4.71)~(4.81) in [21].

Remark 20. A recent paper of Ablinger and Uncu [1] also seems to outline some function-
ality regarding recurrences for g-multi-summations.

Recall that the Factorization Property says that

Fy(a) = % 7 Fylwgd).

Further, if F\(x) = H(fh,...,Br), then

F(xq”) = H(B1 + 1S, ..., Br + 1rS). (47)

Probably, if we expect to apply Theorem 18 to deduce Andrews—Gordon type generat-
ing function identities, we need to attach some additional conditions to the Factorization
Property.

Additional Conditions. For all 1 < s < R:
(). 7sS € AsZ;
(ii). forall 1 <r < R, a5 € AZ.

4.2 Proof of (33)

We first prove (33), which is relatively easy.
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Theorem 21. Let

"z
Fi(z) = F3(z) = ) (48)
= (G:9)n
and
Fg(x) _ Z qn2+nxn (49)
= (G
Then,
Fi(x) 111 1 Fi(zq?)
Bz)] =111 xq Fy(vq”) (50)
F(x) 101 xq*)  \Fs3(vq®)

We have shown in Example 16 that in this case S =2, a = (2), ¥=(1),A=(1)and

Fi(z) H(1)
Fy(x) | = | H(1)
F(2) H(2)
Further, it follows from (47) that
Fi(2q*) = Fy(wq®) = H(3) (51)
and
Fy(zq”) = H(4). (52)

To prove (50), it suffices to show that

Fi(2) = Fi(2¢®) + 2qFy(2¢*) + 2¢* F3(2q?) (53)
and

F3(z) = Fi(zq”) + 2¢* F3(2q®). (54)
It follows from Theorem 18 that

Fi(x) = H(1)

={H(1+1)+zqH(1+2)}

= H(2) + xzqH (3)
{H2+1)+2¢*H(2+2)} + 2qH(3)
= H(3) +2¢>H(4) + vqH(3)
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= Fi(zq®) + 2¢° F5(2¢%) + 2qF2(2q?).
Also,
Fy(z) = H(2)
={H2+1)+2¢’H(2+2)}
= H(3) +z¢*H(4)
= Fi(2¢*) + 2¢* F3(xq”).

Identities (53) and (54) are therefore proved.

4.3 Proof of (40)
We next prove (40).
Theorem 22. Let

qn% +3n§ +3nins ™ +2n9

Fi(z) = Fy(x) = F3(z) = F5(z) =

qnf+3n§+3n1n2 +n1+3n2 Pyl +2n2

Fy(x) = Fy(x) = (@ @i (6% €

(¢ D (656 )ny

n1,m220
and
qn%+3n§+3n1n2+2n1+3n2xn1+2n2
F7(.T) : T3
n1,mn220 (q7q)n1 (q >q )ng
Then,
Fi(x) 1111111 1
12169 1111111 q
Fy() 1111111 2
Fyz)| =11 000 1 1 1 22
F5(x) 1111111 o
Fs(x) 1 000111 PTE
Fr(x) 1000011 22

We have shown in Example 17 that in this case S = 3, a = (
A =(1,3) and

Fi(x) H(1,3)
Fy(x) H(1,3)
F(x) H(1,3)
F4(.%') = H(2>6)
F5(37) H(l,?))
F6($> H(276)
F7(ZL’) H(376)
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, (55)

(56)

(57)
Fi(zq®)
Fy(zq®)
Fy(xq®)

Fy(zg®) |. (58)
F5(zq®)
Fs(xq°)
F7(acq3)
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Again, it follows from (47) that

Fi(zq°) = Fa(2¢*) = Fs(2q’) = Fs(xq’) = H(4,9),

and

Fr(zg®) = H(6,12).

To prove (58), it suffices to show that

Fy() = Fi(2¢”) + zqFy(2q’) + 2°¢° F3(2q®) + 2°q" Fy(2q?)
' +2q° F5(2q°) + 24’ Fs(xq°) + 2°¢° Fr (2q?) ’

Fy(z) = Fi(2q’) + 2¢° F5(2q°) + 24 F(2q®) + 2*¢° Fy (2¢°)
and

Fr(x) = Fl(xq2) + xq3F6(xq )+ q6F7(acq ).

