PARTITION IDENTITIES FROM HIGHER LEVEL CRYSTALS OF Agl)
JEHANNE DOUSSE, LEONARD HARDIMAN, AND ISAAC KONAN

ABSTRACT. We study perfect crystals for the standard modules of the affine Lie algebra Agl) at all
levels using the theory of multi-grounded partitions. We prove a family of partition identities which are
reminiscent of the Andrews—Gordon identities and companions to the Meurman—Primc identities, but
with simple difference conditions involving absolute values.

1. INTRODUCTION AND STATEMENT OF RESULTS

The content of this paper lies in the intersection of combinatorics (in particular, the study of partition
identities) and the representation theory of affine Kac-Moody algebras. Lepowsky, Milne and Wilson’s
foundational work [LMT78| [LW84] [LWR85] has led to a productive relationship exists between these two
fields. We now recall some background and provide a brief description of the principal mechanism through
which this interaction takes place.

A partition of a natural number n is a non-increasing sequence of positive integers whose sum is n.
For example, the partitions of 4 are (4),(3,1),(2,2),(2,1,1) and (1,1,1,1). Among the most famous
and ubiquitous partition and g-series identities are those of Rogers—Ramanujan [RR19]. In g-series form,
they can be stated as follows:

Theorem 1.1 (The Rogers-Ramanujan identities). Let ¢ =0 or 1. Then
qn2+(17i)n 1

(@0)n  (® 56 (PT¢5) 0

n>0

Here and throughout the paper, we use the standard g¢-series notation: for n € NU {oco} and j € N,
n—1
(a;q)n =[] (1 - ag"),
k=0
(a1, 0550 = (a15@)n - (a3 @)n-
Interpreting the product side of the Rogers—Ramanujan identities as the generating function for parti-

tion with congruence conditions and the sum side as the generating function for partition with difference
conditions yields the combinatorial identities:

Theorem 1.2 (Rogers—Ramanujan identities, combinatorial version). Let i = 0 or 1. For every natural
number n, the number of partitions of n such that the difference between two consecutive parts is at least

2 and the part 1 appears at most i times is equal to the number of partitions of n into parts congruent
to £(2 —¢) mod 5.

These identities were given many proofs and generalisations, see e.g. [And74l [And89l Bre83, [Corl7,

GMB81l, [Gor61), [GOW16], including the famous Andrews—Gordon identities [And74]:

Theorem 1.3 (Andrews—Gordon identities). Let r and i be integers such that r > 2 and 1 <i <. Let
Gir(n) be the number of partitions A = A1 + Ao + - -+ + As of n such that \j — \jyr—1 > 2 for all j, and
at most i — 1 of the A; are equal to 1. Then

241 gi g2r—itl g2y

3 Gy = E 00

= (@30

Note that the Rogers-Ramanujan identities correspond to the particular case r = 2 in Theorem [I.3]
In [Bre79], Bressoud found a counterpart for even moduli to the Andrews-Gordon identities.
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Theorem 1.4 (Bressoud). Let r and i be integers such that r > 1 and 1 < i < r. Let B; (n) be the
number of partitions A = Ay + Ao + -+ Ag of n such that \j — A\j1r—1 > 2 for all j, if \j < Ajpr—o+1
then A\j + -+ Xjyr—2=1—1 mod 2, and at most i — 1 of the \; are equal to 1. We have

2r—1i.

2r i
ZBi,r(n)qn: (q , 4,4 yq
= (¢ 0)oo

27‘)00

We now explain how these partition identities are related to representation theory. We assume that
the reader is familiar with the notion of a Kac—Moody algebra, the standard reference text is [Kac90].
Let g be a affine Kac-Moody algebra with positive roots AT C h*, where b is a Cartan subalgebra of g.
Let P (resp. PT) be the corresponding set of integral (resp. dominant integral) weights and let L(\) be
the irreducible highest weight g-module of highest weight A € PT (also called the standard module with
highest weight A). The character of L()) is defined as

chL(A) = > dim L()), - e,

ner

where e is a formal exponential and L()\), is the weight space corresponding to p. A well studied
problem within representation theory is the development of so-called character formulas i.e. explicit
algebraic expressions for ch L(A). A well-known example is provided by the Weyl-Kac character formula
[Kac90l Proposition 10.10]

> wew sgn(w)er e
HaEA+(1 _ efa)multa ’

where W is the Weyl group and p is the Weyl vector. An important feature of the Weyl-Kac character
formula is that it overcounts, i.e. the sum is not sign-free. Finding a sign-free character formula is a
difficult task, partial results may be obtained using the theory of vertex operator algebras and equating
the resulting formulas with the Weyl-Kac character formula gives rise to certain partition identities. This
was the basic strategy employed by Lepowsky and Wilson [LW84] [LWR&5] to derive the Rogers—Ramanujan

chL()\) = (1.1)

identities from character formulas for level 3 modules over Agl). Subsequently, other partition identities
were obtained (some of which were previously unknown to the combinatorics community) using different
levels and algebras, see, for example, [Cap93, IMP87, MP99, MPO1l, Nanld4l [Prio4! PS16l, Sill7]. More
detail on the history of this interaction can be found in the introduction of [DK22al.

