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1 Introduction

A search of a natural presentation of the basis for representations of infinite dimensional algebras
sometimes reveals an unexpected and intriguing connection with other models of mathematical
physics. Take the Feigin—Fuchs representation of the Virasoro algebra [7] as an example. In
this case, a cerebrated integrable quantum many body problem called the Calogero—Sutherland
model [35, 36] plays the role. Indeed, it is conjectured in [30] and partially proved in [3] that the
excited states of the Calogero—Sutherland model (usually called the Jack symmetric functions)
behave particularly nicely as a basis for the Feigin—Fuchs module. For example, matrix elements
of the Virasoro generators with respect to the Jack basis become factorized rational functions
whose major part consisting of degree one polynomials of positive integer coefficients which
admit a transparent combinatorial interpretation. This phenomenon seems not accidental since
the theory includes Mimachi and Yamada’s finding [22] which claims that the singular vectors
of the Virasoro algebra coincide with special cases of the Jack symmetric functions. See, for
example, [1, 2, 5, 6, 8] for recent developments on the subject.

The purpose of the present paper is to pursue a parallel investigation for the settings of the
crystal bases [14] of an important class of finite dimensional representations (called the Kirillov—
Reshetikhin modules) of the quantum affine algebras. We call the corresponding crystal the
Kirillov—Reshetikhin (KR) crystal. In this case, the corresponding physical model is the box-
ball system. The box-ball system is a prototypical example of the ultradiscrete (or tropical)
soliton system whose simplest example was discovered by Takahashi and Satsuma [37]. For
our purpose, an important aspect of the box-ball system is that the dynamics of the model is
determined by the combinatorial R-matrices for the KR crystal [9, 10]. This formalism allows us
to define the box-ball system for any tensor products of the KR crystals for arbitrary quantum
affine algebras (see, for example, [11, 12]). See [29] for an introductory review on studies on the
box-ball systems.

Recently, a complete set of the action and angle variables of the type AS) box-ball systems
is found to be identical to the set of the rigged configurations [20]. The rigged configurations
are combinatorial objects discovered by an insightful analysis of the Bethe ansatz for quantum
integrable models [17, 18]. Originally the rigged configurations are used to prove a combinatorial
identity for the Kostka—Foulkes polynomials called the Fermionic formula as well as to give
a description of the branching coefficients of finite dimensional representations of the quantum
affine algebras with respect to the corresponding finite dimensional subalgebras. In such context
the rigged configurations are labels of representations and thus naturally correspond to the
classically highest weight tensor products of the KR crystals. On the other hand, since the box-
ball system is defined for not necessarily highest weight tensor products, we need to consider
generalized rigged configurations corresponding to any tensor products.

Therefore it is natural to introduce the Kashiwara operators on the set of the rigged confi-
gurations. Let I be the set of the Dynkin nodes of a quantum affine algebra g following Kac’s
convention [13] and set Ip = I'\ {0}. In [32] Schilling gave a definition of the classical Kashiwara
operators €; and f; (¢ € Ip) for simply laced algebras and proved that the crystal structure on
the rigged configurations is actually isomorphic to the one on the tensor products of the KR
crystals by using Stembridge’s local characterization of crystals. In Section 3.2 of the present
paper, we provide a direct proof of the fact that the classical Kashiwara operators on the set of
the rigged configurations of types Ag) and DS) indeed satisfy the axiom of the crystals.

The crux of the rigged configuration theory is the so called rigged configuration bijection
which gives an one to one correspondence between the elements of tensor products of the KR
crystals and the rigged configurations:

® : rigged configurations —— tensor products.
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The algorithm of @ is a rather complicated combinatorial procedure which is explained in Sec-
tion 3.3!. Nevertheless it is known that the map ® has a lot of nice properties and seems to have
a deep mathematical origin. For example, one of the most important properties of the rigged
configuration bijection is that we can regard the algorithm ® as a general form of the combi-
natorial R-matrices ([19] for type AP case and [31, 34] for type DY case). See Remark 3.19
for more precise meanings. This property is the basis for providing the action and angle variab-
les of the box-ball systems [20, 21]. Moreover, as an application of the relationship with the
box-ball system we have a representation theoretical interpretation of the algorithm of ®~! for
type Aq(ql) [28], though the full understanding of the rigged configurations themselves is yet to
be seen.

The main result of the present paper is the proof of the following compatibility of the rigged

configuration bijection and the classical Kashiwara operators
[gl7®] = 07 [ﬁaq)] = 07 1€ IO (11)

for g = A,(q,l) and DS) (see Theorem 4.1) under the assumption that the bijection ® is well-
defined. Here some remarks are in order.

e In Appendix C of the preprint version of [4], Deka and Schilling asserted the relation (1.1)
for type Ag). However, according to the author’s opinion, they did not finish their proof
(see Section 8). Given the fundamental importance of the problem, it seems appropriate

to prove the result completely for type A,(ll) also. Indeed, the proof for type A,(ll) is a part

of the proof for type Dg) and easy to extract from it

e The proof of (1.1) is direct and does not depend on other results.

Since our approach is direct, we expect that our result paves the way to deal with the rigged
configuration bijection for arbitrary quantum affine algebras. Currently the following cases are
established:

e All cases of type A,(ll) [17, 18, 19].
e Special cases of type DY [24, 31, 34] (see the comments after Conjecture 3.17).

e Tensor products of the vector representations of arbitrary non-exceptional quantum affine
algebras [27] as well as of type Eél) [26].

In all cases the algorithms for the rigged configuration bijection share many common features.
We expect that the rigged configuration bijection as well as all major properties will extend to
the arbitrary quantum affine algebras.

We expect that such an extension of the rigged configuration theory will provide meaningful
insights for both mathematical physics side and mathematical side which are not easily seen
by other methods. One of the supporting evidences for our expectation is a bijection con-
structed in [23]. In that paper, we constructed a combinatorial bijection between the rigged
configurations for arbitrary non-exceptional quantum affine algebras (under certain restrictions
on ranks) and the set of pairs of a type Ag) rigged configuration and a Littlewood—Richardson
tableau. Remarkably, the construction is uniform for all types of algebras and the Littlewood—
Richardson tableaux naturally appear as the recording tableaux of the algorithm. We expect

'For the most general tensor products B™*t ® B""2®- . -®@ B"L"°L of type DSLU, a proof of the well-definedness
of the bijection ® is the subject of [25]. However we will not assume this fact in the present paper since the
paper [25] is yet not available for the public. After Conjecture 3.17, we summarize the known cases of this result.

Ignore all arguments related with the parameter £(ay by formally setting £(,) = oo. See Section 3.3 for the
notation.
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that the bijection coincides with (and generalizes) a canonical Dynkin diagram automorphism
(see Remark 3.2 of [23]).

Another supporting evidence is a numerical comparison of the rigged configuration bijec-
tion [27] for the vector representations of arbitrary non-exceptional quantum affine algebras
and the corresponding combinatorial R-matrices (see Section 3 and subsequent sections of [20]).
The conjecture provided there claims that seemingly complicated algorithms presented in [27]
with many case by case definition possess uniform description in terms of the corresponding com-
binatorial R-matrices. In fact, we expect that the rigged configuration bijection gives a general
form of the combinatorial R-matrices for general quantum affine algebras and thus provides ac-
tion and angle variables for the corresponding box-ball systems. Finally, it should be mentioned
that in [24] we see that the affine crystal structure of type D7(ll) is essentially governed by the
rigged configurations. Therefore we expect that the construction of the rigged configuration
bijection for general cases should be an intriguing and meaningful future research topic.

This paper is organized as follows. In Section 2, we collect necessary facts from the crys-
tal bases and the tableau representations. In Section 3, we give the definition of the rigged
configurations and the rigged configuration bijection and explain their basic properties (con-
vexity relation of the vacancy numbers). We also introduce the classical Kashiwara operators
on the rigged configurations and show that they satisfy the axiom of the classical crystals. In
Section 4 we give the statement of the main result and clarify what are the essential points to
be shown. Main proofs are given in Sections 5, 6 and 7. During the proof we have tried to
avoid unnecessarily long arguments. Nevertheless we have to deal with many subtle cases and
some of them look very special. Thus some readers might wonder whether such case does exist
and is worthy of careful analysis. In order to clarify that point, we include several examples for
seemingly subtle cases.

2 Background on crystals and tableaux

2.1 Crystal bases

Let us briefly recall some definitions about the crystal bases theory of Kashiwara [14]. For
more detailed introduction, see, for example, [15]. Let g be an affine Kac-Moody algebra, g’ be
its derived subalgebra, gg be the corresponding finite dimensional simple Lie algebra obtained
by removing the 0 node of the Dynkin diagram of g. Here we follow Kac’ convention [13] for
the labeling of the Dynkin nodes and denote by I the vertex set of the Dynkin diagram of g
and I := I\ {0}. Let Uy(g), Uy(g) and U,(go) be the quantized universal enveloping algebra
corresponding to g, g’ and gg, respectively. In this paper we will mainly focus on the case
g= Dg) which has the following Dynkin diagram
0 n

1 n—1

Let «;, hi, A; (i € I) be the simple roots, simple coroots and fundamental weights of g, A;
(i € Ip) be the fundamental weights of go. In the present case go = D,,, the simple roots are

o =6 —€ir1, 1<i<n-—1, Oy = €p—1 + €n, (2.1)
and the fundamental weights are

Ai=e+-+e, 1<i<n-2, (2.2)
[_\n—lz(€1+"'+€n—1_€n)/2a An:(€1+“'+5n—l+€n)/27
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where ¢; € Z" is the ith standard unit vector. Let Q, QV, P be the root, coroot and weight
lattices of g. Let (-,-) : Q¥ ® P — Z be the pairing such that (h;, A;) = A;(h;) = ;5. Note that
we have (h;, ;) = aj(h;) = A;j where A;; is the Cartan matrix of g = Dr(ll).

Now we give the axiomatic definition of U, (g)-crystals.
Definition 2.1. Ué(g)—crystal is a nonempty set B equipped with maps wt : B — P, &;,¢; :

B — ZU{—00} and the Kashiwara operators &, f; : B — B U {0} for all i € I such that

1) (hi, wt(b)) = @i(b) — &i(b),
2) wt(e;(b)) = wt(b) + a if & (b

(
(2) ) ) € B,
(3) wi(f(b) = wi(b o Fiby e 5

(4) 6,( ) gi(b) — 1, gol-(ez )) wi(b) + 1 if €;(b) € B,
(5) ei(fi(h)) = ei(b) + 1, @i (fi(b ))=<P(b)—1iffi(b)€B,
(6) for b, € B, fi(b) =¥ if and only if & (V') = b,
(7) if i(b) = —oo for b € B, then &(b) = f;(b) = 0.

In this paper, we only consider the case when the maps ¢;, ; are defined by

ei(b) = max {m > 0| e;"(b) # 0}, ¢i(b) = max {m > 0| ™ (b) # 0}

for b € B. In particular, we have 0 < &;(b), p;(b) < oo for all i € I and b € B. Note that the
crystals with these conditions are called the regular crystals. If we have f;(b) = V' for b,¥’ € B,
we write an arrow with color (or label) ¢ from b to b’. In this way, the crystal B can be regarded
as the colored oriented graph whose vertices are the elements of B. We call such graph the
crystal graph.

One of the nice properties of the crystal bases is that it behaves nicely with respect to the
tensor product. Let By ® By be the tensor product of two crystals By and Ba. As the set, it
coincides with the Cartesian product Bs x Bj. The action of the Kashiwara operators €;, f; on
an element by ® by € Bs ® Bj is given explicitly as follows:

a(bz) ® by if Ei(
by ® gl(bl) if €i(b2 <
(

) (
ﬁ(b2)~® by if ei(b2) > wi(br
by ® fi(b1) if ei(b2) < pi(b1

ei(ba ®by) = {

filby @ b1) = {
where the result is declared to be 0 if either of its tensor factors are 0. We also have wt(bo®b1) =
Wt(bg) + Wt(bl).
Remark 2.2. We use the opposite of the Kashiwara’s tensor product convention.

In order to deal with multiple tensor products, it is convenient to use the signature rule. Let B
be the tensor product of crystals B = B, ®---®Ba®B1. Fori € and b=b;,®---QbsRb1 € B,
the i-signature of b is the following sequence of the symbols + and —

@i (br) times g;(br,)times ©;(b1) times €i(b1) times

The reduced i-signature of b is obtained by removing subsequence —+ of the i-signature of b
repeatedly until it becomes the following form
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By using this information the action of €; and ﬁ on b can be described as follows. If €;(b) = 0,
then ¢€;(b) = 0. Otherwise

€(bp ® - ®b1) =bL® - ®bjt1 ®€i(by) ®bj—1® - @by,

where the leftmost — in the reduced i-signature of b comes from b;. Similarly, if ¢;(b) = 0, then
fi(b) = 0. Otherwise

filbp® - ®@b) =by @ @bj11 ® fi(bj) ©bj_1®--- Dby,

where the rightmost + in the reduced i-signature of b comes from b;. Finally the actions of ¢;
and f; on each tensor factor b; are described by tableau representations of b; described in the
sequel.

2.2 Kirillov—Reshetikhin tableaux

In order to perform explicit manipulations on the crystal bases, it is convenient to use an explicit
realization of the elements of crystals. For the present purpose, it is more convenient to use a new
kind of tableau representation which we call the Kirillov-—Reshetikhin (KR) tableaux [24] than
the usual Kashiwara—Nakashima (KN) tableaux [16].

2.2.1 Reviews on tableau representations

Let us briefly recall tableau representations of crystals. Let B(A) be the crystal associated
to the highest weight representation of highest weight A of U,(gog). Then in the present case

g = D,(ll), the Ué(g) crystal B™* has the following decomposition under the restriction to its
finite dimensional subalgebra U,(go). If 7 < n — 1, we have

B™ ~ @B()\) as go crystals, (2.3)
A

and if r = n — 1,n, we have
B"™* ~ B(sA,) as go crystals. (2.4)

Here in the first case 1 < mn —1, A in the summation are determined as follows. For this we
identify A = > k;A; with the Young diagram which has k; columns of height i for all i. Then one
i

of X in decomposition (2.3) is shape (s") rectangular diagram and the remaining A are obtained
by removing the vertical dominoes H from (s") rectangular diagram in all possible ways. Then
if b € B™® belongs to some B(\) in the right hand side of the decomposition (2.3) or (2.4), then
the KN tableau representation of b has shape .

KN tableaux for B™® when r < n — 2. For J C I, we say b is J-highest element if we
have €;(b) = 0 for all i € J. Suppose that uy € B™*® (r < n—2) is the Ip-highest element of B(\)
which appears in the decomposition (2.3). Then the corresponding KN tableau is obtained by
filling the letter j to all the boxes at jth row of the Young diagram A. In order to obtain the
other tableaux, we define the action of the Kashiwara operators on tableaux as follows. The
crystal graph of B! for gg = D, is as follows
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Weight of each vertex is wt () = ¢; and wt () = —¢;, respectively. For a given tableau
te B™ (r<n-—2),

trt1| 1
lryo| t2

t= t27‘ tr

by

we introduce the so-called Japanese reading word and regard t as the element of (B%1)®V as
follows

t— ] ® - @[] ®[h] € (BYHPY.

Via this identification we can introduce the Kashiwara operators on tableaux and obtain the
KN tableau representation for the general case.

KN tableaux for B™25t1. Let us consider the basic case B™' ~ B(A,). This is the
so-called spin representation of dimension 2"~! whose basis are (s1,82,...,8,) where s; = +
and s1s2---s, = 1. The classical Kashiwara operators act on each basis as follows:

(81, ..,+,—,...,sn), if i#n, (Sia3i+1) = (—,—i—),

gi(slv""sn) = (51, --75n727+7+)> if 1= n, (Snflasn) = (_7_)a (2'5)
0, otherwise,

» (817 "7_7+7"'787L)7 if Z#na (Sia8i+1) = (+1 _)7

fi(817"‘78n) = (517 "7577,*27777)7 lf i:nv (Snflasn) - (+a+)a (26)
0, otherwise.

The weight of each basis is
1
wt((s1,...,5n)) = 5(5161 + -+ spen). (2.7)

Thus we can represent each element ¢; by half width tableau with entry i. We arrange the entries
within a column according to the following order on the letters (smaller ones at higher places)

1—<2-<~-—<n—1-<g—<n—l-<~-—<§-<f

Here we do not introduce the order between n and 7.
For the general case, we start by the highest weight element uy € B™25*! where A = (25 +

1)A,,. Then represent uy by the spin column (+,...,+) and s columns of 1,2,...,n such as
1 )1]-|1
202 12|12
W(2s+1)A, — P R 5
nln|n n
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In order to obtain the other tableaux, we embed uy into B™! @ (B!1)®rs by using the Japanese
reading word for the right s columns and apply the Kashiwara operators f; in all possible ways.

We can obtain the KN tableaux for the case B™2* similarly if we ignore the leftmost spin
column in B™%5*! case.

KN tableaux for B"~1:25+1, In the case B" 1! ~ B(A,_1), we can represent the basis
as (s1,82,...,8,) where s; = + and s189---s, = —1. We can use the same formulae (2.5)
and (2.6) for the Kashiwara operators and (2.7) for the weight. For the general case B"~1:25+1
we represent the highest weight element w(g,41)x, , € Brbh2stl

111 )-|1
212122
Us+ DA 1 = [T - T |- 5

Here we obtain the tableau for w, 1)z, , by replacing all n of the bottom row of u(ge1)5,
by 7. Then we can use the Kashiwara operators to obtain all the tableaux of B"~125t1  We
can obtain tableaux for the case B"~1:?% if we ignore the leftmost spin column.

2.2.2 Filling map

The purpose to introduce the KR tableaux is to give a rectangular presentation of elements of
crystals as opposed to the KN tableaux whose shapes depend on the classical decompositions
given in (2.3) and (2.4). The definition of the KR tableaux is given explicitly for the highest
weight element of B™® and extended to the general case by using the Kashiwara operators f; as
in the KN tableaux case.

To begin with we give a definition of the KR tableaux for the case B™® (r < n — 2). Let uy
be the Ip-highest element of B™* with weight A = k, A, 4+ k,_2A,_2 +---. We denote by fill(uy)
the KR tableau representation of uy. Now we describe the algorithm to obtain fill(uy) which
we call the filling map. Let k. be the first odd integer in the sequence k,_o, k._q4,.... If there
is no such k., set k. = k_1, that is, ¢ = —1. Let t be the KN tableau representation of uy. We
place t at the top left corner of the r by s rectangle. In order to fill all the empty places, we
start from the leftmost column of ¢ and move rightwards by the following procedure.

1. We do nothing for the height r columns. If ¢ > 0, remove one column from the height ¢
columns and move the columns that are shorter than c to left by 1.

2. For the columns whose heights are equal to or larger than ¢, put the following stuff to the
empty places as much as possible. If the height of the corresponding columns is h, put the
transpose of

T r—11]... |h+1
h+1|h+2 r
If ¢ = —1, we stop here since all empty places are filled by this procedure.

3. For the remaining columns except for the rightmost one, put the following stuff recursively
from left to right with recursively redefining an integer x. As the initial condition, set
r=c+1.

If the corresponding column has height h, put the transpose of

]y\ \r—l\r\ﬂ \m\z\

to the empty place. Since the number of the empty places is r—h, we have y = r—(xz—h—2).
We redefine x = y and do the same procedure to the next column.
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4. By using the final output of & from the last step, we put the transpose of the following to
the rightmost column

NEMDEMNEE

Recall that the rightmost column is empty by Step 1 whenever ¢ > 0. Then in order to
achieve the above pattern, we have y = (r + = — 1)/2.

Egcample 2.3. Let us consider the Ip-highest element uy of B®” where A = Ag + 2A¢ + Ay +
2A5. In this case, we have (kg, kq, k2, ko) = (2,1,2,1), thus ¢ = 4. We put the KN tableau
representation of uy into the 8 by 7 rectangle. Then

1(1]1(1]1]|1 171111
2(2(2(212]2 212(2(2|2
3131133 31313
414144 Stepl |4 ]4]4
51515 51515
6|66 6|66
7 7
8 8
Then we fill the empty places as
511 1{1(1|1|1|5]1
6|2 212(12(2(2]6|2
71573 313(3[7(5|7|3
?6 ? 4 thus, fill(uy) = 41414 EE 0 % 4
817185 5|/5(5(8|7|8|5
718716 6667|876
8/7/6|8|6]|6 7187|6866
7|8[5|7|5]|5 8|7/8|5|7|5|5

In order to define the KR tableaux for the spin cases, we start from the following expression
for the highest weight elements (collection of s spin columns)

Ushp—1 = [T 117 Ushy, = 71 T~

and apply the Kashiwara operators ﬁ (1 € Iy) for all possible ways to obtain the rest of the
elements of B"~ 1% and B™.

From Remark 5.2 and Remark 5.4 in [24], it follows that the new Kirillov—Reshetikhin (KR)
tableaux carry a crystal structure obtained by their reading word which gives a natural embed-
ding of B()\) into B(A1)®"*. Since each classical factor in B™* occurs with multiplicity 1, we can
use the Kirillov—Reshetikhin tableaux representation in place of the usual Kashiwara—Nakashima
tableaux representation.

For the later purposes, we introduce several operations on the KR tableaux representation of
crystals.
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Definition 2.4. We use the KR tableaux representation for the element b = by, by, _1®---®b; €
BTLSL @ BTL-LSL-1 @ ... @ BT Then we define the following operations.

(1) Suppose that B"=*L = BY!. Then we define the operation called left-hat by

Ih(b) =b,_1®---®b; € B'E-1L1 @ ...0 B,

31

(2) Suppose that B"2L = Bzl and vy, > 1. Thus by, has the form by, = * | Then we
t'r'L—l
tr,
define the operation called left-box by
31
b)) =[t,, |®| : |[®b1®--®@b €BY @B M gBI1s1g...@ B
trL—l

(3) Suppose that s;, > 1. Let ¢; be the ith column of by, such that by, = cic2---¢s,. Then we
define the operation called left-split by

Is(b) =c1 @ ca---cs, @b 1 ®@--- @by € Bl @ B'L¥L~l @ Bri-1si-1 g ... @ Brist,

3 Rigged configurations and the main bijection

3.1 Definition of the rigged configurations

Our strategy to define the rigged configurations of type g = Dﬁll) has three steps. First we define
the highest weight rigged configurations. Next we define the classical Kashiwara operators ¢;
and ﬁ for i € Iy on the rigged configurations. Finally, we define the general rigged configurations
by all possible applications of the operators f; on highest weight rigged configurations.

Let us prepare several notation to describe the rigged configurations. The rigged configura-
tions are combinatorial objects made up with partitions v(*) and integers J(@ for a € Iy. (@ =
(V{a), ey V,Ea)) is a partition called the configuration and J(@ = (Jl(a), cees J,ga)) is a sequence
of integers called the rigging which are associated with rows of the corresponding configuration.
We should regard that the pairs (I/(a), J (a)) are located on the vertices Iy of the Dynkin diagram

of DS). We denote by ml(a)(y) the number of length I rows of v(*). We will abbreviate the pair
(V(a), J(a)) by (v,.J)@ and call the components of (v, .J)® = {(léa), Jla)), el (I/](Ca), J,ia))} the
strings.

The rigged configurations also depend on the shape of the tensor product B = B"°L ®
- ®@ B™S10 Let Ll(a) be the number of the component B%! within B. Then we define the

partition u(“) such that the number of length [ rows of u(“) is equal to Ll(a). Thus the rigged
configuration (v, J) is described by the sequence of configurations and the riggings

(v, J) = (v, HD, .. (v, ), (v, 0)™)

together with additional data p = (u(l), . .,u(”*l),u(")) under certain constraints to be de-

scribed below. We denote by Ql(a)(l/) (resp. Ql(a) (1)) the number of boxes in the first I columns
of (@) (resp. u(@);

Q) =Y min{l, im”(v), Q" (u) = min{l,j}L{".

j>0 j>0
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Therefore we have Qgg)(y) = [v(@)] and Q(o(é)(,u) = |u@| where |v(| and |p(®)| are the total
number of boxes in ¥(® and (@, respectively. From the data p and v we define the vacancy
number Pl(a) (1, v) (hereafter we will abbreviate as Pl(a)(u)) by the formula

PO = Q" (1) + Y Aw@” (v)
bely

b
= Q" () 20 ) + > Q" (), (3.1)
bely
b~a
where Ay, is the Cartan matrix of gg = D, and a ~ b means that the vertices a and b are
connected by a single edge on the Dynkin diagram.

Definition 3.1. The data p and (v,J) is the highest weight rigged configuration if all the

strings (Vi(a), Jl-(a)) and the corresponding vacancy numbers satisfy the following condition

0<J < P9 ).

Remark 3.2. If v(»1) = (") = & then we can identify the rigged configuration as type AS_)Q.

In this way we can recover proofs for type Ag) from those for type D,(ll).

Example 3.3. The following object is a highest weight rigged configuration corresponding to
the tensor product B3? @ B3 @ B%? @ B2 @ B4 of type Dél):

0 0 1 0 0 0 0 o 2[ [ 11
0 0 2 1 1 0 ol Jo
11 ol Jo
ol ]o

Here we put the vacancy number (resp. rigging) on the left (resp. right) of the corresponding row
of the configuration represented by a Young diagram. By the rigged configuration bijection ®
(see Section 3.3) the above rigged configuration (v, J) corresponds to the following highest weight
tensor product:

1
d(v,J) =2 ®E®3
415] [5]

The weight A of the rigged configuration is defined by the relation (sometimes called the
(L, \)-configuration condition)

S imPa= Y LYK, - A

a€lp,i>0 a€lp,i>0

\]

({9
= =

©[1]2]®[1]

If we expand A by the basis ¢;, we can rewrite as

A= Z)\iei = Z (!u(“)}]\a - |u(a)‘aa). (3.2)

a€cly

Then we can use the expressions (2.1) and (2.2) to obtain the explicit expressions for the
weight \;. We write the weight of the rigged configuration by wt(v, J).

Following [32] we introduce the classical Kashiwara operators on the rigged configurations
and use them to define the general rigged configurations. For the string (I,z) of (v, J)®, we

call the quantity Pl(i)(y) — x the corigging.
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Definition 3.4. The rigged configurations are obtained by all possible applications of the
Kashiwara operators f; (i € Iy) on the highest weight rigged configurations. Here the Kashiwara
operators on the rigged configurations are defined as follows. Let x; be the smallest rigging
of (v, J)®.

(1) Let £ be the minimal length of the strings of (v, J)(*) with the rigging x,. If z, > 0, define
€i(v,J) = 0. Otherwise €;(v, J) is obtained by replacing the string (¢, z¢) by (£ — 1,20+ 1)
while changing all other riggings to keep coriggings fixed.

(2) Let ¢ be the maximal length of the strings of (v,J)® with the rigging z¢. fi(v,J) is
obtained by the following procedure. If z; > 0, add a string (1, —1) to (v, J)®). Otherwise
replace the string (¢,x¢) by (¢4 1,2y — 1). Change other riggings to keep coriggings fixed.
If the new rigging is strictly larger than the corresponding new vacancy number, define
fz'(lj, J) = 0.

By definition every rigging is always less than or equal to the corresponding vacancy number.

Proposition 3.5. The above defined Kashiwara operators satisfy the following relations
wt (& (v, J)) = wt(v, J) + i, wt(fi(w, J)) = wt(v, J) — as.

Moreover fi(v,J) # 0= & fi(v,J) = (v, J) and &(v,J) # 0 = fiei(v,J) = (v, J).

Proof. The relations for wt follow from (3.2). In order to show e fi(v,J) = (v,J), suppose
that f; creates the string (¢ + 1,2y — 1). Let (v,J) = f;(v, J). Suppose that 0 < ¢.

(a) Let (k,zy) be a string of (v, J)® which satisfies k < £. Since f; acts on the string with
smallest rigging, we have xp > xy. Recall that we have P,gi)(ﬁ) = P,Ei)(u) since f; adds
a box to the (£ + 1)-th column. Thus the string (k,z;) remains as it is after f; and its
rigging satisfies xp > zp — 1.

(b) Let (k, ;) be a string of (v, J)@ which satisfies ¢ < k. Since f; acts on the longest string
with rigging x4, we have z; < zj. Recall that we have P,gi)(ﬁ) = P,Ei)(u) — 2 in this case.
Thus the string (k, zj) becomes (k, x—2) after f; Then its rigging satisfies z,—2 > z,—1.

Thus the string (¢ + 1,7, — 1) is the shortest string among the strings of the smallest rigging
of (7, J)®, hence & will act on it. Therefore we obtain €;f;(v, J) = (v,.J). Let us consider the
case £ = 0. Then we can use the same arguments as before if we put (¢,zy) = (0,0).

The opposite relation ﬁé}(l/, J) = (v, J) can be shown similarly. |
Finally, let us define the maps ¢;, ¢; : (v,J) — Z by
ei(v,J) = max{m > 0| e (v,J) # 0}, @i(v,J) =max {m >0| (v, J) # 0}.

3.2 Convexity relations of the vacancy numbers and their applications

In this subsection, we introduce a fundamental property of the vacancy numbers called the
convexity relation. As an application, we provide a direct proof of the fact that the crystal
structure on the set of the rigged configurations indeed satisfies the axiom of the Uy (go)-crystals.
Finally, we prepare refined estimates for the vacancy numbers which are necessary in the later
arguments.

One of the basic properties of the vacancy number is the following convexity relation.

Proposition 3.6 (convexity). Suppose that ml(a)(l/) = 0 for some I > 1. Then the vacancy

numbers satisfy the following convexity relation

2P(v) = B W) + P ().
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Proof. Recall that the functions Q,(:) () and Q,gb)(y) for b # a are all upper convex functions

of k. On the other hand, since ml(a)(l/) = 0, the function Q,(f)(y) is a linear function between
l—1 <k <Il+1. Thus the combination in (3.1) gives the upper convex relation for the vacancy
numbers. |

By repeated use of the above convexity relation, we obtain several useful criteria.
Corollary 3.7. Suppose that m,(f)(y) =0 forallly <k <ls.
(1) P w) = min {P” (), B )}
(2) For some k satisfying l; < k < lz suppose that we have Pl(la)(z/) > P,ga)(y) < Pl(:)(l/) or
Pl(la)(u) > Plga)(u) < Pl(;)(u). Then the corresponding rigged configuration is forbidden.

or some k satisfying [y < k < ly suppose that we have v) > v) < V). en
3) F k satisfying I < k <1 hat we have P, P PV ). Th
the only admissible situation is Pl(la)(y) = Pl(lcﬁl(y) =...= Pl(;)(l/).

