arXiv:1103.5873v1l [math.QA] 30 Mar 2011

PATH DESCRIPTION OF TYPE B ¢-CHARACTERS
E. MUKHIN AND C. A. S. YOUNG

ABSTRACT. We give a set of sufficient conditions for a Laurent polynomial to be the g-character
of a finite-dimensional irreducible representation of a quantum affine group. We use this result to
obtain an explicit path description of g-characters for a class of modules in type B. In particular,

this proves a conjecture of Kuniba-Ohta-Suzuki.

1. INTRODUCTION

The category of finite-dimensional representations of quantum affine groups has received a lot of
attention in the past several decades. Its fascinating structure has been studied by many authors
who used a variety of methods: algebraic e.g. [CP94a, CH10, Her07, Her06, FR98, FMO01], geometric
e.g. [Nak0l, VV02, Nak04], combinatorial e.g. [JS10, LSS10], and analytic e.g. [BR90, KOS95].
The full list of the literature on this subject is immense. However, in sharp contrast to the case of
affine Lie algebras, where irreducible finite-dimensional representations are just tensor products of
evaluation modules, the quantum case is far from being understood. In particular, there is still no
formula for dimensions of simple modules, no description of the restriction functor to the quantum
groups of finite type, and no tensor product decomposition rules.

Our approach uses a combination of representation-theoretical and combinatorial arguments.
The main tool is the theory of g-characters which was set up by [FR98, FM01]. Let g be a simple Lie
algebra, I the set of nodes of the Dynkin diagram of g, and ¢ € C* not a root of unity. Similar to the
usual weight theory, finite-dimensional Ug(g)-modules have the l-weight decomposition according
to the action of the commutative algebra of Cartan current generators. The g-character encodes
this decomposition in terms of formal variables (Y ,)icrqecs. The g-characters give an injective
ring homomorphism from the Grothendieck ring of finite-dimensional U, (g)-modules [FR98] to the
ring of Laurent polynomials in the (Y} ,)icr,aec*-

The g-characters are in some sense more rigid than the usual characters. In particular, in
many cases the g-character of a simple U, (g)-module can be computed recursively by an algorithm
[FMO1] starting from its highest I-weight. The algorithm works for the class of Kirillov-Reshetikhin
modules, see [Nak04, Nak03] for ADE types, [Her06] for other types. It also works for some minimal
affinizations [Her07]. However, the straightforward application of the algorithm is known to fail in
some cases — see for instance example 5.6 of [HL10], and [NNOS|.

In this paper, we prove that a certain finite set of conditions guarantees that the algorithm of
[FMO1] produces the correct g-character; see Theorem 3.4. To the best of our knowledge, it is the
first criterion which uses no representation-theoretical information about the module at all, thus

making the problem strictly combinatorial.
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Of course, the conditions of Theorem 3.4 do not apply in general. In particular, g-characters
appearing this way are thin and special, meaning that all [-weight spaces are one-dimensional and
there is a unique dominant [-weight. For example, in type A, by [NT98] the theorem handles exactly
the modules corresponding to skew Young diagrams, where the g-characters are known explicitly.
We reproduce these results using our methods to illustrate and motivate the main ideas. However,
there are many examples in other types where Theorem 3.4 can be used to obtain new results.
In this paper we apply it to a class of simple modules in type B which we call snake modules.
The snake modules include all Kirillov-Reshetikhin modules, minimal affinizations and modules
parameterized by skew Young diagrams, and many others.

The definition of snake modules (§4) is a natural generalization of the definition of minimal
affinization in the following sense. Recall that a tensor product of two fundamental modules,
L(Yj ) ® L(Y;p) is irreducible for all but a finite set of values of a/b € C*. In particular there is
one value, of the form ¢*7, s;; € Z~1, for which the simple quotient L(Y; .Y} ;4% ) is the minimal
affinization. The integers s;; are known in all types [CP95, CP96a, CP96b]. In the regular cases,
the highest monomials of general minimal affinizations have the form [], Y;, 4, such that a;41/a; =
¢”+1 and 4; form a monotonic sequence with respect to the standard ordering of the Dynkin
diagram. Minimal snake modules are the simple modules whose highest monomials have the form
1, Y, .q, such that a;41/a; = ¢*t*++1 (without the monotonicity conditions). In type B we also can
weaken the condition a;1/a; = ¢°**+1 in such a way that Theorem 3.4 still applies; we call the
resulting simple modules snake modules.

The second main result of the present paper is Theorem 6.1, which gives a closed form for the ¢-
character of any snake module in type B. Theorem 6.1 states, in particular, that snake modules are
thin and special. The g-character is given in terms of a system of non-overlapping paths, introduced
in §5.

The g-characters for a subset of snake modules corresponding to skew diagrams have been con-
jectured in [KOS95], see also [NNO6], motivated by their study of the spectra of solvable vertex
models. Their conjectured answer is given in three equivalent forms: skew Young tableaux, paths
(different from the ones in this paper) and determinants of Jacobi-Trudi type. We use Theorem
6.1 to settle this conjecture.

This paper is structured as follows. The necessary details about quantum affine algebras and
their finite-dimensional representations are recalled in Section 2. Section 3 is devoted to proving
Theorem 3.4, on the g-characters of thin special Uy(g)-modules. In the remainder of the paper we
specialize to types A and B. In Section 4 we define snakes and snake modules. Section 5 sets up
the definitions of paths, and establishes a series of lemmas about these paths. These allow us, in
Section 6, to prove Theorem 6.1 which gives a closed form for the g-character of any snake module.
Finally, in Section 7 we relate our paths to the skew Young tableaux and use Theorem 6.1 to prove

the Kuniba-Ohta-Suzuki conjecture.
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2. BACKGROUND

2.1. Cartan data. Let g be a complex simple Lie algebra of rank N and h a Cartan subalgebra
of g. We identify h and h* by means of the invariant inner product (-,-) on g normalized such that
the square length of the maximal root equals 2. Let I = {1,..., N} and let {a;};cr be a set of
simple roots, with {o} }ier and {w;}icr, the sets of, respectively, simple coroots and fundamental
weights. Let C' = (Cj;)i jer denote the Cartan matrix. We have

2(a;,a5) = Cij (o, a5) . 2 (g, wj) = 0i5 (v, a5) .

Let ¥ be the maximal number of edges connecting two vertices of the Dynkin diagram of g.
Thus ¥ = 1 if g is of types A, D or E, r¥ = 2 for types B, C and F and rV = 3 for Gy. Let

= %rv (e, ). The numbers (r;);er are relatively prime integers. We set
D :=diag(ry,...,rN), B:=DC;

the latter is the symmetrized Cartan matrix, B;; = (o, aj).

Let @ (resp. Q) and P (resp. P") denote the Z-span (resp. Z>(-span) of the simple roots and
fundamental weights respectively. Let < be the partial order on P in which A < X if and only if
N—-XeQ™.

Let g denote the untwisted affine algebra corresponding to g.

Fix a ¢ € C*, not a root of unity. Define the ¢g-numbers, ¢-factorial and ¢-binomial:

n

q"—q
q—q '’

[n],!

[n—m],![m],!"

n

[n], =

[n],! = [n],[n—1],...[1],, [

m
q q

2.2. Quantum Affine Algebras. The quantum affine algebra U,(g) in Drinfeld’s new realization,
[Dri88] is generated by xlin (iel,neZ), k' (i €1), hin (i € I,n € Z\{0}) and central elements

/2 gubject to the following relations:

kikj = kjki,  kihjn = hjnki,

+ 3.—-1_ +B;; *+
kg ki = a7 g,

+ 9 1 FInl/2. .+
[Rin, T3 ] —i;[nBij]qC nl/ TS (2.1)
+ + +Bi; 4+ .+ _ 4By + + + +
Tina1Tim — € " Tl = € YT ma1 — T m1 i
1 A —c"
[hi,nyhj,m] = 5n,—m_[nBij]q 1
n q—4q
n—m)/2 4+ —(n—m)/2 ,—
[z 27 ,) = 5-.6( / Pintm — € )/ Pintm
Lim>Tjml = Oij g — g ’

S
k| S + + + + + _ _ 3
Z Z(_l) [ k: ] xivn‘rr(l) T xi7n7r(k)xj7mxi7n7r(k+l) o xi7n7r(s) - 07 §= 1 - CZ]’
= qi
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for all sequences of integers ni,...,ny, and ¢ # j, where Y, is the symmetric group on s letters,
and qbfn’s are determined by the formula

Z (bz ERA = kz:tl exp < q—q Z h; :I:mu:tm> . (22)

There exist a coproduct, counit and antipode making U, (g) into a Hopf algebra.

The subalgebra of U,(g) generated by (k;)ier, (l’ico)iel is a Hopf subalgebra of U,(g) and is
isomorphic as a Hopf algebra to U,(g), the quantized enveloping algebra of g. In this way, U,(g)-
modules restrict to U,(g)-modules.

2.3. Finite-dimensional representations and g-characters. A representation V of U,(g) is of

type 1 if ¢*1/2 acts as the identity on V and
V= @ Vi, Vi ={veV:kv=qgN}, (2.3)
AEP

In what follows, all representations will be assumed to be of type 1 without further comment. The
decomposition (2.3) of a finite-dimensional representation V' into its Ug,(g)-weight spaces can be
refined by decomposing it into the Jordan subspaces of the mutually commuting qu ., defined in
(2.2), [FROS]:

V=@PVy, =01 ietrezse Via €C (2.4)
where
_ . , + \F
Vy={veV:3keN Vie Lm>0 (¢f,—fum) v =0},

If dim(V4) > 0, ~ is called an [-weight of V. For every finite-dimensional representation of Uy,(g),
the l-weights are known [FR98] to be of the form

27 +r dogQZ deg R; Ql(uq 1)Rl(uq)
ik Qi(ug)Ri(ug=")’
where the right hand side is to be treated as a formal series in positive (resp. negative) integer
powers of u, and ); and R; are polynomials of the form

Qi(u) = H (1 —ua)™, Ri(u) = H (1 —wua)™,

aceC* aceC*

for some w;q,%iq > 0, © € I,a € C*. Let P denote the free abelian multiplicative group of
monomials in infinitely many formal variables (Y; 4)icracc+. P is in bijection with the set of [-
weights « of the form above according to

v =~(m) with m= H Y;ﬁf o e (2.5)
i€l,aeC*
We identify elements of P with [-weights of finite-dimensional representations in this way, and
henceforth write V;,, for V). Let ZP = Z[Yljzl] L be the ring of Laurent polynomials
’ i€l,acC*

in (Yia)ieraec with integer coefficients. The g-character map x, [FR98] is then the injective
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homomorphism of rings

defined by

Here Rep(Uy,(g)) is the Grothendieck ring of finite-dimensional representations of Uy (g).