Let us state in detail a partition identity which was obtained by Meurman and Primc [MP99] through

the study of vertex operator algebras for higher level modules of Agl). An integer partition can equiva-
lently be defined in terms of frequencies, i.e. by a sequence (f1, fo, f3,...) where for every natural number
k, fr denotes the number of appearances of k in the partition. Meurman and Primc’s result reads as
follows (slightly reformulated):

Theorem 1.5 (Meurman—Primc 1999). Let n and i be non-negative integers such that 0 < i < n. Let
M; n(m) denote the number of partitions of m in two colours, plain and underlined, such that their
frequencies (f1, fo, f,...) satisfy, for all k > 1:

f2k = O,

Jokt1 + for + for—1 <,
Jok + fau—1 + for—1 < n,
Jok41 + forr1 + for <,
fakt1 + for + for—1 <,
and
f1 <1, fi<n—i.
Then
(g1, qnitL, g2 gt 2)

’ - a2 .
= (45 4%) o0 (45 @)oo

(1.2)

Note that up to the factor 1/(q; ¢*)so, the product side of (1.2) is exactly the product side of the
Andrews—Gordon and Bressoud identities. Meurman and Primc’s identity is a great example of a parti-
tion identity for which it seems highly unlikely that guessing the identity using only the combinatorics
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of integer partitions would have been possible, and where representation theory plays a key role in the
shape of the difference conditions.

An alternative approach to finding a sign-free character formula is provided by the theory of crystal
bases, a good reference text for which is [HK02]. Said theory allows one to describe the character ch L(\)
in terms of a crystal i.e. a directed graph B together with a weight function wt: B — P satisfying certain
conditions (see, e.g. Defintion 4.5.1 in [HK02]). In particular, the crystal graph B(X) of a crystal basis
of L(\) will satisfy

chL(N) = Y el

beB(N)

Kashiwara [Kas91] proved the existence and uniqueness of crystal bases. Therefore, understanding the
structure of the corresponding crystal graph automatically grants one a sign-free character formula.
Kashiwara et al. [KKM™92b| then provided a description of B(\) in terms of certain particularly well-
behaved crystals for the associated classical algebra, called perfect crystals. As before, equating the
resulting crystal character formula with the Weyl-Kac formula can lead to a partition identity. This
was first accomplished by Primc [Pri99], using level 1 modules over Agl) and Aél). This work was later

generalised to level 1 modules over ASB) by the first and third authors in [DK22al [DK19], and generalised
to treat other modules in [DK22b] (more on this in Section . In this paper, we study different perfect

Agl) crystals of arbitrary level and provide new partition identities and sign-free character formulas.

We now describe our main result. Let n be a non-negative integer. Let C,, denote the set of (n + 1)-
coloured partitions (A1, ..., As), where each part is a non-negative integer indexed by a colour taken from
{co,¢1,...,¢n}, such that for all 1 <i<s—1,

Ai — >\i+1 = |Uz - Uz‘+1|,

where for all i € {1,...,s}, \; has colour ¢,,. Similarly, let CZ denote the set of (n + 1)-coloured
partitions such that )\z — )\1'_;,_1 Z |U1 — uH_l\.

Our main result is a new family of partition identities which are companions (i.e. same infinite product
but other difference conditions) to the Meurman—Primc identity.

Theorem 1.6. Let n and i be non-negative integers such that 0 <i < n. Let C; ,(m) be the number of
(n + 1)-coloured partitions of m in C,, such that the last part is 0., and the penultimate part has colour
different from c;. Let Cfn(m) be the number of (n + 1)-coloured partitions of m in CZ such that the last
part is O, and the penultimate part is different from 0.,. Then, we have the identities

S myg = 0L ) (13)
b - ) .
n>0 (q;q2)oo(q;Q)oo

i+1 n—itl n+2. nt2
Y Con(m)g™ = @ g . Joo (1.4)
w0 (45 4%) o0 (a0 9)30

Just like for the Meurman—Primc identity, up to the factor 1/(q; ¢*)eo (resp. 1/((¢;4%)o0(¢;9)0)), the
product on the right-hand side of (resp. ) is exactly the product side of the Andrews—Gordon
and Bressoud identities. On the other hand, it is — at least to the extent of our knowledge — the first
time in the literature that difference conditions involving absolute values arise in partition identities. It
is also interesting to note that our difference conditions are very different from those of Theorem and
arguably simpler. This highlights the fact that the approaches via vertex operator algebras and crystal
bases, though both in the realm of representation theory, are very different and give rise to very different
results.

To prove Theorem we use energy matrices for level n perfect crystals of Agl) and the theory
of grounded partitions introduced by the first and third authors [DK19] to express the characters of
standard modules as generating functions for coloured partitions, which gives the left-hand side of .
The right-hand side of comes from the principal specialisation of the Weyl-Kac character formula.

Finally, to illustrate the effectiveness of (multi-)grounded partitions in the study of characters of
standard modules we build upon work of the first and third authors on multi-grounded partitions [DK22b]
and derive certain simple non-specialised character formulas with manifestly positive coefficients for all
level 2 standard modules of Agl). Although these formulas are not original, see Remark we find
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value in their proofs as presented here, as they are combinatorial in nature and may therefore prove
more approachable for certain readers than pre-existing arguments.