Since we will use these properties so many times in the rest of the paper, we will sometimes
use these relations without giving an explicit reference.
Let us give the first application of the convexity relations.

Theorem 3.8. Let xy be the smallest rigging of (v, J)® and define s = min{0, z,}. If v = @,
set s =0. Then we have

(1) ei(v,J) = —s,
(2) @i, J) = PP (v) —s.

Proof. (1) We proceed by induction on —s. Let (v, J) := €;(v, J), T; be the smallest rigging of
(7, J)® and define § = min{0, T}

Suppose that —s = 0. This implies that z, > 0. Then by the definition of €; we have
€;(v,J) = 0 as requested. Suppose that —s > 0. Then we have s = 2y < 0. Suppose that ¢; acts
on the string (¢, zy). Let us analyze the behaviors of the riggings by €;.

(a) The string (¢,z¢) becomes (£ — 1,z + 1).

(b) Let (k,zy) be an arbitrary string of (v, J)® satisfying k < £. Since €; acts on the shortest
string with rigging x4, we have x; > x,. From k < £, we see that ¢; will not change
corigging of (k,zy), thus the string (k, zj) remains as it is in (v, J).

(¢) Let (k,z) be an arbitrary string of (v,.J) satisfying ¢ < k. Since z; is the minimal
rigging of (v,.J)®, we have z; < x. Recall that we have P,gl) (v) = P,gz)(v) + 2 since €;
removes a box from fth column of v(?). Thus &; makes the string (k,zy) into (k,z) + 2),
in particular, its rigging satisfies x, + 1 < xp + 2.

To summarize, we have 7; = ¢ + 1 and thus § = s + 1, that is, —s = ¢;(v, J) — 1 = &;(v, J) as
requested.
(2) This is proved in [32, Lemma 3.6]. However, for the sake of the completeness, we include

a proof here. We prove by induction on féé)(u) — 5. Suppose that ]?Z acting on (v, J) creates
a length £ + 1 string. By definition of s, f; creates the string (¢ +1,s — 1) of (v, J) := fi(v, J).
Let 7 be the smallest rigging of (v, J )@ and define § = min{0, T5}.

Step 1. Let us consider the case Pg))(u) — s =10. Suppose that z; < 0. Then we have £ > 0
and s = xy, thus, Péi)(y) = x¢. Let j be the maximal integer such that ¢ < j and m§~i)(l/) > 0.
Suppose if possible that ¢ < j. Let us consider the string (j,x;). Since f; acts on the longest
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string with rigging z,, the assumption ¢ < j implies that z;, < z;. Note that we have z; < Pj(i) (v)
since (v,J) is the rigged configuration. Thus z, < Pj(i)(y). Recall that the definition (3.1)
implies that there exists a large integer L such that Pg)(y) = P]E?_I(I/) =... = Péé)(l/) = 4.
gi)(y) > 0, we see that P,gi)(y) satisfy the convexity
relation between j < k < oo. In particular, the relation Pj(i)(u) > Péi)(y) = P]-Ea)rl(y) for

Since j is the maximal integer such that m

j < L < L+1is a contradiction. Therefore we have £ = j and thus there is no string of (v, J)®
that is longer than ¢. Then from the convexity relation of P,gi)(y) between ¢ < k < oo, the
only possibility that is compatible with the requirement Pz(i)(y) > xy is the relation Pz(i)(y) =
Pe(i)l(y) = =2xy.

Let us consider the string (41,2, — 1) of (7, J)@ created by f;. Due to the extra box added
by fi, we have Pf(?l (v) = Pg(i)l(y) —2 =z, —2. Thus the string ({+ 1,2z, —1) of (7, J)® has the
rigging that is strictly larger than the corresponding vacancy number. Thus we have fi(y, J)=0
as requested.

Finally let us consider the case zy > 0. Then we have Péé)(y) =0by s =0. Let j be the

maximal integer such that mgi)(u) > 0 and consider the corresponding string (j, z;). Since x is

the minimal rigging, we have Pj(z)(u) > x; > x¢ > 0. Then for a sufficiently large integer L, we
have Pj(i)(y) > Pg)(y) = Pg}rl(y) = ... = 0. This is a contradiction since P,gi)(u) must satisfy
the convexity relation between j < k < oo. Therefore we see that there is no string in (v, J)@.
This is a contradiction since we assume that x; > 0. Hence this case cannot happen.

Step 2. Let us consider the case ché)(z/) — s > 0. Suppose that zy < 0. Then we have

(i)(y) > 0. If there is no

ché)(y) > s = xy. Let j be the minimal integer such that £ < j and m;

such j, set j = oo. Then we have z; < P](Z)(l/) For, if j < oo we have zy < z; < Pj(i)(y) as in
the previous step and if j = oo we have z, < 2%

(V) by the assumption.
Let us show that

ze < PP (). (3.3)

If j = £+ 1 this relation is already confirmed. Thus suppose that £+ 1 < j. Suppose if possible

that we have xy > Pg(?l(y). Then we have Pe(i)(l/) > Pe(jzl(u) < Pj(i)(u) by z; < Pz(i)(u) and

xp < Pj(i)(u). This is a contradiction since P,Ei)(l/) must satisfy the convexity relation between

£ < k < j. In conclusion, we have x; < Pg(i)l(u).

Since f; adds a box to the (£ 4 1)-th column of v, we have Pz(-?1 (v) = PZ(_?l(l/) —2>z—1
by (3.3). Therefore the string (¢ + 1,2, — 1) of (v, j)(i) created by ﬁ has the rigging which is
smaller than or equal to the corresponding vacancy number. Hence we have f;(v,J) # 0.

Let us determine 5.

(a) f; makes the string (¢ + 1,2, — 1). Below we consider the remaining strings of (v, .J)®.

(b) Let (k,x)) be an arbitrary string of (v, J)® satisfying ¢ < k. Since f; acts on the longest
string with rigging x4, ¢ < k implies that xy < xj. Recall that we have P,gi) (v) = P,gi)(y) -2
since ﬁ adds a box to the (£+1)th column of v In order to keep the corigging, the string
(k, i) becomes (k,xp —2) after f;. In particular, the new rigging satisfies z, — 1 < zp — 2.

(c) Let (k,xy) be an arbitrary string of (v, J)® satisfying k < ¢. Then we have z; > .
Since f; does not change the corigging of the string, the string (k,zj) remains as it is
after f;.
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To summarize, we have s = xy —1 = s — 1. Since we have prY (v) = Po(é)(u) — 2, we have
Pég)(ﬁ) —5= Pé?(y) —s—1=¢;(r,J) —1=¢;(D,J) as requested.

Finally consider the case xy > 0. In this case we have s = 0. Then ﬁ adds the string
(1,-1) to (v, J)D. If we show that fi(v,J) # 0, then we have § = —1 = s — 1 as requested.
This can be done if we formally setting (¢,z¢) = (0,0) in the proof of (3.3) to deduce that
P& =PPw)—2> 1. n

Corollary 3.9. Let A = wt(v,J). Then we have
<hi, )\> = QOZ'(U, J) - Ez’(l/, J)

Proof. From Theorem 3.8, we have ¢;(v,J) — (v, J) = (ché)(u) —s) = (=s) = Péf,)(v). On

the other hand, from (3.2) we have (see also definitions in Section 2.1)

(his N = 37 (18] (his Ra) = 9] (hi, aa))

acly
= ‘,u(i)‘ — 2’V(i)’ + Z ’I/(“)| = PO®w).
a€lp,a~i
Hence we have (hj, \) = pi(v,J) —ei(v, J). [

Example 3.10. Let us consider the following element of (B1:!)®8

b=[1]e[2|e[3]e1|e1]e[2]e[1]e[1]

We can see that ¢1(b) = 3. Then we can apply fvl as follows

3 2 ol o il o 1[ ]1 i -l 2 1l 1 i -3 -3 1[ ]1
5 o3 -1 KA —2 KA -2
30 -1 30 -1 30 -1

The leftmost rigged configuration corresponds to the path b. For (v,J) = ®~1(b) we have

Po(ol)(y) = 3 and s in Theorem 3.8 is s = 0 since the smallest rigging is 1. Therefore we have
N=PPw)-s=3

pr(v, J) = Poo’(v) — s = 3.

Combining Proposition 3.5 and Corollary 3.9, we obtain the following result.

Theorem 3.11. The maps €;, @i, wt and the Kashiwara operators €;, ﬁ defined for the rigged

configurations satisfy the axioms for the Uy(go)-crystals for g = Aﬁ}’ or Dﬁll)

tion 2.1.

given in Defini-

For the later purposes, let us prepare some refined estimates related with the convexity
relations. The first one is an intuitive estimate.

Lemma 3.12. Let ml(i)(u) = m. Then Pl(i)l(y), Pl(i)(y), Pl(i)

Jrl(1/) — 2m satisfy the convexity

relation.

Proof. Let (¢/,J) be the fictitious rigged configuration obtained by replacing all length [ strings
of (v, J)@ by length I + 1 strings. From the similar argument of the proof of Proposition 3.6,
we can show that Pl(i)l(z/), ]Dl(l)(l/),

P w), PP = PP () and PP, ()

Pl(i)l(z/ ) satisfy the convexity relation. Since Pl(j)l(z/ ) =

_ pl®

111 (V) — 2m we obtain the assertion. |

For some purposes, we need a more refined estimate as follows.
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Lemma 3.13. Suppose thatl > 1. For1 < a <n —2 we have

“B40) + 2P 0) = B @) 2 mi 0 w) = 2 w) + i ),

and for n — 2 < a we have

—Pl("f 2)( )+ 2P<“*2>(y) = P‘"*Q)(y) > m{" () -

I+1 )
_Pl(*i(y) +2p" )(V) - Pz(g(’/) > mz(n_z)(u) —2m{™ (v)

Proof. Since Ql(a) (v) counts the number of boxes of the left I columns of v, we have

—QI% () +2Q1 () — QY (v) = { Q1 W)} —{Q ) - QY )}
=Y mPw) - Y m ) = m§a><u>.
k>1 k>1+1

Similarly, we obtain

—Qi”y (1) +2Q" (1) — QY () = L}*).
Then for a < n — 2 we have

~P () + 2P (w) — P (w) = L + m{* P @) - 2m{ (v) + m{*TV ().

Since Lga) > 0, we obtain the assertion. Similarly we can show the assertions forn —2 <a. W

A nice property about these convexity relations is that they do not involve explicitly the
(a) (a)

information on L;” or u. Indeed, we will not refer to L;
of Sections 5, 6 and 7.

or p explicitly during the arguments

3.3 Rigged configuration bijection

Let us define the bijection between the rigged configurations and tensor products of crystals
expressed by the KR tableaux which we call paths. For the map from the rigged configuration
to paths, the basic operation is called §

§: (v, J)— {(V,J), k},

where (v,J) and (V/,J') are rigged configurations and k € {1,2,...,n,7,...,2,1}. In the
description, we call a string (I,2;) of (v, J)@ singular if we have z; = Pl(a)(y), that is, the
rigging takes the maximal possible value. To begin with we consider the generic case (non-spin
case). Necessary modifications related with the spin cases will be given in Section 4.5.

Definition 3.14. Let us consider a rigged configuration (v,J) corresponding to the tensor

product of the form B*' @ B’ (equivalently, 1@ has length I row). For 1 < a < n — 2, the

map 6l(a)

8 () — (), T), kY

is defined by the following procedure. Set £(¢=1) = [

(1) For a < i < n — 2, assume that £~ is already determined. Then we search for the
shortest singular string in (v, .J)® that is longer than or equal to £~
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(a) If there exists such a string, set ¢ t0 be the length of the selected string and continue
the process recursively. If there is more than one such string, choose any of them.

(b) If there is no such string, set £() = 0o, k =i and stop.

(2) Suppose that £("~2) < co. Then we search for the shortest singular string in (v, J)"~1
(resp. (v,.J)™) that is longer than or equal to £("~2) and define £(*~1) (resp. £(")) similarly.

(a) If £"=1) = 00 and £ = oo, set k =n — 1 and stop.
(b) If £*=D < oo and £ = oo, set k = n and stop.
) (n)
) (n)

(¢) If £=1) = o0 and £ < oo, set k = 7 and stop.
(d) If £~ < oo and £ < oo, set U1y = max{¢(»~1) ¢} and continue.

(3) For 1 <14 <n — 2, assume that £(;; ) is already defined. Then we search for the shortest
singular string in (v, J)® that is longer than or equal to {(i+1) and has not yet been selected
as (). Define () similarly. If £;) = oo, set k = i+ 1 and stop. Otherwise continue. If
{1y < o0, set k =1 and stop.

(4) Once the process has stopped, remove the rightmost box of each selected row specified
by £ or £(;)- The result gives the output V.

(5) Define the new riggings J’ as follows. For the rows that are not selected by 049 or Ly,
take the corresponding riggings from J. In order to define the remaining riggings, replace
one B%! in B by B* 1! @ B¥~1 (equivalently, replace one of the length I row of 1@ by
a length (I — 1) row and add a length 1 row to x(*~1). Denote the result by B’. Use B’ to
compute all the vacancy numbers for /. Then the remaining riggings are defined so that
all the corresponding rows become singular with respect to the new vacancy number.

We remark that the resulting rigged configuration (v, J’) is associated with the tensor pro-
duct B’. We write 201 (v, J) ete. for repeated applications of § on the rigged configurations.

Definition 3.15. For a given rigged configuration (v, J) corresponding to the tensor product of
the form B = B"*1 @ B"*2 ® - .- ® B"L*L  define the map ®p (sometimes also just denoted @)

Pp: (V,J)'—)b

as follows.

(1) Suppose that 551) e 5%1”1_1)5&1"1)(% J) = (', J') yields the sequence of letters k(") k(=1
., kM (k@ corresponds to (). Put the transpose of the row

I

as the leftmost column of the rectangle (s7').

(2) Continue the previous step for 551) . --5§r171)5§:91(u’, J") = (V",J") and fill the second
column for the rectangle (s]') with the produced letters. Repeat the process until all

places of (s}') are filled.

(3) Repeat the previous two steps for the remaining rectangles (s5?), (s5*), ..., (s/").

Remark 3.16. The inverse procedure ®~! is obtained by reversing all procedure in ® step by
step. As an example let us give a sketch of the algorithm for the operation (59))71. Suppose
that we start from an unbarred letter k£ in a KR tableau. Then we look for the largest singular
string of #(®). If there is no such string, add a length one row to the bottom of v*). Otherwise
add a box to the longest singular row of v*). Suppose that we add the box to the £*)th column
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of v(). Then we look for the singular string of ¥*=1) which is strictly shorter than ¢(*). We
continue this process up to (1. Finally change the riggings for the modified strings according
to the new vacancy numbers. Here remind that we have to add a length one row to u() for the
computation of the vacancy numbers.

The following fundamental result is conjectured in [24].

Conjecture 3.17. Consider a tensor product of crystals B = B™% @ B™% @ ... ® B"LSL,
Then the map ®p gives a well-defined bijection between the rigged configuration of type B and
the elements of B expressed via the KR tableauzx representation.

Currently this conjecture is verified in the following cases:

e B= B ® B™%2 @ ...® B"LSL type tensor products of Ag) [19],

e B=DB"'@B>!®...® B"! type tensor products of DS) [31],

e B=DB"1 @Bl ®...@ BYSL type tensor products of D,(ll) [34],

e B=B"% (r <n—1) case of DY [24].
A proof for the general case B = B"*1 ® B"%2 @ - .- ® B"L*L of type DY is the subject of [25].
However, since the paper [25] is yet not available for public, we will not assume this result in

this paper.
If there is no afraid of confusion, we use the abbreviation ® instead of ®p.

Example 3.18. Let us consider the following rigged configuration corresponding to the tensor
product B%? @ B3? of type Dél):

ol I T T1-1 1 1 -3 []-3 0 [T TJo o 0
1 1 —2 -2 0L 0 -1 -1
0L |0 -2 -2
0L |0

We start by removing B%? part. Then the first operation is 552) which start by searching the

shortest singular string of v = (4,3,1) whose length is equal to or larger than 2. We work out
all the procedure corresponding to B2 in the following sequence of diagrams

ol [T [T1-1 1 1 =3[ [ ][] -3 0 [ [ [xlo o x| 0
1 X1 -2 -2 0 0 -1 —1
0 0 -2 X| =2

ol [T T]-1

1o -1 -1

o O

OO =
[a)
|
[\
|
[\

=2
——
—
—
-—
OOI‘}—‘
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11 [ Ixl-1 1 [ J1 -2 -2 0 [ []Jo -1 -1
0 X0 -2 -2 0 X0 —1 X|—1
0 [X]0 0 X0
0[X]0
(2) 1
o1 \ 311
—1[ [ Ix]—1 1 [ Ix]1 -2 x]—2 ol [ [ Ixlo -1 -1
0L 10 -2 —2 —1 —1
0L |0
1) 115
O \ 311
—1[ [ ]-1 1 1 =2 —2 1[I 1] -1 -1
0L 10 -2 -2 —1 —1
0L 10

Here the boxes to be removed by (5l(a) indicated below the corresponding rigged configurations

are marked by “x”. The output of each 5l(a) is given on the right of the corresponding arrows.

Note that after (552) we recalculate all the vacancy numbers assuming that the resulting rigged
configuration corresponds to the tensor product of type BY'! @ B?! ® B32. We remark that
the first 5%1) cannot remove a box from v since there is no singular string and, 552) starts by
removing from v and ends at (). The final output for the given rigged configuration (v, .J)
is as follows:

1[5] (112
Dpo2gpse(v,J) = 317 ®|4]3 (3.4)
o1

Remark 3.19. In the above example, we can reverse the order of the tensor product. In this
case, we obtain

(2]
z (3.5)

ol cm‘

¢B3,2®B2,2 (1/, J) =

W Ut =
= DI i~
X

Then the two tensor products in (3.4) and (3.5) are isomorphic under the combinatorial R-matrix

115 1|4 =
Rigiyje[afs]— 520
51 31

Therefore in this case we have R = ®ps.2gpe.2 0 (I)E%J B2 This relation is valid not only for

two times tensor product but also for multiple applications of pairwise combinatorial R-matrices
for arbitrary tensor products.
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4 Rigged configurations and the Kashiwara operators

4.1 Statement of the main result

Let us state the main result of the present paper.

Theorem 4.1. Suppose that the rigged conﬁgumtwn bijection ® s well-defined. Then the
bijection ® and the Kashiwara operators e; and fZ (i € Iy) of types A( ) and D( ) satisfy the
following commutative diagrams:

RC(B) —25 B RC(B) -2+ B

| o e J

RC(B)U{0} —— BU{0}  RC(B)U{0} —— BU{0)

Here for the tensor product of crystals B = B"L5L @ B"L-1%L-1 @ ... ® B™%1 we denote
by RC(B) the rigged configurations which are mapped to elements of B under ®p, that is,

Remark 4.2. Note that RC(B) does not fully depend on B but depends only on the shape

of B via the quantities Ll(a)

as RC(L(B)).

Therefore we have the compatibility of the rigged configuration bijection and the classical
Kashiwara operators. We give a few words on the compatibility for the affine Kashiwara ope-

or p. Thus it is possible to denote the set of rigged configurations

rators ¢y and fo of type D( ). Recall that in [33] the operators ¢y and fo are realized via the
bijection between the set of J-highest element of B™® and the combinatorial objects called the
plus-minus diagrams. Here J = {2,3,...,n}. In [24, Section 4], we introduce an analogue of the
plus-minus diagrams on the set of the rigged configurations and show that this indeed yields
the affine isomorphism with the KR crystal B,

The main points of the arguments in [24] are as follows. In [24, Theorem 5.9] we prove the
combinatorial bijection ® for the Io-highest element of B™* directly. Then in [24, Proposition 4.3]
we show that the same sequence of the classical Kashiwara operators f; gives the plus-minus
diagram and the corresponding element in the set of rigged configuration. Therefore Theo-
rem 4.1 asserts that the rigged configuration analogue of the plus-minus diagrams introduced
in [24, Section 4] are indeed the image of the plus-diagrams under the rigged configuration bi-
jection @. Hence, in view of the construction of [33], we have the compatibility of the affine
Kashiwara operators €y, fo and the rigged configuration bijection for the case B™*. However,
the compatibility of the affine Kashiwara operators and the combinatorial bijection ® for more
than two tensor factors is still an open problem.

The rest of the paper is devoted to the proof of Theorem 4.1.

4.2 Preliminary steps

Our main strategy of the proof is to reduce the essential combinatorial aspects of Theorem 4.1 to
the fundamental operation § = 5§1). For this purpose we decompose the original bijection ® into
several steps according to the operations lh, 1b and lIs defined on the KR tableau representation
of the crystals. In the following, we define the corresponding operations (summarized in the

following table) on the set of the rigged configurations.

E RC(B)
Is
b
lh

SCIICVES]
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First, let us remind that the following symbols bear specific meanings throughout the paper.

e v: shapes of the configurations,
e J: riggings,
e 1: shape of the tensor product.

Definition 4.3. Let B = B"L5L @ BTL-1550-1 @ ... ® B"51,

(1) Corresponding to B"t*L = B%, ~ replaces a length I row of u(%) by rows of lengths [ — 1
and 1.

(2) Suppose that B"25t = B! where r > 1. If r < n — 1, then 3 removes a length one row
from £, adds a length one row to each of u") and p("~1) and adds a length one singular
string to each of (v, J)(® for a < r.

. 1
(3) Suppose that B2 = BY!. Then define § = 65 ),
Proposition 4.4. We can decompose the map ® into the following three steps.

(1) Let B = B"™* ® B with s > 1. Then we reduce the problem to the case of B™! by

RC(B) —2— B

| |

RC(B) —— B'

where B' = B! @ B~ 1 @ B.
(2) Let B= B"' ® B with r > 1. Then we reduce the problem to the case of BY! by

RC(B) —2— B

[{ llb

RC(B) —— B'

where B' = B! @ B~V ® B.
(3) Let B = B! @ B. Then we have to deal with the fundamental operation § as

RC(B) —2— B

| [

Proof. (1) Suppose that ® maps (v, J) € RC(B) to b®b € B. Recall that v replaces a length s
row of (") by rows of lengths s — 1 and 1. Thus after application of ~ there is no singular string
of v(") which are strictly shorter than s. Then the length 1 row of u(”) corresponds to the same
column which appear as the leftmost column of the tableau b.

(2) If we apply 5%1) for RC(B’), it automatically selects the length 1 singular strings of v/(®)
(a < r) created by 8. As for v since 8 removes length 1 row from p(") and adds a length 1

row to ("1 all the coriggings for (") do not change after 3. Thus 551) selects the same string

which is selected by 6@ before .
(3) This follows from the definition. [ |
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4.3 Reduction steps

We show that the operations v and S commutes with the Kashiwara operators.

Proposition 4.5. Let B = B™* ® B where s > 1. Then we have the following commutative
diagrams

RC(B) —— RC(B') RC(B) —— RC(B)

S T
RC(B) —— RC(B')  RC(B) —— RC(B))

where B' = B"' @ B™" '@ B and i € I.

Proof. For the rigged configuration {yu, (v, J)}, €; and f; change (v, J) part only and ~ changes
part only. Thus they commute. B ~

We remark that if we have €;(v, J) = 0 or f;(v, J) = 0, we have ¢;oy(v, J) = 0 or fioy(v,J) =0
by Theorem 3.8 since v does not alter the vacancy numbers nor riggings. |

Proposition 4.6. Let B = B™' ® B where r > 1. Then we have the following commutative
diagrams

RC(B) —2— RC(B')  RC(B) —2— RC(B)

la 7] |7

RC(B) —— RC(B)  RC(B) —— RO(B)

where B' = BV @ B~V @ B and i € I.

Proof. Let us prove the ﬁ part first. During the proof we denote that ﬁ(u, J) = (v, j) and
8w, J) = (i,.]).

Suppose that i > r. Recall that the operation 8 does nothing on (v, J)(“) for a > r. Thus
and f; commute since they do not have interaction.

Suppose that ¢ = r. Since the operation § adds a length one string to (v, J)(’"*l), the
interaction between 8 and f, can occur if f, adds the string (1,—1) to (v, J)"). In this case,
since 8 does nothing on (v,J)"), f. adds the same string (1,—1) after 5. Let us consider
(v, J)"=1). Then we have to check the coincidence of the string added by g

g Iy o L (1L P @),
o % 1L,PMYw) 5oL P @).

Here we use the fact that f; changes the riggings so as to keep the coriggings.
Finally, suppose that ¢ < r. Let zj be the smallest rigging of length £ strings of (v, J )(i).
Let 2, be the smallest rigging of (v, J)(*) where £ is the length of the largest string with rigging .
Suppose that v # @ and z; < 0. Recall that 8 adds the singular string (1,P1(i)(D))
to (v, J)@. If we show

then we see that f, chooses the same string (¢,x¢) even after §. Let j be the length of the
shortest string of (v,.J)®). Suppose that j = 1. Then we have Pf”(p) = Pl(l)(l/) by definition
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of S, Pl(i)(y) > x1 by the definition of the rigged configurations and x1 > z; by the minimality
of zy. Thus we have Pf”(u) > xy in this case. Next, suppose that j > 1. By the convexity
relation of P,gz)(y) between 0 < k < j we have

P () = P (v) > min { P (v), P ()} = min {0, P" (1)}

If we have P(i)( ) > 0, we have Pl(i)(f/) >0 > z4. On the other hand, suppose that 0 > _P](Z)(V)
Then we have P(l)( ) > P( )( ) by the above inequality, P](Z)(V) > xj by the definition of the

rigged configurations and x; > x, by the minimality of x,. Therefore we have Pf”(p) > xy.
Let us consider the case v = @ or 2, > 0. In both cases, if we have

Pw) >0,
then we have the following behaviors of the two strings of (v, .J)®:

<IN (1, P (1)) R (1, P (@))
@ %) (1,-1)

and, on the other hand,

Here we denote by f; OB(V J) = (I/ J) and 6sz(y J) = (v, ) Since 8 does not change vacancy
numbers, we have P( (0) = PlZ (D). Thus f; and 8 commute in this case.
Now let us consider the case Pl( )( )= Pl(l)( ) <0.

e Suppose that we have () = @. Then we have Pg))(u) > 0 since we have QSJQ (v) =0
Now we invoke the convexity relation of P,gi)(y) between 0 < k < oo with 0 = Poi)(y) >
Pl(i)(l/) < Pg)(u) to deduce that Péi)(y) = Pl(i)(y) == Péé)(y) = 0. Since ) = &,
this relation also implies that P10 = () — () =
Consider f; acting on (v,J). Suppose that ¢ < r — 1. Then it adds the string (1,—1)
to (v,J)® whereas the corresponding vacancy number is P(i) (v) = P(i)( ) —2 = =2
Thus we have fi(v,J) = 0. On the other hand, 8 acting on (v,J) adds the length 1
singular string and gives (v, .J)® = {(1, P l)( ))}- The next fi selects this string since we
have P1( )( ) = P1( )( ) = 0. Then we have (v, J)(l = {(2,-1)}. In particular we have

g) () = 2. Since =1 = p(itD) = & both 79 and 3 consist of length 1 string.
Thus ngl)(;) = Qé”l)(;) = 1. Since we also know u() = &, we have QS)(/:) = 0.
Hence Pz(i) (D) = g) (1) — QQg) (D) + ng () + Q (i+1) ( ) = —2. Therefore we have
}’; ofB(v,J) =0. Hence ﬁ and # commute in this case. If i = r — 1, we can use the parallel
argument if we replace v+ by p(,

e Since we have completed the proof for the case ) = @&, we can assume that v(?) # @.
Let j be the length of the smallest string of (v, J)®. Suppose that j = 1. Since we are
considering the case v = & or z, > 0, the condition v # & implies that z; > 0. On

the other hand we have 0 > Pl(i)(y) > x1 by the assumption and the definition of the
rigged configurations. This is in contradiction to the relation x; > x, which follows from
the minimality of x,. Hence this case cannot happen.
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e Suppose that 7 > 1. Again we have z;, > 0. By the convexity relation of' Pk(f)(y) bgtween
0 < k < j and the definition of the rigged configurations we have 0 = PO(Z)(V) > Pl(l)(y) >
Pj(l)(y) > xj. This is in contradiction to the relation z; > x,. Hence this case cannot
occur.

Thus we have checked the commutativity of fl and [ in all possible cases.

Finally let us consider the proof for ¢;. If €;(v,J) # 0, then the commutativity of €; and 3
follows from the result of f; since e; and f; are mutually inverse in this case. Suppose that
&(v,J) = 0. Then all the riggings of (v,.J)®) are non-negative. Recall that 3 acting on (v, .J)
adds the string (1, P” (). Then if we show P (1) = P (v) > 0 we have & o (v, J) = 0.
Let j be the length of the shortest string of (v, J)®. If () = &, set j = oo. In both cases
we have Pj(i)(u) > 0 since we have PJ(Z)(I/) > z; > 0if j < oo and Q;i)(y) =0if j = co.
Now we invoke the convexity relation of Plgi)(u) between 0 < k < j. Then we have Pl(i)(y) >
min {Po(i)(y), Pj(i)(y)} = min {0, P](l)(u)} = 0 as desired. [

4.4 Statements to be proved

Due to the arguments in the previous section, the essential points of the proof of Theorem 4.1
are reduced to the following two assertions on the case B = B! ® B. Up to Section 6 from here
we will use the following notation when we consider the case B = B @ B. Let (v, J) € RC(B).
Denote the rigged configurations obtained by the actions of f; or ¢ as in the following diagram:

(v, J) —2—=  (7,J)

ﬁjN |7

@.J) — @, 0, (®,7)

Here we denote as 6 : (7,J) — (7,J) and f; : (7,J) — (7, j) We denote the smallest rigging
associated with length & rows of v(¥) by x;, and express such string as (k,z). For later purposes,
let us prepare several notation for the specific strings as follows:

e (¢,xy) is the string of (v, J) that is selected by }’;,

e ({,;) is the string of (7, J) that is selected by fi,

e (@) and {(4) are the lengths of the singular strings of (v, J )(“) which are selected by § under
the condition ¢(®) < iay,

e (@) and Z(a) are the lengths of the singular strings of (7, J )(@) which are selected by 6 under
the condition (@) < Z(a).