For any finite-dimensional representation V' of Uy,(g), we let
A (V) :={m € P :mis a monomial of x,(V)}.

For each j € I, a monomial m = Hiel,aec* qu;a is said to be j-dominant (resp. j-anti-dominant)

if and only if u;, > 0 (resp. ujq < 0) for all a € C*. A monomial is (anti-)dominant if and only if
it is i-(anti-)dominant for all 7 € I. Let P C P denote the set of all dominant monomials.
If V is a finite-dimensional representation of U,(g) and m € .# (V') is dominant, then a non-zero

vector |m) € V,, is called a highest l-weight vector, with highest l-weight v(m), if and only if
gbfﬂ |m) = |m>7(m)fﬂ and :E;':T m) =0, foralliecl,reZ,teZso.

A finite-dimensional representation V of U,(g) is said to be a highest l-weight representation if
V = U,(g) |m) for some highest l-weight vector |m) € V.

It is known [CP94a, CP94b] that for each m € P there is a unique finite-dimensional irreducible
representation, denoted L(m), of U,(g) that is highest I-weight with highest l-weight ~(m), and
moreover every finite-dimensional irreducible U, (g)-module is of this form for some m € P*.

Also for each m € P*, there exists a highest [-weight representation W(m), called the Weyl
module, with the property that every highest [-weight representation of U,(g) with highest I-weight
~(m) is a quotient of W (m) [CPO01].

A finite-dimensional U,(g)-module V is said to be special if and only if x,(V) has exactly one
dominant monomial. It is anti-special if and only if x,(V') has exactly one anti-dominant monomial.
It is thin if and only if no [-weight space of V has dimension greater than 1. In other words, the
module is thin if and only if the ((bli 1, )icl,rez-, are simultaneously diagonalizable with joint simple
spectrum. A finite-dimensional U, (ﬁ)—module_V is said to be prime if and only if it is not isomorphic
to a tensor product of two non-trivial U,(g)-modules [CP97].

Let x : Rep(Uy(g)) — ZP be the U,(g)-character homomorphism. Let wt : P — P be the
homomorphism of abelian groups defined by wt : Y; , + w;. Extend the map wt by linearity to
ZP — ZP. Then the following diagram commutes [FR98|:

Xq

Rep(Uy(3)) ZP
Rep(Uy(g)) ———— ZP

where res : Rep(U,(g)) — Rep(U,(g)) is the restriction homomorphism.
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Define A;, € P,i € I,a € C*, by

_ v ) -1 -1y -1 -1 -1y —1
b T1 02 T bt T vt o
Cji=—1 Cji=—2 Cji=-3

Let Q be the subgroup of P generated by A;,, i € I,a € C*. Let QT be the monoid generated by
Afj, i € I,a € C*. Note that wt A; , = ;. There is a partial order < on P in which m < m/ if
and only if m'm™! € QT. It is compatible with the partial order on P in the sense that m < m’
implies wtm < wtm’.

We have [FMO01] that for all m € PT,
For all i € I,a € C* let u; , be the homomorphism of abelian groups P — Z such that

1 i=janda=0
wio(Yjp) = (2.8)
0 otherwise.

Let v be the homomorphisms of abelian groups Q — Z such that
o(4;4) = —1.

Note that the (A;q)icracc+ are algebraically independent, so v is well-defined.
For each j € I we denote by U,r; (sl,)) the copy of U, (sl2) generated by /2, (xfr)re%
(Qﬁj:r)rézz()' Let
7 [Y.ﬂ} Ny [Y.ﬂ}
B be JielaeC* 18 | gecH
be the ring homomorphism which sends, for all a € C*, Y}, , — 1 for all k # j and Y; , — Y} 4. For
each j € I, there exists [FMO01] a ring homomorphism

Tj L {Y-il

+1 +1
* ~z |V ]ae«:* o2 |z]

]iEI;aE(C* k£j;beC*

where (Z ,ic;) k+jbecs are certain new formal variables, with the following properties:
i) 7; is injective.
ii) 7; refines f; in the sense that f3; is the composition of 7; with the homomorphism Z[inl]ae@ ®

ZIZ 3 kpimecs = Z[Y; 5 accs which sends Zyp — 1 for all k # j, b€ C*.
iii) In the diagram

7 [Y:I:l}
ha i€l;a4eC*

| |

7i +1 +1
2% e @ 2| 2E0]

73 +1 +1
v, Z[Y. } Z[Z }
J.a aE(C*® kb ] sjvecs

,a

7, |:Y;':t1

} icl;aeC* aeC* k#j;b€C (2.9)

let the right vertical arrow be multiplication by Bj(Aj_’cl) ® 1; then the diagram commutes if
and only if the left vertical arrow is multiplication by A]_cl
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2.4. Affinizations of U,(g)-modules. For u € PT, let V(u) be the (unique up to isomorphism)
simple U,(g)-module with highest weight u. L(m), m € PT, is said to be an affinization of
V(p) if wtm = p [Cha95]. Two affinizations are said to be equivalent if they are isomorphic as
U,(g)-modules. Let [[L(m)]] denote the equivalence class of L(m), m € P*. For each A € P*
define Dy := {[[L(m)]] : wt m = A}, the set of equivalence classes of affinizations of V(\). Any
finite-dimensional U, (g)-module V' is isomorphic to a direct sum of finite-dimensional simple Uy (g)-
modules; for each A € P let [V : V(\)] denote the multiplicity of V(\) in V. There is a partial
order < on equivalence classes of affinizations in which [[L(m)]] < [[L(m/)]] if and only if for all
v € Pt either

(i) [L(m): V(v)] < [L(m") : V(¥)], or
(ii) there exists a u € P, pu > v, such that [L(m) : V(u)] < [L(m') : V(u)].

For all A € PT, D, is a finite poset [Cha95]. A minimal affinization of V(\), A € PT, is a minimal

element of D) with respect to the partial ordering [Cha95]. Thus a minimial affinization is by

definition an equivalence class of U,(g)-modules; but we shall refer also to the elements of such a

class — the modules themselves — as minimal affinizations.

3. THIN SPECIAL ¢-CHARACTERS

3.1. Thin simple Uq(;[g) modules. Theorem 3.4 below gives conditions which, if satisfied, guar-
antee that a given set of monomials M is the g-character of a thin special simple finite-dimensional
U,(g)-module. In the proof we shall need the following lemma concerning thin special simple

finite-dimensional U, (ag)-modules.

Lemma 3.1. Let g = sly. Let m € P. There exists M € Pt such that L(M) is thin and
m € M (L(M)) if and only if, for all a € C*, |uyo(m)| <1 and uyq(m) — uq gp2(m) # 2. If such

an M exists it is unique and exactly one of the following holds for all a € C*.

(1) upq(m) =1, Uy gq2(m) =0, and mAl_’Lllq € M (L(M))
(i)  uia(m) =1, Uy g2 (m) = 1, and mAL L € M(W(M))\ 4 (L(M))
(147) wuyq(m) = —1, Uy qq-2(m) = 0, and mA; g1 € M (L(M))
() wam)=—1,  Upa(m)=—1, and Ay gr € M (W (M) \ A(L(M))
(v)  we(m)=0, and mAl_’Lllq ¢ (W (M)) and mAy 41 & M (W (M))

Proof. This follows from the known closed forms for the g-characters of all simple finite-dimensional
modules, and all Weyl modules, of Uq(g[g). Let ap € C*, 1 < k < K € Z~¢, and consider
M = Hszl Y14, € PT. The Weyl module W (M) is isomorphic to a tensor product of fundamental
representations [CP01], and x, (W(M)) = [Tt ,(Yia, + YljalkqQ). The simple module L(M) is
isomorphic to a tensor product of evaluation modules [CP91], as follows. First recall that the set
Sy(a) = {aq"‘“, ag™ 3, ... ,aqr_l} is called the g-string of length r € Z>¢ centred on a € C*, and
that two ¢-strings are said to be in general position if one contains the other or their set-theoretic
union is not a g¢-string. Let m((f) =Y gg-rt1Y] ggrt3 ... Y] ggr—1. There is a unique multiset of

g-strings in pairwise general position, say {Sy,(b;) : 1 <t < T}, such that M = H?Zl ml():t). Then
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Xq(L(M)) = Hle Xq(L(mI():t))), where L(m[(f)) is an evaluation module and

Xq(L(m((lr))) = (Y17aq—r+1Y17aq77‘+3 “ o Y17aq'r 1 <1 + Z Al aq 1(1qr 2 . Al iqr Zt) . (3.1)

Note that thin simple finite-dimensional U, (f?[g)—modules are precisely those whose ¢-strings are, in

addition to being pairwise in general position, also pairwise disjoint. O
Corollary 3.2. A simple finite-dimensional Uq(;[g)-module s thin if and only if it is special. [

It is helpful to picture the set of monomials .Z(L(M)) of a thin U, (f?[g)-module Xq(L(M))
as follows. Suppose there is an a € C* such that .#(L(M)) C Z[Y:!