Let G = G(z1,...,%,) be a power series in z1,...,z,. For k < n, we denote by &;, . . (G) the
sub-series of G where we only keep the terms in which the total degree in x,...,xy is even. If G has
only positive coefficients, then for all k, &;, . ., (G) also has positive coefficients and can be obtained
easily from G via the formula

1

5x1,...,afk (G) = 5 (G(xh ce ey Ty Thg1y - - - 7zn) + G(_l'l, ceey T Xk, T4l - - 7xn)) (15)

.....

Proposition 1.7. Let Ay, A1 be the fundamental weights and ag, a1 be the simple roots of Agl). Let
0 = ag + aq be the null root. We have

e R0t ch L(Ag + Ar) = (—e™*, —e ™, —e %670, (1.6)
e 280 ch L(2Ag) = % {(_6_%%‘1,—6_%_0’17 —e 73670 + (6_%+ala6_%_0‘176_%»6_6)0"} ’
(7
1 -
e M ch L(2A;) = 2 {(_6_%—”1 —eE T —eTRie ) o (T F N BT e E e |
(1.8)

Note that (1.7) and (1.8) are in the form of (1.5) and therefore have manifestly positive coefficients.

Remark 1.8. These character formulas are not original. Indeed they can be derived by applying the

‘denominator’ formula,
Z sgn(w)e“’(p)_p _ H (1 o e—a)mult oz’
weW acAy

to the numerator of the Weyl-Kac character formula (L.1)) with A = p. In the case of Agl), the denom-
inator formula is the same as Jacobi’s triple product identity. Equations (1.7) and (1.8)) can be derived
by applying this identity to [WakO1l, (2.18b)] and then combining the result with [Wak01), (2.17)].

The paper is organised as follows. In Section we recall the necessary background on (multi-)grounded

partitions. In Section we study the energy matrices of level n perfect crystals of A%l) and prove Theorem
Finally, in Section |4} we derive the non-specialised character formulas of Proposition and notice
an intriguing connection with Capparelli’s identity.

2. BACKGROUND ON PERFECT CRYSTALS AND MULTI-GROUNDED PARTITIONS

We start by briefly recalling the theory of perfect crystals. Let g be an affine Kac-Moody algebra
with simple positive roots ag, ..., a, and with null root § = dyag + - - - + dpv,. For A € P*, let B(\)
the crystal graph of a crystal basis of L()). For an integer level £ > 1 and a weight A € 152', Kashiwara
et al. [KKM™92b, Section 1.4] define the notion of a perfect crystal B of level £, an energy function
H: B® B — Z, and a particular element

= ()= @+1 QG ® R g1 ®go € B>,
called the ground state path of weight A (see Section 1.4 of their paper for precise definitions). From this
they consider all elements of the form

p=r)izo="""@Pk+1 @pr @ - @p1 @ po € B>,

which satisfy pr, = gi for large enough k. Such elements are called A-paths; their collective set is denoted
P(A). The crystal B()) can then be realised on the set of A-paths, in particular the affine weight function
is given by the following theorem.

Theorem 2.1 ((KMN)? crystal base character formula [KKM¥92al). Let A € P/, let H be an energy
function on B® B, let P(\) be the set of A-paths, and let p = (pi)7>y € P(A). Then the weight of p is
given by the following expressions:

th_)\+z wtpr, — Wt gr) Z k+1) ( (Pe+1 @ pr) — H(gr+1 ®gk)>7
k=0

oo o o 5 00
= A+ Z <(thk —whg) — — Z (pe41 @ pe) — H(ge1 ® ge))),
k=0

do
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where wt is the weight function of B. As 77()\) = B(A), we have the character formula

ch L(A Z eV

peEP(N)

In [DK19], the first and third authors used bijections to transform the (KMN)? crystal base character
formula into a formula expressing characters as generating functions for so-called “grounded partitions”,
in the case where the ground state path of the module considered was constant. In [DK22b], they
generalised their theory to treat the cases of all ground state paths, thereby introducing multi-grounded
partitions. We now outline this latter more general theory, which contains the former as a particular
case.

First, recall the definition of multi-grounded partitions.

Definition 2.2. Let C be a set of colours, and let Z¢ = {k. : k € Z,c € C} be the set of integers coloured
with the colours of C. Let >~ be a binary relation defined on Z¢. A generalised coloured partition with

relation > is a finite sequence (m,...,7s) of coloured integers, such that for all i € {0,...,s — 1},
T > T4l
In the following, if 7 = (mo,...,7s) is a generalised coloured partition, then ¢(m;) € C denotes the

colour of the part m;. The quantity |w| = mg + - - - 4+ 75 is the weight of 7, and C(7) = ¢(mg) - - - ¢(7s) is
its colour sequence.

While multi-grounded partitions can be defined purely combinatorially, in practice we will use them
with a colour set which is indexed by the vertices of a perfect crystal B. Thus our notation for the
colours’ indices reflects that correspondence and can be readily used to set equalities as in the statement
of Theorem 2.5

Definition 2.3. Let C be a set of colors, Z¢ the set of integers coloured with colours in C, and >

a binary relation defined on Z¢. Suppose that there exist some colors cg,...,cq,_, in C and unique

coloured integers ugy) yee UEZ 11) such that

u® 4+ 4yt =,
0 1 1 0
uld =l e u{  u()
Then a multi-grounded partition with colours C, ground ¢, ..., cg,_, and relation > is a non-empty gener-
alised coloured partition © = (7, ..., Ts—_1, ugg()) ). ug; 11)) with relation >, such that (ms_¢,...,m5-1) #
(0) (t—1)

(Uegy,---»Ue,, | ) in terms of coloured integers.