Then our main claims to be proved are the following two assertions which are proved in
Sections 5, 6 and 7.
Proposition 4.7. Let B = BY' ® B and i € Iy. Then we have the following commutative
diagrams

RC(B) —2— RC(B) RC(B) —2— RC(B)

R

RC(B) —— RO(B)  RC(B) —— RO(B)

if all e; and f; in the above diagrams are defined.
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Proposition 4.8. Let B=B'“'® B, i€ Iy, (v,J) € RC(B) and b= @b € B ® B. Suppose
that @ : (v, J) — b. Then we have the following properties:

1) fiv,J) # 0 and fi(7,J) =0 => fi(b) #0, fi(b) =0 and @(fz(u,J
(2) fi(b) # 0 and f;(b) =0 = fi(v. ) # 0. fi(,J) = 0 and @~ (fi(b
(3) fiv,J) =0 and fi(7,J) # 0 => fi(b) =0, fi(b) # 0 and @(fz(u,J
(4) fi(d) =0 and f;(b) £ 0 = fi(v,J) =0, fi(7,J) # 0 and &~ (fi(b
(5) €(v,J) # 0 and €(v,J) =0 = €;(b) # 0, &;(b) = 0 and ®(&;(v,J)
(6) €(b) # 0 and €;(b) =0 = &(v,J) #0, &(v,J) =0 and (¢
(7) the situation ¢;(v,J) =0 and & (v, J) # 0 cannot happen

(8) the situation €;(b) = 0 and €;(b) # 0 cannot happen.
Here from (1) to (4) we assume the commutativity of fi with ® for B and from (5) to (8) we

assume the commutativity of €; and f; with ® for B.

i(0) =

CAC

Let us show how these properties lead to the proof of Theorem 4.1. In the proof, we will use

the diagram of the following kind as in [19]:

N,
1T
/X

We regard this as a cube with front face given by the large square. Suppose that the square
diagrams given by the faces of the cube except for the front face commute and ¢ is the injective
map. Then the front face also commutes since we have

t0BoA=1t0Do(C

by a diagram chasing.

Proof of Theorem 4.1. First we prove the fZ case. Then we can prove the €; case by a parallel

argument.

We follow the decomposition of ® as described in Proposition 4.4. The simplest case B!
can be shown directly. We give a list of the explicit rigged configurations in this case:

’ bec B! ‘ (v, J)@ of ®=1(b) ‘ values for a

{(1,0)} a<i-—1,
{(17_1)} a=1—1
% 1 < a.
{(170)} a<n-—2,
%} a=n-—1
{(17_1)} a=n
{(170)} a§i—2,
(i<n) | {(1,1)} a=1i-—1
{(1,-1),(L,-1)} |a=i
{(1,0),(1,0)} i+1<a<n-2,
{(170)} a:nfl,n
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By using the crystal graph of B LI presented in Section 2.2.1 we can verify the commutativity
of f; and ®.3

Let us consider the case B = B! @ B. This case corresponds to an addition of a new tensor
factor. For this we use the following diagram:

RC(B) 2 B

RC(B) B

Suppose that all ﬁ which appear in the above diagram are defined. The top face and the bottom
face commute by Proposition 4.4. The left face commutes by Proposition 4.7. The right face
commutes by definition of lh on tensor products of crystals. The back face commutes by the
assumption. Finally the map lh is injective if we consider the weight of the element of B!
subtracted by the operation. Hence the front face commutes. This proves the commutativity
of ® and f; when both ﬁ before or after ¢ (or lh) are defined. On the other hand we know
from Proposition 4.8 that ® and f; also commute even if one of f; before or after ¢ (or lh) is
undefined. By exclusion we have the commutativity for the case when both fz before and after §
(or 1h) are undefined.

Let us consider the the case B = B! ® B with r > 1. Let B’ = B4 ® B"~1! ® B. Consider
the following diagram:

RC(B) 2~ B’
% \
RC(B) " B

The top face and the bottom face commute by Proposition 4.4. The left face commutes
by Proposition 4.6. The right face commutes by definition of 1b on tensor products of crys-
tals. The back face commutes by the assumption. Since lb is injective, the front face com-
mutes.

3In BY! case ® coincides with §. In view of the crystal graph of BY! and the definition of ﬁ on the rigged
configurations we see a connection between the crystal graph and ¢ in the case B'. However this is only the tip
of an iceberg. Indeed, in Eél) case [26], d is described by the crystal graph of B! as in the present case and the
same algorithm can be applied for general tensor products of the form (Bl‘l)L.
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Finally let us consider the the case B = B™* ® B with s > 1. Let B’ = B"' @ B! @ B.
Consider the following diagram:

N e

Sy

RC(B) 2~ B’
/ \
RC(B) - B

The top face and the bottom face commute by Proposition 4.4. The left face commutes by
Proposition 4.5. The right face commutes by the definition of ls on tensor products of crystals.
The back face commutes by the assumption. Since ls is injective, the front face commutes. This
completes the proof of Theorem 4.1. [ |

4.5 Spin cases

Let us consider the arguments which are needed to treat the spin cases. Here we will concentrate
on the case B™*. The other case B"~1* can be obtained by replacing the Dynkin nodes n and
n — 1 in the following description. To begin with, following [31], we introduce the three sets

Bl pmloand B™! which are generated by

1 1

Un—1 = . 5 Up = 5 Up =

n—1 n—1

n—1

n n

Here we regard them as the usual single columns and apply the Kashiwara operators f~} (1 € Iy) as

in the case for non-spin KN tableaux to obtain the whole elements of Bl Bnl and B™!. On
these sets, we define the operation left-box analogously to Definition 2.4. To be more explicit,
we have 1b : B! — B @ B*~Ll and 1b: B*~11 — BUl @ Br=21,

Now we describe the algorithm for the rigged configuration bijection for the spin cases B"~ 1!
and B™! following [31]. To begin with, we introduce the embedding of the rigged configurations

emb : {u, (v, ))} — {, (V, )},

(a) (a) r(a) _

where the quantities with primes means that the everything is doubled as M; =2 " v =
21/i(a) and Jg(a) = 2Ji(a). Similarly, if the rigged configuration {u, (v, J)} is composed of even
integers, we can define emb™! by dividing all its components by 2. Then the operation to obtain

the leftmost column of an element of B™ is

. 5§1) N '5§n72)5§n71)8§n)

emb™! oemb oy (v, J).

Here ~ is the same as Definition 4.3; ~ replaces one of length [ rows of u(™ by two rows of

length [ — 1 and 1. The new operations Sén) and Sgn_l) are defined as follows. Let us denote by
(v, J") = embo~y(v,J).
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o 5§n) (VT — {(V", J"), k} is defined as follows. We look for the shortest singular string
of (/,.J")™) which is longer than or equal to 2. If there is no such string, set £(") = oo,
k = n and stop. Otherwise we set £(,,_1) to be the length of the selected string of (1, Jm

and do the same procedure as in the usual 5l(a).

The definition of the new rigged configuration (v”;J") is the same as in the usual 5l(a)
except for the following point. We replace one of the length 2 rows of /(™ by length 1

row and add a length one row to p/(*~ 1.

. 5%”71) C (V) — {(V",J"), k} is defined as follows. Set £(»~2) = 1. Then, as in the
usual (5l(a) we begin to determine ¢~ and ¢(™ and proceed similarly to the usual case.
The new rigged configuration (v”, J”) is defined similarly as in the usual case except for
the following point. We remove a length one row from each of p/("~1 and 1/ and add

a length one row to p/("=2),

We regard the output of the sequence of §’s as the element of Bnt Corresponding to the
final emb™!, we halve the width of the column with keeping all its contents. We regard the final
output as the element of B™!.

Remark 4.9. In the above algorithm, some readers might feel that the change in p is peculiar.
To get a better understanding of this point, let us take a look at the following computations

2An:€1+"'+€n—2+€n—l+€na

A +A1=€e+ - +e2+teni,
Apo=e€1+- +ena.

Let us compare with the special case v(%) = @ for all a € Iy with weight 2A,, (see (3.2)). In this
case we should obtain a column filled by 1,2,...,n from top to bottom. Note that each letter ¢
in this column corresponds to ¢;.

For the proof of Theorem 4.1, we have to modify 8 in Definition 4.3 as follows. B replaces
a length two row of M(”) by a length one row, adds a length one row to each of ") and ,u(”_l)
and adds a length one singular string to each of (v, J) @) for a < n— 1. B(”*l) removes a length
one row from each of p(™1 and p(™, adds a length one row to each of p*) and (™2 and adds
a length one singular string to each of (v, J)(® for a < n — 2. Note that we have the following

property.

Proposition 4.10. On the rigged configurations, we have
emb o &; = 2 o emb, emboﬁ:ffoemb.

Proof. We prove the ¢; part. Let us consider the case €;(v, J) # 0. Suppose that €; acts on the
string (¢, z¢) of (v, J)®. Then & makes the string (2¢, 2z,) of emb(r, J) into (2 — 1,2z, +1).
Since xy < 0, we have 2xy+ 1 < 0 and thus 5? oemb(v, J) # 0. We show that the second ¢; acts
on the string (20 — 1,2z, + 1).

(a) Suppose that there is a string (k,zy) with k < £ in (v,.J)®). By the minimality of £ we
have zj, > zy. Therefore we have 2z > 2x, + 1.

(b) Suppose that there is a string (k,z;) with ¢ < k in (v, J)®. Then in the &; o emb(r, J)®,
the string becomes (2k, xy + 2). By the minimality of xy, we have xp +2 > x4 + 1.

Therefore the second €; acts on the string (2¢ — 1,2xy + 1) to make (2¢ — 2,2z, + 2). Thus
emboe¢; = é? oemb in this case. On the other hand, if €;(v, J) = 0, we have ¢; o emb(v,J) =0
by Theorem 3.8. L

Similarly we can show emb o f; = ff o emb. |
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Then we can use the same arguments of the proof of Proposition 4.6 to show that B 1)
and ﬁ(”) commute with ¢; and fz Thus by using the same arguments we can show Theorem 4.1
in this case.

5 Proof of Proposition 4.7

5.1 Outline

We concentrate on the proof for ﬁ part since the other part e; follows from the former case. We
divide the proof into the following five cases which exhaust all the possibilities:

Case A: [+1< f(ifl),

Case B: (0~ <p41 <= o0,
Case C: (0D <p4+1 <40 < o,
Case D: (1) = L,

Case E: () < ¢,

The actual proof for each case is based on the following behaviors of the vacancy numbers
induced by 9.

Lemma 5.1. For1 <1 <n we have
Py (v) (if €G- = (@), (1)

Py

oy
P (D)= . .
-1 O W) =1 (if €070 <e®). (1)

Here if i = n we understand =) g5 ¢(n=2)  For 1 <i<n—3 we have

00 @ == — ),
D ) =1 (i D < ={a), (V)
P (0) =P )+ 1 (f 49 <00 == g, (V)
() GO < by = L), (VD)
1) =1 (if by < L), (VID
and for i =n — 2 we have
8((7:;;)71(7/) (if p(n=3) — p(n—=2) _ p(n—1) _ p(n) — g(n_Q)), (VIII)
D01 (09 < 08 =) =), 1)
Pe(::z?—l(ﬁ) = PZ((:iz))—l(V)‘i‘l (if €72 < 4D =) = =ln-2), &)
D) mind D} <y = lgy), (XD)
éﬁﬁff_l(v) 1 (if L) < Lin_2))- (XII)

During the proof, the cases (VIII) to (XII) can be treated as the special case of the cases
(IIT) to (VII). Indeed, we can assume that £(»~1) < () without loss of the generality. Then
we have £, 1) = ™) and regard (1) and (n—1) as lengths of strings of the concatenation
((1/(”’1), vy (J=1) J("))) of (v, )1 and (v, J)™.

For the reader’s convenience, we give a summary of all major subcases here.
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(41 < 6D,
D <041 <0 = 0

(1) ﬁ creates a non-singular string,

(2) }’; creates a singular string.
00D < P41 < 00 < oo,

(1) méﬁl(u) > (0 and ﬁ creates a singular string, or £ + 1 = ¢®) and ﬁ creates a non-
singular string,

(2) méﬁl(u) =0 and f; creates a singular string,

(3) £+ 1 < ¢ and f; creates a non-singular string.

(4)

(1) £=1¢9D < £ and my” (v) > 1,

(2) £ =100 = (i) and mgi)(y)>2,

3) =09 <y, and m{ (v =1,
(4) ¢

4:'—Zanmi1/:2.
0= 00 = ¢ and my’

0@ <,

(1) 69 < £and £+ 1 < Liqy),

(2) O < ¢ and Civry S L4+ 1 <Ly = oo,
(3) 1) < Cand £ 1) <L+ 1< L < oo,
(4) 4O < £ and £ = ¢,

(5) 40 < £ and £;) < L.

Finally, let us prepare the following lemma which gives an useful criterion.

Lemma 5.2. Suppose that f; acts on a string ((,z¢) of (v, J)® and creates the new string
(f + 1,z — 1).

(1) The string (€ + 1,z¢ — 1) is singular if and only if Pg(jr)l(u) =xp+ 1.

(2) Suppose that ﬁ creates a singular string. If there is a string (I, x;) of (v, J)®) that satisfies
¢ <1, then we have PZ(JF)I( ) < ay.

Proof. (1) Suppose that the string (¢+ 1,2, — 1) is singular. Then it satisfies Pe(jr)l (V) =ap—1.

Since f; adds the box to the (¢4 1)-th column of v, we have P€(+)1( V)= Pe(_?l(y) — 2. Thus we

have P£(+)1( )= Pe(i)1 (V) + 2 = x4+ 1. We can reverse the arguments to obtain the if part.
(2) If 2, > xy, then f; will act on (I, 2;) instead of (£, zy) since £ < I. Thus we have z; < ;.

Then we have P£(+)1( )=axr+1<uay. |
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5.2 Proof for Case A
The proof of this case depends on the following fundamental properties.

Proposition 5.3. If ¢ < (Y — 1, we have

Py

D (0) > p;g () > .

Proof. The proof proceeds by case by case analysis according to the classification (I) to (VII) in
Lemma 5.1. We remark that the condition ¢ < £(—1) —1 automatically implies that ¢ < Ly — 1

Case (I). We have to show P

)1
Pe((li)>f1( ) < xy. We have P £(< ))( ) > @y > ¢ since the string (%), z,i)) is not selected by f;

whereas ¢ < (). Let (j, x;) be the longest string of v that is strictly shorter than (). Since
mgz)(u) > 0 we have £ < j. If j = ¢() — 1, we have £ < j (since £ < £0=1) —1 < ¢0) — 1)
and z; < Pj(z)(y) < xy, which contradict the definition of (¢,z,). If j < ¢() — 1, combining

(v) > xy by Lemma 5.1. Suppose if possible that

Pe((ii)) (v) > =z, with the assumption Pe(( )) () < x4, we have Pg(< )) () < PK(Z))(V). Then by the
convexity of P(Z)<V) between j < k < () we have x; < P]( )(y) < PZ(ZZ)) ,(v) <z, which

pl

contradicts the minimality of z,. Thus we have proved P,  (v) > .
(i)

Case (II). We have to show PE( 51
have Pe(u)) ,(¥) <@+ 1. Recall that we have zp < z,6) < Pl

0(3)
¢ < ¢, Thus we have

(v) > xg + 1 by Lemma 5.1. Suppose if possible that we
(v) by the minimality of x, and

Pg((li))_l( ) < P((z))( )- (5.1)

Let j be the length of the longest string of ¥ under the condition j < ¢(). Since my)(u) > 0
we have ¢ < j.

Let us show that j < 01, Suppose if possible that £i=1) < j. In particular, we have £ < j

by £ < £(—1) — 1. Then we shall show that PJ(Z)(V) <z + 1

(i) The case j = £@) — 1. Then PJ(Z)(I/) < xy + 1 follows from the assumption.

(ii) The case j < £() — 1. We can apply the convexity relation of P,ii)(y) between j < k < ()

with (5.1) to deduce that P]( )( ) < PZ(()) () <z + L

On the other hand, since ¢/ < j, we have the condition z, < z; < P](Z)(I/) Combining this with

the above result Pj(l)(u) < 7+ 1 we deduce that P](Z)(I/) =2y + 1 and thus z; = P](Z)(V) But

then the string (j, x;) is the singular string whose length satisfies 0G=1) < j < ¢ which is in
contradiction to the definition of £(). Hence we have proved j < 6=,
Then we can apply the convexity relation of P]EZ)( ) between (0~ < k& < ¢ with (5.1)

to deduce that P((Z) y(v) < Pg(Zz)) ,(v). Since mX;ll))(V) > 0 the convexity relation of P( )( )

between £(i—1) — 1 <k< 2G=1) 4 1 s strict. Thus we have

P]'(Z)(V) < Pg((li)fl)( ) < Pg(()) 1

(v) <ap+1,
in particular, xz; < Pj(i)(y) < xp. If ¢ < j, this contradicts the requirement z, < x;. Hence

we are left with the case j = £. Since we are assuming ¢ < £~ — 1 we can refine the above

relation as
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that is, Pg(i)(u) < xp. But this contradicts the requirement that the string (¢, z,) must satisfy

xp < Pf(i)(y). Thus we have proved Pg((z)) (W) >ze+ 1

Case (III). We have to show Pe((i))fl( v) > x4 by Lemma 5.1. Since £(; = (@) we can use the
same arguments of (I) to obtain the result.

Case (IV). We have to show Pg(?)_l(l/) > xy+ 1 by Lemma 5.1. Since £(;) = () we can use
the same arguments of (II) to obtain the result.

Case (V). We have to show Pg((ii))_l(l/) > x¢ by Lemma 5.1. Suppose if possible that

Pe((ii 1(v) < g Let j be the length of the longest string of v under the condition j < Ly
Since mé(z)(y) > 0 we have /() < j. If j = L) — 1 we have 7; < Pj(z)(y) < xy which is in

contradiction to the minimality of zy. Thus assume that j < ;) — 1. Then by the convexity
relation of P,gz)(u) between j < k < £;) we have Pézi))ﬂ(’/) > min { Pj(’)( ), Pg(( v)}. However
this implies that xy > x; or z, > T, both of which are in contradiction to the mlmmahty of xy.

Thus we conclude that Pg((ii))_l(y) > xy4.

Case (VI). We have to show Pf(j))—l(u) > xy by Lemma 5.1. Suppose if possible that

pl)

g() 1(v) < @, Let j be the length of the longest string of v under the condition j < L

Since méﬁz) (v) > 0 we have /() < j. In particular, we have £ < j by £ < £0=) — 1. If j = Ly —
we have x; < xy which contradicts the relation x; > x, required by ¢ < j. So suppose that
J < Lg — 1. Again we have Pé(:i)rl(l/) > min {P](Z)( ), PZ(( v)}. Then we have zy > z; or
Ty > Ty - This is a contradiction since ¢ < j and ¢ < ().

Case (VII). We have to show PE((?)—I(V) > 2y + 1 by Lemma 5.1. We can prove this

by the same arguments of the case (II) if we replace (@ and ¢G=1) there by £y and L)
respectively. |

Proposition 5.4. If ¢ < (Y — 1, we have the following identities:
(1) v=r, 2) J=J.

Proof. (1) Step 1. Let us consider the case ¢G=1) = 0o, Then § will not choose any string from
(v,J )(Z D so that fZ chooses the same string before and after §. Next, recall that f; does not
change coriggings of untouched strings. Then we have 0@ = ¢@ for all a < i—1. In particular,
we have £(—1) = o0, Thus we have £(9) = ¢(9) = & for all a >4 —1.

Step 2. Based on the above observation, let us assume that £~ < oo in the sequel. Let
us show that § chooses the same strings before and after ﬁ Again we have (@ = ¢@ for
all ¢ < ¢ — 1 since f; does not change coriggings of untouched strings. Recall that we have
+1< =) = gli=1) by the assumption. Thus ¢ cannot choose the string (£+1,z, — 1) created
by fl Thus we have £() = ¢ which implies that 0@ = ¢@ for all @ > i and E(a) = {(q) for
all a.

Step 3. Let us show that fl chooses the same string before and after . Recall that § creates
the strings (6( -1 Pé((?) 1(D)) and (£¢;) — 1, P(l) (@) of (v, J)®. Note that the string (¢, z/)
remains as it is in (7, J)® since § acting on (v, J ) does not touch the string by the assumptlon

¢ < (=1, By Proposition 5.3 we have P e(( )) (7)) >z and P( ) _1(7) > x. Therefore fi acts on

the same string (£, z¢) before and after the application of .
To summarize, we have U = b.
(2) It is enough to consider the strings (E(“),Pe(gz))(l/)) of (v, )@ for a = i —1,i,i+ 1,

since ﬁ adds a box to the same place before and after § and since § does not change riggings
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for untouched strings. For example, the string for a =i — 1 case behaves as follows:

R L N G ) B L B )
(€0, PED ) W (=1, PD () s (e -1, PE (@),

In all cases, the riggings are determined so that fz and § create the singular strings. Since we

have 7 = i, we obtain Pz(@ R 1(73) = PZ((? H_q

that J = J. m

(7). The other cases are similar. Thus we conclude

5.3 Proof for Case B

Let us show the commutativity of j“; and ¢ for the Case B, that is, (71 < ¢ +1 < () = .
We divide the proof into the two cases.

5.3.1 Case 1: ﬁ creates a non-singular string

Proposition 5.5. Suppose that (D < ¢ +1 < (D = co. If f; acting on (v, J) creates
a non-singular string, then we have the following identities:

1) =5 (2) J=4J.

Proof. (1) Since ﬁ does not change coriggings, ¢ chooses the same strings in (v, J)(a) and
(v,J )(“) for all @ < i. Also, since f; creates a non-singular string, 6 does not choose a string
from (7, .J)®, which coincides with the action of § on (v,J )@, Next, since § does not touch
(v, J)D, we have j(') J®_ Thus f; chooses the same string in both (v, J)® and (7, J)®. To
summarize, § and fl choose the same strings in § o fZ and f; o § which implies v = b.

(2) We only need to consider J" (i=1) and J® in this case. If the string is not touched by 4
and f;, the riggings after J o fZ and fz o § coincide since § and fZ choose the same strings in
both cases respectively. The string (E(’ 1 P(Z 1)( )) becomes (6(1 D1, piY (5)) and

o= D1
(W—l) 1 P(@ 12 1(5)) after application of d o fi and f; 0 0 respectively. Since I = I we see the
coincidence of the riggings. As for the string (¢,z,), we see that both § o f; and f; o § give the
string (¢ + 1,2 — 1). Hence we have J = J. |

5.3.2 Case 2: fz creates a singular string

This situation does not satisfy the condition of Proposition 4.7 due to the following fact.

Proposition 5.6. Suppose that (0~ < (+1 < 1) = 0. Ifﬁ acting on (v, J) creates a singular
string, then we have

fiod(v,J)=0.

Proof. Since /() = oo, we have (v,J)® = (7,J)® and thus £ = ¢. Then the string (¢, z,) in
(v, J)® will become (£+1,x,—1) in f;0d(v, J). Let us compute Pe(+)1( ). From Lemma 5.2(1), we

have Pe(+)1( ) = x4+1. By the assumption £~ </4+1 < £09) we have PE(Jr)l( ) = Pg(i)l( )—1=x.

Therefore we have PZ(Jr)l( ) = Pé(i)l( )—2 = 2y—2. But then the string ({41, z,—1) in fiod(v, J)

satisfies Pzz( Jr)l( ) < ¢ — 1 which implies that f;08(v, J) is not a valid rigged configuration. Thus

we have f; o 8(v, J) = 0. [ |
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Example 5.7. Consider the following rigged configuration (v, J) of type (B*!")®**@ B13@ B%!'®
B22 @ B3L of DI

0 []-1 0 -1 2 0—4EED—10 [ o
1 1 0 —1 1 0 0 0 21 ]2
1[0 0 -1 0[]0 0L lo
110 1] 1 0l |0
1010 11 0 |-1

10 Jo 0L -1

The corresponding tensor product ®(v, J) is

GlsssEleiie e}

f2 acts on the string (4, —1) of (v, J)® and makes it into (5,—2) of (#,.J)®. Since we have
P5(2) (v) = —2, the latter string is singular. In particular, we see that fa(v, J) # 0. Now (v, J) is

1 [T ]-1 -1 (-1 2 [0 -1 [ ]-1 0 L [ ]o
o[ [0 ~1 ~1 1 0 ol [0 2 ]2
0 |0 -1 -1 0L 10 0L 0
0] |0 1] |1 0L |0
0L Jo 1] |1 0] |—1
110 0L -1
Thus we have /() = 2 < £ +1 =5 < () = oo (see Proposition 5.6). Indeed, we have

PP (@) = —3 and thus fo(7,J) = 0.

5.4 Proof for Case C: preliminary steps
5.4.1 Classification

Recall that the defining condition of the Case C is () < ¢+ 1 < ¢() < co. We divide the
proof into the three cases according to the following extra conditions:

(1) mﬁ (v) > 0 and f; creates a singular string, or

0+1=1/9 and ﬁ creates a non-singular string,

(2) mﬁ (v) = 0 and f; creates a singular string,

(3) £+ 1 < @ and f; creates a non-singular string.
We give several remarks on the classification. In case (2), the condition mgi)l(u) = 0 automa-
tically implies that £ + 1 < () by the assumption £+ 1 < ). On the other hand, in the first

case of case (1), we will show that £+ 1 = ¢). We remark that we may have mg (v) > 0in
case (3).

5.4.2 A common property for Case C

In this case, we can show the following property. Note that the corresponding analysis for the
case /() = {(;y is included in the analysis of Pz(gi)>—1(ﬂ) which will be given later in this section.

Proposition 5.8. Suppose that { +1 < () < ;) < o0. Then we have

Pg((li))_l(ﬁ) > Zy.
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Proof. We follow the classification in Lemma 5.1. Since ¢() < £(;), we have to consider
Cases (V), (VI) and (VII). Let j be the largest integer satisfying j < £(; and my)(u) > 0.
From () < (), we see that ¢ < j and in particular we have ¢ < j. In fact we only need the
latter relation ¢ < j in the following proof®. ‘

Case (V). According to Lemma 5.1 we have to show Pf((l‘)Vl(l/) > xy under the condition
o) g+l — = {(;)- Suppose if possible that Pg((i))fl(z/) < xp. If j = Ly — 1, then
we have Toy-1 < Pe((l_))_l(y) < xy which contradicts the minimality of z,. So suppose that
J < Ly — 1. By the assumption we see that ¢ < {;). Then we have PE(Z_))(V) > Ty, > T
Thus we have Pé(?)_l(y) < Pﬁ((?)(y)‘ By the convexity of P,gi)(y) between j < k < £;), we have
Pj(l)(y) < Pé(:i))—l(y) < 4. Since xj < Pj(z)(y), this contradicts the minimality of xy. Thus we
conclude that PZ(Z'))*

Case (VI). According to Lemma 5.1 we have to show PE(:_)FI(V) > x; under the condition
(G4 < Ciiv1y = Lg)- Suppose if possible that Pz((i_))_

1(’/) > .

(V) <@g If j = L) — 1, then we have
z; < .PJ(Z)(V) < x4. However this relation contradicts the requirement x; > z, which follows

from ¢ < j. Next, suppose that j < £;) — 1. Then, as in the Case (V), we have Pe((i,)) (v) > xp by

¢ < £(;). Thus we have Pz((g_l(l/) < Pé(?) (v). By the similar arguments in the previous case, we
can deduce the contradiction. Therefore we obtain Pé(é))—l(’/) > z, in this case.

Case (VII). According to Lemma 5.1 we have to show Pé((ii))fl (v) > x¢+1 under the condition
Ciy1) < Lg)- Suppose if possible that P[((?)fl(u) < @+ 1. If j = L3 — 1, then we have
Pj(i) (v) > xj > x4 by j > (. Then the only possibility that is compatible with the assumption

is P](Z)(V) = z; = x¢+ 1. In particular, the string (j,z;) is singular whose length satisfies

Liv1) < J < L(;). However this is in contradiction to the definition of £(;.

If j < £ — 1, again we have Pe((?)(y) > x; as in the Case (V). Similarly, by ¢ < j we have

Pj(i)(y) > xy. Then by the convexity of Pk(f) (v) between j < k < £;), the only possibility that is

compatible with Pg((i,))_l(l/) <zy+1is Pj(i)(]/) == 5((11 (v) = ¢+ 1. Since Pj(i)(,/) > x5 > xy
it has to be x; = ¢+ 1, in particular, the string (j, z;) is singular. If C(i+1) < J, this contradicts
(i4+1)

the definition of £(;. On the other hand, if j < £(;41), my, (v) > 0 means that the convexity

1
of P,gz)(y) between £; ;1) —1 < k < £(;41) + 1 is strict. This is in contradiction to the relation

@Dy — .. — p@ ) —
P (V)—---—Pe(i)(’/)—xlf"‘l- [

5.5 Proof for Case C (1)

Proposition 5.9. Suppose that (0~ < ¢+4+1 < () < o, mfﬁl(y) > 0 and ﬁ creates a singular

string. Then we have the following identities:

. @) J=J.

N

1 7=

Proof. (1) To begin with let us show that £ + 1 = ¢(). By the assumption mﬁ (v) > 0 there

exists the string (¢ + 1,z¢41) of (v, J)®). We show that the string (¢ + 1,z,,1) is singular. For
this we derive the following three relations:

4We will use this property in the proof of Proposition 5.24.
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o Pe(_?l(u) =7+ 1 by Lemma 5.2,

o zy+1 <y, that is, zy < zgyq, since the string (€4 1, zp11) of (v, J) is not selected by ﬁ
although it is longer than /,
(4)

e 2441 < P,/ (v) by definition of the rigged configurations.

Combining these three inequalities, we obtain Pg(_i)l(y) = x4 and thus the string (¢ + 1, z¢11)
is singular. Suppose if possible that £ +1 < ¢®). Then the string (£ + 1,x¢41) is singular whose
length satisfies £~ < ¢ + 1, contradicting the definition of £(). Thus £+ 1 = ¢, Then we
can show the commutativity of ]?Z and § as follows.