1 aq2k
dimensional array of boxes, indexed by the integers, in which each box can be in one of three

|lkez. Consider a one-

states: it can be empty (OJ), it can contain one black ball (®]), or it can contain one white ball ().
Given a monomial m € .#(L(M)) we place a black ball at each site k such that u; ,.2«(m) = 1,
a white ball at each site k such that u; ,.2x(m) = —1, and leave the rest empty, to reach some
configuration, for example

I TTTTe[e[ TIoI 1. ...

By Lemma 3.1, the pattern never occurs, and we can generate all other monomials of x4 (L(M))

by repeatedly performing moves of the following two types:

(a) Remove a black ball from site k and fill the empty site k + 1 with a white ball: @] — [0l
(b) Remove a white ball from site k£ + 1 and fill the empty site k& with a black ball: [16] — @[],

In the present paper we identify, in types A and B, a class of representations, which we shall call
snake modules, §4, for which a generalization of this ball-and-box realization of monomials exists.

3.2. Effect of a: . on [-weight states. In the proof of Theorem 3.4 we shall also need the following
proposition, Wthh is a quantum-affine analog of the familiar statement in the representation theory
of g, or of Uy,(g), that if |w) is a vector of weight w € P then zi" |w) is either zero or has weight
wx a;.

Proposition 3.3. Let V be a finite-dimensional U,(g)-module and m,m' € .# (V). Let |m) €
ker (qﬁfﬁ(u) — ’y(m)li(u)) C Vi foralli € I. Then, for all j € I, at least one of the following holds:

(1) there is an a € C* such that m’ = mA,, (resp. m' = mA_l) or
(2) for all r € Z, when x - m) (resp. x;, |m) ) is decomposed into l-weight spaces, c.f. (2.4),
its component in Vi, is zero.

Proof. The defining relations between a:J and h;,, i € I, (2.1) are equivalent to

(1= ¢ Piu)gf (w)af (v) = (777 —w)a; (v) ¢ (u),
(1/(uo) = ¢*P9)g; () xj(v) = (¢"P4/(wo) = 1)z (v) ¢; (u)
where ¢ (u) is as in (2.2) and x;t (v) is the formal Laurent series x;t (v) =2 hez :chnv . Consider

for definiteness the case of x;r(v) (z; (v) is similar). Let (|m’,k))i<k<dimv,, be a basis of the
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l-weight space V,,,». We have
dimV, ,

m

:L";'(v) lm) = Z lm/ k) Ae(v) + ...,
k=1

[13 b

where indicates terms in other [-weight spaces and, for each k, A\i(v) is a formal Laurent
series in v with complex coefficients. We can suppose that the basis (|m/, k) )i<k<dimv,, has been
chosen so that the action of the qﬁf 4, (mutually commuting on V') is lower triangular, i.e. for all

(t,7) € I x Z>p and 1 < k < dim V,,,

(@fﬂ - V(Tn/)fﬂ) \m/, k) € spang . { |m’, k') }. (3.2)

Suppose that statement (2) of the proposition is false. Then there is a k with 1 < k < dim V,,,/
such that A\;(v) # 0. By considering the smallest such k we may assume that for all 1 < ¢ < k,
Ae(v) = 0. Now, since |m) € ker (¢; (u) — y(m); (u)), we have

0 = (¢" —wo)af (v) (¢ (w) = y(m)f (w)) |m)
= (1= ¢"5uv)gf (u) = (¢%7 —wv)y(m)f (w)) ] (v) [m) .

By taking the |m’, k) component of this expression and using (3.2), we have
0= ((1 = gPouv)y; (m") () — (g% — wv)y (m)(w)) Mu(v). (3.3)

This must hold for all i € I. For each ¢ € I, (3.3) is an equation of the form 0 = Az (v) >, u”(bg) +
cg)v) for the formal Laurent series A\i(v), with bg), cg) € C for all n € Z>¢. Equivalently, for each
i € I, it is a countably infinite set of first order recurrence relations on the series coefficients of
Ak (v). There are non-zero solutions if and only if there is an a € C* such that bV / D = —q for all
n € Z>o and all € I. That is,

1—q Biua

y(m!)F (u) (v(m)F ()~ = ¢Pv Y(Aja)7 (u)

1 — ¢Biiua
as an equality of power series in u, c.f. (2.6) and (2.5). Similar reasoning concerning ¢~ yields the

analogous statement for y(A;,); (u). So we have (1), as required. O

3.3. Criteria for a correct thin special ¢-character. We can now state the first main result

of the paper.

Theorem 3.4. Let m, € Pt. Suppose that M C P is a finite set of distinct monomials such that:
(i) {my} =P NM;
(ii) For allm € M and all (i,a) € I xC*, z'fmA;; ¢ M then mAi_,alAj,b ¢ M unless (j,b) = (i,a);
(iii) For allm € M and all i € I there exists M € M, i-dominant, such that

Xq(L(Bi(M))) = > Bi(m').

m/ €mZIAEY | secx MM

Then
Xg(L(my)) = > m (3.4)

meM



10 E. MUKHIN AND C. A. S. YOUNG

and in particular L(m.) is thin and special.

Proof. We begin by establishing that (i) and (iii) together imply that
M C m4 Q_. (35)

Indeed, Property (i) states that for every monomial m # my in M there is an i € I such that m is
(m) > 0.

Property (iii) states that m is a monomial of the g-character of a thin simple finite-dimensional

not 4-dominant. So there is an a € C* such that u; 4qri (m) < 0 and (by choice of a) u; ;-

Ugri (sl())-module. By Lemma 3.1, it must therefore be that Ui aqri (M) = =1, w; 40ri (M) = 0,
and mA,; , € M. The relation (3.5) follows by recursion since M is assumed finite.

We now prove (3.4). For each n € Z>q let Z[Az_al]g:))e 7+ denote the ring (without identity)
of polynomials in the variables {A; L (i,a) € T x C*} whose monomials all have degree strictly
greater than n. To prove (3.4) it is sufficient to establish the following claim for all n € Z>.

Claim: The equality (3.4) holds modulo m+Z[AZ-_’;]EZ.>’;L))€ TG

We proceed by induction on n. The claim is true for n = 0 by (2.7) and (3.5). So for the
inductive step, let n € Z~¢ and suppose the claim is true for n — 1.

It follows from Proposition 3.3 that all monomials m’ in x,4(L(m)) such that v(m'm;') = n are
of the form mAZ_; for some m € .#(L(m4)) with v(mm;') = n — 1 and some (i,a) € I x C*. For
suppose not: then by Proposition 3.3, L(m ), contains a highest I-weight vector and so generates
a proper submodule — a contradiction. Therefore by the inductive hypothesis all monomials m’ in
Xq(L(m4)) such that v(m’mjrl) = n are of the form mA;; for some m € M with v(mmjrl) =n—1
and some (i,a) € I x C*. As we noted above, every monomial m’ in M such that v(m'm;') =n
is also of the form mAZ_a1 for some m € M with fu(mmjrl) =n — 1 and some (i,a) € I x C*.

Consequently, it is enough to consider monomials of the form mA;; for some m € M with
fu(mmjrl) = n — 1 and some (i,a) € I x C*. Let M be the unique i-dominant monomial in
MZ[A; q)accx N M. Property (iii) asserts that such an M exists (possibly m = M) and moreover

that x,(L(8;(M))) = Zm’emZ[Ail}aecmM Bi(m'), so that the simple Ugr; (sl,)-module L(B;(M))

i,a

is thin. Since §;(m) is a monomial of a thin simple Uy (f?[g(i))—module, Lemma 3.1 implies that

exactly one of the following three cases applies:

(D) ; gq-ri (M) =1, Uj gqri (M) = 0, and ﬁZ(mAZ_al) € M (L(B;(M))).
(I1) w; gq-ri (M) = 1, wiagri (m) = 1, and Bi(mA; ) € A (W (B;(M))) \ A (L(Bi(M))).
(I1) w; 4q-ri (m) < 0 and B;(mA; ) ¢ A (W (Bi(M))).

We shall now complete the inductive step by showing that in case (I), mA; al appears, with coefficient
exactly 1, on both sides of (3.4), while in cases (IT) and (III), mA;g does not appear on either side
of (3.4).

First observe that

mA;  E[A )20 Nt (L(my)) = mAT M Z[A)S 20 N M,

by the inductive assumption, and that M is the unique ¢-dominant monomial in this set.
Now consider case (I). By Property (iii), mA;; € M (note that f; is injective when restricted
to mZ[Affg](w)e 1xc+). By the injectivity and property (2.9) of the homomorphism 7; we deduce
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that mAZ_; must be a monomial of x4(L(m4)). The coefficient of BZ(mAZ_;) in xq(L(Bi(M))) is 1,
so therefore mA;; must have coefficient exactly 1 in x,(L(m4)), for if it appeared with a larger
coefficient it would not be part of a consistent Uy, (,;[2 ())-character.

Now consider case (IT). By Property (iii), mA; ! ¢ M. Hence by Property (ii), mA;. lA] » § M
unless (j,b) = (i,a). If mA; 1AJ pisnot in my Q~ then it is not in . (L(m4.)) by (2.7). It mAmlAjv
is in m4 Q™ then v(mA A HML 1Y = n — 1 and we can use the inductive assumption. Therefore

mA; 1Ajb ¢ M (L(my)) wunless (j,b) = (i,a). (3.6)

Now suppose, for a contradiction, that m/ := mA_l € M (L(my)). Then we can pick a non-zero
im’) € ker(¢i (u ) yE(m')(u)) € L(my)p. By Proposmon 3.3, for all r € Z, 3: . |m’) =0 for
all j # 4, and = |m/) € (Lmy)p. If x;fr |m/) = 0 for all » € Z then |m/) generates a proper
submodule in L(m+): a contradiction since L(m) is simple. So for some r € Z, z; |m/) is
non-zero and spans the one-dimensional (by the inductive assumption) [-weight space L(m+)m
Therefore |m’) ¢ span,cz z;,.(L(my)m), because L(B;(M)) is by definition irreducible, 3;(m) ap-
pears in its g-character, and S;(m’) does not. Now, if m” € .#(L(my)) and j € I are such
that |m') € span,cz ;. L(my)mr then wt(m”) = wt(m') + a; and hence v(m"mi') = n -1
So, by the inductive assumption, dim(L(m4),») = 1, and thus Proposition 3.3 applies to any
Im") € L(m4)py. Hence, by (3.6), z; . |m") has zero component in L(my. ),y for all m” # m. So
Im’) ¢ span;e; ez ;. (L(my)): a contradiction.