We denote by 77 cq, the set of multi-grounded partitions with ground ¢y, ...,c4,_, and relation .

We do not make the set of colours C explicit in the notation as it should be clear from the context.
Grounded partitions, which were introduced in [DK19], are a particular case of multi-grounded par-

titions where the ground is reduced to one colour ¢, (and therefore the smallest part has to be O, ).

‘We now recall the connection between multi-grounded partitions, ground state paths, perfect crystals
and character formulas.

For ¢ > 1, let B be a perfect crystal of level £ and let \ € ]5; be a level ¢ dominant classical weight
with ground state path px = (gr)r>0 (which is always periodic). Let us set ¢ to be the period of the
ground state path, i.e. the smallest non-negative integer k such that gr = gg. Let H be an energy
function on B® B. Since B® B is connected, H is uniquely determined by fixing its value on a particular
bob € B B.

We now define the function Hy, for all b,b’ € B® B, by

t—1

1
Hﬂb@yyzfﬂb®0)—EE:H@M4®90. (2.1)
k=0
Thus we have
t—1
> Ha(gkr1® gx) = 0.
k=0

The function H) satisfies all the properties of energy functions, except that it does not have integer
values unless ¢ divides Z?lo H (g1 ® gr). With this new notation, we can rewrite the (KMN)? formula
for the weight of a A-path in the following way. Let m > 0 and p = (pr)72, € P(A) such that py,es = gi
for m’ > m and ¢ € {0,...,t —1}. We have



mt—1 t 1 mt—1

wtp=A+ Y ﬂpk+ Z (k 4+ 1) Hx(gr+1 ®9k)*d*0 > (k+ 1) Hx(prr1 ® pr)- (2.2)

k=0 k=0
Note that for any energy functlon H , we always have

t—1 t—1
t+1 1
kz_%(k + 1) H\(gry1 @ gr) = kz_o(k +1)H(gr+1 Q@ gk) — —— ];)H Jk+1 Q gr) € QZ

The quantity above is an integer as soon as t is odd, and is equal to 0 when ¢t = 1. Thus we can choose
a suitable divisor D of 2t such that DH,(B® B) C Z and 1 Ek O(k + 1)DH,)(gr+1 ® gx) € Z. For the
entirety of this paper, D always denotes such an integer.
Let us now consider the set of colours Cg indexed by B, and let us define the relations > and > on
Z¢,, by
ke, > kéb/ <= k—k = DH\(Y ®0b), (2.3)
ke, > kéb, < k—K >DH\(t ®b). (2.4)
We can define multi-grounded partitions associated with these relations, as can be seen in the next
proposition.

Proposition 2.4 ([DK22b]). The set ’PZO__,CQFI (resp. P2 1) of multi-grounded partitions with

€90 "Cay—
ground cgy, . .., cq,_, and relation > (resp. > ) is the set of non-empty generalised coloured partitions m =
(0, s 17U£?) . uégf )) with relation > (resp. >>), such that (Ts_y, ..., Ts—1) # (ug?) 7u£tgj_11)),
andfor all k € {O,...,t— 1},
1 -1 t—1
k) — =
u® = — ;(Z + 1)DHx(ge11 ® go) + ;_;DH,\(WH ® g0).

In order to give a more general connection between multi-grounded partitions and character formulas,
we use some further sets of multi-grounded partitions. For any positive integer d, let dejO,,,cgkl denote

the set of multi-grounded partitions = = (mo, ..., ﬁs,l,ugg()) . ugtgf 11)) of P> Copy such that for all

Cgo
ke{0,...,s—1},
T — Tht1 — DH(Dr+1 @ pr) € dZ>o,

0
where ¢(m;) = ¢, and 7, = uggi

Finally, let fpfo_..cqtﬂ (resp. tPfjo gy 1 t’PC'iO_“thil) denote the set of multi-grounded partitions
dp> > > . ..
of “P2 ., , (resp. P .~ P ., ) whosenumber of parts is divisible by ¢.

Now the character formulas connecting perfect crystals to multi-grounded partitions can be stated as
follows.

Theorem 2.5 (Dousse-Konan 2021). Setting q = e~%/(%DP) gnd ¢, = eVt for all b € B, we have
Cgo " Cq,_, = 1, and the character of the irreducible highest weight module L(X) is given by the following
exTPTessions:

Z C(m)gI™ = e *ch L(N),

€90 C9¢—1

S clw = )
r€ P2 (qd;Qd)oo

€90 " C9¢t—1

,LLG{P

This theorem will be used directly to prove Proposition [I.7] in Section [f] and the proof of Theorem [1.6]
in Section [3] relies on a variant of these ideas.

3. PERFECT CRYSTALS FOR STANDARD Agl) MODULES OF LEVEL n

The level n perfect crystal B,, of Agl) is shown on Figure |1} and for all i, the weights and null root
are given, respectively, by

Wb = (2 — n)Ao + (n — 20)A; = (9 - z) a1,

2 (3.1)

0 =og+ o,



where ag and «; are the simple roots [HK02, Example 10.5.2].