Let us consider the case § o f;. It is enough to analyze the strings (¢,x¢) and (£ +1, Pé(i)l(z/))
in (v, J)®:

(f,:ﬁg) . 'L (f—l—l,ng 1) >i> (f—i— 1'71?— 1)
(¢+1, P, () (¢+1, P\ () (¢. P ()

Recall that ﬁ does not change coriggings other than the touched string. In particular, we have
¢6=1) = ¢(=1)  Thus the next § can act on one of the length £+ 1 singular strings.

Let us consider the case f; o 8. Recall that if £() < {(;y we have P;(O)_l(ﬂ) > xy by Proposi-
tion 5.8. Therefore ﬁ will not act on the length £;) — 1 string of (7, J)® that has been created

by 6. On the other hand, if £(9) = {(;y we do not need to take care of this issue. Thus it is enough
to analyze the behaviors of the lengths £ and ¢ + 1 strings:

(67 .@g) ) ) (&1‘5)' fz (‘6 + 1.’ Ty — 1)
(c+1.P0 ) " (e PPw) T (L PO®)

Recall that £+ 1 = ¢() so that § acts on the string (¢ + 1,P£(j_)1(V)). Also, since (7,J) is the

valid rigged configuration, we have the requirement Pﬁ(i)(ﬂ) > . Thus the string (¢, z¢) has the
largest length among the strings of the smallest rigging within (7, .J)®). N N

To summarize, we are left with lengths ¢ and £ + 1 strings in both § o f; and f; o §. Thus we
have 7 = 7. B

(2) We have PV () = P (%) by 7 = 7. Thus J = J. m

Proposition 5.10. Suppose that we have ¢ +1 = (@ and ﬁ acting on (v, J) creates the non-
singular string. Then we have the following identities:

(1) v=r, 2 J=J.

Proof. Since £+ 1 = £() there is a singular string (¢+1, Pe(i)l(y)) in (v,J)®. Then this string
and (¢, zy) behave just as in the proof of the previous proposition which confirms the claim. B

5.6 Proof for Case C (2)

5.6.1 Outline
As the second step, we treat the case when méﬂ (v) =0 and ﬁ creates a singular string. In this
case, we will show the following assertion by case by case analysis.

Proposition 5.11. Suppose that () < ¢+ 1 < () < o and mﬁ (v) =0. If f; acting

on (v, J) creates a singular string, then the following two conditions are satisfied:
%84@%:U> (5.2)
mT Wy =0 for £ <k <t (5.3)
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Note that we have (41 # ¢() by mgil (v) = 0. To begin with, we explain how these properties

provide the proof of 7 = 7.

Proposition 5.12. Suppose that £—1) < E—i—Nl < ) < o, mgl(v) =0 and ﬁ acting on (v, J)
creates a singular string. Then we have UV = .
Proof. Let us analyze ﬁ od and o ﬁ respectively.

Step 1. Let us consider the case fz od. Let us consider the strings (Z(i) — 1,P£((ii))_1(17))
and (E(z-) -1, Pg((li_l(ﬂ)) of (7, J)® created by 8. By (5.2) we see that the rigging of the string

(¢ —1,P$)_ (7)) of (#,J) is 2. On the other hand, if £0) < £ we have Pé(é))_l(ﬂ) > x4 by

Proposition 5.8. Since we are assuming that ¢ < £() — 1, the string (f(i) -1, Pz((ii))—l(ﬂ)) has the

largest length among the strings of smallest riggings within (7, J) (), Thus ﬁ adds a box to the
length () — 1 string that has been shortened by 4.

Step 2. Let us consider the case 50}2. Recall that ﬁ does not change coriggings of untouched
strings. By the assumption f; creates the singular string (£ 4 1,7 — 1) whose length satisfies
é(i_1)~§ 041 < (O . _Hence § choose this string and obtain Q) = (+ 1. By definition of § we
have /) =/ 4+1 < E(i+1)~ and by (5.3) we conclude that (0 < G+ Thus § choose a string
of length £0+Y from (7, )+, Therefore we obtain £(%) = ¢(@ for all a # i and gy = L(q) for
all a. . '

Step 3. To summarize, we have U/ 9 — 5@ _ 5@ for all = ¢ and 7 =39 s obtained by
removing a box from length £(;) string of v, |

The remaining property j = j will be checked from case by case analysis and it will be done
along with the proof of Proposition 5.11.

5.6.2 Classification

We divide the proofs of Proposition 5.11 as well as the identity J = j]_ into the two cases
according to the following classification.

Lemma 5.13. Suppose that (01 <0 +1 < 1) < co. Then there are only two possibilities as
follows:

(0, 3) is singular and ¢ = (0~ — 1, (5.4)

(£, xp) is non-singular. (5.5

Proof. Suppose that the string (£, z;) is singular. If its length satisfies £~ < ¢ < () then
it is in contradiction to the definition of /(9. Therefore we must have ¢ = (=1 — 1. |

5.6.3 Proof for the case (5.4)

Under the present assumptions, let us show the following property.

Proposition 5.14. Suppose that we have (0~Y = 1 +1 < (1) < oo, mé:)_ (v) = 0, the string

(£, xy) is singular and f; creates a singular string. Then we have

POw) =z PW) = Pip) = = P ) = a1 (56)
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Proof. Since f; creates a singular string, we have

by Lemma 5.2(1) since the string (¢, z) is singular

P, (v) v+ 1 = PO W) +1. (5.7)

Due to the existence of the length £~ = ¢+ 1 string at (") and the assumption mﬁ (v) =0,
the vacancy number P,gi)(y) is strictly convex between the interval ¢ < k < £+ 2. Then the

relation (5.7) implies Pe(j_)1(’/) > Pz(-?2

this let j be the length of the smallest string of #(*) that is longer than £. Since mé:)_ (v) =0 we
have (1) = ¢ +1 < j < ¢, By Lemma 5.2(2) we have

(v). Let us show that this inequality is in fact equality. For

PO () < < POW). (5.8)

Then by the convexity of P,gi)(u) between ¢ < k < j, the relations Pe(?l(’/) > Pg(?Q(u) and

Pe(i)l(l/) < Pj(i)(z/) imply the relation Pe(i)l(u) = PZ(?Q(I/) = ... = PJ(Z)(V) Combining this
equality with (5.8) we obtain z; = Pj(i)(l/), thus the string (j, z;) is singular. By the relation

(G- < j < 00 we deduce that j = £, [

Corollary 5.15. Under the same assumptions of Proposition 5.14, we have

(1) (

2) m{ V(W) =0 for t+1 <k <O,
(3) ) =0 for (+1<Fk< ()

(4) (

v)=0forl+1<k< (0,
Proof. The assertions for m,(j)(y) given in (3) are proved at the end of the proof of Proposi-
tion 5.14. ‘ ‘

Let us show the assertions for ml(jﬂ)(l/). If mgﬂ)(u) > 0 for some £ +1 < k < £,
the relation (5.6) must be strictly convex around such k, which is a contradiction. Therefore

m,(fﬂ)(y) =0 forall 4+ 1 < k < ¢%. By using (5.6) and the assumption mgil(u) = 0, the

estimate of Lemma 3.13 with [ = £ 4+ 1 gives

PP W)+ 2P (v) - P, (v) = 1

—1 i i+l i1 i+1
> myl V() = 2my )+ D) = mD @)+ D).
Recall that we have méir_ll)(l/) > 0 by definition of £~V (= £+ 1). Then the only possibility
that is compatible with the above inequality is méi_ll)(l/) =1 and mézfll)(z/) = 0. Hence we have
confirmed the relations (4) and (1).

Finally, since m,(;)(y) =0 and m,(jﬂ)(z/) =0 for £+ 1 < k < £ the relation (5.6) implies

that ml(j_l)(y) =0 for £+ 1 < k < £ since otherwise the relation would be strictly convex.
Thus we have confirmed the relation (2). [

Proof of Proposition 5.11 for the case (5.4). The assertions m,(jﬂ)(y) =0forl <k < (@)
are already proved in Corollary 5.15.

From (5.6) we have Pe(f%_l(y) = x4+ 1 since we have ¢ < £() —1 by the assumption (£~ =)
(41 <9, Since £07D < ) — 1 we have Pf((ii)),l(ﬂ) = Pé((ii))il(y) — 1 = x,. This completes the

proof of Proposition 5.11 for the case (5.4). [
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Thus we have confirmed 7 = 7 in this case. In order to prove J = j, we need additional
relations obtained in Corollary 5.15.

Proposition 5.16. Suppose that we have (0~ = ¢ +1 < () < o, mﬁ_s)_l( ) = 0, the string

(£, xp) is singular and f, creates a singular string. Then we have J J.

Proof. From Corollary 5.15 and Proposition 5.12 we see that there are no strings of length
from ¢ + 1 to £() — 1 that are not touched by & nor fz during both § o fl and fZ 0 d. Thus it is
enough to analyze the strings (£, z4) and (¢4, z,)) of (v, J)®.

Let us analyze the behavior of the string (¢, z,). From the proof of Proposition 5.12 we have

) s (0+1,2,-1) 5 (6,POF)),
(ﬁ,l’g) ’i} (&xﬁ) 'L> (ﬁ,l’g)-

By ¢ < (=1 we have Pe(i) (V) = Pe(i)(y). Recall that we have Pe(i)(l/) = x4 by (5.6). Hence we
obtain Pg(l)(ﬁ) = xy.

Next let us analyze the behavior of the string (E(i), Zyiy). From the proof of Proposition 5.12
we have

(0, 200) 5 (00,200 - 2) (0, 2y —2),
7 4 — fi i i —
(0, 200) > (€0 —1,P0 (@) 2% (e0,PY) () -1).

Recall that we have £ + 1 < ). Thus the first ﬁ of d o f; decreases the rigging of the string
(6(1)7 x[(i)) by 2.

Let us check the coincidence of the final rigging of this case. Recall that we have x,u:) =
Pe(é)) (v) since the string (£, z,)) is singular by definition of (). We also have PZ((?) (v)=mz+1
by (5.6). Therefore we have z,;) —2 =z, — 1.

On the other hand, since £~ < ¢() — 1 we have PK((% (D) = pY

i, (V) — 1. From (5.6) we

have Pe(()> ,(v) = x¢+ 1. Therefore we have Pz(( )) ,(#) =1 =1z, —1. Hence we conclude that
Toi) — 2= Pg((l)) (7)) =1L u

Example 5.17. Consider the following rigged configuration (v, J) of type (B»)®3 @ B3
B2l g B22 g B3 of Dél)

0 Jo o 0 2 2 -2 -2 -3 =
1 1 0 0 2 2 -2 -2 =2 —2
1] |0 -1 -1 2 2
110 -1 -1 0] |0

1 1 0 |-1

The corresponding tensor product ®(v, J) is

TsTsElsEEme e/}

We see that fy acts on the string (¢, z¢) = (2, —1) of (v,.J)®. Then (7, .J) is
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IR | -1
1 -1 -1
—1 —1
—1 -1

OO ==
|
o O

SO N NN
[\

13 —2 -2 -3 | —3
3 -2 —2 -2 —2

|
o O

0
-1

|

N

|

N
oo www

o

Note that we have /(D) =3 =/¢+1 < () = 4 and mgz)(z/) = 0. Moreover, we see that the string
(¢, xy) is singular since we have P2(2) — —1, and f, makes it into the singular string (3, —2) of
(7, J)® since we have PBEZ) (v) = —2. Hence this is the example for the present case. Then we
have PQ(Q)(I/) = —1 and PS(Z)(I/) = P4(2)(1/) = 0 where £2) = 4 (see Proposition 5.14). We have

mgl)(l/) =1 and mgz)(l/) = mgg)(l/) = 0 (see Corollary 5.15). Finally (7,J) = (¥, J) is

1 [ J1 -2 [ ]-2 3 [ ]3 —2 -2 -3 | -3
1 1 ~1 -1 2 2 ~1 -1 -1 —1
0L |0 ~1 —1 2 2
ol ]o ~1 ~1 0 [0
10 0 -1

5.6.4 Proof for the case (5.5)
Under the present assumptions, let us show the following property.

Proposition 5.18. Suppose that we have (0~ < ¢ +1 < () < oo, mg?_l(u) = 0, the string

(¢, xp) is non-singular and ﬁ creates a singular string. Then we have

Proof. Let j be the length of the shortest string of v that satisties £ < j. By the assumption
mﬁl(zj) =0 we have £/ +1 < j < ¢, From the convexity of PIEZ)(I/) between ¢ < k < j we have

P

(v) > min {Pz(i)(y),Pj(i)(y)}. (5.10)
In order to evaluate the minimum in (5.10), let us suppose if possible that Pg(i)(y) > _P](Z)(V)
Then the inequality (5.10) reads Pg(j_)l(u) > Pj(l)(u) Recall from Lemma 5.2(2) that we have
Pg(j_)l(y) < z; and by definition of the rigged configuration we have x; < Pj(i)(l/), that is,
P z(-?l(’/) < P

assumption, we conclude that Pg(i)(y) > Pﬁ(j_)l(y) = P](l)(u) which is in contradiction to the

P@(V). Combining the two inequalities we obtain Pe(_?l(y) = j(i)(y). By the

convexity relation of P,gi)(u) between ¢ < k < j.
Thus we assume that PE(Z)(I/) < Pj(l)(z/). Then (5.10) gives Pf(l)(y) < Pé(j_)l(y). We also have

. i the string (¢, z;) is non-singular .
(4) by Lemma 5.2(1) since »
Fen) B Te+1 Py (v).
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Thus we have Pe(i)(y) = Pg(_?l(y). Combining this with the inequality Pg(i)(y) < P](z)(y) and

using the convexity of P,gi)(y) between ¢ < k < j, we obtain

Suppose if possible that j < ¢(). Since ¢ < j we have Pe(j_)l(l/) < zj by Lemma 5.2(2). Then

we have Pﬂ(j—)l(y) <uz; < Pj(l)(u) By (5.11) we obtain z; = Pj(i)(y), that is, the string (j,z;) is
singular. Since £(—1) < j < ¢ this contradicts the definition of ¢(). Hence we conclude that

j =09, |
Proof of Proposition 5.11 for the case (5.5). Since £~ < ¢() we have

Pio 1) = P

g(i)_l(l/) —1= Ty,

where we have used (5.9). From the result at the end of the proof of the previous lemma, we
see that mg)(v) = 0 for £ < k < (©). Then the relation (5.9) implies that m,(jﬂ)(l/) = 0 for
¢ < k < 0% since the existence of such a string would imply that the relation (5.9) have to be

strictly convex. Hence we complete the proof of Proposition 5.11. |

By using the relation 7 = v we show J = J. For this purpose we note the following facts
which are the consequences of the proof of Proposition 5.18.

Corollary 5.19. Under the same assumptions with the previous proposition, we have the fol-
lowing relations.

(1) m(a)(u) =0 foralll <k <t anda=i—1,i,i+1,
(2) -1 < ¢.

Proof. (1) From m,(f)(y) = m,(jﬂ)(y) =0 for £ < k < £, we sce that if m,(jfl)(u) > 0 for some
(< k< (9 then P,gl)(l/) becomes strictly convex around such the k, which is in contradiction
to the relation (5.9). Thus we obtain the assertion.

(2) If £ < £0=1) we have méi;ll))(v) > 0 which is in contradiction to the previous assertion

since /(=1 < ¢ Thus we have ¢(—1) < ¢. [ |

Proposition 5.20. Suppose that we have (0D < 0+ 1 < (1) < o0, mél) (v) = 0, the string

1
(¢,¢) is non-singular and f; creates a singular string. Then we have J = J.
Proof. By Proposition 5.12 and Corollary 5.19(1) we see that it is enough to check the coinci-
dence of riggings for the strings (£, z,) and (£, x,)) that are touched by ¢ and f;.

Let us analyze the change of the string (£, z;). Since £+ 1 < () we have

Gz s (0+1,2,-1) 5 (6, PO®F)),

Oz o (6z) Ji 4,2y,

Since (0~ < ¢ by Corollary 5.19(2) we have Pg(i)(ﬁ) = z(i)(l/) — 1. From (5.9), we have
Pe(l)(y) = x¢ + 1. Hence we obtain PZ(Z)(E) = 2.

The analysis of the string (E(i),xg(¢>) is the same with the corresponding part of the proof of
Proposition 5.16 if we replace (5.6) there by (5.9). [ |
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5.7 Proof for Case C (3)

As the final step of the proof for Case C, let us treat the case where £+ 1 < £() and ﬁ creates
a non-singular string.

Proposition 5.21. Assume that (071 < ¢+ 1 < (O < co. If f; acting on (v, J) creates
a non-singular string, then the following relation is satisfied:

PY

) (7) > @ (5.12)

Proof. In this case we have

PO () =P (-1 (5.13)
since =1 < ¢(0) _ 1.
Throughout the proof of this proposition, let j be the largest integer such that j < ¢ and

m(.z)(y) > 0. Since mg)(y) > 0, we have £ < j < ¢ — 1. We divide the proof into four cases.

J
Case j = £(¥ — 1. Let us denote the corresponding string as (ﬁ(i) —1,2y4)_4). Since (G- <
¢ we have (=1 < ¢() — 1 which implies that the string (E(i) — 1,2,6)_4) is non-singular by

definition of /(). Thus we have Typiy_q < P (v). On the other hand, from the assumption

o) -1
(41 < 09 we have zy < Ty _; since f; chooses the string (¢, ) which is strictly shorter than
the string (£ — 1, Zyy_1). Combining both inequalities we obtain z, < Pe((zi))_l(y) — 1. Hence

we obtain zp < Pg((ii))_l(ﬂ).

Case £ < j < £() — 1. In this case the string (4, ;) have to be non-singular since j satisfies
- <41 < 7 < ¢ Then we have

since the string (j,z;) is non-singular since ﬁ acts on the string (¢, z¢) although we have j > ¢

_PJ(Z)(V) > T; > L.

In particular we have Pj(i)(u) > x¢+ 1. Similarly let us consider the string (E(i), Pg(é)) (u)) whose
)

existence is assured by the definition of £(!). Then its rigging must satisfy Pg(é) (v) > xy since its

length satisfies £() > ¢. From the convexity relation of Pk(;i)(y) between j < k < ¢() we have
(v) > min {Pj(i)(y) j 20 )} > .

01 s L)

(v) = xg+ 1. Then we would have P](Z)(I/) > Pg((ii))_l(u) < Pe(é)) (v)

(v) > xp+ 1.

Suppose if possible that Pg((?)_ )

which is forbidden by the convexity of the vacancy numbers. Thus we have pY

) -1
By (5.13) we have PK((ZZ.)>_1(17) > xy.

Case j = £ and (£, xy) is non-singular. In this case we have Pe(i)(u) > x, since the string

(¢, ) is non-singular. Let us consider the string (ﬁ(i) pY (1/)) Then its rigging must satisfy

Q)
PZ((?) (v) > xy since its length satisfy £() > ¢. Now we invoke the convexity of P,gl)(u) between

l=35<k< ¢ to conclude that Pg((?),l

Suppose if possible that pY (v) = ¢+ 1. Again by the convexity relation the only

JAQNS|

possibility is PZ(Z)(I/) == e((li)) = 2y + 1. In particular, we have Pz(_?l(l/) = 2y + 1 and by
Lemma 5.2 (1) this implies that ﬁ makes a singular string. This is in contradiction to the
(v) > ¢+ 1. By (5.13)

(v) > zy.

assumption that f; makes a non-singular string. Thus we have pY

. () 1
we have P(Z)

Z(i)—l(lj) > xy.



44 R. Sakamoto

Case j = £ and (€, x,) is singular. In this case we have P(i)( ) = xy since the string

(¢, xp) is singular. Also the rigging for the string (E(') PZ((Z )>( )) must satisfy P[((Z) (v) > xy since

¢@) > ¢. Then from the convexity relation of Péi)(y) between £ < k < () we have

Pe(zi))q(y) > min {Pg(l)(y), P@(Zz'))(V)} = xy.
If PZ(()> 1( v) = x; we have Pe(i)(y) = Pg((ig_l(y) < PK((Z)( ) which is in contradiction to the

convexity relation since we have ¢ < £ — 1 by the assumption ¢ + 1 < £, Suppose if possible

that P\) () = z¢ + 1. Since 2 < P{)(v) we have P\{) (v) < P\)(v). Then the only

possibility that is compatible with the convexity relation is z;, = Pe( )(1/) < Pé(i)l(y) = ... =

(%)
Pz(i)

implies that ﬁ creates a singular string, which is the contradiction. Thus we conclude that

(v) = zy + 1. In particular, we have Pe(ﬁl(u) = xy + 1. However, by Lemma 5.2(1), this

Pe((ii))_l(u) > x¢+ 1. By (5.13) we have P((Z)) ,(7) > x4, which completes the whole proof of
Proposition 5.21. [

Proposition 5.22. Assume that (1) < ¢ +1 < /0 < 0o and fz acting on (v,J) creates
a non-singular string. Then we have the following identities:

(1)

Proof. (1) We show that f; acts on the same string (¢, z¢) in both (v, J) and (7, J). For 8 creates

the strings (¢ —1 Pg(()) 1(D)) and ({(; —1, P() _,(7)). Then by (5.12) we have Pe(()> (V) >z

in this case. Recall also that we have Pf((i))*].( ) >z if 00 < £(;) by Proposition 5.8. Therefore

the string (¢, x,) remains as the string with the smallest rigging of the largest length in (7, J).
Thus f; acts on the string (¢,x¢) of (7, J).

Also, since fZ creates the non-singular string and does not change other coriggings, ¢ chooses
the same strings for both (v, J) and (v, J). Thus we have 7 = D.

(2) Since fz acts on the string (¢,z¢) in both cases, we have to analyze the strings (¢, xy),

=5, (2 J=J.

U

(E( 2 Pe((l ))(V)) and (£, Pé(?) (v)). The string (¢, z,) behaves as follows:
Gz o (C+1,20-1) 5 (04 1,2—1),
(Lw)) = (w) T (41w 1),

Hence the assertion follows. On the other hand, the string (ﬁ(i), Pe((ii)) (v)) behaves as follows:

(0, P W) (00, PO @) s (O L P @),
(e, PO W) W& (e —1, P9 (@) L5 (e —1,PY  (©).

By U =  we obtain the desired fact. The analysis of (ﬁ(i), Pe(:i))(y)) is similar. Hence we have
J=1. m
5.8 Proof for Case D: preliminary steps

5.8.1 Classification

Recall that the defining condition for Case D is £(9) = ¢. For the proof, it is convenient to further
divide the case into the following four cases:
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(4)

(1) €= 09 < £, and m,” (v) > 1,
(2) £=£9 = ¢ and m{ (v) > 2,
(3) £=£0 < ¢y and m{ (v) = 1,
(4) =100 = £y and mgi)(u) =2.

Note that £() = £(;y automatically requires m%) (v) > 2.

5.8.2 A common property for Case D

For the proof of Case D, we will need the following result.

Proposition 5.23. Assume that () = ¢. Then the following relation holds:
Pe(z_)l(ﬁ) > xy.

Proof. Throughout the proof of this proposition, let j be the largest integer such that j < ¢
(1)

and m;”(v) > 0. If there is no such j, set j = 0. We divide the proof into the following four
cases:
(a) j=0—1,

(b) j<t—1,00"D =y,
(c) j<l—1,0071 < ¢and (0D < j
(d) j<€—1,007D < ¢and j < (071,

Case (a). Denote the corresponding string of (v,J)® as (£ — 1,24_1). Then we have
xp < xy_1 by definition of £. Suppose that =1 < ¢ Since we have £0=1) < ¢ — 1 < ¢() the
string (¢ — 1,z4_1) cannot be singular. Thus we have P(i)l(u) > x4 by Pe(i)l(y) > Tp_1 > Xy
Thus we obtain Pe(i)1(’7) > xy since Pz(i)l(ﬂ) = Pe(i)l(y) —1by =D <y —1.

Next suppose that £(=1) = ¢, In this case the string (¢ — 1, z4_1) can be singular. Therefore
we have Pe(i)l(l/) >z by Pz(i)1(’/) > 20-1 > xy. From £ — 1 < (0= we have Pz(i)l(ﬁ) = Pé(i)l(y).
Thus we obtain PZ(?I(D) > xp.

Case (b). By j < ¢ we have Pj(l)(u) > x; > x¢. Note that this relation is valid even if j =0
since we have Po(i)(y) = 02>z by £ = £% > 0. Recall that we also have Pe(i)(u) > xy. Thus
by the convexity of P,gi)(u) between j < k < ¢ we have Pe(i)l(y) > 24. Since £ — 1 < (01 we
conclude that Pz(i)l(’j) > xy.

Case (c). We can write the defining condition of case (c) as £¢~D < j < £ — 1. Since
(0= < § < ¢U) the string (j, ;) is non-singular. Thus we have Pj(i)(y) > x¢ by .PJ(Z)(I/) >
x; > x¢. We also have Pz(i)(y) > xy. Suppose if possible that Pe(i)l(l/) = x¢. Then we have
Pj(i) (v) > Pg(i)l (v) < Pg(i) (v) which is in contradiction to the convexity relation of P,gi) (v) between
j <k <€ Thus we have P, (1) > 2. By £6-D < £ —1 and £ = 0 we have P\, (7) > .

Case (d). We can write the defining condition of case (d) as j < £0~1) < £, 1In this
case the string (j,z;) can be singular. Thus we have Pj(i)(y) > xy by Pj(i)(y) > xj > 4.
We also have Pz(i)(u) > xy. Suppose if possible that P(?l(u) = z4. Then by the convexity
relation of P]gi)(u) between j < k < ¢, the only possibility is Pj(i)(l/) = ... = Pg(i)(y) = xy.
However this is in contradiction to the fact that P]gi)(l/) is a strictly convex function between
-1 g <k< 20=1) 4+ 1 due to the existence of the length 6=1) row at (=1, Thus we have
Pf(i)l(u) > . By £0—1 < £ — 1 we have P(i)l(ﬂ) > xy. [
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5.9 Proof for Case D (1)

In this section, let us consider the first case £ = /() < ;) and mgi)(u) > 1. Throughout this
subsection, let j be the largest integer satisfying j < £(;) and m§i)(y) > 0. From ¢ = () < %
we see that £ = () < j. The situation depends on whether ¢ < j or £ = j.

5.9.1 The case £ < 3

Proposition 5.24. Assume that { = (() < Liiys méi)(y) > 1 and ¢ < j. Then we have the
following identities:

=5, (2 J=J.

U

(1)

Proof. (1) Let us analyze the action of fi before and after the application of 4. In this case we
can choose two distinct length ¢ strings (¢, z,) and (¥, Pg(l) (v)) of (v, J)® where f; will act on the

former one and § will act on the latter one. Here note that if x, = Pg(l)(y) then all the riggings
for the length £ strings are the same since the minimal value of the corresponding riggings is
(4)

and the maximal one is P, (v).
By Proposition 5.23 we have Pe(é))_l(ﬂ) > x4. Thus the string (Z(i) -1, Pe((?)_l(ﬂ)) is shorter
than (¢, z) of (7,J) and its rigging is larger than or equal to . Also, by £ < j, we can use the

same arguments of Proposition 5.8 to show PZ(:_))_I(D) > x4. Thus the string (E(i) -1, Pé((i-))—1<’7))

has the rigging that is strictly larger than x,. Therefore f; will act on the same string (¢, xzy) in
both (v, J) and (7, J).
Let us analyze §. Since }’VZ will not change the corigging of the string (E(i), Pg((?) (V)) of (v, J)@,

i—1)

it remains as the shortest possible string in (v, J )(i) starting from 06=1) = p(i=1) S0 § chooses

this string after the application of fz too. Let us show that the string (ﬂ(i), PZ((Z))(V)) is chosen
by ¢ in both before and after the application of ﬁ Recall that we have two length ¢ strings
(¢, x¢) and (¢, PE(Z)(V)) of (v, J)¥) where f; acts on the former one and § acts on the latter one.

(i) Consider the case Pe(i)(y) = x4, that is, the string (¢, z,) is singular. Then the assumptions
A0S {(;) and m%) o
a subtlety could occur only if £(;) > £;41) = £+ 1 and f; creates a singular string of length ¢+ 1.

(v) > 2 implies that £() < (i1, as otherwise we would have ) = £(y- Then

So suppose if possible that such a situation happens. In this case, we have Pé(_?l(u) =xy+ 1 by
Lemma 5.2. '

Suppose if possible that mgﬁl(u) > 0. Then the riggings for such string have to be xy 4+ 1 by
the minimality of z,. Thus the length ¢+ 1 strings are singular. However this is in contradiction

to the present assumption £(; > £+ 1. Thus we have mé:)_ (v)=0.

Next we show méfll)(u) = 1. Let j/ be the smallest integer such that £ + 1 < 5’ and

m(ff)(u) > (. Since mgl(u) =0and £; > £+ 1 we have £ + 1 < j' < ;). Also we have j' < j

J . .
by the assumption ¢ < j. Recall that we have P[(l)(v) = xy and Pé(_?l(y) = zy + 1. By the

minimality of x; we have PK(QQ(I/) > x4+ 1 as otherwise we would have P](,l )(1/) < zy. Let us

write PZ(QZ(I/) = xp+ 1+ ¢ with € > 0. Then the inequality of Lemma 3.13 with [ = £ + 1 reads

~P(v) +2PY

() — Pl =1-¢

i— i i+1 i— i
>m{ D w) —2m{), () + ml D ) = ml P ) + mE D ).
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(i+1)

Since we have my

m{ D w) =1.