Finally consider case (III). By Property (iii), mA;} ¢ M. Now mA; ! is not i-dominant since
(T (mAZ_;) = —1. But 5Z(mAZ_;) is not in the ¢- character of the Weyl module W (5;(M)), and,
recall, M is the unique i-dominant monomial in mAi_’;Z[Ai,b]be(C* N M. Therefore mAZ_; cannot
appear in x,(L(m4)) because it is not part of a consistent Uy (s1,())-character.

This completes the inductive step, and we have therefore established the claim above, for all
n € Z>o, and hence the equality (3.4). Finally, it follows that L(m4) is manifestly thin, and it is
special by Property (i). O

It is very plausible that the conditions of Theorem 3.4 could be weakened: for example, we suspect
that (ii) could be dropped, and that (iii) could be replaced by the demand that mZ[AjE lacc N M
should be a consistent thin Ugr; (sl()-character.

Let us stress that Theorem 3.4 requires no a priori knowledge about the representation L(m..).
One way to construct the set M of monomials is to use the g-character algorithm of [FMO01]. Starting
with any dominant monomial m., the algorithm — provided it does not fail, in the sense explained
in [FMO1] — produces a Laurent polynomial, xpps(m4) € ZP. It is then a finite computational
check to determine whether the monomials of x gar(m.) satisfy the conditions of Theorem 3.4. If
they do then

xrum(ma) = Xq(L(m4.)).
It they do not, then m_ does not fall within the scope of Theorem 3.4.

4. SNAKE MODULES IN TYPES A AND B

In this section we introduce the class of modules to which the g-character formula of Theorem

6.1 below will pertain. We specialize to types A and B: henceforth, g is either ay or by.
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Ficure 1. Each of the points o (resp. m) is in snake position (resp. minimal snake
position) to the point marked o.

1 2 3 4
o—0O0—0—-—0
1 o
2
3
4
5
6
7
1 2 343 2 1 1 2 343 2 1
O——O0——0p0O0—0—0 O——O0——0p0O0—0—0
0 0 ©
2 (e} 2
4 4
6 6
8 8
10 = 10
12 o o 12
14 = | 14
16 = = 16
18 a T 18 = =
1 2 343 2 1 1 2 343 2 1
O——0—0p00—0—=0 O——0—0p00—0—=0
0 0
2 T 2
4 4 T
6 6
8 | 8
10 = 10
12 ! a 12
14 o o 14
16 | a 16
18 | o 18 & T
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4.1. Notation, and the subring Z[Yi’ikl](i’k)e x- We define a subset X C I x Z as follows.

Type A: Let X :={(i,k) € ] XxZ:i— k=1 mod 2}.
Type B: Let X := {(N,2k+ 1) : ke ZyU{(i,k) € I xZ:i < N and k=0 mod 2}.

For the remainder of this paper, we pick and fix once and for all an a € C*, and work solely with

representations whose g-characters lie in the subring Z[Yij;;k](i,k)e x- It is helpful to define also
W= {(i,k): (i,k —r;) € X} (4.1)

for we have, as a refinement of (2.7), that for all m € Z[Y; ;4] k)ex

M (L(my)) € myZIATL T kyew-

i,aq®

Remark 4.1. For all m € P*, L(m) is isomorphic to a tensor product of simple U, (g)-modules such
that for each simple factor L(m') there exists an a € C* such that x,(L(m’)) € Z[Y:z;k](i,k)e)(' So

(2
there is no loss of generality in restricting our attention to Z[Y;‘,ia};k](ivk)e x-

From now on it is convenient to write, by an abuse of notation,

Yir =Y,

i,aqk» ALk = Ai,aq’“ Us | = ui7aqk

for all (i,k) € I x Z (c.f. (2.8) for the definition of u; 4. ).

4.2. Snake position and minimal snake position. Let (i,k) € X. Let us say that a point
(¢, k") € X is in in snake position with respect to (i, k) if and only if
Type A: k' —k > |i’ —i| + 2.

Type B:
i=1i=N: E—k>2 and k' —k=2 mod4
i<i=Nori'<i=N: K —-k>2/i—-i+3 and K —-k=2[i'—i|—1 mod4
i< Nandi < N : K —k>2i'—i|+4 and k' —k=2[i' —i] mod 4.

The point (i, k") is in minimal snake position to (i, k) if and only if ¥ — k is equal to the given
lower bound. The meaning of snake position is illustrated in Figure 1. Here, and subsequently, we

draw the images of points in A under the injective map ¢ : X — Z x Z defined as follows.

(2i, k) i<Nand 2N +k—2i=2 mod 4
Type B: vi(ik) = (4N —2—2ik) i<Nand2N +k—2i=0 mod 4 (4.2)
(2N —1,k) i=N.

Type A: v: (i k) — (i, k).

(We define ¢ in type A purely in order to make certain proofs more uniform in what follows.)

4.3. Snakes and snake representations. We call a finite sequence (i¢, kt), 1 <t < T, T € Z>1,
of points in X a (minimal) snake if and only if for all 2 < ¢t < T, (i, p;) is in (minimal) snake
position with respect to (i;—1, kt—1). We call the simple module L(m) a (minimal) snake module if

and only if m = [[_, Y, 1, for some (minimal) snake (i, kt)1<t<7.
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The notion of snake position includes the correct position for minimal affinizations, but is more
general. For example, one sees that in type Ay, (2,3) and (3,4) are both in snake position to (2, 1),
but so too is (3,6). L(Yy;Y,3) and L(Y5;Y5,) are minimal affinizations of V/(2wz) and V(w2 +ws)
respectively, but L(Y; ;Y3 ) is not a minimal affinization. Also, L(Y,,Y3,4Y5 ;) is a minimal snake
module but not a minimal affinization. In fact, by comparing it with the classification of minimal
affinizations in types A and B [Cha95, CP95], one can verify

Proposition 4.2. Let (i, k) € X, 1 <t <T, T € Z>y. The following are equivalent:
(1) LT, Yir) is a minimal affinization
(2) (it,ke)1<t<T is @ minimal snake and the sequence (it)i1<i<T 1S monotonic. O
Thus we have the following nested classes of representations, in order of increasing generality:

KR modules C minimal affinizations C minimal snake modules C snake modules.

Remark. There is no upper bound on the gap k' — k in the definition of snake position. Suppose
(it,ke) € X, 1 <t < T is asnake of length T' € Z>;. If kgy1 — ks is sufficiently large, for some
1<s<T,then LTI, Yio) = LT, Yipk) ® L(]_[;jrszrl Yi, k). Thus snake modules need not
be prime. We shall see that minimal snakes are prime.

5. PATHS AND MOVES

5.1. Paths and corners. For each (i,k) € X we shall define a set &; j, of paths. For us, a path is
a finite sequence of points in the plane R?. We write (j,) € p if (j, /) is a point of the path p. In
our diagrams, we connect consecutive points of the path by line segments, for illustrative purposes
only.

Paths of Type A. For all (i, k) € X, let
@i,k::{((07y0)7(17y1)7"'7(N+17yN+1)) : yOZZ—i—ky yN+1:N+1_Z+k7
and y;+1 —y; € {1,—-1} VOgiSN}.

We define the sets C), + of upper and lower corners of a path p = ((r, yr))
(c.f. Figure 2)

o<r<n+1 € Pik to be
Op,—i— = {(T‘,yr) cep:rel,yy 1=y +1= yr—i—l}
Op,— = {(T‘,yr) cep:rel,yy 1=y —1= yr—i—l}-
Paths of Type B. Pick and fix an €, 1/2 > € > 0. We first define &2y for all £ € 2Z + 1 as follows.
e For all £ =3 mod 4,
Pye = {(0.90),@p). s (2N = 4 yxn-2), 2N = 2,yx-1), (2N = 1,yw))
Yo=L+2N —Lyip1 —y € {2, -2} VO<i <N -2
and yy—yn—_1 €{l+e—1— e}}
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FIGURE 2. In type Ay: left, illustration of the paths in &% 1; centre and right, the
paths corresponding to two monomials of x4(L(Yy,))-

1 2 3 4 1 2 3 4 1 2 3 4
0—0—0—0 o0—0—0—0 0—0—0—0
1
2
3
4
5
6 .
—1 —1
Yy, Y 1Y53Y) 5

e For all £ =1 mod 4,
Zye = {((AN = 2,50), (AN = 4,1, (2N +2,yy-2), (2N, yv-1), (2N = 1,y))
Yyo=0+2N —1,y;41 —y; € {2,—2} VO<i<N-2
and yy —yn-—1 €{l+e—-1— e}}
Next we define &; ;, for all (i,k) € X', i < N, as follows.
yi,k = {(ao,al,...,(lN,C_LN,...,C_Ll,(_l(]) : (a07a17'-'7aN)GWN,k—(QN—Qi—l))
(ag,ai,...,an) € PNirn-2i-1), (5.1)
and ay —ay = (0,y) where y> 0}.

These definitions are illustrated in Figures 3, 4 and 5.