(64)

We will adopt the following notation to make our argument more transparent. First, we
underline a term to indicate that Theorem 18 is applied to this term. Also, if Theorem 18
is applied with respect to one coordinate, then that coordinate will be shown in boldface.
Finally, two terms inside the braces are deduced by Theorem 18 from the overlined term

in the previous line.
It follows from Theorem 18 that

Fi(z) = H(L,3)
H(1,6
6

{H(1,6) +2%¢’H(4,9)}

{H(2,6) +2qH(3,9)} + 2*¢’H(4,9)

{H(3,6) +2¢°H(4,9)} + 2qH(3,9) + z’¢°H(4,9)

H(3,6) + x¢°H(4,9) + {xqH (4,9) + 2°¢"H(5,12) } + 2%¢°H(4,9)
= {H(3,9) + 2°¢°H(6,12) } + 2¢*H (4,9) + 2qH (4,9) + 2*¢" H(5,12)
+ 22¢*H(4,9)

={H(4,9) + 2¢°H(5,12)} + 2°¢°H(6,12) + 2¢°H (4,9) + xqH (4,9)
+2%¢*H(5,12) + 22¢*H (4,9)

= Fi(2¢°) + 2¢’ Fy(2q°) + 2*¢° Fr(2¢®) + 2¢° F5(2¢°) + 2qF(xq”)
+ 22 Fi(2¢®) + ¢ Fy(aq?),

Also,
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(3,6) + 2¢°H(4,9)}

(3,9) +2¢°H(6,12)} +2¢°H(4,9)

(4,9) + 2¢*H(5,12) } + 2*¢°H(6,12) + z¢*H (4,9)
(2¢”) + 2¢*Fs(2¢”) + 2" Fy (2¢”) + 2¢° F5(x¢%).

= {H(3,6)
={H(3,9)
={H
= F
Finally,
Fr(z) = H(3,6)
={H(3,9) +2°¢"H(6,12)}

= {H(4,9) + z¢’H(5,12) } + 2%¢°H (6, 12)
= Fi(2¢°) + 2¢° Fs(2¢*) + 2°¢° Fx (2¢).

Identities (62), (63) and (64) are therefore proved.

4.4 Binary trees

Interestingly, the previous two proofs can be represented nicely by binary trees. More
precisely, all nodes are of the form H(f,...,05,,...,8r). Then Theorem 18 gives two

children of H(fB4,...,8:,...,Br): the left child is H(fB4,..., 3.+ A,, ..., Br), weighted by
1, and the right child is H(B1 + a1, -+, Br + Qs - -, Br + i g), Weighted by x77¢” . See
Fig. 2; here, again, (3, is shown in boldface since Theorem 18 is applied with respect to it.

Figure 2: Node H(54,..., B, ..., Br) and its children

H(B1,--,Bry---,Br)

/1/ \1@@«

HBr, . Br+ Ay, Br) H(Bi+ar,.. o By + o, Br+ Qi)

Now the proofs of (33) and (40) can be illustrated by Figs. 3 and 4, respectively.

Figure 3: The binary tree for (33)
H(1)
1/ \wa
H(2) H(3)
1/ \xq2
H(3) H(4)

In fact, it is relatively easy to deduce other much more complicated identities of the
same flavor as (33) and (40). For example, the next result, which appears to be new in
literature, follows from the binary tree in Fig. 5.
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Figure 4: The binary tree for (40)

1 / \954

H(1, ,9)
/1/ \q
H(3,9)
1/ \xq / \xq
H(3, H(4,9) H(4, H(5,12)
/ \x
H(3, H(6,12)
/ \xq
H(4,9) H(5,12)
Theorem 23. Let
Fl(x):---:Fﬁ( )

q 2 +3n2+ 23 +2n1no+6nons+3nsng + 2k 5 —nz—%xn1+2n2+3n3

- ¥

ni,nz,ng=0

Y

(@ D (0% 6302 (035 G

FY(I‘> T— e e — F13< )
Z q 21 +3n3+ 23 +2n1n2+6n2n3+3n3n1+ 22 s +—xn1+2n2+3n3
L= (@ D (0% 6*)na (% %) s ’
F14($) = e e e — F21( )
Z q 2 +3”2+ 3+2n1n2+6n2n3+3n3n1+ 1+3 +— pt2ne+3ng
L= (@ @na (625 6*)na (6% %)y
and
FQQ(ZL’) = Fgg(l’)
2 +3n2+ 3+2n1n2+6n2n3+3n3n1+ 1+3n 4 lins n1+2n2+3n3

:Zq

ni,nz,ng=0

(¢ Dy (0% 4% ny (@35 g )n3
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Let

1111111111111 1111111111
1 1111111111111 1111111171
1111111111111 11111111171
1111111111111 1111111111
1111111111111 11111111171
1111111111111 11111111171