Since ¢ < j' we have PJ(,Z )(1/) > xjr > xp. Then from the convexity relation of P,gi)(y)

(v) > 0 by £;41) = £+ 1, the only possibility is ¢ = 0, méﬁll)(y) =0 and

)
Pe(j_)l(l/) =... = Pj(,z)(y) = x¢ + 1. Since x;; > x4, we see that z; = Pj(,l)(y), in particular, the
corresponding string is singular. Since j' > £+ 1 = £(; 1), we conclude that j' = £;). However
this relation contradicts the requirement j' < j < iy

between ¢ < k < j', the only possibility that is compatible with Pg(jgl(y) - pY (v) =xp+11is

(ii) Consider the case Pé(i)(y) > x4. Recall that we have £() < £(i41)- Again a subtlety could
occur only if £;) > L1y = £+ 1 and f; creates a singular string of length ¢ + 1. So suppose
if possible that such a situation happens. By Lemma 5.2, we have Pg(j_)l(y) =xy+ 1. As in the

previous case, we have mél_i (v) = 0. Let j/ be the smallest integer such that £ 4+ 1 < j" and
(

mjf)(u) > 0. Then, as in the previous case, we have £+ 1 < j' < {(;) and j' < j. Then from the
convexity relation of P,gi)(u) between ¢ < k < 5’ the only possibility that is compatible with the

relations Pz(i)(u) > Xy, Pg(i)l(y) =xzy+1 and PJ(,Z)(I/) > xyis Pg(z)(y) =...= PJ(,Z)(I/) =z7+1. On
the other hand, by ¢ < j’ we have P](,Z)(y) > x50 > x¢. Therefore we have P](,Z)(V) =xy=x0+1
and, in particular, the corresponding string is singular. Since £+ 1 = £ 1) < j" we conclude
that j* = £(;). This is a contradiction since we have j' < j < £(;.

Therefore § will act on the same strings of lengths /() and {¢y in both (v, J) @ and (7, J)®.
Thus we conclude that v = v in this case.

(2) It is enough to consider the three strings (¢, zy), (f(i), 20 (v)) and ({4, Y

() o (1/)) . As for

(¢, ), we have

(Ga)) L ((+1la—1) 5 (0412 —1),
(Cae) V2 () L - 1),

and as for (f(i), pY

() (v)) we have

) pli fi i pl) (= g i DG
(€D, PR w)) 5 (L9, P(®) = (0 1, PY) @),
i i 5 i i _ fi i i =~
(O.F50) = (@ -1P5,@) = (@9 -1R5,0)
The situation for (€, PZ((?) (v)) is similar. Thus we have T=1. [ |

5.9.2 The case £ =3

We follow the classification of Lemma 5.1.

Proposition 5.25. Assume that £ = () < (0D = ... = Ciiys méi)(u) >1 and ¢ = j. Then we
have the following identities:

(1)

Proof. (1) In this case, we can use the same arguments of the proof of Case (V) of Proposi-

tion 5.8 to show Pé((i?)_l(ﬂ) > x,. We also have Pe(fi))_l(ﬂ) > x4 by Proposition 5.23. Thus ﬁ acts

on the same string before and after the application of §. We notice that § acts on the same string
before and after the application of f; even if f; creates a singular string since we are assuming

=5, (2 J=J.

U
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that £; 1) = £(;). Here recall that E(i) is determined as the length of the minimal possible string
compared with the length Z(i+1) = {(;41) and the length £y singular string remains singular

after the application of f;
Proof of (2) is the same as Proposition 5.24. [ |

Proposition 5.26. Assume that ( = () < ¢(+1) < Livny = L), méi)(y) > 1 and ¢ = j. Then
we have the following identities:

@2) J=.

N1
N

(1)

Proof. (1) We divide the proof into two cases according to whether £ = £; — 1 or £ < £(;) —
Case 1. Let us consider the case £ = {(;) — 1. Then we have at least three strings (€, xy),

(¢, Pe(i)(y)) and (€ +1 PZ(JF)I( )) in (v, J)®. Let us analyze the action of fi before and after the
application of ¢. In this case, we show Pf(zi))—l(lj) > zy. According to Lemma 5.1 (VI) we have

to show Pg(é))_l(y) > xy, which is the consequence of £ = £;y — 1. Recall also that Pe(i)1(’7) > xy
by Proposition 5.23.

If Pg(i)(ﬁ) > 1 there is no problem since the string (¢, z,) of (7, J)® becomes non-singular.
So suppose that Pé(i)(ﬁ) = x4. Then there are three strings (€ -1, Pg(i)l(ﬂ)), (¢, ), and (£, xy)
n (v,J )(i). Thus we can choose the strings such that ﬁ acts on the same string before and after
the application of §. Also, since we are assuming that £; 1) = £(;), 0 acts on the same string
before and after the application of ﬁ even if ﬁ creates a singular string. Thus we have I = 7 in
this case.

Case 2. Let us consider the case £ < £(; — 1. In this case, we can use the same arguments of
Case (VI) of the proof of Proposition 5.8 to show P(i)) (7) > x¢. Thus we see that f; acts on
the same string before and after the application of . Also, by the assumption £(; ;1) = E( Vs
see that ¢ acts on the same string before and after the application of f, Thus we have 7 = v in
this case.

Proof of (2) is the same as Proposition 5.24. [
Proposition 5.27. Assume that { = (() < Lty < Ly, mgi)(u) > 1 and £ = j. Then we have
the following identities:

1) =5, (2) J=4J.

Proof. Step 1. Suppose that we have Péj?)_l(ﬂ) > xy. Since we have Pg(i)l(ﬂ) > xy by

Proposition 5.23, we see that ]i acts on the same string before and after ¢. Let us consider the
behavior of § before and after f;. Then a subtlety could occur only if f; creates a singular string
which satisfies £;y > €+ 1> £;4q).

Thus suppose if possible that P(l) () >z, ﬁ creates a singular string of length £ + 1 and
Ciy > £+1 2> €11y, From Lemma 5.1 (VII) we have Pg(f?)_l(u) > x¢+1 and from Lemma 5.2 we
have Pe( Jr)l
Recall that we have PZ(Z)(I/) > x4 by definition of the rigged configurations. Suppose if possible

that Pﬁ(i)(y) > xy. Then we have Pz( )( ) > Pé(+)1( ) < Pg((iz_l(y) which violates the convexity

(v) = z¢+1. If £;y—1 = £+1 this is a contradiction. Thus suppose that £;) —1 > £+1.

relation of P,gi)(u) between ¢ < k < {(;y. Thus we have Pe(i)(u) = xy. Suppose if possible that
(i41) = £. Since Pz(i)(y) = x4 we see that all length ¢ strings of (v,.J)® are singular. This is
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a contradiction since we have m( )( ) > 1and £y > £;1). Thus we have ;1) = ¢+ 1. From

Pf(_i'_)l(y) =x¢+ 1 and Pf((i))—l( v) > xy+ 1 we have

Pfh(v) > min { P, (), P ()} =+ 1

Let us write P£(_32( ) =x¢+ 1+ ¢ where € > 0. From Lemma 3.13 with [ = ¢ + 1, we have

POw) + 2P () - P, (v) =1 ¢
i—1 % i+1 i—1 i+1
> mi' ) (v) = 2l ) + miD ) = mi D)+ mE W),
Since we have myjl )( ) > 0 by L1y = £+ 1, the only possibility is e = 0, méﬂrll)( ) = 0 and

(i+1)
My

we have P") (v) = PE( _32( ) < P( ) _,(v) which violates the convexity relation of Pk(:i)(y) between

(v) = 1. In particular, we have Pg( _32( ) = x¢ + 1. However this is a contradiction since

{41

¢ <k < {;. Hence this case cannot happen. Therefore we have 7 = 7 and J= j in this case.

Step 2. Suppose that we have £ = {(;) — 1. By definition of the rigged configuration we
have Pz(i)(y) > xy. Then by Lemma 5.1 (VII) we have Pz(i)(ﬁ) > x¢— 1. Suppose if possible that
Pe(i)(ﬂ) = z¢y — 1. Recall that we have the three strings (¢, z¢), (¢, Pe(i)(u)) and (£ + 1 PE(JF)I( )
of (v,J)®). Then we have the remaining string (¢, z,) in (#,.J)®. This is a contradiction since
we have Pg(i)(ﬁ) < @y

Thus suppose that Pe(i)(ﬂ) > xy. As in Case 1 of the proof of the previous proposition we

can show that fz _chooses the same string before and after §. Let us consider the behavior of ¢
before and after f;. In this case, there is no problem even if f; creates a singular string since we

have £ + 1 = {(;). Hence we have v=70and J=J.
Step 3. We assume that £ < {(;) — 1 and Pg(:_))fl(ﬂ) < xy in the following proof. According
to Lemma 5.1 (VII) we have Pz((i_))_l(l/) < x4+ 1. Recall that we have Pe((i_))(u) > xp by £y > {

and Pe(i)(u) > x4 by definition of the rigged configurations. Since we are assuming that ¢ =
(0 = j < £;) — 1, the convexity relation of the vacancy numbers allows the following three
possibilities:

(1) €=ty — 2, PO () = s, P}j’)fl(y) = 2, +1 and P}f}) V) = 20+ 2,

(2) Pz(i)(y) = x4 and Pz(j_)l( )= = PZ((?)(V) =xp+1,
(3) P 0) = Ph () == B () = e+ 1

In the following we consider them case by case.
Case (1). According to Lemma 3.13 with | = £(; — 1, we have

~Pw)+2pP) ()= P () =0

> my ) =2mi) )+ mi Y (v) = my Y ) +m Y )
where we have used mgl_l(y) =0 by j = ¢. Thus we have mgi;l_)l(y) = méi:)ri)l(y) = 0. Since
we are assuming that £; 1) < £(;), we conclude that 00+ — Liipry = L.

Now recall that we are assuming that mgi)(u) > 2. Then the minimality of z, and the as-
sumption Pf(i)(y) =z, imply that all the length £ strings of (v, J)( are (¢, Pz(i)(V)), in particular,
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they are singular. However this is in contradiction to the assumption £(; 1) < £(;) since we know
that £(;41) = ¢ which forces that £;) = £. Thus this case cannot happen.

Case (2). The assumption PE(Jr)l( )= = Pz(:))( v) implies that m(Z 1)(y) m,(;H)( )=10
for all £+ 2 < k < {(;) — 1 as otherwise the above relation for the vacancy numbers would be
strictly convex. Next, we apply Lemma 3.13 with [ = ¢ + 1. Then we have

~PPw)+ 2P, (v) - P, (v) =1
3 7 i+1 i— 3
> m{ ) — 2 ) + m{ D @) = mi P )+ mlED W),
where we have used mgil( )=0byj="¢

Suppose if possible that mél 1)( ) = 1. Then we have mgfll)(y) = 0. Since we are assuming

that £;41) < (), m,(;rl)( )=0forall £+ 1<k < £y — 1 implies that ;) = {. However, as

in the previous case, the assumption Pg(i)(y) = x, implies that all the length ¢ strings of (v, J) @)
are singular. Thus we must have £(;) = £ by £(;;1) = £ and my)(y) > 1. This is a contradiction.
Hence this case cannot happen.

Therefore we assume that mgﬂl)( ) =0 and mgrll) (v) =1 in the sequel. Then we can show

that £0+1) = ¢ and €441y = €+ 1. Since m{™ (1) = 0 for all £+2 < k < £ — 1, we have
liy1) =L or £+ 1 by £ <l 1). Suppose if possible that £(;;1) = £. Since we are assuming that

Pz(i)(y) = 1y, the length ¢ = ¢() strings of (v, J)® are always equal to (¢, z¢) by the minimality
of 4. Then by the assumption méz)(u) > 2, we must have £(; = £ by {1y = £. This is in
contradiction to the other assumption (9 < ;- Thus we have £; 1) = £+ 1. Then from

mgfll)( ) = 1, we conclude that ¢U+1) — ¢ gince there is the requirement ¢ < ¢(+1) < Liig)-

Let us analyze ]?Z o4 first. Since fz acts on the i-th place, we have 59— p@ for all
a # 1. Next we consider 7@, Recall that we have Pé((z)) 1( v) > x4 by Proposition 5.23. Also,

since we have PE(Z-))—I(V) = 2y + 1, we have PZ((_))_I(E) = x¢ by Lemma 5.1 (VII). Therefore the

string (E(Z-) — 1,P€((?)_1(17)) of (7,J)® has the largest length among the strings with smallest
rigging, hence f; acts on it. To summarize, 5@ is obtained from v/ by removing one box from
a length £ row.

Next let us analyze § o f, Since fl does not change the coriggings of untouched strings, and
since we are assuming that mg )(I/) > 2, we have (¥ = (@ for all a and E( ) = {(q) for all
a > i+ 1. Let us consider E( )- Recall that we have €(Z+1) = {41y = £ + 1 in this case. Since

we have Pz( _31

length ¢ + 1 string created by fl is the shortest possible string starting from f(zﬂ) Therefore
we have 6(1-) ={+ 1. Since we have mg 1)( )=0foral /+1<k<{; — 1 and since ﬁ does

not change the coriggings of untouched strings, we have Z(i_l) = {(;—1) and thus Z(a) = {(g) for
~(2)

all a <i— 1. To summarize, U
row and 7 = (@ for all a # i. Hence we have v=".

Finally, let us show J = .J. For this it is enough to check the three strings (6(1) g((l ))(I/))

(¢, ) and (), P, ( ) ( )) of (v, J)®. Here note that we have in fact (f( ) Pe((zl)) (v)) = (¢, z¢) under

(v) = z¢+ 1, fZ creates a singular string of length ¢ + 1 by Lemma 5.2. Thus the
is obtained from v by removing one box from a length ¢(*)

the present assumptlon. To begin with, the string (Z(i), Pf((ii))

(v)) behaves as follows:
(9. PR) s (O PH@) s (-1 ).

)
(9. PO W) o (O -1PG @) P (@ -1,P0 | ®).

)
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By 7 = U we see the coincidence of the riggings. Next, let us consider the string (¢, z,):
fi 5 (i) =
(ﬁ,:rg) — (f + 1,2y — 1) — (ﬁ, P€ (1/)),
(bae) = (Ga) L (4w,

Recall that we have (=1 < () = ¢(i+1) — g and £+ 1 = %H) f() < 8( 1)- Therefore we

have Pg(i) (v) = Pe(i)(y) = 2¢. Let us consider the remaining string (£; e( : v)). Then we have
i fi i) o~ 5 i) o~
(o) P ) = (4 PLD (@) = (o P @),
J

; 5 fi )
(b P ) = (b = L) () w5 (4o Py, (0) = 1).

Since we have £ + 1 < ;) by the assumption, we have P(:))(N) = pY (v) —2 =z — 1. Also,

by
since we are assuming that £; 1) < £(;), we have Pé(?)_l( V)= Pg(l)) 1(v) =1 by Lemma 5.1 (VII).
Thus we have Pg(é))_l( v)—1= Pg(())( v) —2 = xy — 1. Therefore we have checked J = J in this
case.

Case (3). The assumption Pe(i)(y) == Pf((?)( v) implies that m(Z 1)(u) = m,(jﬂ)( ) =0
for all £+ 1 < k < {3 — 1. Since we are assuming that £; 1) < {(;), the only possibility is
Livry =1L

Let us analyze f;06 first. From Lemma 5.1 (VII) we have Pz((ii))_1(V) = xy by Pz(()) L (V) = zp+1.

Recall that we have Pe(( )) L

see that the string (5(1) -1, Pe(ji))_l(ﬁ)) has the smallest rigging of the largest length. Thus the

() > x4 by Proposition 5.23. From the assumption £ < £(; — 1, we

next ﬁ acts on this string. To summarize, we have 79 = 5 for all a # 4 and 79 is obtained
by removing one box froin the length 09 row.

Next we analyze § o f;. Since f; does not change coriggings of untouched strings, and since
we are assuming that my)( ) > 1, we have /(@) = ¢ for all a and Z( ) = L) for all a > i+ 1.
In particular, we have 5(24—1) = {(j+1) = £ by the assumption. In order to determine f( ), recall
that the relation Pé( _31( ) = x¢ + 1 implies that fZ creates the singular string of length ¢ + 1 by
Lemma 5.2. Thus we have E(i) = {4+ 1. Since we have m,g 1)(V) =0forall {+1<k</{, —
we have ;1) = L1y by {i-1) = Lg), thus L) = {(g) for all a < i — 1. To summarize, we
have 5% = 5@ for all a = ¢ and 7% is obtained by removing one box from the length ¢() row.

Hence we have v = v.

Let us show J = J in this case. Again it is enough to check the three strings (f(z) g(f ))( ))

(¢, ) and (€(;), e(<3)(’/)) of (v,J)@. The analysis for the string (¢), P e(< ))(u)) is the same with

the previous Case (2). Let us analyze the string (¢, z¢). Then it behaves as

Gz s (0+1,2,-1) 5 (6, PO®G)),

(Cae) V2 (£, 2) L, x0).

In this case, we have =) < g = gli+]) = g and ¢ = g(Hl) < 27(,-) < Z(i—1)~ Therefore we have
Pﬁ(i) V) = Pg(i)(v) —1 = z4. The analysis of (), Pf(?) (1)) is the same with the previous Case (2).

Thus we have J = J in this case. This completes the proof of proposition. |
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Example 5.28. Here we give an example for Case (2) of Step 3 of the proof of Proposition 5.27.
Consider the following rigged configuration (v, .J) of type (B)®3 @ B3 @ B>! @ B>? @ B»!
of Dél)

ST TT]-1 o[[[ITlo 3 3 -3 TTT1]-3 —1[ ] 11]-2
1 -1 -1 1 1 —1 —1 1 1
1 0 -1 —1 2 2 0[]0
2l =1 1 1 0[]0
0] |0 0] |0
0[]0 00
The corresponding tensor product ®~!(v, J) is
o _ 5
Hlelijels|e[1ld]i]erper 7 e]s]
Then (7,.J) is
0 o -1 []-1 3 (113 =3[l [[]-3 -1 [ [T ]-2
1 0 -1 -1 1 1 0l 10 21 12
1011 -1 -1 0[ |0 0[]0
1 ]-1 0[]0 0l 10
0] |0 0[ |0
0L 10 0L 10
and (7, J) is
0 [ T10 -2 [1-2 4 (14 -3 [T 1]-3 -1 [ [ ]-2
1 -2 -2 2 2 -1 -1 1 1
1 0 —1 —1 2 2 0[]0
20 |1—1 -1 —1 0[ |0
0] |0 0 10
0[]0 0[_JO

In this example, we have ¢ = () = 2 < bigy = 3 < Ly =5, mg)(u) = 3 and m,(f)(z/) =0
for 02 < k < £(9). Moreover, we have £ < {5y — 1 and Pé((?)_l(ﬂ) = x4y where £y = —1. This

example satisfies the condition for Case (2)
P2(2)(V) = Ty = —1, P?E2)(I/) = P[£2)(V) = P5(2)(y) =Xy —+ 1=0.

As discussed in the proof, we have mgl)(u) = mf’)(u) =0 where {+2 = {3 —1 =4, mél)(l/) =0
and mgs)(y) = 1. Finally (7,J) = (7, J) is

0 Jo -2 [T ]-2 4 [T14 -3[]I1T111-3 —1[J[[T1]-2
1 0 —1 —1 1 1 0L [0 20 12
11 1 1 0[]0 010
10 -1 0l |0 0] 10
0] 10 0] |0
0L 10 0L 10

5.10 Proof for Case D (2)

Proposition 5.29. Suppose that ¢ = () = Ly and mgi)(y) > 2. Then we have the following

identities:
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Proof. By the assumption méi)(y) > 3 we can choose the three distinct strings

(g(i)’PZ((ii)) (1/)) _ (f(i),Pg(é)) (y)) and (¢, xy)

of the i-th configuration. Here we may have Pg((ii)) (v) = xyp.

Let us analyze ﬁ o d. After the application of ¢ the above three strings become
(g(i) _ 17Pg((zi))_1(ﬁ)) = (Lu) — 1,P£((Zi))_1(17)) and (¢, xy).

By Proposition 5.23 we have P (r) > xy. Thus the string (¢,z¢) remains as

25 —1
the string with smallest rigging of the largest length. Hence ﬁ will act on it. To summarize
79 = 5 for all a # i and 5@ is obtained by removing a box from each of the two length
(0 = {(; rows and adding a box to the length £ row.

7) = Py

Let us analyze § o fv, Since ﬁ does not change coriggings of untouched strings, we have
0@) = ¢(a) for all a and lq) = L(q) for all @ > i+ 1. Since the string (E(i), Pg(:l))(v)) remains as
f(a) for all

|

the singular string which is longer than Z(Hl), we have 27(1-) = {(;) and hence E(a) =
.

a < i. Thus we obtain 7 = v. The remaining statement J = J follows from v =

5.11 Proof for Case D (3)
5.11.1 Outline

Let us consider the third case. We prove the following properties in the latter part of this
subsection by case by case analysis.

Proposition 5.30. Assume that £) = £ and mei)(u) = 1. Then the following relations hold:

PO (v) =z + 1, (5.14)
PO\ (7) = a, (5.15)
041 <0+, (5.16)

Next let us show the following property:

Proposition 5.31. Assume that { = () < Ly and my)(v) = 1. Then the following relation

holds:
(4) -
Pg(i) 1 (V) > xy.

Proof. We follow the classification of Lemma 5.1. Since we are assuming that () < iy, we

have to deal with Cases (V), (VI) and (VII). Throughout the proof of this proposition, let j be
(1)

the largest integer such that j < {(;) and m; (v) > 0. Since we are assuming that 0 < £y, we

have ¢ < j. ‘
Case (V). In this case, we have to show that PE((Z‘))_l(I/) > x4 under the assumption /() <

Ot — = £(;. We can use the same argument of the corresponding part of Proposition 5.8
to show the assertion.

Case (VI). In this case, we have to show that Pe((i_))il(u) > x4 under the assumption £+ <

C(i+1) = L(;)- Suppose if possible that Pe((ii))—l(’/) < 2.
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Let us consider the case j = £(;y — 1. Note that by (5.16), which is shown independently to
the present proposition, we have ¢ < £+ Combining with the current assumption £(i+1) < i
we see that £ = () < C@) — 1. Thus the string (¢;) — 1,z -1) of (v, J)@ is different from the

string (¢, z¢). Then we have Topy-1 < Pg(i)

(_)_1(V) < xy. However this is in contradiction to the

relation Ty -1 > g which follows from the minimality of x, under the condition E(i) —1>/.

Next let us consider the case j < £(; — 1. Since 0 < £(;) we have PIZ(;-)) (v) > Ty, > x4 by the

minimality of zy. Combining with the assumption Pz((i,))_l(l/) < xy we have Pe(fi_l(y) < Pé?) (v).

Then from the convexity relation of P,gi)(y) between j < k < {(;), we have z; < Pj(l)(u) <

Pé((i‘))fl(u) < xy. This is in contradiction to the relation x; > x, that follows from the minimality
of Zy. )
Case (VII). In this case, we have to show that Pg(:_))_l(z/) > xy + 1 under the assump-

tion £(; 11y < {(;). Suppose if possible that PZ((?)—

¢ < ¢+ from (5.16) which is shown independently to the present proposition. Since we have
0+ < £;41) by definition, we have the relations ¢ = £() < £/, 1) < £(;).
We divide the proof of Case (VII) into three steps according to the position of j.

1(v) < x¢+ 1. Again recall that we have

Step 1. First, let us consider the case j = £(;) — 1. Then there is the corresponding string
(E(i) -1, xg(i),l). Since £ < £;y — 1, we have zy < To—1 < Pé((z_))_l(v) by the minimality of x.

Combining with the assumption Pg(:i))_l(y) < zy+ 1 we conclude that Ty -1 = Pz(:,-))—1<y)' Then
the string (£(;) — 1,:@(1.)_1) is singular and its length satisfies £(; ;1) < £ — 1 < £(;). This
contradicts the definition of £;.

Step 2. Next, let us consider the case £ = /() < j < ;) — 1. Since we are assuming that

(M < £(;) we have Pe(é))

Pj(i)(y) > xy. Then, by the convexity of P,gi)(u) between j < k < {(;), the only possibility that

is compatible with the assumption Pé((i,))_l(z/) < x¢+ 1 is the situation jDJ(Z)(]/) =...= Pf((i')) (v) =
zy+ 1.

(v) > g,y > @¢ by the minimality of z,. Similarly, from ¢ < j, we have

1. Consider Fhe case £(;11) < j. Then, combining with the relation ]Dj(z)(lj) > x5 > 3y, We
obtain Pj(l)(z/) = ;. In particular, the string (j, ;) is singular and its length satisfies that
Liiy1) < J < L. This contradicts the definition of £;.

Ztll)) (v) > 0, the relation for P,gi)(u) between

L1y — 1 <k < {11 + 1 must be strictly convex. This contradicts the above relation.

2. Consider the case j < {(;;1). Since we have m

Step 3. Finally, let us consider the case £ = () = j. Since we are assuming that méi)(u) =1,
there is the only one singular string (¢, ;). In particular, we have Pg(z)(y) = xy. Recall that we

have P12(:31

the convexity relation of P,gi)(y) between j < k < £(;) under the condition PZ(Z‘)) (v) > x; admits

(v) = x¢+1 by (5.14) which is shown independently to the present proposition. Then

the following two possibilities:

1. The case () +2 = Ly, Pz(i)(u) = xy, P

v (V) = x¢+ 1 and PZ((Z"))(V) = x4y + 2. Since the

relation for the vacancy numbers is linear, this situation can happen only if mg:rll) (v) =0.
Recall that the relation ¢ = ¢ < £(i41) < L(;) in this case implies that £;;1) = £+ 1, in

particular, mg:ll)(y) > (. This is a contradiction.
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2. The case Pe(i)(y) = xy and Pé(_?l(u) == Pé?) (v) = x¢+ 1. Since the relation for P,gi)(y)

between ¢/ +1 < k < Z(i) is linear, we have m,(fﬂ)(u) =0forall/+1< k< E(i). Next,

applying Lemma 3.13 with [ = £ 4+ 1 we have

_Pe(i)(’/) + zpz(—?l(”) - Pz(—?Q(V) =1

>m{ () —2ml )+ mE P ) = m{D ) + mi D ),

(® (v) = 0 which follows from the assumption j = ¢

o+
and £ + 2 < {;y. Since we know that m,(;H)(V) =0 for all £+ 1 <k < £, the relation

=09 < Lty < L) with mg:i))(u) > 0 forces that £ 1) = £+ 1 and méﬂl)(y) =1

where we have used the fact that m

Now recall the relation ¢ < ¢(+1) of (5.16) which is shown independently to the present
proposition. By the assumption £(; ;1) < £;) and the relation 0+ < £(i41) that follows
gf:rll)) (v) > 0. By definition
of the operation §, the two strings (f(”l),Pz((ii)H)(u)) and (E(HI),PE(Z)H)(V)) of (v, J)+h)
must be distinct. However, as we have seen in the previous paragraph, there is only one
string (k,zy) of (v, J)#+1) under the restriction £ < k < £y This is a contradiction.

from the definition, we also have ¢ = () < ¢(i+1) < ;) with m

In conclusion, we obtain Pg(:_))_l(y) > x¢ + 1 in this Case (VII). [

Proof of “Propositions 5.30 & 5.31 = v = »”. Step 1. Let us consider the case fl 0d.
The first § creates the strings (¢ — 1, Pe(i)l(ﬂ)) and (£(;) — 1, Pz((ii))fl(ﬂ)) of (7,J). Recall that
the rigging of the latter string satisfies PZ(:i))—l(D) > xy by Proposition 5.31. Then, since the
operation ¢ does not change the riggings of unchanged strings, the relation (5.15) and méi) (v)=1
imply that the string (£ — 1, xy) is the longest strings among the string with rigging z,, hence ﬁ
will act on this string. B B B

Step 2. Let us consider the case § o f;. Recall that by definition of f; we have £(*) = K(alfor
all @ < i. From Lemma 5.2(1) the relation (5.14) implies that the string (41,2, —1) of (7, J)®
created by ﬁ is singular. Since méi)(y) = 1 we know that there is no singular string of (7, J )@
that is shorter than or equal to ¢ and longer than (6=, Thus we have £() = £+ 1. Then,
since f; does not change coriggings of (v, J Y@+ the relation (5.16) implies that £(®) = ¢(@) for
all i < a as well as £,) = {(y) for all a.
@ are obtained
. [

Step 3. To summarize, we have 79 =5 — 5 for all = ¢ and 7

=7
by removing a box from a length £(;) singular string of v, Hence we have 7 =

Proofs of :7 = j will be given by case by case analysis assuming the relation 7 = 7 along with
the proof of Proposition 5.30.

5.11.2 Proof of Proposition 5.30 for the case £(—1) < ¢

We divide the proof into two cases depending on whether ¢~ < ¢ or ¢0—1 = ¢. In this
subsection, we consider the case (1) < ¢.
To begin with, let us show the following property.

Proposition 5.32. Suppose that (=Y < ¢ = (@) and my)(y) = 1. Then we have

Pg(i)l(y) =xp+1, Pe(i)(z/) = 2y, Pg(jr)l(l/) =xy+ 1. (5.17)
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Moreover we have
méi_l)(l/) = mé”l)(u) =0. (5.18)
For the proof, we prepare the following lemma.

Lemma 5.33. Suppose that (1) < ¢ = () and my)(v) = 1. Then we have the following
relations:

1) P >PPw), @ PPWw) < Pw).

Proof. (1) Note that from the assumptions mgi)(u) =1 and ¢ = (), we see that the string
(¢, xy) is singular which implies that x, = Pg(i)(u). Let j be the largest integer such that j < £—1
and mgi)(u) > 0. If there is no such j, set j =0 and z; = 0.

We divide the proof into two cases depending on whether j =¢—1or j < {—1.

Step 1. Let us consider the case j = ¢ — 1. Then the string (¢ — 1,2,_1) is non-singular

since its length satisfies £0-1) < ¢ —1 < ¢, Thus we have Pg(i)l(y) > xy_1. Recall that we
have zy_1 > x4 by the minimality of z,. Then z, = Pé(i)(y) implies that Pg(i)l(y) > Pe(i)(y) in
this case.

Step 2. Let us consider the case j < £—1. Then we have x; > x4 by definition of xy and £ > 0.

Thus we have P( )( ) > xg‘by ]( )( ) > x;. Since xy = Pg(l)(y) we obtain P(.l)( v) > P(l)( ).
Then by the convexity of P]gz)(u) between j < k < { we obtain Pé(i)l(y) > min{Pj(l (v), P, g ( )=
Pg(i)(y). Suppose if possible that Pe(i)l(u) = Pe(i)(y). Then by the convexity of the vacancy
numbers the only possibility that is compatible with Pj(i)(u) > Pe(i)(u) is the case Pj(i)(u) =
=P

/) .

(i) Suppose that £~ < j. Recall that the string (j, ;) satisfies z; < P(l)( ) = Pé(i)(y) = xy.
On the other hand, by the minimality of xy, we have x; > z,. Thus x; = P](Z)(V) Then
the length of the singular string (j,z;) satisfies £(0=1) < j < £() which is in contradiction
to the definition of £(). Thus we conclude that Pé(i)l(y) > Pe(i)(u) if (=D < 5.