For all (i, k) € X, we define the sets of upper and lower corners Cp, + of a pathp = ((jr, Kr)) €

0<t<|p[-1
P, as follows:

Cp,—i— = L_l{(jragr) Gp:jr ¢ {0, 2N — 1,4N - 2}7 Er—l > Ery Er—i—l > Er}
U{(N,f) e X: (2N — 1,0 —¢) e pand (2N — 1,{ +¢€) ¢ p},

Cp,—

TGl €91 #{0.2N = LAN =2}, £y < by by < £ )
U{(N,0) e X: (2N —1,{+¢) €pand 2N — 1,4 —¢) ¢ p}.
where ¢ is the map defined in (4.2). Note that Cj, + is a subset of X'

We define a map m sending paths to monomials, as follows:
m : U Py — 1L [Yﬁl} ;. pm(p) = H Y, H Yj’_zl. (5.2)

. (.0)ex . .
(7'7k)€X (J7Z)€CP,+ (]76)607?;*

5.2. Lowering moves. Let (i,k) € X and (j,¢) € W. We say a path p € &}, can be lowered at
(4,2) if and only if (j,¢ —r;) € Cp 4 and (j,£ + ;) ¢ Cp 4. If so, we define a lowering move on p
at (j, ), resulting in another path in &7; ; which we write as pszfjjgl, as follows.
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FIGURE 3. In type By, illustration of the paths in: ;3 (top left), Z24; (top
right), #1, (bottom left), and 25 (bottom right).

1 2 343 2 1 1 2 34 3 2 1
0 0
2 2
4 4
6 6
8 8
10 10
12 12
14 14
16 16
1 2 343 2 1 1 2 34 3 2 1
O——O0—0p0&0——0—=0 O——O0—Op0&O0——0—0
0 0
2 2
4 4
6 6
8 8
10 10
12 12
14 14

Moves of Type A. Let p € & 1. Then p = ((i,yi))0<i<N+1 where (y;)o<i<n+1 € RV 2. The upper
corners of p are the points (j,¢ — 1) € p such that £ = y;_1 = y; + 1 = y;4+1. The second condition,
that (4,4 1) ¢ C, 4, follows automatically and is thus redundant in type A. For each such upper
corner, we define p%jgl = ((anO)a SRR (.7 - 17yj—1)7 (.]7 Yj + 2)7 (.] + 17yj+1)7 teey (N + 17yN+1))7
which is again a path in & ;. Pictorially, this is the move
i-1 J i+l
--0—0—0--
-1

<&
l+1

Mowves of Type B. We first define the lowering moves on paths in &y, kK = 3 mod 4. Note that,
for all p € Py, if (j,€ —1;) € Cp 4 then (4, +1;) ¢ Cp 4, s0, as in type A, the latter condition
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FIGURE 4. In type By, the paths corresponding to three monomials of x4 (L(Y41))

1 2 343 2 1 1 2 343 2 1 1 2 343 2 1

O——O0—030&0O0—0—0 O0—0——00&0—0—0 O0—O0—000——0—0
0 0 0

L,
2 2 9 \
e
4 4 4
6 6 6
4
8 8 8
10 10 10
12 - 12— 12 o :
Yaq : Y3V : Y 7 Ys6Y58 Y16

H EEEEE ML MLt

is redundant in this case. For any p € Py, we have p = ((0, Y0), (2,91)y- .., (2N —4,yn_2), (2N —
2,yn-1), (2N —1, yN)) for some (y;)o<i<n € RNT1. We define the lowering moves case-by-case:

i) If (j,£ —2) € Cp 4 for some j < N —1, we have ¢ = y;_1 = y; + 2 = y;j41 and we define
p = ((0,90), -+ (25— 2,45-1), (25,45 +4), (27 +2,9511), -, 2N =2,yn-1), 2N = L yn)).
ii) If (N —1,£—-2) € Cp 4, we have { =yny_2 =yn—1+ 2 =yn + 1 — € and we define pxzfjjzl =
((0,90),---, (2N —4,yn—2), 2N —2,yny_1+4),(2N — 1,yn +2 — 2¢)).
iii) If (N, —1) € Cp 4, we have £ = yny_1 = yn + 1+ € and we define pﬂﬁl = ((O,yo), ...,(2N —
4, yN_g), (2N — 2, yN_l), (2N — 1, YN + 24 26)).

In each case, psz{j_gl € PN . Pictorially, these moves are:

i=1 J g+l N—-2 N—1 N N—1 N—2 N-2 N—1 N N—1 N—2
--———0—O0—0—~—-- - - O0—O0=0—70--- - -O0—O0=C=0—0 - -~
02 - -2 - 02 J
S R I 0o
y.
.
042 v 0+2 ¥ 042

Next we define the lowering moves on &y with £ = 1 mod 4. Informally, these are simply
the mirror images of the moves above. For any p € &y, we have p = ((4]\7 - 2,90), (4N —
4,91),...,(2N 4+ 2,yn—2),(2N,yn-1), (2N — 1,yN)) for some (y;)o<i<n € RY*L. We define the
lowering moves case-by-case:

i) If (j,£ —2) € Cp4 for some j < N — 1, we have £ = yj11 = y; +2 = yj—1 and we define
p ) = (AN = 2,90), (4N — 4,41), .-, (25 + 2,95-1), (24,45 + 4), (25 — 2,y541),- -, (2N +
2,yn—2), 2N, yn—1), 2N — 1,yn)).

i) f (N —-1,£—2) € Cp4, wehave { =yy +1—€ =yn_1+2 = yn_2 and we define pegz{j}l =
(AN = 2,90), (AN —4,91),..., (2N + 2,yn—2), 2N, yn—1 + 4), (2N — 1L, yn + 2 — 2¢)).

iii) If (N,£—1) € Cp 4+, we have { = yny+1+€ = yn—1 and we define pefzfj}l = ((4N —2,y0), (AN —
491), ..., (2N +2,yn—2), (2N, yn—1), 2N — 1,yn + 2+ 2¢)).
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FIGURE 5. In type By, the paths corresponding to the monomials of x4(L(Y1,0)).
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1 2 3 1 2 3 1 2 3 4
O—O0—0p0&0——0—0 O—O0—0p0&0——0—0 O—O0—0p0&0——0—0
0 7N 0 ZIN
9 & N 9 & N .
AN 4 £ 4 A
: N 6 : A 6 N
S 8 i 8 <
10 10
12 —— _1 12 —— _
Yio o YauYiy o YaaYog
14 — 14 —
L[] L L] L]
1 2 3 1 2 3 1 2 3 4
O—O0—0»0&0——0—0 O—O0—0»00——0—0 O—O0——0»0&0——0—=0
7N 0 7~ 0 7~
7 N . 2 7/ N . 2 7/ A .
N . 4 N 4 N .
6 6
%4 8 8
. N\
10 10
— _1 12 —— _ 12— 11
- YasYarYig YV Y Y9 Y36
14 — 14 —
L] L] L]
1 2 3 1 2 3 1 2 3 4
O—O0—0p0&0——0—0 O0—O0—0p0&0——0—0 O—O0—0p0&0——0—0
7N 0 7~ 0 7~
. N : 9 & N . 9 & N .
N . 4 N 4 N -
6 6
8 8
10 10
T o1 12—+ _1 12 _1
B Y3,10Y2,8 1 Y2,12Y1710 Y1,14
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In each case, potzfjjgl € Pn . That is, pictorially,

J+1 g -1 N—-2 N—1 N N—1 N—2 N—-2 N—1 N N—1 N—2
-——O0—O0—0—--- - - O0—O=0—70--- - -O0—O0=C=0—0 - -~
-2 T -2 e -2 i
SN PR RS
\
’
042 ] 042 L] 042

Finally, for all (i,k) € X with i < N, one has (c.f. 5.1) that every path p € &, is equivalent
to a pair (a,b) where a € PN jk—(2N-2i—1) and b € Py ;. an_2i—1)- By construction, a and b can
share no upper corners. Thus the set of upper corners of p is a subset of the disjoint union of the
sets of upper corners of a and b. If p can be lowered at (j, ), exactly one of a and b can be lowered
at (4,4), and we define pszfjfgl to be given by whichever of the pairs (a&%j’}l, b) and (a, bszfj}l) is
defined. It is here that the second criteria for it to be possible to lower p at (j,¢), namely that

(4, £+ ;) ¢ Cp 4, is used, for it ensures that the condition on ay — ay in (5.1) is preserved.

5.3. Raising moves. Let (i,k) € X and (j,¢) € WW. We say a path p € &, , can be raised at (j, /)
if and only if p = p/ .Qxfj’_zl for some p’ € P ;. If p’ exists it is unique, and we define pej, := p'.
It is straightforward to verify that p can be raised at (j,¢) if and only if (j,¢ + r;) € Cp_ and
(G, 6 —75) & Cp—.

5.4. The highest/lowest path. For all (i, k) € X, define pjk, the highest path to be the unique
path in & with no lower corners. Equivalently, p;-"k is the unique path such that:

Type A : (i, k) € pz—‘i,_k
Type B, i < N : Wi, k) € pfy
Type B, i = N : (2N — 1,k) — (0,€) € pjy ;.-

Define p, ., the lowest path, to be the unique path in &}, with no upper corners. Equivalently, p,
is the unique path such that:

Type A : (N+1-ik+N+1)€ep;,
Type B, i < N : i,k +4N —2) € p, .
Type B, i =N : (2N =1Lk +4N —2) + (0,€) € pyy-

5.5. Non-overlapping paths. Let p,p’ be paths. We say p is strictly above p’, and p’ is strictly
below p, if and only if
(v,y) €pand (z,2) €p = y< 2.
We say a T-tuple of paths (p1,...,pr) is non-overlapping if and only if ps is strictly above p; for
all s < t. Otherwise, for some s < t there exist (z,y) € ps and (z, z) € p; such that y > 2, and we
say ps overlaps p; in column x.
For any snake (i, k) € X, 1 <t <T,T € Z>1, let us define

?(it:kt)lgth =A{p1,....p1) Pt € Pi, ke, 1 <t <T,(p1,...,pr) is non-overlapping }.
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Lemma 5.1. Let (is, k) € X, 1 < t < T, be a snake of length T € Z>1 and (p1,...,pr) €
?@t,kt)qu. Suppose (i, k) € Cp, + for somet, 1 <t <T. Then
(1) (i,k) ¢ Cp, + forany s#t,1<s<T, and
(it) (Type A) (i, k) ¢ Cp, + forany s, 1 <s<T
(Type B) if (i,k) € Cp, 5 for some s, 1 <s<T, thens=t+1andi=N.