(69)

110000111 10001111000010
110000111 10001111000010
110000111 10001111000010
110000111 10001111000010
110000111 10001111000010
110000111 10001111000010
110000111 10001111000010
1100001 1000001110000010

11000011 000001110000010

11000011000O0O0111O0O0O0O0O0T1O0

1100001 1000001110000010

11000011 000001110000010

1100001 100O0O0OO0O111O0O0O0O0O0OT1O0

1100001 1000001110000010

11000011 000001110000010

10000010O0O0OO0OO0OO0O110O0O0OO0OO0OO0OT1O0

1000001000O0OO0O0O11O0O0O0O0O0O0O0OT1QO0

%:

and

W (z) = diag(1, 2¢°, vq, 2%, 2°¢*, 2°¢*,

5

3,25 .24 37 24 36 3
rqg,rq,r4q,rq,rq,rq,Tq

’
10 ,.4.9
qg-,rq,

2.7 .26 .39 .3 3 3 4
rq,rq,rq,rq,rq,rq,r

(70)

310 4 11
g, x%q).

Then,

=

=
\J
Sa ml
> o <
CHGHRN.
— - %
R~ R <3
(\

©

I
—
BER &
— - %
~ & <3
(\

Remark 24. 1t is worth pointing out that the ¢-multi-summations in this theorem are

similar to those appear in [17, (47) and (51)].

=(1,2,3), A =(1,2,3) and S = 3. We

b

Y

|

™MD O O

AN © ©

1
2
3

= Fy(z) = H(1,2,4)

Proof of Theorem 23. Let a

have

H(4,8,13),

zxg®
oy

Fi(z) =

24
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zzgs

Frz)=---=F;3(x)=H(2,4,7) —/—— H(5,10,16),
Fu(e) == Fu(z) = H(2,6,10) 225 H(5,12,19)
and
Foo(z) = Fog(z) = H(3,6,10) 22" H(6,12,19).
The rest follows from the binary tree in Fig. 5. O]

It looks like one cannot deduce a span one linked partition ideal .#((II, £),S) from
Theorem 23. This is because by (71), we need S = 3. But in the diagonal matrix # (x),
there is a term 22¢”, which induces a partition of size 7 that has two parts. This means
that one of the parts is larger than 3. However, for a span one linked partition ideal, we
require that all parts in partitions among II must not exceed S.

On the other hand, we will show in the next corollary that Theorem 23 still corresponds
to a partition set.

Corollary 25. Let Il = {m,ma, ..., m3} be a set of integer partitions where
-7'('1:@ 7T2:2 ’7T3:]_ 7T4:2+1 T
7T5:1—|-1 71'6:2—|—1—|-]_
7T7:3 7T8:3+2 7T9:2+2 7T10:3+2+2

7T11:3—|—1 7T12:2—|—2—|—2 7T13:3+1—|—1

7T14:4+3 7T15:3+3 7T16:3+3+3 7T17:3+3+2
7T18:4+2+2 7T19:3+2+2 7T20:3—|—3+2—|—2 7T21:3+2+2+2

722:4+3+3 723:3+3+3+2

Let L : 11 — P(II) where P(II) is the power set of I1 be defined by

{m1, 7o, ... M3} for 1 <1 <6,
Lim) = {m1, Mo, M7, T8, Mg, T10, T14, T15, M1, T17, W22} Jor 7T < i < 13,

{m1, mg, M7, T8, 14, T15, T16, T2 } for 14 <1 < 21,

{7T1,7T7,7T14,7T15,7T22} fOT 22<Z<23

Let
Crx: M=M= =2 A>T T — -
be a chain such that for alli > 0, \; € Il and A\iy1 € L(N;). Let Oy be an integer partition
induced from Cy defined as in (4) with S = 3:
By = X0 @ 6 (M) & 0° (V) & -+ @ ¢* () @ 0"V (@) @ 0" (@) &
Let .7 be the set of such partitions ®y. Then,

2 2
"L 3024+ 225 4 2n1 no+6nana+3nzng + 5 —ng— 13 pr+2na+3ns

Sl = 3 qz

ves ni,n2,m3=0

(63 @)y (4% 6%z (%5 4%y (72)
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(61‘zr1‘9)H  (91°0T‘9)H