(ii) Suppose that j < £~ Then the relation of P,gi)(y) between (0~1) — 1 <k < 0-1) 41
must be strictly convex due to the existence of the length ¢(—1) string at »(“~1). This is
in contradiction to the relation Pj(i)(u) == Pe(i)(l/).

Thus we conclude that PZ(?I(V) > Pz(i)(v).
(2) Since ﬁ does not vanish, the rigging for the new string created by j“; does not exceed the
corresponding vacancy number. Therefore, from the proof of Lemma 5.2(1), we have Y (v) >

l+1
x¢ + 1. Since the string (¢, zy) is singular we have Pe(l)(u) = zy. Combining both relations we
obtain P (v) < P, (). m

Proof of Proposition 5.32. We apply Lemma 3.12 with mg)(y) = 1. Then Pe(i)l(l/), Pz(i)(y)

and Pe(-?l

the relation Pg(i)l(u) > Pg(i)( ) < Pg(j_)l( ) is Pe(i)l(u) = Pg(i)(u) +1= Pg(j_)l( ).
From Lemma 3.13 we have

(v) — 2 have to satisfy the convex relation. The only possibility that is compatible with

~PP ) + 2P0 (v) - P, (v) = 2
> mg*l)(l/) — 2m§ )(1/) + mé”l)(y) = mgifl)(y) — 24+ mé”l)(u),
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that is, 0 > méiil)(u) + méiﬂ)(y). Since mgifl)(y) > 0 and mgiH)(y) > 0 we conclude that

mg_l)(v) = mgﬂ)(y) =0. [

Proof of Proposition 5.30 for the case £(:—1) < £. By (5.17) we have Pe(fl(y) =z + 1,
that is, (5.14). By the assumption /0~ < £ we see £(i~1) < ¢ — 1. Thus we obtain Pz@l(ﬂ) =
Pe(i)l(y) —1 = xy, that is, (5.15). Finally, from (5.18) we have mé”l)(l/) = 0. Therefore we have

¢ < 0+ that is, (5.16). ]
In view of the proof of 7 = 7, we can show 3 = }_ for this case as follows.
Proposition 5.34. Suppose that (1) < ¢ = ¢() < £y and mgi)(u) — 1. Then we have J = J.

Proof. From (5.18) it is enough to analyze the string (¢,z¢) of (v,.J)®) where z, = Pg(i)(u).
Then we have

Ca)) 25 (41,21 5 (,POF),

5 i) - fi i) (-

() 5 ((—1,PP @) L5 (6, PY () -1).
Recall that we have £0~1) < ¢ = ¢() < ¢0+1) Then we have Pg(i) (v) = Pz(i)(l/) —1=2xy—1 since
we have PZ(Z)(V) = x4 by (5.17). Similarly we have Pé(z_)l(ﬂ) -1= Pe(i)l(u) — 2 =1xy — 1 since we
have P (v) = 2, + 1 by (5.17). u

5.11.3 Proof of Proposition 5.30 for the case £(6—1) = ¢

We begin by showing the following property.

Proposition 5.35. Suppose that (Y = ¢ = ¢ qnd méi)(u) = 1. Then we have

P (w)=POw)=as,  PLLw)=a+1. (5.19)

Moreover, we have
my*l)(y) =1, mé”l)(y) = 0. (5.20)
For the proof, we prepare the following lemma.

Lemma 5.36. Suppose that (0~Y = ¢ = (() qnd my)(y) = 1. Then we have the following
relations:

1) P2w)=PPw), @ POw)<Plw).

Proof. (1) Let j be the largest integer such that j < ¢—1 and mp(u) > 0. If there is no such 7,
set 7 = 0. We divide the proof into two cases depending on whether j =¢—1or j </ —1.
Step 1. Let us consider the case j = ¢ — 1. Since the string (¢, z,) is singular, we have

PE(Z)(I/) = xy, and by the minimality of z, we have z;, < xy_1. Since xy_1 < Pg(i)l, we conclude
that P, (v) > PP (v).

Step 2. Let us consider the case j < ¢ — 1. Recall that the assumptions ¢ = ¢ and
mg)(u) = 1 imply that the string (¢,z;) is singular and thus Pﬁ(i)(y) = xp. If 7 > 0, then
by the minimality of ¢ with j < ¢ we have Pj(i)(y) > xj > x = Pg(i)(y) If j = 0 we have

Po(i)(y) = 0. In this case, we also have P](Z)(I/) > Pg(i)(z/) since we have PZ(Z)(V) =z, < 0 which is
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the consequence of £ > 0. In both cases, by the convexity of P,gi)(u) between j < k < £ we have
P\ () = min (P (), ()} = PV (w).
Proof of (2) is the same with the previous case. [ |

Proof of Proposition 5.35. Since /(=1 = ¢ we have méifl)(l/) > 0. Then Lemma 3.12 with

mg)(y) = 1 claims that Pe(i)l(’/)’ Pg(i)(’/) and Pe(jr)l

that is compatible with the relation Pz(i)l(l/) > Pz(i)(y) < Pe(j_)l(y) is Pe(i)1(V) +1= Pé(i)(u) +1=

(v) —2 are strictly convex. The only possibility

Pg(j_)l(y). Then from Lemma 3.13 we have

z(i)l(’/) + QPéi)(V) - Pz(-?l(’/) = -1
>m{ W) = 200 @) + m{ ) =l (w) = 24 miT ),

that is, 1 > my_l)(y) + mgiJrl)(u). Since we know that mgi_l)(y) > 0 and mgiﬂ)(y) > 0, the

only possibility is méiil)(y) =1and méiﬂ)(u) =0. ]

Proof of Proposition 5.30 for the case £(*~1) = £. By (5.19) we have Pg(j_)l(u) =z + 1,
that is, (5.14). By the assumption we have ¢ — 1 < (=Y. Then from (5.19) we have
Pg(i)l(ﬂ) = Pg(i)l(l/) = x¢, which implies (5.15). Finally méiﬂ)(y) = 0 implies that ¢ < ¢(+1),
that is, (5.16). [
This completes the whole proof of Proposition 5.30.

Again, using the proof of ¥ = 7, we can show J = J for this case as follows.

Proposition 5.37. Suppose that (1) = ¢ = ¢() < £y and my)(y) — 1. Then we have J = J.
Proof. By (5.20) it is enough to analyze the string (¢, z;) of (v, J)®. Then we have

Gz W +Lz -1 5 (6,PPF),

(a) = (0-1L,E @) s (6P @) -1).

From (01 = ¢ < ¢(+1) by Proposition 5.30, Pg(i)(u) = x¢ by (5.19) and the fact that the length
of the string (¢, ) is preserved under both o f; and f;od, we have PZ(Z)(E) = PE(Z)(V) —1=uz-1
On the other hand, we have P(i)l(ﬂ) —1= Pz(i)l(u) —1 =2y — 1 since we have £ — 1 < £0—1 and

P (v) = ¢ by (5.19). u

Example 5.38. Here we give an example for Proposition 5.35. Consider the following rigged
configuration (v,.J) of type (B11)®3 @ B3 @ B2! @ B*2 @ B3! of D{V

-2 T2 1 10 0 —1[[[1T]-1 -2 (T2
1 1 — —1 0 0 -1 -1 -1 -1
1 |0 -1 -1 1 0 -1 -1 1110
11 /0 -1 -1 1 0
1010 () 0] |0
0 |0 0|0
0L 10 0L 0

TsTsElsEaTe 2o 2

Then (7, J) is
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1 [T 1-1 1 T 1 0 0o -1 (11 -2 []-2
1 1 — — 0 0 -1 -1 -1 -1
0l |0 -1 -1 1 -1 -1 1 0
0|0 -1 -1 1
0[]0 0l |0 0] 10
0 |0 0L |0
0 |0 0 0
and (7, J) is
1 [ []-1 -1 [(]-1 1 1 -1 [[]-1 -2 [ [ ]-2
1 1 —2 -2 1 1 -1 -1 -1 -1
1 0 -1 —1 1 -1 -1 10 /0
11 /0 -1 -1 1
1110 0] |0 0l |0
0 |0 0L |0
0L 10 010
In this example, we have (1) = ¢ = ¢(2) = 3, mgQ)(l/) =1 and 2y = —1. As proved in

Proposition 5.35, we have P2(2)(u) =

PBSQ)(V) =—1=xy, P4(2)(1/) =0=x,+1,m

mP (v) = 0. Finally (7, J) = (5, J) is

[ [ ]0
I

OO OoO—O

OO O

-1
-2
-1
-1
0
0
0

oo o

5.12 Proof for Case D (4)

5.12.1 Outline

OO RF

|1 -1

OO O

1 -1
-1

-1
~1

-1

-2
-1
1

We will prove the following proposition in the latter part of this subsection.

Proposition 5.39. Suppose that { = () = Ly and my

(4)

(1)
3

(v) =1 and

[ -2
~1

(v) = 2. Then the following relations

hold:
PO () =z + 1, (5.21)
P (0) = a, (5.22)
1< (5.23)

Proof of “Proposition 5.39 =—> v = ”. Step 1. Let us consider the case ﬁ 0d. The

first § creates the two strings (f -1, P(i)l(ﬂ)) of (7, J)@. Since' the operation § does not change

the riggings of unchanged strings, the relation (5.22) and mgz)

(v) = 2 imply that the strings
(¢ — 1,xy) are the longest strings among the strings with rigging xz,, hence }’: will act on one of
these strings.

Step 2. Let us consider the case § o f; Recall that by definition of f; we have ((9) = ¢(@

for all @ < i. From Lemma 5.2(1) the relation (5.21) implies that the string (£ + 1,2, — 1)
of (7,J)® created by f; is singular. Then from the assumption mgz)(y) = 2 we see that there

is one singular string of length ¢ and at least one singular string of length £+ 1 within (7, J ) @,
Thus we have £(*) = ¢(@) for all i < a, lia) = l(q) for all i < a and £;y = £+ 1. Then from (5.23)

we have Z(i,l) = L(;—1) and hence £, = {(y) for all a <.
Step 3. To summarize, we have PARI\C () for all a # 7 and 50 — 50 are obtained

by removing a box from a length ¢ row of vV, Hence we have 7 = 0. |
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Proofs of J = J will be given by case by case analysis along with the proof of Proposition 5.39
assuming the relation 7 = o we have just proved.

5.12.2 Proof of Proposition 5.39 for the case £(—1) < ¢

We divide the proof of Proposition 5.39 into two cases according to whether £0—1) < ¢ or
¢G=1) = ¢ In this subsection, we consider the case ¢(~1) < ¢. Throughout the proof of

Proposition 5.39, let j be the largest integer such that j < /¢ —1 and mgi)(y) > 0. If there is no
such 7, set 7 = 0.

Proposition 5.40. Suppose that ¢ = () = Ly, mgi)(y) =2 and (Y < (. Then we have
Py =z +1,  POW) =z, PLw) =z +1. (5.24)
Moreover, we have
miwy=0,  miw)=2 (5.25)
For the proof of this proposition, we prepare the following lemma.

Lemma 5.41. Suppose that { = () = Liiys m?)(y) =2 and (Y < 0. Then we have

W) PAw>PIw), @ POw) <P
Proof. Recall that by definition of J, the strings (€(i),P€((ii))(y)) and (ﬁ(i),Pe(é)) (v)) of (v, J)®
must be different. Then the assumptions ¢ = () = ;) and mgi)(u) = 2 imply that the string

(¢,xy) must be singular. In particular, we have Pe(i)(u) = xy. Then we can use the same
arguments of Lemma 5.33 to prove the assertions. |

Proof of Proposition 5.40. According to the previous lemma, we can write P(i)l(v) and

pli)

41 (V) as follows:

Pg@l(u) =z + &1, Pg(i)l(lj) = Ty + &9,

where 1,9 > 1. Then Lemma 3.13 with [ = £ reads

) + 2P0 W) = P () = —e1 — 2
> méi_l)(l/) — ng)(l/) + mé”l)(u) = méi_l)(l/) — 4+ mé”l)(u),
that is,

4—e1—eg> mgi_l)(u) + méi—’_l)(u).

Note that the assumption ¢ = £(; implies that PO+ — (i41) = ¢ by definition of 4. In
particular, we have mgiﬂ)(l/) > 2. Then the only possibility that is compatible with the above

inequality is e =9 =1, mgi_l)(y) =0 and mé”l)(y) =2. [
Proof of Proposition 5.39 for the case £(*~1) < £. The relation (5.21) is proved in (5.24).
As for (5.22), since (0~ < ¢ = () we have Pg(i)l(ﬂ) = Pe(i)l(y) — 1 = x4 by (5.24). Finally,

by (5.25) we have méi_l)(l/) = 0. Recall that we have £;_1) > £(; by definition of §. Then,
since we are assuming that £;y = £, we have £(;_y > £, that is, (5.23). |
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Assuming that 7 = 7, we can show :7 — J for this case as follows.
Proposition 5.42. Suppose that (1) < ¢ = () = iy and my)(u) — 9. Then we have J = J.

Proof. From the proof of 7 = U after Proposition 5.39, we see that it is enough to look at the
string (¢, ) of (v, J)® which is changed by both f; and § in both f; 0o and & o f;. Then we
have
fi J (9 =
(g V> ((+1lz,—1) +— (,,P7(D)),
6 i) /- i 1) /-
xg) 5 ((-1,P0 @) 25 (6P (m) - 1).
Recall that we have
) < 00 = g0 = f 0y =0 < Ly = 0+ 1 < Ly
by the assumption ¢~ < ¢ = ¢0) = {(; and the arguments given in the proof of v = . Then
we have Pe(i)(ﬁ) = Pz(i)(u) — 1 =2y — 1 since we have Pe(i)(u) = x¢ by (5.24). Similarly we have
Pg(i)l(ﬂ) —-1= Pe(i)l(u) — 2 =1y — 1 since we have Pe(i)l(u) =z + 1 by (5.24). [

5.12.3 Proof of Proposition 5.39 for the case £(6—1) = ¢
Proposition 5.43. Suppose that { = () = Ly, mgi)(y) =2 and (0~Y = ¢. Then we have
PO (w)=Pw)y=as, PO w)=w+1. (5.26)
Moreover, we have
mi ey =1, miMe)=2 (5.27)
For the proof of this proposition, we prepare the following lemma.

Lemma 5.44. Suppose that { = () = Liiys méi)(y) =2 and £~V = (. Then we have

1 PO w)=>PPw), (2 PYw) <P Ww).
Proof. Since we are assuming that £() = {(;y and méi)(l/) = 2, we see that the strings (¢, ) of
(v, J)® are singular. Then we can use the same arguments of the proof of Lemma 5.36. n

Proof of Proposition 5.43. According to the previous lemma, we can express P(i)l(u) and

PO

1 (V) as follows:

PO (w)=a+er,  PO(v) =+ e
where €1 > 0 and 9 > 1. Then Lemma 3.13 with [ = ¢ reads
P (v)+ 2P (v) ~ Pz(%(’/) = —€1 — &2
> mg_l)(l/) - 2m§l)(1/) + mé”l)(y) = méz_l)(z/) -4+ méz+1)(u),
that is,

d—g = >m W)+ miT ).

Since we are assuming that £¢~Y = £ we have méiil)(l/) > 1. Also, from the assumption

0 = £(;) we see that 6+ — C(i+1) by definition of 6. Thus we have mgiﬂ)(y) > 2. Then the

only possibility that is compatible with the above inequality is that 1 = 0, g9 = 1, mg_l)(y) =1

and mé”l)(y) =2. [
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Proof of Proposition 5.39 for the case £(*~1) = £. The relation (5.21) is proved in (5.26).
As for (5.22), since L0~ = () = ¢ we have Pé(i)l(ﬂ) = Pg(i)l(y) = x4 by (5.26). Finally,
by (5.27) we have méi_l)(u) = 1. Since we are assuming that £(~1) = ¢, this string corresponds
to (E(i_l),:cg@fl)) which is different from the string (£;_,), $[(i_1)). Since we have £(—1) < Ly
by the definition of §, we must have £ < {(;_y), that is, (5.23). [ |

Assuming that 7 = U, we can show ,}N — J for this case as follows.
Proposition 5.45. Suppose that { = () = iy, méi)(l/) = 2 and (Y = ¢. Then we have
J=J.

Proof. Recall that we can assume that f; acts on the same string (¢,2¢) of (v, J)® in both
fiod and 6 o f;. Then we have

(o) L5 +1z-1) S (LR D),

z) 5 ((-1,P0 @) s (6P (5)-1).

Recall that we have

z(iil) = z(z) = Z(i+1) = Z(i+1) = E < Z(Z) — E + ]. S Z(i—l)
by the assumption (1) = ¢(1) — ;) = £ and the arguments given in the proof of v = . Then
we have Pe(i)(ﬁ) = Pf(i)(u) — 1=y — 1 since we have Pe(i)(u) = x4 by (5.26). Similarly we have
Pé(i)l(ﬂ) —-1= Pg(i)l(y) — 1=z, — 1 since we have Pe(i)l(u) = x4 by (5.26). [
Example 5.46. Consider the following rigged configuration (v, J) of type (B»))®3 @ B%3 ®
B2l g B22 g B3! of Dél)

2 T1-2 1 T -2 2 1 1 -1 -1
1 -1 —1 -1 -1 1 1 -1 -1
1 0 -1 -1 1 1 -1 -1
A -1 -1 1 1
-1 |—1 20 11
—1 -1

The corresponding tensor product ®~!(v, J) is

5 = |1
To1le1 2
TsTsTsllae 3o 2 |s]s
5
Then (7, J) is
—92 [ [ ]-2 1 [TT]1 -2 —2 1 1 -1 -1
0 0 ~1 1 _1 ~ 1 1 1
impn B o 21 12 —10=1
1o ~1[ -1 212
-1 |—1 2) 1
1 ]-1
and (7,.]) is
-1 [[]-1 -1 [1-1 -1 -1 1 (11 -1 []-1
1 1 -2 ) 0 0 1 T 3 =
AmO o ! ! 1 101
270 -1 —1 1 1
-1 |-1 21 1
1 ]-1
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In this example, we have ¢ = () = ¢(2) = o) = 3 and mgf)(l/) = 2. Then we have z, = —1,

P2(2)(1/) = P3(2)(y) = -1, P4(2)(y) =0, mél)(y) =1 and mg?’)(u) = 2 (see Proposition 5.43). We
also have P2(2)(17) = —land {) =6 > £+ 1 = 4 (see Proposition 5.39). Finally @, J) = (v,J)
is

ST TT)-1 -1 [T7-1 -1 —1 1[I —1[[TTT]-1
0 0 —2 -2 0 0 1 1 -1 -1
0 0 -1 —1 2 2 -1 -1
1010 -1 -1 2 2
—1[ =1 2 1
-1 /-1

5.13 Proof for Case E: preliminary steps
5.13.1 Classification

Recall that the defining condition for Case E is £() < ¢. We further classify this case as follows.

(1) 6O < fand £+ 1 < L4y,

(2) 60 < Land £ 1) <+ 1< L = oo,
(3) 40 < Land £ 1) <€+ 1< L < oo,
(4) 4O < £ and £ = ¢,

(5) 40 < £ and £ < L.

5.13.2 A common property for Case E
The fundamental observation for this case is the following property.

Proposition 5.47. If {() < ¢, we have

P

g(%)_1(p) > xy.

Proof. We follow the classification of Lemma 5.1.
Case (I). Let us consider the case ¢(~1) = ¢(). Then by Lemma 5.1, we have to show

Pg((li))_l(u) > xy. Suppose if possible that Pg((i%_l(’/) < xp. If £ = 1, then we have 0 =
Pe((ii))_l(u) < zy which is a contradiction since we have z; < 0 by 0 < /. Therefore we assume

¢ > 92 in the sequel. From the assumption £) < ¢ we have Pg(fi))(v) > x4y > xp. Let j be the
length of the longest string of v that are strictly shorter than £(®). If j = ¢() — 1, then we have

xj < Pj(l)(u) < x4, which contradicts the minimality of z,. Thus we assume that j < ¢ — 1.
We apply the convexity relation of P,Ei) for j < k < £ with the relation Pe((?)_l(y) < Pg((ii))(u)
and obtain z; < Pj(l)(u) < Pe((?)il |
v does not contain strings that are strictly shorter than 0N Again we can use the convexity
relationA of P,gl) fOIT 0 < k < ¢ with the relation Pé((l%il(l/) < P@(@))
0=F"v) <P |
proved Pg((li)>,1(’7) >z, for the case £0—1) = ¢(0),

Case (IT). Let us consider the case /=Y < (), Then by Lemma 5.1, we have to show
Pg((li)>_1(’/) > xy. Suppose if possible that PE((ZZ.)>_1(1/) < . Let j be the length of the longest
row of v(!) that are strictly shorter than ¢(). Suppose that j = () — 1. Then we have z; <

(v) < w4, which is a contradiction. Therefore we see that

(v) and obtain the relation

(v) < xp. This is a contradiction since we have xy < 0. Thus we have

Pj(i)(y) < x. By the minimality of z, this relation implies that x; = Pj(i)(l/), that is, the string
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(j,x;) is singular in (v, J)®. This is in contradiction to the definition of ¢®) since we have
=0 < g = pl) — 1 < ¢,
Therefore we assume j < £() —1 in the sequel. If pY

(v) < xy, from Y (V) > xp0) > a0 We

08 —1 £(®)
have Pe((?)_l(u) < Pe((?) (v) and by the convexity relation we have zj < Pj(z)(y) < Pé((zi))'_l(y), that
is ; < xy. This is a contradiction. Therefore we must have Pg(é)),l(’/) =z If PZ((?) (v) > xy,

by the similar argument we obtain x; < xy, which is a contradiction. Thus we conclude that

(4)
Pg(z‘)

i . pl) (1)
(™ we obtain P; (v) < P

we obtain P](Z)(V) = x;, that is, the string (j,z;) is singular. But this is a contradiction since

(v) = xy. Suppose that £=1) < j. Then from the convexity relation of P,Ei)(y) for j <k <

_ p(@)
(v) = Pg(i)

(v) = x4 and from the requirement Pj(i)(u) > xj > ay
¢G=1) < j < ¢ Thus we have j < £0—1. Since méﬁi__ll)) (v) > 0 the convegity relation for P,Ei)(y)
between (0~ —1 < k < £0~1) 41 must be strict. Thus we obtain 2, > Pe((zi)_l) (v) > Pj(z)(y) > xj,
which is a contradiction.

Therefore we conclude that (v, J)® does not contain strings that are strictly shorter than £(9).

Then from the convexity relation of P,gi)(y) between 0 < k < () we obtain z; > Pg((i%,l(’/) >
Pe(é)fl)(y) > Péi)(y) = 0, which is in contradiction to the requirement z;, < 0. Thus we have
proved Pg((%_l(ﬁ) > 1z, for the case £~ < ¢, [

5.14 Proof for Case E (1)
To begin with we prepare the following property.

Proposition 5.48. Suppose that () < ¢ and (+1 < Lix1)- Then we have

Pé(:i))*l(lj) > Zy.
Proof. We follow the classification of Lemma 5.1. From the assumption, we see that () <
£i+1)- Then we only need to consider cases (V), (VI) and (VII). During the proof of the
proposition, let j be the largest integer such that j < ;) and my)(y) > 0. Since /) < ¢ <
Liit1y < {gy we have £ < j. Proofs for cases (V) and (VII) are the same as the corresponding
parts of the proof of Proposition 5.3.

Case (VI). In this case, we have to show P;(?)_l(l/) > xy. Suppose if possible that

Pé(?)_l(y) < zy. First, let us consider the case j = £(;)—1. Then the corresponding string satisfies
Tgpy-1 < Pg((ii))_l(z/) < 2. Now recall that we have £ < £;) — 1 since we have £ +1 < £; 1) < £

by the assumption. Thus the minimality of z, requires that z, < Ty -1 This is a contradiction.

Similarly, if £ < j < £ — 1, we have 2y > Pz((%—l(’/) > min {Pﬁ((g (V),.Pj(i)(lj)} which implies

that x, > Ty, OF Zg > xj. This is in contradiction to the requirements x, < Ty, and ¢y < x;
derived from ¢ < {; and £ < j, respectively.

Finally let us consider the case ¢ = j. Recall that we have Pg(i)(v) > xy, Pe(f))fl(y) < zy and

Pe((i_)) (v) > . However these relations are in contradiction to the convexity relation of Plgi)(u)
between ¢ < k < f(i) which we can use by £ < E(i) —1. [ |

Proposition 5.49. Suppose that () < ¢ and ( +1 < liiv1)- Then we have the following
identities:
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Proof. Step 1. Let us consider the case ¢ o f; Since f; does not change coriggings of the
untouched strings, and since f; creates the string whose length satisfies £() < ¢4+ 1 < Liig1), wWe
have (%) = ¢(*) and £, = {4, for all a

Step 2. Let us consider the case f; o 4. Since we are assuming that £() < £ < {(;) the string

(¢,z0) remains as it is after §. Recall that we have Y

JAORS |
Pe((%fl(ﬂ) > x4 by the previous proposition. Thus the string (¢, ;) has the largest length among

(7) > x4 by Proposition 5.47 and

the strings of (v, J )@ that have the smallest rigging.

Step 3. To summarize, we have 79 = 5@ — 5@ for all a # i and 79 = 59 is obtained
by adding a box to the ¢-th column of #(9. The statement J = J is obtained by the equality
P,g )( ) = P( )( ) for arbitrary & which is the consequence of 7 = v. |

5.15 Proof for Case E (2)

Let us consider the case /() < ¢ and liiv1) <L+ 1 < Ly = oo. We divide the proof into two

cases according to whether f; creates a singular string or not.

5.15.1 Case 1: fz creates a non-singular string

Proposition 5.50. Suppose that we have () < £ and Liip1) < L+1 <L) = oo. Suppose further

that ﬁ acting on (v, J) creates a non-singular string. Then we have the following identities:

=5, (2 J=J.

U

(1)

Proof. Step 1. Let us consider the case § o f‘; Since ﬁ does not change coriggings of the
untouched strings, and since f; creates a non-singular string, we have £(@) = ¢(@) and Yy = L)
for all a. _

Step 2. Let us consider the case f; od. Since we are assuming that £%) < ¢ and (;) = oo the
string (¢, z,) remains as it is after . Recall that we have PE((% ,(#) = ¢ by Proposition 5.47.
Thus the string (¢, x¢) has the largest length among the strings of (7, J )@ that have the smallest
rigging.

Step 3. To summarize, we have 79 = 5@ = 50 for all a # i and 79 — 5@ is obtained
by adding a box to the ¢-th column of 7(¥). The statement J = J follows from U = 7. |

5.15.2 Case 2: ﬁ creates a singular string

Proposition 5.51. Suppose that we have () < ¢ and Liip1) < L+1 <L) = oo. Suppose further

that ﬁ acting on (v, J) creates a singular string. Then we have
fiod(v,J)=0.

Proof. Since £;) = oo, § changes the string (E(i),Pé(Zi))(y)) of (v,J)® only. In particular,
from () < ¢ the string (¢,x¢) remains as it is after the application of §. Since we know that
P
with the smallest rigging within (7, J)®. Thus the next ﬁ acts on this string and produces
(ﬁ + 1,z — 1).

Let us compute Pe( +)1( ). Since f; acting on (v, J) creates a singular string, we have P, +1( v) =

2¢ + 1 by Lemma 5.2. Then we have Pe(21( ) = PZ(—Z|—)1( ) — 1 = x4 since we have ((0—1) < () <

(7) > x¢ by Proposition 5.47, the string (¢,z,) is the largest string among the strings
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¢(+1) < ¢+ 1 and L1y <€+ 1 < Ly = oo by the assumptions. Finally, since ﬁ adds a box

to the (£ + 1)-th column of (7,.J)®, we have pY (V) = pY () — 2 = x4y — 2. Then we see

0+1 0+1
that the string (¢ + 1,z — 1) of (7, J)® satisfies 2, — 1 > Pg(i)l (7). Therefore we conclude that
fiod(v,J)=0. |

Example 5.52. Consider the following rigged configuration (v, J) of type (B»))®* @ B3
B2! @ B22 @ B3! of D"

0 0 0 0 -1 [ ]-1 0 0 —2 | ]2
0 -1 1 1 0 0 0 0 0 0
0 0 1 1 0 ~1 0 -1 0L 0
110 1 1 0 —1
110 101 110
1o 1110

f2 acts on the string (¢, z¢) = (4,0) of (v, J)® and makes it into (5,—1) of (7,.J)®. Since we
have P5(2) (v) = —1, the latter string is singular. In particular, we see that fa(v,J) # 0. The
corresponding tensor product ®~!(v, J) is

=i o

GlssElsEleiHe et

Then (7, J) is

0 0 0 0 —1 -1 1 0 —2 ] ]-2
0 -1 1 1 -1 -1 0 0 0 0
0l |0 1 1 -1 -1 0L ]—1 0L 0
0| |0 11 0 0
0L |0 11 11 10
1.0 1010

Thus we have /(2) =2 < ¢ = 4 and b3y =5 =1L+ 1 < {) = oo (see Proposition 5.51). Indeed,
we have Pé2) (7) = —2 and thus fa(7,J) = 0.

5.16 Proof for Case E (3)

Let us consider the case () < ¢ and lipy <L+ 1 < L < oo Asin Case C, we use the
following classification:

(1) mﬁ (v) > 0 and f; creates a singular string, or

¢+1=/{4 and ]?Z creates a non-singular string,

(2) mgﬁ (v) = 0 and f; creates a singular string,

(3) £+ 1 < £ and f; creates a non-singular string.

5.16.1 Proof for Case 1

Proposition 5.53. Suppose that () < ¢, Ciigry S L+1 <L) < oo, mﬁl(y) >0 and fl creates
a singular string. Then we have the following identities:

1) =5 (2) J=4J.
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Proof. Since we have Pg((i))il

the proof of Proposition 5.9 if we replace £() (resp. £(—1)) there by £y (resp. £(;41)) and neglect
the arguments concerning the string £(;) there. |

(7) > xy by Proposition 5.47, we can use the same arguments of

Proposition 5.54. Suppose that () < ¢, liigry <L+ 1< Ly <oo, L+1=1{; and ﬁ creates
a non-singular string. Then we have the following identities:

(1) v=r, (2 J=J.