Proof. This follows from the definition of non-overlapping paths. Examples of the last part (pairs

non-overlapping paths in type B which share a common corner) are shown in Figure 7. ([l

Thus, for any (pi,...,pr) € ?(it,kt)1<t<T and any (j,¢) € W, at most one of the paths can
be lowered at (j,¢) and at most one of the paths can be raised at (j,¢). We can therefore speak
without ambiguity of performing a raising or lowering move at (j,¢) on a non-overlapping tuple of
paths (p1,...,pr) € ﬁ(it,kt)1§t§T7 to yield a new tuple (p1,... ,pT)eﬁzfjﬁl.

Lowering moves on tuples of non-overlapping paths can introduce overlaps. However, we have

the following lemma which gives information about how such overlaps arise.

Lemma 5.2. Let (is, k) € X, 1 <t < T, be a snake of length T € Z>1 and (p1,...,pr) €
§(it,kt) Let t, 1 <t <T, and (j,£) € W be such that the path p; can be lowered at (j,¢).
This move introduces an overlap if and only if there is an s, t < s < T, such that ps has an upper

1<t<T*

corner at (j, € + ;) or a lower corner at (j, £ — ;).

Similarly, let t, 1 <t < T, and (j,£) € W be such that the path p; can be raised at (j,¢). This
move introduces an overlap if and only if there is an s, 1 < s < t, such that ps has a lower corner
at (j,€ —rj) or an upper corner at (j,£+rj).

Proof. This is seen by inspection of the definitions above of paths and moves. We sketch the distinct
cases, up to symmetry, in type B. In most cases the overlap occurs at an upper corner (j, ¢+ rj) of
Ps:

N-1NN-1 N-1NN-1 N-2 j+1 j j—1
Op04&0o Op0&Oo—0 oO—O0—o0
4..."‘.. ] ...~[...
| T
N4
L,

The exception is when the upper corner (j,¢ — ;) of p; is also a lower corner of p,, which can
happen only when j = N — c.f. Lemma 5.1 and Figure 7:

N—1 N N-1

0040

YV
N

0

Remark 5.3. This property of our tuples of paths is vital for the validity of Lemma 5.13 and hence
of Theorem 6.1 below. Informally speaking, it means that the first overlap between paths always

corresponds, in the g-character, to an illegal lowering step in some U, (5A[2) evaluation module. That
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is, in the ball-and-box picture of thin Uq(glg)—modules (§3.1) it always corresponds to trying to
perform an illegal move @@ — [T] or [I] — [O0l. It should be noted that Lemma 5.2 would not
hold if the definition of snake position (§4.2) in type B were widened by dropping the conditions
on k — k' mod 4. For example, consider ((N,1),(N,5)). The first overlap between in a path in
Z(n,1) and a path in & 5) is not necessarily of the type in Lemma 5.2,

Op0&O—0 Op0&Oo—0

v

N
»

and could thus correspond to a legal lowering step @[] — [10] in the g-character.
Our definitions of paths and moves are so constructed that we have

Lemma 5.4. Let (is, k) € X, 1 <t < T, be a snake of length T € Z>1 and (p1,...,pr) €
L@(ihkt)lgtg. If (P, ..., 0p) = (p1, - .. ,pT)Q/jﬁl, where (4,€) € W is any point at which (p1,...,pr)
can be raised/lowered, then Hle m(p;) = A;fl} Hle m(pt). O

5.6. Properties of moves and paths. The rest of this section is concerned with establishing
some facts about the relationship between paths and monomials.

Given any two paths p = (2, ¥r)1<r<n and p’ = (2, Y} )1<r<n, N € Zso, in F; we say p is
weakly above (resp. weakly below) p' if and only if y, < .. (resp. y, > y.) for all 1 <r < n. We
also define

top(p, p') = (2, min(y, y;))1<r<n- (5.3)

The three following lemmas are proved by inspection.
Lemma 5.5. Any path p € &, is uniquely defined by its set of lower corners. O

Lemma 5.6. Suppose p and p' are paths in P;j such that p is weakly below p'. If p # p' then
there is a (j,£) € W such that p can be raised at (j,€) and pef;, is weakly below p'. O

Lemma 5.7. For allp,p’ € P, top(p,p’) € Pk and top(p,p’) is weakly above both p and p’. O
Now we have

Lemma 5.8. Let p and p' be paths in &; .. Then p can be obtained from p' by a sequence of moves
containing no inverse pair of raising/lowering moves.

Proof. By applying Lemma 5.6 a finite number of times we construct a sequence s of distinct
points in W such that, starting with p, performing raising moves at these points, in order, yields
top(p,p’). Similarly, we construct a sequence s’ of raising moves taking p’ to top(p, p’); by reversing
this sequence, we have a sequence of lowering moves taking top(p,p’) to p’. It is enough to show
that s and s’ have no element in common.

Suppose for a contradiction the point (j,¢) € W occurs in both s and s’. Let p be the path
obtained by performing, on p, raising moves at the points in s preceding (7, ¢), in order. Similarly,
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let p’ be the path obtained by performing, on p/, raising moves at the points in s’ preceding (4, £), in
order. Then top(p,p’) = top(p,p’). But both p and p’ have a lower corner at (j,¢ + r;j). Therefore
top(p, p') has a lower corner at (j, ¢ + r;), while top(p,p’) does not: a contradiction. O

Lemma 5.9. Let (i, k) € X, 1 <t < T, be a snake of length T € Z>y. Let (p1,...,pr) and

(P}, ...,py) be tuples of non-overlapping paths in §(it,kt) Then (p1,...,pr) can be obtained

1<t<T "
from (p},...,plr) by a sequence of moves containing no inverse pair of raising/lowering moves,

such that no move introduces any overlaps.

Proof. For each t, 1 <t < T, let s; (resp. s;) be the finite sequence of points at which we must
perform raising moves on p; (resp. pj) to reach top(pe,p}), by repeated application of Lemma 5.6.
Then the following is a sequence of moves obeying the requirements of the lemma. We first perform
raising moves (at the points in s1, in order) on p; to reach top(p1,p}), then on py (at the points in s,
in order) to reach top(pz, p5) and so on until we raise pr to top(pr, pr). Then we perform lowering
moves (at the points in s, in reverse order) on top(pr,p)) to reach p’., then on top(pr—1,p7_,)
(at the points in s/._;, in reverse order) to p/._; and so on until we lower top(pi,p}) to pi. This
ordering of the moves ensures that at no step do any two paths overlap. By Lemma 5.8, s;Ns; = ()
for all t, 1 <t < T. It remains to check that s; N s), = @ for all distinct 1 < ¢ # u < T. Suppose for
a contradiction that (j,¢) € sy N s}, for some 1 <t # u < T. Without loss of generality suppose
t <wu. Let (z,y) := ¢(j,¢ +r;). Then p, has a lower corner at (j,¢ + ;) and top(py,p],) does not.
So top(pu,p),), and hence p,, contains a point (z,3’), ¥’ < y. But p; also has a lower corner at
(4, £+rj), i.e. it contains the point (z,y). So p, and p; overlap in column x: a contradiction since

p¢ and p, are non-overlapping. O

Lemma 5.10. Let (is, k) € X, 1 <t < T, be a snake of length T € Z>1 and (jr,¢;), 1 <1 <
R, a sequence of R € Zxq points in W. For all (p1,...,pr) € ﬁ(imkt)lgth and (p,...,ph) €
ﬁ(it,kt)lgtg'jﬂ

(i) Tz m(p0) = i m(p) - TLE A7,

(ii) there is a permutation o € Sg such that ((ja(l),&,(l)),...,(jU(R),EU(R))) is a sequence of

the following are equivalent:

lowering moves that can be performed on (pi,...,pr), without ever introducing overlaps, to

yield (py, ..., p7).

Proof. That (ii) implies (i) follows from Lemma 5.4. To see that (i) implies (ii), note that since
(p1,-..,pT) € ?(it7kt)1<t<T and (py,....p) € @(ihkt)1<t<T7 Lemma 5.9 states that there is a
sequence of moves that takes (p1,...,pr) to (p,...,p}) without introducing overlaps and without
ever performing a move and its inverse. By Lemma 5.4 and the fact that the (Aj;¢)(; e are
algebraically independent, these moves must indeed be lowering moves at the points (j,, 4y )1<r<r

arranged in some order. ([l

Corollary 5.11. Let (it, ki) € X, 1 <t <T, be a snake of length T € Z>1. The map

T
Pliv ki)rcier Z[Yﬁl](g’,@ex; (p1,--.,p1) = H m(pz)
=1

18 injective.
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FIGURE 6. Illustration of the definition, §5.5, of overlapping paths in type By4. By
Theorem 6.1, L(Yy1Y4 3) contains the monomial (Y178Y3T112K1711)(Y479Y27_112) (left) but
not the monomial (Y178Y25j112Y4711)(Y47_115) (right). Note that the latter is disallowed
despite the fact that no paths intersect, because the would-be upper path contains,
in the column corresponding to the short node, a point below a point of the would-be
lower path.

1 2 343 2 1 1 2 343 2 1
O0—O0—00&0——0—0 O0——O0—0Op0&O0——0—0
0 0
2 2
4 4
6 6
8 8
3
10 10
» ¥,
12 12
14 14
e
16 16

FIGURE 7. Illustration of Lemma 5.1. By Theorem 6.1: L(Y5(Y24) contains the
monomial (KL3Y4,9Y};110)(YE’),SY;glellE)) = KL3Y};110K’>,8K1T115 (left) and L(Y11Y43)
contains the monomial (Y}{ﬁn,ls)(lfl,sn}%) = Y178Y3114 (right). In such cases it
is possible for a factor Y~! from a given path cancel a factor Y in a path strictly
above. But in no case can a Y ! from a given path cancel a Y from a path strictly
below.