1 1 1 1 1
bo by by - bp—1 by,
0 0 0 0 0

F1GURE 1. The level n perfect crystal B,, of Agl)

There are n + 1 standard Agl) modules of level n, namely whose highest weight is of the form
Aipi=i0No+ (n—i)Aq,
for i € {0,...,n}. Their ground state paths are
Pi=Pa, = Qb @b Qb @ by.

When n is even, then there is a constant ground state path for ¢ = n/2. Otherwise, all the ground
state paths have period 2. By [KKM™92b, Lemma 4.6.2], B, ® B, is also a level n perfect crystal, the
corresponding energy function is given by the matrix below (where H,(b; ® b;) is given in column ¢, row

Ik

bo by ba bn—2 bn-1 by

bo n n n n n n

by n—1 n—-1 n-—1 n—1 n—-1 n

bo n—2 n—2 n—2 n—2 n—1 n

Hy, = : : : : : :
bn_o 2 2 2 n—2 n—1 n

bpn—_1 1 1 2 n—2 n—1 n

b, 0 1 2 n—2 n—1 n

We can rewrite this more concisely, for all 4,j € {0,...,n}, as

H, (b ®b;) = max(i,n — j).

While, to prove Theorem [I.6] we will not exactly use the theory of multi-grounded partitions explained
in Section [2] we still need to consider a (pseudo) energy function H) such that the sum of its values on
the ground state path of X is 0. For this, we use (2.1)).

Here, for all the ground state paths p;, we have

Thus, for all standard modules A of level n, we have

n
H:Hn_fv
A 2
or in other words, for all 4,5 € {0,...,n}:
. n n .
Hy(b; ®bj) = max(i — =, = — j).
272
bo by bo bp—2  bn—1 by
b n n n n n n
0 2 2 2 2 2 2
o[ 5o 5-1 31 51 313
o | -2 g2 g2 e g2 g1 g
Hy = : :
bp2o| -5+2 —-5+2 —-5+2 -+ $-2 F-1 3
bp1| —5+1 —5+1 —5+2 5—2 5-1 3
b -5 -5+1 —5+2 -2 §-1 %




When n is even, H), is really an energy function. Otherwise, it has all the properties of an energy
function, except that it has half-integral values.

To obtain the very simple difference conditions of Theorem [I.6] we perform yet another rewriting of
H,. For 0 < 14,5 <n, we have

1 1
Hy(b; ®bj) = imax(j—&—i—n,n—i—j)+§(i—j),
1 1
=g —i—jl+5(—-7) (3.2)
Thus
Ha(bn—s © b) + 2Hy (b @ by—i) = Ha(bi @ byi) =i — 3. (3.3)
Let us consider the set of colours C = {cy, . .., ¢, } and define the difference condition A(c,, ¢p) = |a—b|.

Denote by P; ,, the set of grounded partitions with colours C, ground ¢; and relation > defined by:
ke, >, if and only if & — 1 = A(cq, ).
We shall now prove a key proposition which relates the partitions in P; ,, and the character of L(A; ,,).

ao+a1

Proposition 3.1. Let x = exp(—

() = ﬁ(c )_1a+1 " {1 if s is odd

o c; if s is even.

), ek = exp(k - “5%0)  and

Then there exists a bijection © between P(A; ) and P; ., such that, if ®(p) =7 = (m,...,7s, 0g,), then
exp(wtp — Ayp) = O (m)g!™. (3.4)

Hence,

Z C'(m)z!™ = exp(—Ai) ch L(As,). (3.5)
7T€’Pi,n
Proof. In this proof, we set A = A, ,,. Let p = (b;, )i>0, with iy € {0,...,n} for all k, be a A-path, and let
m be the unique non-negative integer such that (igm,—2,%2m—1) # (i,n — 1) and (igm, tom+1) = (4,1 — 1)
for all m’ > m. We compute wt p, defined in (2.2)), in terms of the roots ap and ;. By (3.1)), (3.2) and
(3.3)), we have

2m—1 2m—1

no . n oo+ o . ,
wtp = A+ Z (5 —zk) a1 + m(ag + aq) (z— 5) —&-% Z (k+1)(ix — tgt1)
k=0 k=0

ao + a 2m—1

== Y (b Dl — il
k=0

Using the fact that
2m—1 2m—1
S (k4 1)(in —iks1) = Y ik — 2miom,
k=0 k=0

and that io,, = i because pa,, = b;, we simplify and obtain

2m—1 2m—1
n . .on . ot .
wtp = A+ Z (§—zk)a1+m(a0+a1)(z—§)—m(a0+a1)l+ 02 : Z tk
k=0 k=0
ao + a 2m—1
_ 02 ! > (k410 =g — ixl
k=0
e, a0+ ar /n a —l—a
. 0 1 . 0
=+ 2 {(2—zk)a1—2(2—zk)} ! Z (k+1)|n — g1 — i
oy a] — o ap + « iy
— A+ (57@ S - R Y (b D — e —
k=0 k=0



By setting jog+1 = n — tok4+1 and jo = i9g, this reduces to

2m—1 a a a0 + 2m—1
by )\ — )kl Q1T 00 o 1 et Dt —
wt p > (=D 5 5 > (k4 Dljrsr — Gl

k=0 k=0
2m—1 o o ao + a 2m—1

_ k41, 1— Qo 0 1 . .