N

(91‘01‘P)H  (E1‘8V)H

N

(61‘21‘9)H  (91°01‘9)H (612T1‘9)H  (91°0T‘9)H (61‘21‘9)H (e1°'8°€)H
N A N A N A
(9t‘o1‘»)H  (€18‘V)H (ot‘ot‘w)H  (e18'v)H (61°C1'9)H (€1‘9‘€)H
N A N A A
(61‘2T'9)H  (91°0T‘9)H (61cT1‘e9)H (e1'8'¢)H (6T‘c1‘e)H (9T‘0T‘9)H (S1°‘8‘€)H (ot‘9‘e)H
N PN N P
(or‘otrw)H  (e1'8V)H (61'C1'9)H (e1°9°'€)H (o101 ‘P)H (o1‘9‘2)H
NN T
(61zT1‘9)H (91‘01‘9)H (€1‘8°€)H (oT‘9‘e)H (9t‘ot‘9)H (0T ‘T)H
N P N4
(9t‘o1‘v)H  (S1°8‘P)H (ot‘9‘e)H (L7 ‘0)H
(e1'8‘e)H (L7 ‘T)H

/Nﬂ/\\

(e1'8v)H  (L‘TDH

PN A

Tc‘H

(T2) 103 0013 Areulq oY T, :G oINSI]

26
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Proof. First, it is easy to see that given a chain C,, the induced ®) is indeed an integer
partition. Now we claim that for any two chains C, and C,, we have ®, = ®, if and only
if C, = C,. Notice that the “if” part is trivial.

We show the “only if” part by contradiction. Namely, we assume that there are two
chains C, # C, such that &, = ®,. Let ¢ be the index such that p, # v, and p; = v;
for 0 <7 < ¢ — 1. If neither y, nor v, contains a part of size 4, then the parts in ®, of
size up to 3(¢ + 1) are given by ®%_ ¢ (y;) and similarly the parts in ®, of size up to
3(¢+1) are given by @®¢_,¢*(v;). Since &, = ®, and y; = v; for 0 < i < £—1 as assumed,
it follows that ¢*(us) = ¢3(vy) so that w, = v,. This contradicts the assumption that
e # vg. If 4 is a part in one of u, and vy, then without loss of generality, we assume that
4 is a part in pp. Then p, € {m14, T18, a2 }. Apparently, if 4 is also a part in vy, we must
have vy, = i, which violates the assumption. Now let us assume that 4 is not a part in
vp. Since @, = ®,, we know that 1 must be a part in v44,; otherwise, ®, contains no
parts of size 3¢ + 4. Thus, vy € {m3, 74, 75, 76, T11, T13}. Since v € L(1y), we find
that v, € {m, m, 13, 74, T5, 6} and also the parts in @, of size up to 3(¢ + 1) are given
by (®:Z56% (1)) © ¢*(v). On the other hand, since ju; € {714, Tig, T2}, the parts in @,
of size up to 3(¢ + 1) are ©'Z;¢% (u;) plus one of ¢*(3), ¢*(2 + 2) or $*(3 4 3) none of
which could be ¢*(1,). This implies that ®, # ®,, which leads to a contradiction.

Once we have shown that the induced partitions ®, are pairwise distinct, the rest is
a simple application of the framework developed in this paper by first constructing the
associated directed graph as in Section 2.3. We leave this as an exercise to the interested
reader. O]

5 Closing remarks

Our main concern is about the Factorization Property. Recall that % is a (0, 1)-matrix
such that all entries in the first row and column are 1, and ¥ is a diagonal matrix such that
all (diagonal) entries are monic monomials in x and ¢ with #;; = 1. The Factorization
Property says that

Fs(x) = %.“I/.Eé(a:qs), (73)

where S is a positive integer and

Fe@))  \H(@,)

in which H(8) = H(f1,...,Br) is of the form

HB) = Y

Probably we also require the Additional Conditions: for all 1 < s < R:

qu:l ar,rnr(nr_l)/2q21<i<j<1% Qg T T 5 qZ§:1 57‘717«%2,]}:1 YrMr

(g4 ¢ )y -+ (g7 ARy
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(). 75 € AZ
(ii). forall 1 <r < R, a5 € AZ.

Problem 26. For given % and ¥/, is it possible to determine if there exist Fg(z) and S
such that (73) is true? B

We have another problem from a different direction.

Problem 27. Are there any criteria of F(x) that we are always able to find %, ¥ and
S such that (73) is true? a

The last problem is probably simpler.
Problem 28. Can we construct a family of %, ¥, F5(z) and S such that (73) holds?

If we are able to find such a construction, then we may derive family of span one
linked partition ideals (or at least a family of modified directed graphs) with nice analytic
generation functions.
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