O—O0—00&0——0—0
0 1 2 343 2 1
O0——O0—O0p0&O0——0—0
9 0
»
4 2
6 4
8 6
:
10 8
12 10
14 12 1
K
Y
16 14
18 16

23



24 E. MUKHIN AND C. A. S. YOUNG
Proof. This is the case R = 0 in Lemma 5.10. g

Lemma 5.12. Let (it,k:) € X, 1 <t < T, be a snake of length T € Z>1 and (p1,...,pr) €
P lis k<o Let m = Hthl m(p). If 77114@_1,;l not of the form Hthl m(p,) for any (p},...,p) €

Dl k) then neither is mA;,iAj,g unless (j,1) = (i, k).

1<t<T?

Proof. By Lemma 5.10, if mAi_,,iAJ-’g = [T, m(®}) for some (p),...,p}) € D lis k)1 <yeq then
(p),...,p%) is can be obtained from (p1,...,pr), without ever introducing overlaps, by either

(i) lowering at (i, k) and then raising at (j, /), or

(i) raising at (j,¢) and then lowering at (i, k).
We assume that mAZ_]i is not of the form [[/_, m(p}) for any (p},...,p}) € Pl k)rcrer- S0, by
Lemma 5.4, either (a) it is not possible to lower (p1,...,pr) at (i,k), or else (b) this is a valid
lowering move but one which introduces an overlap. Hence (i) is impossible. Now suppose (ii)
is possible: suppose the raising move at (j,¢) is on ps and the lowering move at (i,k) is on p,
1 <s,t <T.If s#t then this requires that p; can be lowered at (i, k), so we must be in case (b):
i.e. there is an r such that when p, is lowered at (i, k) it overlaps with p,. If s ¢ {¢t,r} then, after
the raising move at (j,£) on ps, it is still true that when p; is lowered at (i, k) it overlaps with p,..
If s = r then note that p; lowered at (i, k) overlaps with p, raised at (j,¢). Therefore in fact s = ¢,

i.e. both moves must be on the same path. One then sees, on inspection, that it is necessary that
(4,¢) = (i, k), as required. O

Lemma 5.13. Let (it,k:) € X, 1 <t < T, be a snake of length T € Z>1 and (p1,...,pr) €
?(it,kt) Pick and fix an i € I. Let & C ?(it,kt)
tuples of paths that can be obtained from (p1,...,pr) by performing a sequence of raising or lowering
moves at points of the form (i,¢) € W. Then Bi(Hthl m(p:)) is the q-character of a thin simple

be the set of those non-overlapping

1<t<T " 1<t<T

finite-dimensional U, (ag)-module.

Proof. Let m := Hle m(p¢). The monomial f;(m) satisfies the conditions given in Lemma 3.1
to be part of a thin simple finite-dimensional Uy (ET[g(i))—module, let us call it V: the condition
|ui ¢(m)| < 1is by Lemma 5.1; the condition u; ¢—r,(m) — u; ¢4, (m) # 2 holds because there cannot
be an upper corner at (i,¢ — r;) and a lower corner at (i, + r;) without paths overlapping. (So we
have that, in the language of the ball-and-box model of §3.1, the pattern never occurs.)

Now we argue that the elements of & are in bijection with the set .2 (V') of monomials of x,(V).

By the definition of lowering moves and Lemma 5.2, it is possible to lower (p1,...,pr) at (i, /)
if and only if

(i) (4,€ —r;) is an upper corner of some path in (p1,...,pr) and
(i1) (¢,£ —r;) is not a lower corner of any path in (p1,...,pr), and

(iii) (é,€ 4 r;) is not an upper corner of any path in (p1,...,pr).

Lemma 5.10 states that the only way to produce a factor Ai_zl is to do the lowering move at (i, 7).

Hence

T
mA e Y [[me) (5.4)

(Py,-.plp)€P t=1
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if and only if (i), (ii) and (iii) hold; that is, c.f. (5.2), if and only if u; ¢, (m) = 1 and w; ¢4,,(m) = 0.

As Lemma 3.1 states, these are precisely the conditions under which
Bi(mA;}) € M (V). (5.5)

Similar statements hold for raising moves. As we noted following Lemma 3.1, by a finite sequence
of moves of this type we obtain every monomial of x,(V) and no others. We also, by definition,
generate all the elements of & and no other tuples of paths. O

Lemma 5.14. Let (iy,k:) € X, 1 <t < T, be a snake of length T € Z>1 and (p1,...,pr) €
‘@(it,kthgth'
If (p1,...,p7) # (p;t’,ﬂ, ... ,p:;’kT> then Hthl m(p;) is not dominant.

If (p1,...,p7) # (pi_l,kﬂ ... ’pi_:r,k:r> then Hle m(p;) is not anti-dominant.

Proof. If (p1,...,pr) # <p;';’k1,...,p;rT7kT) then there exists t, 1 < t < T, such that p; # p;;kt.
Therefore p; has at least one lower corner at, c.f. §5.4. Suppose it is at (i,k) € X. If no path in
(p1,-..,pr) has an upper corner at (i, k) then Hthl m(p;) is not dominant. Lemma 5.1 states that
the only way another path can have an upper corner at (i, k) without there being any overlaps is if
i =N and s =t — 1. Since s precedes t in the snake, ps cannot equal p;.';’ks and must have a lower
corner at some (i/, k") € X, i’ # N. No path in (p1,...,pr) can have an upper corner here, again
by Lemma 5.1. So the resulting factor Yl,_,i, cannot be cancelled and Hle m(p;) is not dominant.

The argument for anti-dominant monomials is similar. ([l

6. THE PATH FORMULA FOR g-CHARACTERS OF SNAKE MODULES
We are now in a position to state the second main result of the paper.
Theorem 6.1. Let (it, k) € X, 1 <t <T, be a snake of length T € Z>y. Then
T T
W(e(ve)) - X T 6
=1 (P1,-PT)EP iy )y < o<1 =1
The module L(Hle Y,, r,) is thin, special and anti-special.

Proof. Let my =[], m(p;;’kt) be the highest monomial of x,(L([]i_, Y, 1,)). Define

T
M = {H m(pt) : (pl,. .. ,pT) c ‘@(it,kt)lgth}'
t=1

We shall show that the conditions of Theorem 3.4 apply to the pair (m4, M). Indeed, Property
(i) follows from Lemma 5.14, Property (ii) is Lemma 5.12, and Property (iii) is Lemma 5.13.
Since, by Corollary 5.11, >\ m = Z(pl7~~~7pT)E§(it,kt)1§t§T H;jp:l m(p;), the formula (6.1) and
the properties thin and special follow from Theorem 3.4. Anti-special then follows from Lemma
5.14. O

Example 6.2. In type Bs, consider the simple module L(Y40Y55Y4,10). This is a minimal snake
module; its snake is shown on the left in Figure 8. By Theorem 6.1, its g-character includes the
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Ficure 8. Tllustration of Theorem 6.1 in type Bs. Left: a minimal snake. Right:
a tuple of non-overlapping paths for this snake. See Example 6.2.

1 2 3 454 3 2 1 1 2 3 454 3 2 1
O0—O0—O0—CO00—0—0—0 O0—O0—0—C000—0—0—0

monomial
—1 —1 —1 —1
Y5 15Y5,7Y51Y518Y, 14Y2,10Y7 95Y5,15Y517Y, 13Y2,14,

which corresponds to the non-overlapping tuple of paths shown on the right in Figure 8.

7. EXISTING RESULTS AND SKEW TABLEAUX

In types A and B, Theorem 6.1 gives a closed form, in terms of non-overlapping paths, for the
g-character of the U,(g)-module L (Hle Yz‘t,kt) where (it, kt)1<t<7 is any snake whose elements lie
in the set X, c.f. §4. Let us define a subset Y C X by:

Type A: YV = X.
Type B: YV :={(i,k) € [ XxZ:i < N and 2i — k=2 mod 4}.

Remark 7.1. In type B, the points of ) all lie strictly to the left (resp. right) of the column
corresponding to the short node, in the figures as drawn, when N = 0 mod 2 (resp. N =1 mod 2).

In the existing literature, closed forms have been found or conjectured for the g-character of
L (Hthl Yz‘t,kt) whenever (i, kt)1<t<7 is a snake whose elements lie in ). In this section we describe
how the existing closed forms can be recovered as special cases of Theorem 6.1. The combinatorial
objects used in these closed forms are (or are equivalent to) skew tableaux.

In this paper, let us say that a skew diagram (A/p) is finite subset (A/u) C Z X Z~¢ such that
(1) if (A/p) # O then there is a j such that (j,1) € (A/u), and
(2) if (i,5) ¢ (\/u) then either Vi’ > i,Vj' > j, (',7") ¢ (N\/u) or Vi’ <i,Vj' < j, (i',7) ¢ (A\/u).
If (i,5) € (\/p) we say (\/p) has a boz in row i, column j. By definition the left-most (i.e. lowest-

numbered) column containing a box is numbered 1. However, as a matter of convenience, we do
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not insist that the top-most (i.e. lowest-numbered) row containing a box is numbered 1, and we do
not regard skew diagrams related by a vertical shift as identical.

Define a set A (the alphabet) equipped with a total ordering < (alphabetical ordering) as follows:
Type A: A:=1={1,2,... NN+1},1<2<---<N<N-+1
Type B: A:={1,2,...,N,0,N,...,2,1},1<2<---<N<O0O<N<---<2<1.
A skew tableauz T with shape (A/p) is then any map T : (A\/u) — A that obeys the following
horizontal rule (H) and vertical rule (V):

Type A: (H) T(i,5) < T(i,j +1)
(V) T(i,5) < T(i+1,5).

Type B: (H) T(i,5) < T(i,j + 1) and (T(i,5), T (4,7 + 1)) # (0,0)
(V) T(i,4) <T(i+15) or (T(i,5), T(i+1,5)) = (0,0).

In type A these are the usual rules for a semi-standard skew tableaux. In type B, see [KOS95].
Let Tab(A/u) be the set of skew tableaux with shape (\/u).