= Z <(1) JE - B) - B Z |jit1 ]1|>' (3.6)
k=0 1=k

Observe that when is,,—1 = n — i, we have |jom—1 — jom| = |i — 4| = 0. Furthermore, (i2m—2,i2m—1) #

(i,n — 1) if and only if (jom—2, jom—1) # (4,7). Thus, for k € {0,...,2m — 1}, we set

2m—1
T = <Z |jkjk+l|> ;
1=k Cir
and
MOy« v ey Tom—2,0¢) 1if Jop_1 =1
(I’(TF) _ ( 05 y N2m—2, cl) . ]’2m 1 .
(’/To,...,’]TQm,hOCi) lf J2m—1 #’L.
Hence, for all 0 < k < 2m — 2, we have 7y — g1 = |jk — Jk+1], i.€. Tk > mr1. Finally, when jo,,—1 = i,
we indeed have ja,_2 # i, so 7 is a grounded partition with ground ¢;. When jo,,—1 # 4, m is also

a grounded partition with ground ¢;, as mom—1 = |jam—1 — jom| = |jom—1 — i| and then w1 > O, .
Therefore, m always belongs to P; ,,, and (3.6)) becomes

2m—1
S _ 0o k+1 . ap + oy
wip — A = L0 ( > (1) Jk> - 2By,

k=0

where |7| denotes the size of .

Let us now give the inverse bijection. Let 7 = (mo, ..., 7s,0¢;) € Pj p, with ¢(my) = ji forall 0 < k < s+1.
In particular, js1 = 4. Then set m = [£$1],

(g ) = (Jok,n — Jory1) ifk<m—1
2k 2k (i,n — ) if k>m,

and ®~1(7) = p = (bi, )k>0- Since js # i and s € {2m —2,2m — 1}, we then have (jom—2, jom—1) # (4, 1),
so that m is the unique non-negative integer satisfying (iom—2,42m—1) # (i,n — i) and (i2m/, tom/+1) =
(i,m — i) for all m' > m. Hence, p € P(A;,,). Moreover, as js41 =4 and s+ 1 € {2m — 1,2m}, setting
Jom = @ yields

s 2m—1
m = lit—dral = Y it = dinl;
=k 1=k
2m—12m—1

S
T =Y me= > > li—dnl,
k=0 k=0 1=k
and applying (3.6) to p gives

2m—1
] — Q . ap + «
wip — Ay = % ( Z (1)k+1jk> - %WL

k=0

The uniqueness of the relations between s and m, as well as the definition of the sequences (ix)r>2m—1
and (ji);14, imply that ® and ®~! are inverses of each other. The relation (3.4) comes from the fact
that, for 7 = ®(p),

2m—1

S _ - k41 - Qo+ g
wtp _Az,n = T ( Z (_1) ]/ﬁ:) - T'Trl

k=0



. >
We now consider the set P;-,

by:

of grounded partitions with colours C, ground ¢; and relation > defined

ke, > I, if and only if kK — 1 > A(cq, cp) -
Denote by P the set of classical partitions.
Proposition 3.2. There exists a weight-preserving bijection U between ”an and Pin X P, i.e. if ¥(m) =
(1,v) then [x] = ] + |v].
Proof. Here we only describe the bijection W. The proof of its well-definedness is analogous the proof of
Proposition 3.6 in [DK19]. Let © = (o, ..., ms—1,0c,) € P5,, and set

r=max{k € {0,...,s}: c(mr—1) # ¢}

We set p:= (o, - -, ftr—1,0¢, ), where the part uy is coloured c¢(m;) and has size

S Ale(m)s elmisn))
=k

We now build v = (v, ...,14-1). If r < s, then t = s and
m — pr  for ke {0,...,r —1},
Vg =
b Th for ke {r,...,s—1}

Otherwise r = s, in which case we set
t =min{k € {0,...,s} : m = pr},
and vy, =7, — py, for all k € {0,...,t —1}. O
We are now ready to prove our main theorem.

Proof of Theorem[1., First observe that the quantity C;,(m) counts the partitions of m in P; ,, and

thus
Z Cin(m)q™ = Z g

m>0 TEPin

The principal specialisation of the character, which consists in performing the transformations e™®0, e~ —
¢, is denoted by 1. In Proposition [3.1] it implies the transformations z — ¢ and ¢, — 1. Hence, we
obtain that C’(w) =1 for all 7 € P, ,,, and the equality (3.5) becomes

> Cin(m)g™ = 1(exp(—A; ) ch L(A; 1))

m>0
Finally, the right-hand side of (1.3]) follows from the principal specialisation of the Weyl-Kac character
formula ([1.1]) for the type Agl) given in [LMT8|:

. It o , »
(1 - q<Az,n+p,a)>mu o _ (g, qn it g2 ) o
1 —glee) (4,4, 4% ¢*) o

)

L(exp(—Ai ) ch L(A; ) = H

a€AY

where the second equality is due to the fact that, in our Agl) case, we have

p=ANo+ A,

AY ={koy + (k—1)o, (k — D)oy + ko, kog + kay : k € Z>1},
mult « =1 for all o € AY,

(Au, @) = x(u =),

where AY is the set of positive coroots (in A%l), the coroots can be identified with the roots). To prove
(1.4), we similarly remark that C’En(m) counts the partitions of m in an, so that by Proposition

Y Cim)ygm = > 4"

m>0 rePZ




4. NON-SPECIALISED CHARACTER FORMULAS FOR LEVEL 2 STANDARD MODULES

In this section we pay particular attention to the level 2 standard modules of Agl) and show how the
relationship between (multi-)grounded partitions and the characters of standard modules may be used to
rederive the non-specialised character formulas of Proposition [1.7] using purely combinatorial techniques.