Proof. As in Case C we can reduce the proof to the previous proposition. |

5.16.2 Proof for Case 2

As in Case C, we show the following property:

Proposition 5.55. Suppose that () < ¢, lipy < €+1 <Ly < oo and méil(l/) =0. Ifﬁ

acting on (v, J) creates a singular string, then the following two conditions are satisfied:
_ i—1
P \(0) = a, m{ V(W) =0 for £ <k <.
Proof. As in Case C, the proof depend on the following two cases (see Lemma 5.13);
(€, z¢) is singular and £ = £ 1) — 1, (5.28)
(¢, x¢) is non-singular. (5.29)

For the case (5.28) (resp. (5.29)) we can use the same arguments of Section 5.6.3 (resp. Sec-
tion 5.6.4) by replacing £() (resp. £0—1) there by £y (vesp. £(;41)) to show the assertions. W

Proposition 5.56. Suppose that () < ¢, liipr)y < L+1 <Ly < oo and mé:)_ (v) =0. Then we
have v =7 and J = J.

Proof. Since we have PZ((?)_I
the proof of Proposition 5.12 if we replace £) (resp. £0—1)) there by £y (resp. £(i11)), neglect the
arguments concerning the string £(;) there and use Proposition 5.55 instead of Proposition 5.11.

(r) > xy by Proposition 5.47, we can use the same arguments of

Thus we obtain 7 = v. We can also use the same analysis given for Case C to show J=J. 1

5.16.3 Proof for Case 3

We can use the same arguments in Section 5.7 if we replace £ (resp. £0—1) there by iy
(resp. E(i—i—l)) and neglect the arguments concerning the string £;) there.

5.17 Proof for Case E (4)

5.17.1 Preliminary

In this case, we assume that ¢() < ¢ and {3 = L. In view of the classification of Case D we have
to consider the following two cases:

1) 19 <o, £y =L and mgi)(v) > 1,
3) 60 < £, 4y = £ and m{? (v) = 1,

During the proof of Case E (4) we follow the above classification. In both cases, we have the
following common property.
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Proposition 5.57. Assume that () < ¢ and Ly = L. Then the following relation holds:
PY () >
1 (D) 2> x4

Proof. We can use the same arguments in the proof of Proposition 5.23 if we replace )
(resp. £0—1) there by iy (resp. £iy1)). Here in order to evaluate the vacancy numbers in
Case (a) and (b), we note that if we have £ —1 < £,y we have PZ(?I(D) > Pf(i)l(y) since we
have £) < ¢ —1 by the assumption. |

5.17.2 Proof for Case 1

Proposition 5.58. Assume that £() < ¢, Ly =1L and mgi)(u) > 1. Then we have the following
identities:

1) =5 (2) J=J.

Proof. (1) Let us analyze the action of ﬁ before and after the application of . By the as-
sumption my)(u) > 1 we can choose two distinct length ¢ strings (¢,z¢) and (¢, Pe(z)(y)) of

(v, J)® where f; will act on the former one and & will act on the latter one. Recall that we

have Pz((ii))_l(ﬂ) > x4 by Proposition 5.47 and Pé((ii))_l(ﬂ) > x, by Proposition 5.57. Thus both
strings (E(i) -1, Pe(zi))—l(ﬁ)) and (€ —1, Pe(zi))_l(ﬂ)) of (7, J)® are shorter than (¢, x¢) and their

riggings are larger than or equal to xy. Therefore ﬁ will act on the same string (¢, z;) in both
(v, J) and (7, J).

Let us analyze §. Recall that f; will not change the coriggings of the strings (ﬁ(i),Pg((ii))(V))
and (£, Pg((?) (v)) of (v, J)@D. Since €@ < ¢ we have £(®) = ¢(9) for all a. Also, since by <l+1
we have Z(a) = {(4) for all a. To summarize § chooses the same strings before and after the
application of f;. Hence we obtain v = . -

(2) Since each f~} and § chooses the same strings in d o ﬁ and ﬁ o 8, the coincidence J = J is

a consequence of Plgi)(ﬁ) = P,ii) (D). [

5.17.3 Proof for Case 3

Proposition 5.59. Assume that £() < ¢, Ly =1L and mgi)(u) = 1. Then we have the following

identities:

PO (v) =z + 1, (5.30)
PO\ (7) = a, (5.31)
{+1< E(z‘—l)- (5.32)

Proof. The proof is divided into two cases £; 1) < £ and £;1) = £ and we can use the same
arguments in the proof of Proposition 5.30 if we replace £¢—1) () and ¢0+Y there by Lty L
and £(;_1), respectively. |

Proposition 5.60. Assume that () < ¢, Ly =€ and méi)(y) = 1. Then we have the following
identities:
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Proof. Recall that we have P( )

) 1( v) > x4 by Proposition 5.47. Since we have Pﬁ(ji—l(p) =y
by (5.31), the string (¢ — 1, P{)

) 1(17)) of (7,J)@ will not be chosen by the next f;. Then

we can use the same arguments in the corresponding parts of Case D (3) if we replace ¢(*)
(resp. £(—1) there by ¢y (resp. £(;41)) and neglect all the arguments related to £ ). |

5.18 Proof for Case E (5)

In this case, we can show the following property.

Proposition 5.61. Suppose that £;y < (. Then we have

Pé((?)fl(ﬂ) > xy.

Proof. We can use the arguments of the proof of Proposition 5.47 if we replace £(%) (resp. 6("*1))
there by f(z) (resp. E(i—i—l))' |

As the consequence of this proposition, we have the following result.

Proposition 5.62. Suppose that () < ¢ and £ < L. Then we have V=% and J = J.

Proof. Since we have Pg(( )) ,(#) = x; by Proposition 5.47 and Pg((ii)),l(ﬂ) > x¢ by Proposi-

tion 5.61, we see that fz acts on the same string before and after 6. Also, since £ < by < ¢
and the fact that fZ does not Change coriggings of untouched 5tr1ngb we see that § acts on

the same strings before and after fZ Thus we have o = . J = J follows from the fact
P,g )( ) = P( )( ) which is the consequence of 7 = . [ |

6 Proof of Proposition 4.8: j?z version

6.1 Proof for (1)

Proposition 6.1. Let us consider the rigged configuration (v,J) of type BY®B. Suppose that
we have the commutativity of f; and ® for B. Suppose that we have fi(v,J) # 0 and f;(v,J) = 0.
Let b= ®(v,J) and b/ = ®(v,J). Then we have one of the following two cases:

(1) b=i @V, f;(b) is defined, f;(V') is undefined and ®(fi(v, J)) = (i +1) @V,
(2) b=71+ 1@V, f;(b) is defined, f;(V') is undefined and @(ﬁ(u, J) =i®b.
For the proof, we start by preparing the following properties.

Proposition 6.2. j?i(u, J) #0 and E(D,j) = 0 if and only if one the following conditions is
satisfied:

(1) 00D <0+ 1< 0D =0 and f; acting on (v,J) creates a singular string,

(2) 09 <, Liipry <L+ 1 <Ly = o0 and ﬁ acting on (v, J) creates a singular string.
Proof. In Section 5, we analyze all possible cases such that fz(l/ J) # 0. Then only cases

such that fz(u J) is defined and fz(u J) is undefined are the above two cases as described in
Proposition 5.6 and Proposition 5.51. |
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Lemma 6.3.

(1) Suppose that L0~ < 04+ 1 < /%) = 0o and fi acting on (v, J) creates a singular string.
Then we have £ = ¢+ 1, (0D = 0o and Pg(l)(ﬁ) = xy.

(2) Suppose that £ < ¢, liig1) L+ 1 <Ly = o0 and ﬁ acting on (v, J) creates a singular
string. Then we have Z(Z-) =(41, E(i_l) =00 and Pg(i)(ﬁ) = xy.
Proof. (1) To begin with we shall show that there is no string of #(*) that is longer than /.
Suppose if possible that such string exist. Let j be the minimal integer satisfying j > ¢ and
jz (v) > 0. Then there are stringf (¢, z¢) and (4, z;) of (v, J)® that satisfy x; > x by defini_tion
of £. Since /) = oo we have (7, J)® = (v, J). Thus the string (j, z;) still exists in (7, J)®,

which implies that Pj(i)(ﬁ) > x;. To summarize, we obtain Pj(i)(ﬂ) > xy.

m

Consider the case j = £+ 1. Then this result is in contradiction to the equality Pz(i)l(ﬂ) =Ty
that appears in the proof of Proposition 5.6. Next consider the general case j > {4+ 1. By
the convexity relation between ¢ and j, we have Pz(jr)1(ﬁ) > min {Pe(z)(ﬁ),Pj(z)(D)}. Since we
know that PZ(_?I(D) =xr < Pj(i)(ﬂ), we deduce that Pz(j21(ﬁ) > Pz(i)(ﬁ). From PZ(?I(D) = xy
and Péi)(ﬂ) > x4 (since /) = c0), we obtain P'Z(i)(ﬁ) = P5(4221(D) = xy. Then the convexity
relation between ¢ and j gives xy = Pg(l)(ﬁ) > Pj(l)(ﬂ) which is in contradiction to the relation
Pj(i)(ﬂ) > x4. Hence there is no string of 7() that is longer than £.

The relations Pg(i)(lj) > xy, P(i)l(z?) = Iy, Péé)(ﬂ) > —oo and the convexity relation bet-

. [ ‘ 4
ween ¢ and oo gives Pg(l)(ﬂ) = Pg(_?l(ﬂ) = Pe(-? (7) = ---. This relation forces m,(czﬂ)(ﬂ) =0 for

all k > £+ 1, since otherwise the relation would be strictly convex. Since () = o0, we have
oD = p(+1) and thus #0+1) = 70+D | Therefore we obtain mgﬂ)(ﬁ) =0foralk>/¢+1.

Recall that the definition of ﬁ on the rigged configurations implies that 0@ = ¢@ for all
a <i—1. Then by the assumption we have £(i~1) < ¢+ 1. Again from the assumption there is
a length ¢ + 1 singular string in 7(9). Therefore we have () =p4+1. Finally from m](:H)(’J) =0
for all k > £ + 1 we have £(+1) = oo, '

(2) During the proof of Proposition 5.51 we show Pf(j_)l(ﬂ) = xy. Then we can use the same
arguments of (1) if we replace 061 ¢ and G+ ete. there by L1y, Ly and £y ete.,
respectively. Note that in this case we have to work under the condition /() < ¢ and £y = oc.
Then we can use the fact that all strings of (v, J)(*~1) that are strictly longer than £0—1 (< £4-1)

do not change after §. In particular, we can show m,(f*l)(ﬂ) = m,(j*l)(ﬁ) =0forallk >/+1. N

Proof of Proposition 6.1. According to the previous observations, we have to consider two
distinct cases. B

(1) Suppose that £0—1) < ¢ 4+1 < ) = o0 and f; acting on (v, .J) creates a singular string.
From (01 < oo and () = oo we have ®(v,J) = i ® V. From () < oo and (0D = oo we
have ®(7, j)_: do fi(v,J) = (i+1) @’ Let us show the coincidence v’ = ¥’ by proving
(7,J) = (7,J). Recall that the difference between (v,J) and (7,.J) is one box at (¢ + 1)-th

column of (7, J)(i). Then from /(@) = ¢(@ for all @ < i — 1, 0% =¢+1 and P = () = 00, We

have 7 = D. In order to show J = :7 recall that ¢ acting on (v, J) creates the length ¢ singular
string of (7,J)@. On the other hand, since Pz(i)(ﬂ) = x4 all length £ strings of (7,.J)® are
singular. From Pg(i)(ﬁ) = Pe(i)(ﬁ) we see the coincidence of the corresponding riggings and hence
we deduce that J = J. Thus we have o = ¥/ N

_ Asfort/ = ®(v, J), we know that o;(0') = ¢;(7, J) = 0 by the assumption. Thus fio®(v, J) =

fi()) @b =(i+1) @Y. Thus ® and f; commutes in this case.
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(2) Suppose that £() < ¢, liigr)y <L+ 1 <Ly = o0 and ﬁ acting on (v, J) creates a singular
string. From £;;1) < oo and £ = oo we have ®(v,J) = i+1®¥b. From f; < oo and
{(i—1) = oo we have ®(v,J) =i ® b". The coincidence 0" = ' follows from parallel arguments.
Finally, by ¢;(b') = i(7,J) = 0 we have f o ®(v,J) = fi(i+1) @b =i ®@. Thus ® and f;
commutes in this case also. |

6.2 Proof for (2)
To begin with, let us show the following property.

Lemma 6.4. Suppose that £ ) < 0o, £ = 0o, 27(1-) < o0 and 27(1-,1) = 00. Let s (resp. S) be
the smallest rigging of (v, J)@ (resp. (7, J)®). Then we have s < 5.

Proof. Note that if we show that the rigging for the shortened string in (7, J )(i) is larger than
or equal to s, then we have s < 5. In particular, we can assume that ¢( > 1, since otherwise the
corresponding rigging will be erased by § and will not contribute to s, thus s = s by £;) = cc.
Since £(;) = 00, it is enough to check

P

e<i)71(9) > s.

Then we have the two possibilities:

@) D =@ o ar) 0D < O

During the proof, let j be the largest integer such that j < ¢ and my)(u) > 0. If there is no
such 7, we set 7 = 0.

Case (I). In this case we have to show that Pg(u)) L

Let us consider the case j = ¢() — 1. Then we are done since we have Pé(( )) (W) =iy =8

by the minimality of s. Next consider the case 0 < j < E(z) — 1. Then by the convexity relation

between j and /() we have Pe(<)) ,(v) = min {Pj(i)( ), P ﬂ) v)} > s. Suppose that j = 0. If

s < 0, we can use the same arguments of the previous case since Pé )(V) = 0.

(v) > s under the assumption £(0—1) = (),

Therefore we have to consider the case j = 0 and s > 0. Since s > 0, f; acting on (v, J) adds
the length 1 string to (v, J )( 7). Recall that fZ does not change coriggings of untouched strings.
Since we have ¢0—1) = ¢() > 1, we see that fl@) = ¢(@) anq E( ) = {(q) for all a. However this is

in contradiction to the assumptions £(;) = oo and é(i) < 00. Hence this case cannot happen.
Case (II). In this case we have to show that P

1 (v) > s under the assumption 0G=1) < @),
Suppose if possible that P£(<)> (v) <s.

Suppose that j = £ — 1. Then we have Tpiy_q < pY (v) < s. Then by the minimality of

2 —1

s, we have x4 _; = p (v) = s, in particular, the string (/) —1, Zyi)_q) is singular. However

20 —1
this is a contradiction since its length satisfies 1) < p(0) — 1 < 00,

Suppose that £0—1 < j < ¢ — 1. By definition of s we have Pe(())(y) > s and by the
assumption we have 20 (v) < s. Then by the convexity relation of P,g )( ) between j < k <

() —1
(@) we have Pé(“))( ) > Pe(< )) 1( v) > Pj(l)(y) > x;. By the minimality of s and s > Pg((l)) 1

have Pj( )(1/) = x;, that is, the string (j,z;) is singular. This contradicts the definition of £().

Suppose that 0 < j < =1 By méﬁ;ll))

¢G=1) 41 >k > ¢0=1D — 1 has to be strictly convex. Therefore we have Pé(g(u) > Pg(fi))_l(z/) >

(v), we
(v) > 0, the convexity relation of P]gi)(l/) between

Pj(i)(y) > x; in this case. Since we have s > PZ(( )) ,(v), this contradicts the minimality of s.
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Suppose that j = 0. Then we have s > P£(<)) (V) > Péi)(y) = 0. If s <0, this is a contra-

diction. Hence we assume that s > 0. Then f; adds the length 1 string (1,—1) to (v, J)®. If
¢G=1) > 1, we can use the same arguments in the last part of Case (I) to show that such case
cannot happen. Thus assume that (=1 = 1. If Pl(i)(ﬁ) > —1, then the added string (1, —1)
is non-singular so that we can use the arguments in the last part of Case (I) to show that such
case cannot happen.

To summarize, we have shown that we have s < § except for the case j =0, s > 0, £(—1) =1
and Pl(z) (v) = —1. Suppose if possible that this case happen. Since s > 0, f; adds the length 1

string (1, —1) to (v, J)®. Thus we have 5 < 0 and Pl(i)(y) = 1. Since mZi_}l))(l/) = mgi_l)(u) >0

and () > 1, the relation P,gi)(u) for 0 < k < 2 must be strictly convex. In view of Po(i)(l/) =0,
this implies that 1 = P(Z)( ) > P(Z)(y). Since we are assuming that s > 0, the rigging of the
string (¢, P£(<)>( )) must satisfy e(ﬁ))( ) > 0. Then by the convexity relation Of‘P]gz)(l/) between
1 < k < 09 the only possibility that is compatible with 1 = P(z)(u) > PQ(Z)(I/) is the case

1= P( )( ) = PQ(Z)(I/) = P((l))( ). To summarize, we have the following situation:
s>0, 00 =100>1 and PPw)=P )= =P =1 (6.1)

(4)

Since j = 0 we have m;’(v) = 0. Then from the convexity relation of Lemma 3.13 with [ =1
we have

~P )+ 2P () - P (v) =1
> m{ Y w) —2mP () + m{TV () = mTV (W) + m{D w).

We have mgi_l)(z/) > 1 since £~ = 1 and m l+1)(y) > 0 by definition. From the above
inequality we conclude that mgl 1)( ) =1 and m (i+1) (V) 0. We also have m,(jﬂ)(z/) =0 for
1 < k < £ by the relation P( )( ) = PQ(Z)(I/) =... = PE( (v). Since fi does not change the
coriggings of (v, J)® for a < i, we have 061 = €( 1) = 1. Recall that the string (1, —1) of
(v, J)(’) is singular. Thus /() = 1. From 70+ = o0+ we have m,(;H)( )=0for 1 <k <),
Since f; does not change the coriggings of (v, J)+1D) | we have E(ZH) = ¢+ and thus (@) = ¢(@)
for all i < a and £, = £, for all a. In particular we have E(z) = {(;y = oo. However this
is a contradiction since we have Z(Z-) < o0 by the assumption. Thus the situation (6.1) cannot

happen. |

Proposition 6.5. Let b € BV ® B and suppose that we have shown the commutativity of fl
and ® for the elements of B. Suppose that we have f~z( ) £ 0 and f;(V) = 0 where V' € B is the
corresponding part of b. Then we have f;(v,J) £ 0, fi(7,J) =0 and ®~1(f;(b)) = f:(@~1(b)).

Proof. By the assumption, we have the following two possibilities:

(a) b=i®V and f;(b)=(i+1) @V,
(b) b=i+1®V and fi(b)=i®V.

Case (a). In this case we have 0(—1) < o0 and £() = co. Then we have P(l)( ) = Po(é)(ﬂ) +1.
By the induction hypothesis, f;(¥') = 0 implies that ;(7,J) = 0. Then from Theorem 3.8 we

have Péf,)(ﬂ) = 5 where 5 is the smallest rigging of (7,.J)®%). Let s be the smallest rigging of
(v, J). Since £() = oo, we have s = 3. Again by Theorem 3.8 we have iy, J) = Péé)(u) —s=
POW)+1—s=5+1—s=1. Therefore fi(v,J) # 0 as desired.



Rigged Configurations and Kashiwara Operators 73

In order to check ®~L(f;(b)) = fi(®~1(b)), it is enough to show that fi acting on (v,.J)
creates a singular string and it satisfies =D < p41 =00 < f(i+1) = o0 under the assumptions
fz(V J) # 0 and fl(v J) = 0. Then this is the consequence of Proposition 6.2.

Case (b). In this case we have £; ) < oo, {; = oo, E() < oo and f(, 1) = oo. By
C(i+1) < 00 and £;) = 0o we have j ol )( )= P )( )+ 1. Since we have ¢;(7,.J) = 0 by f;(') =0,
Theorem 3.8 asserts that P )(_) = 5. Now let us invoke the relation s < 5 of Lemma 6.4. Then
we have p;(v, J) = Po(é)( ) — s—P()( )+1—s=5—s+1>1 Thus f;(v, J) # 0.

_ Finally we can check ®~1(f;(b)) = fi(® (b)) under the assumptions fi(v,J) # 0 and
fi(7,J) = 0 by using Proposition 6.2. [ |

6.3 Proof for (3)

For the analysis of the present situation, let us prepare several properties of the rigged configu-
rations. Let s (resp. ) be the smallest rigging of (v, J)® (resp. (7,J)®).

Lemma 6.6. Suppose that we have f;(l/, J) =0 and ﬁ(l?, J) # 0. Then we have the following
two possibilities:
(1) £%) < 00 and L0+ = o0, or

(2) f(z) < o0 and f(i_l) = o0

Proof. Let us show that £() < co. Suppose if possible that /() = co. From Theorem 3.8 we
have ¢;(v,J) = Po(é)( ) —s = 0. Since /) = oo, we have s = 5 and P(Z)( ) < P(Z)(V). Thus
0i(,J) = Pé?(ﬂ) — s < 0 contradicting the assumption f;(7, ) # 0. Hence we conclude that
00 < o0

Suppose that £(t1) < co. Then we have the following four possibilities:

(a) (i+1) = OO,
(b) £(i41) < oo and £(;) = oo,
(¢) ) < oo and £(;_1) = oo,
(d) £gi—1) < oo.

Let us analyze these possibilities case by case. Note that by the assumption f;(y, J) =0, we
have @;(v, J) = Po(é)(u) — s =0 from Theorem 3.8.

Case (a). By the assumptions (1) < oo and {(i+1) = 00, we have Péé)(ﬂ) = Péé)(y). Then
the assumption f;(ﬂ, J) # 0 implies that

0i(7,J) = PO (@) —5=POw)—5=5—5>0.

By the assumption £(; 1) = 0o, we see that s > s can happen only if the string (6(1) 1 PZ((Z)) 1(1?))
which is created by d has the rigging strictly smaller than s. Thus the present assumptions imply

that P%

1 (7) < s. To summarize we are left with the following two possibilities:

(I) (6D = ¢, then P\) (v) <sby P{)_(9)=P)) (v),

(1) 1
(IT) £0-D < (@ then P{)_ (v) <sby P (7)=P{) () -1

Let us show that these cases cannot happen. Let j be the largest integer such that j < () and
mg»z)(y) > (. If there is no such j, set j = 0.
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Case (a-I). Suppose that j = £¢) — 1. Then we have x; < Pj(l)(l/) < s, which contradicts
the minimality of s. Suppose that 0 < j < £ — 1. Recall that by the minimality of s we
have PZ(())( ) > s. Thus we have Pg(())( ) > PZ((Z)) (V). Then by the convexity relation of P,gz)(u)

between j < k < £ we have Pz(())( ) > Pe(<)> 1

5> P( )> ,(v), this contradicts the minimality of s.

(v) > Pj(l)(y) > xj. Since we are assuming that

o1 () > By (v) =0,
Note that this relation is always valid since we have ¢ > 1 by the definition. Therefore we have

s > 0 which implies that f; acting on (v, J) adds the length 1 string (1, —1) to (v, J)@. Since
we are assuming that f;(v,J) = 0, the rigging of the string (1, —1) of (7, J)® must be larger

Finally suppose that j=0. Then the previous inequalities become s> pW

than the corresponding vacancy number. Thus we have P( )( ) < —1, that is, P( )( ) <0 by
Pl(l) (v) = Pl(z)(l/) — 2. Since P(l)( ) = 0, the convexity relation of P,gz)(u) between 0 < k < (0

implies that 0 = P(i)( ) > P(Z)( ) > Pe((l))( ). Therefore the rigging of the string (é( 2 P€(<)>( )

of (v, ) satisfies that PK((ZZ) (v) < 0. This is a contradiction since we have s > 0.

Case (a-IT). Suppose that j = () — 1. Then we have z; < P](Z)(y) < s. By the minimality
of s we have z; = Pj(i)(u) = s, in particular, the string (j,z;) of (v, J)® is singular. However
this is in contradiction to the definition of ¢(9) since we have £—1) < j < ¢ Suppose that
00=1) < j < 00 — 1. Then by the convexity relation of P,E,i)(y) between j < k < () we have

(@)
s > PE(Z) 1

the string (j,x;) of (v,J)@ is singular. Again this is in contradiction to the definition of ¢()

since (071 < j < ¢, Suppose that 0 < j < £~V Since mé(z 11))

relation of P,gi)(u) between (=1 — 1 < k < 0= 4 1 i strictly convex. Therefore we have

5> PE(Z)) () > P](z)(y) > x;. This contradicts the minimality of s.

(v) > Pj(i)(u) > xj. Then by the minimality of s we have P](Z)(V) = xj, in particular,

(v) > 0, the convexity

)

Finally suppose that j = 0. Then the above relation becomes s > PZ((Z)) (V) >

(
that is, s > 0. By the similar arguments of the latter part of Case (a-I), we obtain P ( ) <0.
Since PO(Z)(V) = 0 and m 1)( ) > 0, the convexity relation of P,g )( ) between 0 < k < E(i)

i)

(%)

e(z 1)
becomes 0 = P( )( ) > Pl (v) > Pe((z))(u). Hence the rigging of the string (5() P( (v)) of

o(i—1)
(v, J) satisfies that Pz(()>( ) < 0. This is a contradiction since we have s > 0.
Case (b). By the assumptions ;1) < oo and £;) = oo, we have Pg)(ﬂ) = Pég)(u) — 1.
Then the assumption fi(ﬂ, J) # 0 implies that

0i(7,J) =P (@) —5=POv)—1-5=5—-5—1>0.

oo
By the assumption £;) = oo, the situation s —1 > s can happen only if the rigging of the string
(et -1 PZ(()) 1(’)) which is created by 0 satisfies P€(<)) L
arguments of the above Case (a) to show that this case cannot happen.

Case (c). By the assumptions £(;) < co and £;_;) = 00, we have Po(é)(ﬂ) = PCE?(I/) +1. Then
the assumption f;(7, J) # 0 implies that

(r) < s—1. Then we can use the same

v
W)

i, ) =PD(@0)—5=POW)+1-5=s-5+1>0 = s
Thus, basically we have the following two cases:

(1) s>s, (2) s=

@)

Case (c-1) To begin with let us consider the case s > 5. This situation can happen if at
least one of the riggings for the strings (6() -1 PK(()> 1(5)) or (ﬁ(i) — 1,P£((Zi))_1(17)) is smaller
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than s. If P() (7) < s, we can use the same arguments of Case (a) to show that this case

-1
cannot happen. Thus PE((Z)) (D7) > s> 5.
Therefore we suppose that P, 2(()) (V) > 5 and Pé((ii_l(ﬁ) = 5 in the sequel. Let us follow the

classification (III) to (VII) of Lemma 5.1. We observe that the Cases (III) and (IV) cannot
happen in this setting, since in these settings we have () = £(;). This is a contradiction since

we are assuming that Pz((% 1(_) > Pf((ii))_l(ﬂ). Let us consider the remaining cases under the
assumption () < £y

Case (c-1-V). In this case we have Pe((ii))_l(u) = 5 — 1. Let j be the largest integer such
that j < £ and mg»i)(y) > 0. Since () < £(;) we have (D < Ifj = ;) — 1, we obtain the
immediate contradiction s > 5—1 = 5((11 () > &g, —1. Thus suppose that ) < j < liy — 1.

Since s is the minimal rigging of (v, J)® we see that PZ((z )) (v) > s > 5. Therefore we have

e((?)( ) > Pe((1)> L(v). Then by the convexity relation of P,g )( ) between j < k < ) we obtain
Pﬁ((li{_l(u) > P]( )( ) > x;, in particular, s > x;. This contradicts the minimality of s.

Case (c-1-VI). In this case we have Pé((i;—l(l/) = 5. Then we can use the same arguments
of Case (c-1-V) to show that this case cannot happen.

Case (c-1-VII). In this case we have Pg((ii))_l(l/) = 5+1 under the assumption £(; 1) < £(;. If
541 < s we can use the same arguments of Case (c-1-V) to show that such case cannot happen.
Thus suppose that 5§ +1 = s. Let j be the largest integer such that j < £;) and mg-i)(u) > 0.
Since (1) < E(i) we have () < j.

Suppose that j = ;) — 1. Then we see that the string (£ — 1, acgm,l) is singular by the
minimality of s, since we have s = PE(? 4 (v) > ¢;,—1. However this is in contradiction to the
definition of £(; since its length satisfies that £(;, 1) < £ — 1 < L).

Suppose that £y < j < £ — 1. Since s is the minimal rigging of (v, J)® we have
Pz((?) (v) > s and P](Z)(V) > 5. Since we have Pe(:i))_l(y) = s, the only possibility that is compatible
with the convexity relation of P,gi)(y) between j < k < {(;) is the case s = Pz((?) (v) = Pz((i;_l(y) =

- = .PJ(Z)(I/) > x;. By the minimality of s we have Pj(l)(y) = xj, in particular, the string (j, z;) is
singular. However this is in contradiction to the definition of £(;) since we have £(; 1) < j < £(;.

Suppose that () < j < f(iﬂ). As in the previous paragraph, we obtain s = P(< ))( )

g((l)) W)= = P](l)(y) . However, this is a contradiction since we have m/H (v) >
which implies that the vacancy numbers Pli )(V) are strictly convex function of k.
To summarize, we have shown that Case (c-1) cannot happen.

Case (c-2). In this case we have s = 5. This case is indeed possible as the example at the
end of this subsection shows.

Case (d). By the assumption £;_;) < 0o, we have Pé?(ﬁ) = Po(é)(l/). Then the assumptions
fi(#,J) £ 0 and fi(v,J) = 0 imply that
0i(0,J)=PO@)—5=POW)—5=5-5>0 <<  s>5

We can use the same arguments of Case (c-1) to show that this case cannot happen. |
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Lemma 6.7. Suppose that we have f;(l/, J) =0 and ﬁ;(lj, J) # 0. Then we have the following
two possibilities:

(1) £ < oo, £0+) = 00 and s = 3,

(2) L) < o0, bii—1) =00 and s = 3.

Proof. (1) Step 1. Let us show s < 5. It is enough to show that the new string of (7, .J)®

has the rigging larger than or equal to s, that is, Pg((ii)),l(ﬂ) > 5. Suppose that Pz(()> () <s.