Definition 7.2. Given a snake (i, kt)1<t<7 whose elements lie in Y, define a set

ﬁ_’it—l k‘t ’L't—l}

<s<t——+

()‘/M)(imkthgth = {(S,t) €7 x ZZO 1<t<T, t— Y 5 <s< Y 5

Note that the bounds on s are indeed integers and that the top-most (i.e. lowest numbered) row

containing a box is row T — ;T—ZQ — =1 (Recall 7V =1 in type A and r¥ = 2 in type B.)

Proposition 7.3. The map (it, kt)1<e< = (A1) (i k0) s a bijection from the set of snakes of

1<t<T
length T with elements in Y to the set of skew diagrams whose non-empty columns are 1,2,...,T

and none of whose columns has more than N (resp. N — 1) bozes in type A (resp. type B).

Proof. By definition (A\/u) (i, k) has, in each column ¢, 1 <t < T, a stack of i; adjacent boxes,

1<t<T '
the top-most of which is in row t — 21:,—@ — “2_ 1, and no boxes elsewhere. It is clear that (i, k¢)1<i<T
can be reconstructed from this set of boxes, so the map injective. To check (A\/ ) (i o)<y eq 1S @

skew diagram we must check that for each ¢, 1 < ¢ < T — 1, the bottom box in column ¢ is not
above the bottom box in column ¢ 4+ 1, and the top box in column ¢ is not above the top box in

column ¢ + 1. These conditions are
ko1 — ke > (24 g1 —i)rY and kppr — ke > (244 — i)

respectively. This is exactly the definition of snake position for points (i, k) and (i¢41, key1) in Y,
c.f. Definition 4.2. So the map is onto the stated set of skew diagrams. O

Remark 7.4. (i) Minimal snakes (§4.2) in ) correspond to skew diagrams in which, for each
occupied column except the last, either the top-most box in that column is in the same row as
the top-most box in the next column, or the bottom-most box in that column is in the same
row as the bottom-most box in the next column. If the top- or bottom-most boxes in all the
columns are aligned in one row, then the corresponding module is a minimal affinization.

(ii) If a skew diagram has an empty column j then it describes the same representation as the

skew diagram in which each box to the right of column j is translated one step up and to the
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left, c.f. (7.1). So there is no loss of generality in considering only skew diagrams that have

no empty columns between occupied columns.

To each T € Tab(\/u) we associate a monomial in Z[Y ](, kyex as follows:

H m2rvy —1) (71)

(1,5)EN 1
where
-1 .
Type A: .k Yi_ 1,2+kYz,i—1+k7 l<i<N+1
Type B: .k =Y 1,2z+kYz,2i—2+k ;1<i<N-—-1

—1
-k =Yy_ 12N+kYN,2N—3+kYN,2N—1+k
1
@k = YnoniirkYnvon-—a 4k
.k = YJ\72N 1+kYJ\72N+1+kYN 12N —2+k
.k = Yz_4N 2tk Yic1AN—2—2i4k + L ST N —1
with, by convention, Yy := 1 and Yy := 1 for all k¥ € Z. Note that, in both types A and B,
{o}ieA are the monomials of g-character of the first fundamental representation, L(Y7 o). Compare

for example Figure 5 in type By.

Proposition 7.5. Let (i, kt)1<i<T be a snake whose elements are in' Y and (A\/p) the corresponding
skew diagram as in Definition 7.2. There is a bijection ﬁ(itvkt)1<t<T — Tab(M\/u); (p1,...,pr) —

Tipr,...pr) between non-overlapping tuples of paths and skew tableauz such that

M(Ti,...pr) Hm (pt)- (7.2)

Proof. The required bijection is as follows:

Type A: For each t, 1 <t < T, p, is of the form p, = ((7,7 y,@ Let

))OST’SN-H’
—{reA:y® P — 1},

By definition of &, 1, S; consists of exactly i; letters from the alphabet A. We enter
these letters in the boxes in column ¢, in alphabetical order, starting at the top box and
working downwards.
Type B: For each t, 1 <t < T, the path p; is given by a pair (a;, a¢) where a; € Py hi—(2N—2i,—1)
: (( (t) (t) : ((—() —(t)

Tr's Yr ))OSTSN LTy Yr ))OSTSN’ and

and a; € ‘@N,k-l-(QN—%—l)' Let a; = and a; =

define
Si={rea:1<r <N, 40—y <o}
gt::{T‘GA 1<r <N, y(t)—g£?1>0}.

Starting from the top box in column ¢ and working downwards, we enter the letters in
S; in alphabetical order. Then, starting from the bottom box in column ¢ and working
upwards, we enter the letters in S; in reverse alphabetical order. The condition yj(\,) > gjj(f,)
in the definition of &7, 1, ensures that, in so doing, no box is filled twice. Finally we enter

the letter 0 into any boxes in (the middle of) column ¢ that remain unfilled.
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For each ¢, 1 <t < T, this prescription places the paths in &7, 1, in bijection with the set of fillings
of the column ¢ that obey the vertical rule (V) in the definition of skew tableaux above. It does so

in such a way that m(pt) = Hi:(i,t)e()\/u) 7-(p1,...,pT)(i7 t) OTV(t_i)7 from which (72) follows.

Finally, it is seen by inspection that the non-overlapping condition (§5.5) on the paths is equiv-

alent, in the special case that the points (i, kt)1<¢t<7 lie in ), to the horizontal rule (H) in the
definition of skew tableaux. O

Corollary 7.6. Let (i¢, k) € Y, 1 <t <T, be a snake. Then

T
Xq <L (Hth>>= > M(T) (7.3)
t=1

TeTab(\ /1)

where (\/p) is the corresponding skew diagram according to Definition 7.2.
Proof. Given the preceding proposition, this is immediate from Theorem 6.1. O

In type A, Corollary 7.6 was previously known, at least in the Yangian case [NT98, Che87]. In
type B, Corollary 7.6 was previously known for those skew diagrams giving minimal affinizations
[Her07]; c.f. Remark 7.4 (i).

The right-hand side of (7.3) is the tableaux expression for the Jacobi- Trudi determinant in type A
or B. Corollary 7.6 thus confirms the conjecture made in [KOS95] (and, specifically in the language
of g-characters, in [NN06], Conjecture 2.2, part 1) that the type B Jacobi-Trudi determinant gives
the g-character of an irreducible representation of the quantum affine algebra.

Remark 7.7. (i) The paths in the present paper and those of [NN06] are a priori unrelated, and are
being used to solve distinct problems. Our paths are constructed to correspond to g-characters
of fundamental representations, and the notion of “non-overlapping” is designed to pick out
the g-character of the simple quotient of a suitably ordered tensor product of fundamental
factors. By contrast, the “non-intersecting” paths of [NNO6] are used in deriving the skew
tableaux expression for the Jacobi-Trudi determinant, and originate in the Gessel-Viennot
path method for determinants [GV85].

(ii) For simplicity in stating Definition 7.2, we defined ) in type B to contain no points (N, k),
k € Z. In fact the tableaux description extends to snakes in which such points occur in
neighbouring pairs: each such pair corresponds to a column with > N — 1 boxes. For ex-
ample L(Yn1YN3+4k), kK € Z>o corresponds to a single column of N + k boxes. Thus, one
could replace “strictly” by “weakly” in Remark 7.1. Furthermore, [KOS95] define “hatched”
tableaux, which allow one to delete, from such a snake, exactly one point (N, k), thereby

describing some spin-odd representations.
7.1. Examples.

Example 7.8. In type As, L(Y30Y32Y36Y7 10Y2,13Y123) is a snake module. Its snake is shown in
Figure 9(a). Its g-character includes the monomial

-1 —1y—1 -1 1y —1 -1 -1
YL2Y2,3 Y3,2Y5,4 Y1,6 Y374Y5,6 Y3,6Y:5,16Y2,17}/3,16Y5,18Y1,26Yé,27y5724' (7-4)
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FIGURE 9. See §7.1. In types As, (a), and Bs, (b): a snake whose elements lie in
Y and which therefore corresponds to a skew diagram (left), and a non-overlapping
tuple of paths for that snake (right).

(a) (b)
1 2
L2345 L2345 3 454 3 2 1 1 2 3 454 3 2 1

o—O0—0—0—0 o—0O0—0—0—0 -2

O »
0
2 2
A 4
6
6 8
] 10
12

10 >
14
12 16
1

14 8 I
20
16 99

D,

18 24 ‘
26

20 i
28
22 30

1
2
24 3
34
26 36
38

The non-overlapping tuple of paths corresponding to this monomial is also shown in Figure 9(a).
The skew diagram for this representation, and the skew tableau for the particular monomial (7.4),

are respectively

123456 123456
-7 -7 1
—6 -6 3
-5 -5 4
—4 —4 5
-3 -3
-2 -2 3
-1 -1 116]6

0 |1(2]2
1 1 (31313
2 and 2 [6]6

Example 7.9. In type Bs, L(Yy_2Y34Y514Y390) is a snake module. Its snake is shown in Figure
9(b). Its g-character includes the monomial

-1 -1 —1y—1 1y —1 -1
%,—ln,1433712}/3,,14y4,12Y5,19Y1,30Y41,22}/3,,24Y1,34}/57273/5,31Y1724- (7.5)
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The non-overlapping tuple of paths corresponding to this monomial is also shown in Figure 9(b).

Since the points of this snake all lie in ), the monomials can equivalently be described by skew

tableaux. The skew diagram for this representation, and the skew tableau for the particular mono-

mial (7.5), are respectively

[BRYO]
[Cha95]
[CH10]
[CP9I1]
[CP9Y4a]
[CP94b)]
[CP95]
[CP96a]
[CPY6b)]
[CP97]
[CPO1]
[Che87]
[Drig7]
[Driss]
[FMO1]
[FR98]
[GV85]
[Her06]

[Her07]

[HL10]

1 2 3 4 1 2 3 4
-2 -2 1
-1 -1 410
0 o |5]0]1]1
1 1 10]5
2 2 [0]3
3 and 3 [0
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