1 1

TN

bo by ba

P N

0 0

FIGURE 2. The level 2 perfect crystal of Agl)

The perfect crystal By of A§1) level 2 can be seen in Figure |4l and the an energy matrix is given by

bo b1 b2

bo /2 2 2

Hy = by 1 1 2
bo \ 0O 1 2

Here, we have three highest weights of level 2:

e Ay + Ay, with ground state path --- ® by ® by,
e 2A, with ground state path -+ ® by ® b ® by ® bs,
e 2A;, with ground state path - -+ ® by ® by ® ba ® by.

Note that Hs is exactly the non-dilated matrix of difference conditions for Capparelli’s identity refor-
mulated by the first author [Dou20]. Unfortunately, this does not allow us to directly connect Capparelli’s
identity to perfect crystals, as the connection is actually made with energy functions whose sum is zero
on the ground state paths.

In order to compute our character formulas, we define the energy function satisfying that property:

bop b1 bo

b /1 1 1

H= b 0 0 1
by \ =1 0 1

We now use the theory of grounded and multi-grounded partitions to prove Proposition [1.7]

4.1. The module L(Ap + A1). The highest weight Ag + A; has a constant ground state path. We can
thus apply the theory of grounded partitions directly to the energy matrix H to prove (|1.6)) of Proposition

i

Proof of (1.6) of Proposition . We set ¢ = e %,cg = e*,c; = 1,c0 = e, and let P2 denote the
set of grounded partitions with colour set {co, c1,ca}, ground ¢y and relation > given by

kci >>lcj <:>kleH(bj®bl)
Then by Theorem we have

—(Ao+A1) Gh LA A
e c
3 Cm)g = hE(Ro 1+ A1) (4.1)
repe (4 9o

Thus to compute the non-specialised character of L(Ag+ A1), we only need to find a nice expression for
the generating functions of grounded partitions in P2”. To do this, we note that the difference conditions
given by the matrix H correspond to the partial order

1 2 3
K0 K 0“0 <1, < 1C° L2, K 2C° L
C2 Cc2 C2

11



By definition, the grounded partitions in PC>1> must have 0., as the last part, and the penultimate part
should be different from 0.,. The parts k., can repeat arbitrarily many times because H(b; ® by) = 0.
Thus, including the last part 0., generated by c;, the parts coloured ¢; are generated by

C1
(C18:9)os”
Now the parts coloured ¢y and ¢y can also appear several times, but always in sequences of the form
e Kk K (k= 1)y kg K (B=1)¢, €.

The generating function of such a sequence for a fixed integer k£ > 1 is given by

(14 cog®) (1 + cag® 1)
(1 — cpeaq?k—1) 7

where the denominator generates pairs (k.,,(k — 1).,) that can repeat arbitrarily many times, and the
numerator accounts for the possibility of having an isolated (k — 1)., on the left end of the sequence,
or an isolated k., on the right end of the sequence. Multiplying this over all integers k > 1 gives the
generating function for the parts coloured ¢y and cs:

(—€0; @)oo (—C25 @)oo
(COCQ(I§ qg)oo

Thus the generating function for the grounded partitions in PC>1> is

Ml — c1(—¢€0q; @)oo (—C2; @) o
2 Clma (c1¢; @)oo (Coc24; %) oo

TrG'Pc%

Substituting the correct values of ¢,co,c1,co into (4.1), and using that 1/(¢;¢%)ec = (—¢;q)oo, We
obtain

e” Mot eh L(Ag 4+ A1) = (—€7 %5 @)oo (=€ @)oo (=€ €% )oc
and (1.6]) of Proposition is proved. O

It is interesting to note that in the purely combinatorial proof of Capparelli’s identity given by Lovejoy
and the first author in [DL19], itself inspired by the combinatorial proof of Alladi, Andrews and Gordon
[AAGY5], they actually also compute the generating function for coloured partitions with difference
conditions >, but with other initial conditions. Indeed, while in the present paper, the last part needs
to be O,, in their work, the smallest part could be any non-negative integer, which gave rise to the
generating function

(—c0; @)oo (—C2; @)oo
(€15 9) o0 (C0C245 ¢2) 0

Then, adding a staircase (i.e. a partition 1 + 2+ 3 4 ---) to such a partition — which adds 1 to all
the differences between consecutive parts and therefore transforms H into Hy — transforms it into a
partition satisfying the difference conditions of Capparelli’s identity. The proof concludes with some g-
series computations to show the generating function that one obtains is an infinite product, and therefore
the generating function for partitions with congruence conditions.

Again, our hope of finding a direct proof of Capparelli’s identity via the theory of perfect crystals is
not really fulfilled, because on the one hand the proof of Capparelli’s identity uses the “correct” energy
function but with the “wrong” initial conditions, and on the other hand, if we start from the “correct”
energy function and initial conditions, then adding a staircase gives a generating function which is not
an infinite product. However, it is still interesting and intriguing that a purely combinatorial proof, with
no connection or background in crystal base theory, naturally leads to the study of the exact energy
matrix that is meaningful in the theory of perfect crystals and grounded partitions. This hints yet again
at a deeper connection between the approaches in combinatorics and representation theory, and between
Capparelli’s identity (which originally comes from vertex operator algebras) and crystal base theory.

12



4.2. The module L(2A). We now turn to the module L(2A), whose ground state path - - - ® by ® be ®
by ®bs is of period 2. Thus, we need the theory of multi-grounded partitions to prove ([1.7]) of Proposition
L7

Proof of (|1.7). As explained in Section we need to choose a suitable divisor D of 4 such that DH (B2 ®
Bs) C Z and 1(DH(by ® bs) + 2DH (by ® by)) € Z. We have H(by ® by) = —H (by ® by) = 1, so we can
choose D = 2, and define the relation > as

ke, > 1o, <=k —1> DH(b; ®b;).

We want to study the multi-grounded partitions in PC>2>CO. Using Definition or Proposition we
obtain that the two last parts of such partitions are fixed to be (—1.,, 1, )-
Applying Theorem 2.5 with d = 2 and D = 2 gives

- 6_2A0 ch L(2A0)
Y Cm)d™ = e (4.2)
- 7% ¢%) o

where g =792, ¢cog = €™ ,c1 = 1,00 = €1,

Recall that %PE;CO is the set of multi-grounded partitions m = (7, ..., T2s—1, —l¢,, l¢,) With relation
> and ground ca, ¢g, having an even number of parts, such that for all k € {0,...,2s — 1},
M — T4l — 2H(bik+1 ® bik) S 22207 (43)
where ¢(m;) = ¢;, and mas = —1,,.
Note that by (£.3) and the fact that u(®) = —1, the multi-grounded partitions of 3P_>, only have

parts with odd sizes, as the differences between consecutive parts are even. Thus we can compute the
generating function for partitions in %Pc>2>co similarly to the last section, by noticing that, combined with

(4.3), > is the following partial order on the set of coloured odd integers:

1 3 5
R O R R I LR
7162 1C2 3(:2

At first, let us temporarily forget the condition that the number of parts must be even, and let us
compute the generating function.

The parts (2k+1)., can repeat arbitrarily many times because 2H (b; ®b1) = 0, and thus are generated
by

L

1
(c1¢54%)oc”
Moreover, as in the previous section, the parts coloured ¢y and co always appear in sequences of the
form
e L (2 1)y K 2k — 1), € 2k 4+ 1)y € (2 — 1), < - -+,
and are generated (for k > 1) by

(—04%; 4%) oo (—2; ¢°) o
(coc2q;4%) o '
Moreover, the fixed tail of the multi-grounded partitions under consideration is (—1,, 1), so that
for k = 0, only an isolated 1., can appear, but not —1.,, otherwise our partition would end with
(—1cy, 1oy —1egs 1ey), which is forbidden. Thus we should still multiply our generating function by
coca(1 + coq).
Combining all this, we obtain the generating function
coc2(—0q; ¢*) o (243 4% )
(€145 4%) oo (coC20*;: 4*)
Now, to take back into account the fact that there must be an even number of parts, we use (1.5).
Thus the multi-grounded partitions in P>, are generated by:

Cc2Co
. coca(—coq; 4*) oo (—C2¢; ¢%) o
Z C(ﬂ-)ql I = 800,01,02 <

(c1¢; 4%) oo (coc2q*; ¢*)

me %ngco
_ e ((—COQ; oo (—€200%)00 | (043 6%)oo (24 q2)oo>
(coc2q*; %) oo (€145 4%) o (=145 %) oo
Substituting the correct values of ¢, ¢g, ¢1, ¢ in (4.2) and simplifying completes the proof. ([
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4.3. The module L(2A;). We conclude with the character formula for the module L(2A;), whose
ground state path -+ ® by ® by ® by ® by is again of period 2. Here we need to study the multi-grounded
partitions in %P0>0>c2, and apart from the fixed last parts which are now (1.,, —1¢,), everything works in
the same way as in the previous section. We obtain the generating function
e (0002(00(135 4*)oo(—c2q™ " q2)oo>
e (€143 %) o (coc20*; ¢*) o ’

and (|1.8]) follows thanks to Theorem

5. CONCLUSION

It would be interesting to find obviously positive non-specialised character formulas and partition
theoretic interpretations for standard modules of AS) at all levels £. In the pair of papers [DK22al, [DKT9)
of the first and third authors, a partition theoretic interpretation was given for £ = 1 and all n, and
the non-specialised character formula of Kac—Peterson [KP84] was recovered purely combinatorially.
In [MP87], using vertex operator algebras, Meurman and Primc were able to interpret the Andrews—
Gordon—Bressoud partition identities in terms of specialised characters of A(ll) standard modules of all
levels. In the present paper, using crystals, we give a different combinatorial interpretation of the same
specialised characters at all levels, and of the non-specialised characters at level 2.

The method of multi-grounded partitions, introduced by the first and third author in [DK22b] and
summarised in Theorem can, in theory, be applied to any Kac-Moody Lie algebra at any level,
as long as the crystal and its energy function are understood. However, the technical difficulties in
computing the generating functions of the corresponding multi-grounded partitions grow with the rank
of the Lie algebra and the level of the modules, making it a non-trivial task from the combinatorial point
of view as well. Nonetheless, we hope to make further progress towards the goal of understanding level
¢ standard modules of A%l) for all £ and n in subsequent work.
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