Then we can use the same arguments of Case (a) of the proof of Lemma 6.6 to show that this
case cannot happen. Thus s < s.

Step 2. Next, let us show s > s. Then it is enough to show PZ(( ))
rigging that is changed by 6! is the one associated with the lengthened string (see Remark 3.16

for the explanation of §~1). By the assumption (1) = 0o we have Pé(fi))( v) = Pe(l) (r)—1. Thus

(v) > 5 since the only

the above relation is equivalent to PZ(({( ) > 5.

Suppose if possible that P E(()>( ) < 5. Suppose if possible that there are strings of (7, .J)® that

are longer than or equal to £(). Let j be the length of the shortest such string. By the minimality

of § we have Pg(“)) (7) > 5. Then we have PZ(O)) (D) > Pe(@))( ) > Pj( )( ) > x; by the convexity

relation between £() —1 and j (ifj = (™ we can directly show the inequality without the second
term). By the minimality of 5, we have 5 < x;. Therefore we obtain 5§ = x; which implies that
the string (j, z;) is singular with length larger than £() — 1. However, we know that 6~ will add
a box to the length ¢() — 1 string of (7,.J)®). This is a contradiction since £(*1) = 0o implies
that 6~! will add a box to the longest possible string. Therefore we conclude that the longest

string of (7,.J)® has length ¢() — 1. Since we have PZ(( )) (@) > PZ(())( ), the convexity relation
between /() —1 and oo gives PK((% (D) > PE(())( ) > > pY (D). However‘ this is a contradiction
(r) < 5and P )( ) > 5 by (v, J) = P(Z)(D) —§>0. Thus we

have shown that the relation Pé(())( ) > § is always satisfied. Hence we obtain s > 3.

since we already know that Pe((?)
By combining the two inequalities, we conclude that s = s.

(2) During the proof of the previous lemma, we have shown that the only possible case under
the assumption is s = 5. |

Example 6.8. Consider the following rigged configuration (v, J) of type (B")®*®@ B3 B> ®
B22 g B3L of Dél)

1 1 -1 []-1 -2 -3 2 ]2 -1 -1
1 1 0 0 -2 —2 1 1 -1 -1
1 1 0 0 -2 -2 0L 0 0L 10
11 |0 0 0 -2 -2
1.0 0 0 0 0

101 101

This is the example for Case (c-2) of the proof of Lemma 6.6. The corresponding image
v, J) is

GlssseEEe e

We have fo(v, J) = 0 since we have Pé2) (v) = —3. (v, J) is given as follows:
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1 1 -1 -1 -2 []-3 2 [T ]2 -1 -1
1 1 0 0 -2 —2 0] |0 0 0
0] 0 0 0 —2 —2 0L 10 0L 10
0] |0 0 0 -2 -2
0L 10 11 11

1 11

Note that the minimal rigging —1 of (v, J)® is preserved before and after ¢ in a nontrivial way.
We have fo(7,.J) # 0 since we have P5(2) (V) = —2.

Proposition 6.9. Let us consider the rigged configuration (v, J) of type BH ®~B. Suppose that
we have the commutativity of f; and ® for B~. Suppose that fi(v,J) = 0_and fi(7, J) #£ 0. Let
b=®(v,J) and b = ®(v,J). Then we have fi(b) =0, f;(t/) # 0 and ®(fi(v,J)) = fi(®(v, J)).

Proof. According to Lemma 6.6, we see that there are only two possibilities. The first case is
(%) < oo and L0+ = oo, In this case we have b = (i + 1) ® ¥’ and ché)(ﬁ) = ché)(u) + 1. The
second case is £(; < oo and £(;_1) = oco. In this case we have ¢ ® b’ and Po(é)(ﬂ) = Po(é)(y) + 1

Recall that we have ¢;(b') = ¢;(7,J) > 0 by the induction hypothesis. Let us show that in
fact we have ¢;(7, J) = 1. From Theorem 3.8, we compute

oi(7,J) = PO (@) —5=POw)—s+1=1.

Here we have used the relation s =5 from Lemma 6.7 and the assumption (v, J) = pY (v)—s=0.
Thus ¢;(7,J) = 1.
Then by the induction hypothesis we have ¢;(0') = ¢;(7, J) = 1. On the other hand, recall

that we have ¢;(i+1) = €;(7) = 1. Then from the tensor product rule at Section 2.1, we conclude
that f;(b) = 0. Hence we have ®(f;(v,J)) = fi(®(v, J)). [

6.4 Proof for (4)

Proposition 6.10. Let b € B! ® B and suppose that we have shown the commutativity of ﬁ
and ® for the elements of B. Suppose that we have fi(b) = 0 and f;(V') # 0 where V/ € B is the
corresponding part of b. Then we have f;(v,J) =0, fi(7,J) #0 and @~ 1(f;(b)) = f;(271(b)).

Proof. By the assumption, we have b = (i + 1) ®@ b or b = i @ b’ and ;(’) = 1. In the
first case we have /() < 0o and (1) = o and in the second case we have l;) < oo and

{(i—1) = 0o. In both cases we have Pé?(l/) = Péé)(ﬂ) — 1. From the condition ¢;(b') = 1 together

with the induction hypothesis we have ¢;(V') = ¢;(7,J) = 1, which implies Po(é)(ﬁ) =5+1by
Theorem 3.8. Here 5 is the minimal rigging of (7, .J)®). Then we have

0i(,J)=POW)—s=PW(p)—1—s=5—s.

If we show s > § we have ¢;(v,J) = 0 as desired. Note that this result leads to ®(f;(b)) =
fi(@1(b)) also.

Let us show s > 5. If /() < 0o and £ = 0o we can use the same arguments of Step 2 of
the proof of Lemma 6.7(1) since we do not use the assumption ¢;(v, J) = 0 there. If £;) < oo
and £(;_1) = o0, again we can use the same arguments of Step 2 of the proof of Lemma 6.7(1)

by replacing (9 and (1) there by C(;y and £;_1) respectively. |

7 Proof of Proposition 4.8: e; version

In this section we use a parallel notation that are introduced in Section 4.4 except for changing
the role of f; there by &;. For example, &; acts on the string (¢, z) of (v, .J)®.
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7.1 Proof for (5)

Proposition 7.1. Let us consider the rigged configuration (v, J) of type BY' @ B. Suppose that
we have the commutativity of &; and f; with ® for B. Suppose that €;(v, J) # 0 and & (v, J) = 0.
Let b= ®(v,J) and b/ = ®(v,J). Then we have one of the following two cases:

(1) b=(i+ 1), ¢(b) is defined, &;(t') is undefined and ®(¢;(v,J)) =iV,

(2) b=1@1V, €(b) is defined, & (V') is undefined and ®(&;(v,J)) =i+ 1.

For the proof, we show the following properties.

Proposition 7.2. ¢;(v, J) is defined and ¢;(v, J) is undefined if and only if one of the following
conditions is satisfied:

(1) () < 00, (01 = o0 and all the riggings of (v, J)(i) are non-negative except for the longest
string whose rigging is —1. Moreover we have

Pi_y(0) =P () == PO() =0,

(2) L) < o0, Li—1) = o0 and all the riggings of (v, J)® are non-negative except for the longest
string(s) whose rigging is —1. Moreover we have

P ()= P (0) =+ = PO @) =0.

Proof. By the assumptions ¢&;(v,J) # 0 and ¢&;(,JJ) = 0, we see that § changes (v, )
Thus we have () < co. Also, from (7, J) = 0, we see that all the riggings of (7, J)® are
non-negative.

(1) Suppose that we have 00+ — oo, Suppose if possible that we have mgl)(f) > 0 for some
¢ < j. Let us choose the minimal such j. Note that by the condition ¢ < j, the string

(4, x;) is different from the string (2() -1 P£(<)) 1(17)) created by 6. By the definition of 61,

() < 00 and £+ = o imply that the string (6(1) -1, Pg(fi))_l(ﬁ)) is the longest‘ singular string
of (7, J)®. In particular, the string (4,x;) is not singular so that we have P(Z)(_) > x; > 0.

On the other hand, we have PZ(@)) [(7) > 0 since ¢i(v,J) = 0. Let us show Pe((l))(ﬂ) > 0. If

¢ = j it is already proved. Thus suppose that £() < j. Since we have m,(g)( ) = 0 for
all /() < k < j, the only possibility that is compatible with Y (v) >0, Pj( )(D) > 0 and

-1
the convexity relation of P,E,Z)(D) for /) —1 < k < jis Pe(())(ﬂ) > 0. In conclusion, we have

PZ((?)( ) >0 by Z((’)>( )= PZ((?) (7) — 1 which follows from the relations () < oo and £(+1) = oo,
Since all the riggings of (7, J)(") are non-negative, the relation Pé((%( ) > 0 implies that all the

riggings of (v, J)(?) are non-negative. This contradicts the assumption & (v, .J) # 0. Hence the

string (6(1) -1 PZ((% 1(17)) is the longest string of (7, J)®.

Let us show that P( 9 ,(7) = 0. Suppose if possible that we have Pe(:i)) (7) > 0. Then we have

Pz((l)( ) >0 by PE(ZZ))( ) Pg(é)) (7) — 1. This contradicts the assumption €;(v, J) # 0. Therefore

we have P! )( ) = 0. In particular, the string (6(2) Pe(é))( ) = (0@, —1) is the only string of

200
(v, J)@ which has the negative rigging.
Finally let us show that PZ((Z)) (W)= = Py (r) = 0. By the convexity relation of P(z)(ﬂ)

between £() —1 < k < oo and the condition P )( ) > —oo, we have Pé((l)) (@) < PZ(())( )< - <
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Pé?(ﬂ). Recall that we have Pe(()> (7)) =0 by e, J) = 0 and Pé((?)(ﬂ) = 0 by the previous
paragraph. Then the only possibility is P( )> (D) = PE((% )y=---= Péé)(ﬁ) =0

(2) In this case we assume that (1) < oo.
Step 1. We shall show that £y < oco. Suppose if possible that £(;; 1) = co. Consider the

case /() = 0+1) Then we have PE((Z) (v) = PZ((Z) (7). This implies that all the riggings of (v, J)®

are non-negative. This contradicts the assumption €;(v, J) # 0.

Thus we are left with the case £() < ¢(+D). Then we have Pg(fz))( ) = Pe(f ))(’) — 1. In order
to have ¢;(v,J) # 0, we must have P£(<))( ) = 0. Suppose if possible that there are strings of
(7, J)@ which are longer than £() — 1. Let j be the minimal integer such that m§i)(ﬁ) > 0 and

¢0) < j. Then the string (j,z;) of (7,.J)® must satisfy Pj(i)(ﬂ) > x; > 0. Similarly, the string

(E( D1 Pe((l )) 1(17)) must satisfy Pe(()) 1( v) > 0. Then the only possibility that is compatible
with the convexity relation of P( )( ) between () — 1 < k < j is the relation
Py () =P @) =--=P (1) =0. (7.1)

From (7.1) we have m,(jﬂ)( ) = 0 for all £() <k < j. Recall that by definition of £(+1) there is

the string (£0+D —1 PZ(Z:L}) (D)) of (7, J)@*+D | Then we see that its length satisfies j < £0+1) 1
by £() < ¢G+1) _1. Also from (7.1) and the assumption &;(7,.J) = 0, we see that the string (J, x;)
is singular since we have 0 = pl )( ) > x; > 0. By the relation j < 06+ — 1, 571 will add a box

to the string (4, z;) of (7, J)® 1nstead of the string (¢ — 1 PZ(()> .

since we have /() —1 < j. In conclusion we see that the string (E( -1 Pe(()> (D)) is the longest
string of (7, .J)®.
We know that PU )( ) = 0. Since ¢;(7,J) = 0, we have P () > 0 and, in particular,

£(9) 08 —1
Pe((li)hl( ) > P (7). Since there is no string of (7,.J)® which is longer than £() — 1, we can

(7)). This is a contradiction

£(8)
use the convexity relation of P(Z)(’) between £V — 1 < k < oo with P(l)(’) > —o0 to conclude
that PZ((ZZ)) (@) < Pg(( ))( ) <o < Pl )( ). By the relation Pe((% () = Pe(()>( ) we conclude that
Pg((%,l(ﬁ) = Pg((li)) (v)=---= Péo)(ﬂ) is the only possibility that is compatible with the convexity

relation. Then we have mgﬂ)(ﬂ) = 0 for all /) < k. This is a contradiction since we are
assuming that ¢() < ¢0+1_ Hence we have Ciy1) < 00.

Step 2. We shall show that £;) < co. Suppose if possible that £;) = co. In order to have
ei(v,J) # 0, we must have Pe((l ))( ) = PZ(Z ))( ) — 1. Under the condition /(;) = oo, this is only
possible if we have £ < ¢(+1) Then we can use the same argument of the corresponding part
of Step 1 to deduce a contradiction. Thus we have £(; < oo.

Step 3. We shall show that /;_;) = co. Suppose if possible that £(;_;) < co. Then we can
use the same arguments of Step 1 if we replace £ and ¢(+1) there by £(;) and £(;_y) respectively
to deduce a contradiction. Thus we have £(;_;) = oo.

Step 4. We shall show that the length £() string of (v, J)( i) created by 6~ ! has non-negative
rigging if £ < £(;y. For this we have to show that P£(< ))( ) > 0. Recall that we have P( ) 1(17) >0
by the assumption &;(#,JJ) = 0. On the other hand, let j be the smallest mteger such that

(Z)( ) >0 and (O < j. By /() < {(;) we have j < {;). Then by the assumption & (7, J) = 0
we have Pj( )( ) >0.

If ¢0) = 0+ we have PE(())(I/) > P(l)( ) by ¢ < £4;). Then by the convexity relation

of P(l)( ) between /) — 1 < k < j we have Pe((l))( ) > PZ(())( ) > mln{ ZU (@ ),Pj(l)(ﬂ)} > 0.
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Next let us consider the case £) < (01 Then we have Pz(()>( ) = Pg((l ))(_) 1. Then one

can attain P((?)( ) = —1 only if P((l)) (@) == P]( )(_) = 0. This relation implies that

(Hl)( ) =0 forall £) =1 < k < j. Then we have j < £0+1) —1 since we have £() —1 < ¢(+1) 1
by the assumption. Let us consider the string (4, ;) of (7, J)®. Then we have P]-(Z)(D) >x; >0
by the assumption ¢&; (7, J) = 0. Since PJ(Z)(D) = 0 we see that the string (j, z;) is singular and
its length satisfies £() — 1 < j < £0+D) — 1. Thus §~! will add a box to the string (7, x;) instead
of the length ¢(9 — 1 string. This is a contradiction. To summarize, we have shown that the
length ¢ string of (v, J)® created by ! has non-negative rigging if ¢! < Ly

Then we can use a parallel arguments of the previous case (1) to deduce that the string
(0@ — 1, PE(Z-))—l(’j)) is the longest string of (7, J)®.

Step 5. Finally let us show that Pz((ii))_l(ﬂ) =... = Po(é)(ﬂ) = 0. Since the length £;) — 1
string is the longest string of (7,J)®, we have P(z) (7)) < P(l) (r) < - < Po(é)(ﬂ) by the
convexity relation of P( )( ) between {; —1 < k < oo and P( )(17) > —o0. Since we have
P9 w) = -1, vmahavezﬂ)(*)-—()byzﬂ”( )= P (7)) - 1. suum-wekmyefﬂ?_l() > 0 by

P teiy
eAV,J)—-0,Wecondudethatfﬁg_d(’)—-fé%(’):: = PYw)=0. m

Proof of Proposition 7.1. We divide the proof into two cases following Proposition 7.2.

(1) Let us consider the case £(9) < 0o and £(+1) = co. In this case we have b= (i4+1)®¥. By
the assumption we have &;(V') = &;(7,J) = 0. From Proposmon 7.2 we know that P{. )( )=0
and the minimal rigging of (7, .J)® is 0. Therefore we have ;(7, J) = 0 by Theorem 3.8. Then
by the assumption we have ¢;(b') = ;(7,J) = 0. Thus &;(b) = 1, that is, &;(b) # 0.

Finally let us show ®(&;(v,J)) = i ® '. Recall that the longest string of (7,.J)® has length

(i)

(@) — 1. Therefore we have m,i (v) = 1. Thus if 0G=1) = ¢ we see that we cannot remove
a box from (&(v,J))® by § since the length of the longest string of (& (v, J))® is £®) — 1
and thus all the strings of (&;(v,.J))® are strictly shorter than £(~1). In this case we have
®(e;(v,J)) = i @ V. Therefore let us suppose that £~ < ¢() in the following. Recall that we

have P( )> ,(7) = 0. Then we have Pg((g ,(v) =1by (0= < ¢ We know that ¢; changes the
string (E( ), —1) of (v, J)® into (¢®) —1,0). In particular, the latter string is non-singular by
Pe((li))_l(ﬁ) = P[((Zi))_l(y) = 1. Thus /1) = oo also. In conclusion we have ®(¢;(v,J)) =i @

(2) The proof for this case is almost identical to the previous case if we replace £~ and ¢(
by £(;) and £(;, ) respectively. |

Example 7.3. Consider the following rigged configuration (v, J) of type (B*)®*®@ B3 B>'®
B22 g B3L of Dél)

0 0 -1 [ ]-10 0 -1 1 ]-1 0 Lo
0 2 2 2 0 0 -1 -1 -1 1
1 1 2 2 0 —1

1] Jo 1l Jo

The corresponding image ®~1(v, J) is

I!G@I!@@l'@@l!é@lﬂlﬂiﬁQ@EH@Dg Z ®

We have & (v, J) # 0 since (v, J)? has a negative rigging. Here & changes the string (6, —1) of
(v, J)@ into (5,0). Since Pél) (v) = 1, the latter string is non-singular. Thus the leftmost letter
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of ®(v7,.J) is 3 and the rest part is the same as the corresponding part of the above path. (7,.J)
is given as follows:

0 0 0 0 0 0 -1 [ ]=1 0 0
0 2 2 2 -1 -1 -1 1 -1 1
2 ]2 11 1 1

1] Jo 1l o

Since all the riggings of (7, J) are non-negative, we have & (7, J) = 0.

7.2 Proof for (6)

Proposition 7.4. Let b € BY' @ B and suppose that we have shown the commutativity of ¢
and f; with ® for the elements of B. Suppose that ¢;(b) # 0 and €;(b') = 0 where b’ € B is the
corresponding part of b. Then ¢;(v,J) # 0, €;(v,J) =0 and ®~1(¢;(b)) = & (®~1(b)).

Proof. By the assumption, we have the following two possibilities:

(a) b=(i+ 1)@V and &(b) =i @V,
(b) b=i®b and &(b) =i + 1 V.

In both cases we have ;(b') = 0. Note that we have ¢;(7,.J) = 0 by the assumption.

Case (a). By the assumption we have ¢;(7, J) = 0 and ¢;(#, J) = 0. Then from Theorem 3.8
we have PCE?(D) = (7, J) —e;i(7,J) = 0. Let | := DY) be the length of the longest string of
(7, J)®. Then we can use the convexity relation of P,gi)(ﬂ) between [ < k < oo to deduce

that Pl(i)(ﬁ) = Pl(_f_)l(ﬁ) == o@(l?) = 0. Consider the string (I, z;) of (7,.J)®. Then from

¢i(v,J) = 0 we have Pl(i)(ﬂ) > x; > 0. Thus we have ; = 0 and, in particular, the string
(I, ;) = (1,0) is singular. Since we have b = (i+1) ® b/, we see that 6! adds a box to the string

(1,0) of (7, )@, that is, I +1 = £®). Since £(+D) = 0o, we see that Pg((%(u) = PZ((?)(D) —1=-1.
To summarize, the longest string of (v, J)® is (¢(9, —1) and therefore we have & (v, J) # 0.
Since 6! does not change the riggings of the strings except for the longest one, we see that
the unique string of (v, J) which has negative rigging is (¢, —1). Thus &; acts on the string
(0@, 1) and changes it to (£() — 1,0). If £¢=D = () we see that § cannot remove a box
from (7, J)@ since all the strings are strictly shorter than ¢=1. Thus (& (b)) =i ® V. So

suppose that £0~1) < ¢@) Then we have Pé(fi))_l(ﬂ) = Pg(é))_l(V) = Pﬁ((li)>—1(’7> +1 = 1. Thus
the string (ﬁ(i) — 1,0) created by ¢; is non-singular. Therefore we have () = o and hence
PL(E() =ixb.

Case (b). Proof of this case is almost identical to the previous Case (a). [

7.3 Proof for (7)
Proposition 7.5. The situation €;(v,J) =0 and &;(v,J) # 0 cannot happen.

Proof. Suppose if possible that we have €;(v,J) = 0 and ¢&;(7,J) # 0. Then § must change
some strings of (v, .J)®). Thus we have £() < co.

Step 1. Let us consider the case £(;) = co. Then the string (E(i) —1,pPY (D)) is the unique

P ) 1
string of (7, .J)®) which has a negative rigging. In particular, we have Pg(fi))_l(ﬂ) < 0. Let j be

gi)(ﬂ) > 0 and j < ¢() — 1. If there is no such string, set j = 0.
Then we must have Pj(l)(D) > 0. From the convexity relation of P,gi)(ﬂ) between j < k < £() —1,

we see that Pe((ii))_2(l7) > Pe((ii))_l(ﬂ).

the largest integer such that m
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On the other hand, from e€;(v,J) = 0 the string (f(i),Pz(é))
rigging so that we have PZ((?) (v) > 0.
1. Let us consider the case () < ¢(i+1). Then we have P )( ) = P((ii)) (7) — 1. Therefore we

. 140} ¢
have Pé(zi))(ﬂ) > 1. Thus

(v)) must have a non-negative

_pl)

O @) +2P() ()~ P (7) < 3.

oG

On the other hand, since we cannot have more than one strings of (v, J )(i) which have negative
riggings, we have 'mé()) ,(7) = 1. Thus

i—1 _ 7 — 3 _
mi D (@) —2ml) () +m{FD () > 2.

This contradicts the convexity relation of Lemma 3.13.
2. Next, let us consider the case £() = ¢+ < £(i+1)- Then we have pY

(@)
that P} (7) > 0. Thus

(v) = P () so

On the other hand, we have m%) ,(7)=1and méizi)l(ﬁ) > 1. Thus

mi D (@) —2ml) (@) +m{FD (7) > 1.

Again this contradicts the convexity relation of Lemma 3.13.
3. Finally let us consider the case £ = ¢(i+1) = £(i+1)- Then we have pY

. o () = P ) +1
so that Pé((zi))(ﬂ) > —1. Thus

_pW

o) o (7 )+2P()_ (9) - P{)

061 o (7) < —1.

In this case, we have m2<)) ,(7)=1and méﬁl_)l(ﬂ) > 2. Thus

m{sY @) —2m) (@) +m{Y () > 0.

This contradicts the convexity relation of Lemma 3.13.

Step 2. Let us consider the case £(;) < oo. If 00 = £(;y we can use the previous arguments
to deduce a contradiction. Note that we have £0+1) = £(i+1) in this case. Thus we assume that
0 < {(;). Suppose that we have 00 = {(;y — 1. Suppose that we also have £(;) — 1> £(;;1) — 1.
The full condition for this case is as follows

00 =1 =00 — 1 =) — 1= (b — 1) — 1.

Thus we have P(i) () = PZ(Z)) 1(7) + 1. Since the string (E( i, pl

Z(Z)(V)) of (v,J)® has a non-
(i )

negative rigging, we have P _1(v) > 0. To summarize, we have P( ) _1(7) > —1 in this case.
1. Consider the case P( _,(#) > 0. Since &(7,J) # 0 there is a string of (7, .J)® with
negative rigging. Therefore we must have P(l) 1(?) < 0 since Pf(:_)) _4(7) > 0. Let j be the

largest integer such that m§ )(V) > 0 and j < ¢ — 1. If there is no such j, set j = 0. Then
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we have P( () > 0. By the convexity relation of P,E,i)(ﬁ) between j < k < £() — 1, we have
Pe((li)>—2( ) > P(Z) _, (7). Since 00 = £y — 1, we have
—Pg((% ,(7) + 2Pe(<li)>—1(’7) — Pﬁ((%(ﬁ) < -2

On the other hand, since ¢() —1 = ¢(+1) — 1 = £i+1) — 1 we have mé(t )1( ) > 2. Recall that

the string (E(i) -1, Pe((ii)>—1(lj)) is the unique string of (7, J)( ) with the negative rigging. Thus
we have mé()) (7) = 1. Therefore we have
1 +1) —
miyD () —2mly) (@) +m{FD () > 0.

This contradicts the convexity relation of Lemma 3.13.

2. Consider the case PK(Z'))—l(ﬂ) = —1 and £(;_y) > £;). We will show that this case cannot
happen in Lemma 7.6. '

3. Consider the case Pf((z-))—l(ﬁ) = —1 and {(;_;) = {(;. We will show that this case cannot
happen in Lemma 7.7.

On the other hand, together with the present assumption () = ;) — 1, suppose that we also
have £;) —1 = £(;;1) — 1. We will show that this case cannot happen in Lemma 7.8.

Finally let us assume that ¢() < £(;y — 1. Recall that the only strings of (7, J )(i) which may
have negative riggings are (E( )1 Pg((z)) 1(17)) and ({(; — 1, P(Z) _,(¥)). Suppose that we have
Py

iy, (7) < 0. In this case, as in Step 1, we have Pz((l)) o (V) > Pe((l)> ,(7) and Pé(“))( ) > 0. Then

by'the same arguments of Step 1 we can deduce a contradiction. Thus suppose that we have
Pg((li))_l(ﬁ) > 0 in the following. Then by the assumption €;(7,J) # 0, we have Pe(:-))—l(ﬁ) < 0.
Let j be the largest integer such that j < £(;) —1 and mEi)(D) > 0. Then we have Pj(i)(ﬁ) >0 and
by the convexity relation of P,gi)(ﬂ) between j < k < {(; — 1, we have Pg((i_))_Q(D) > Pe(i)) (D).

On the other hand, from the assumption &;(v,J) = 0 we see that the string (¢4, Z(())(V)) of
(v, J)® must have a non-negative rigging. Thus we have PZ(Z)) (v) > 0. Then we can use the same
arguments of Step 1 if we replace £ and £0+1 there by ;) and £(;_1) respectively to deduce
a contradiction. Thus we have confirmed that the final case £() < ¢ — 1 cannot happen. W
Lemma 7.6. The following situation cannot happen. €;(v,J) =0, &(v,J) # 0,
(O —1 =00 1= - 1=l —1) - 1,
(1) 5y —
g(i—l) > ﬁ() and PZ() 1(1/) =—1.

Proof. Since p(")( ) = Pe((l))( v) — 1, we have Pe((ii)) () > 1 by €;(v,J) = 0. Let us show that
mé(z)_l(u) = 1. Since we know that /) — 1 < ;) — 1, we see that 6~! will add boxes to the
strings (6(1) -1 PE((’)> 1(D)) and (£¢;) — 1, Pé((ii))_l(ﬂ?). Thus if we have mgz)_l(ﬂ) > 1, there will
be a remaining negative rigging in (v, J)® by Pe((li_l(ﬁ) < 0, which is in contradiction to the
assumption €;(v,J) = 0. Therefore we have mé?)_l(ﬂ) = 1. Then Péf?)_Q(ﬁ), PE(?)—I(D) and
(Pe(:))(ﬂ) — 2) must satisfy the convexity relation by Lemma 3.12. Since Pe(fi))fl(ﬂ) = —1 and

Pe(())( v) > 1, we see that

P ) =P () <-L (7.2)
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(@)
(8 —1

in (v, J)®. Let j be the largest integer such that m!Y(7) > 0 and j < 0@ — 1. If there is no
J

From this, we also have m (7) = 1 as otherwise we would have a remaining negative rigging
such j, set j = 0. Then we have P](Z)(E) > 0 since the only strings of (7,.J)®) with negative
riggings are (6(1) -1, Pg(() (17)) and ({(;) — 1, P(i) _1(7)). Then from the convexity relation of

(l)( ) between j < k < £ —1 and (7.2), we have
Py _y(7) > Py, ().

Then the left hand side of the convexity relation of Lemma 3.13 is

(1)
—Pyiy

(7) + 2P, () = P () < —1
by £ — 1= ¢ and the right hand side of it is

ml~ 1)( ) — 2m (v )—l—m(H_l)l(I?) > 0.

My 1 -1
Here we use the fact méﬁjgi)l(ﬂ) > 2 which follows from () — 1 = ¢0+D) — 1 = (i41y — 1. This is
a contradiction. [

Lemma 7.7. The following situation cannot happen. €;(v,J) =0, €;(v,J) #0
00 -1 =0 1=l — 1=y —1) — 1= (i —1) -1

and Pé(()) (7)) = —1.

Proof. Since Pé((?)( )= P(l)( ), we have

iy

P @) =0

by €(v,J) = 0. As in Lemma 7.6, we have mgi),)i (7) =1 by £ -1 < by — 1. If we use

Pe((i)) 1(7) = =1, the left hand side of the convexity relation of Lemma 3.13 with [ = £;) — 1 is

—P) @)+ 2P (9) = P (9) < —P)_,(7) -2
and the right hand side of it is

7 — i — i — i+1) -
mi @) —2m) @)+ w0 w) > 1w () > 1.

Here we have used m(z )1)1(17) > 1by £;_1) — 1= £ — 1. Therefore we have

P}Zi))_z(p) =P (1) <1 (7.3)
From this and Pe((i_))il(ﬂ) = —1 we deduce that mé<)) ,(7) = 1 as otherwise we must have

€i(v,J) # 0. Let j be the largest integer such that mE)( 7) > 0 and j < £@) — 1. If there is
no such j, set j = 0. Then we have P(i)(D) > 0 since the only strings of (7,.J)®) which may
have negative riggings are (6(1) -1, Pe(u)) 1(’)) and (Z( y— 1 Pe( )) (@ )) Then by the convexity
relation of P,gi)(ﬂ) between j < k < £ — 1 we have

PZ((?)_2( ) > Pe(()) (D).
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Recall that the left hand side of the convexity relation of Lemma 3.13 with [ = ¢() — 1 is

P ) +2P{) ()~ P @) < PO ()
by Pg((z)) o (V) > Pe((z)) ,(7) and Pg((l,)( ) = —1 by () = iy — 1. On the other hand, the right

hand side of the convexity relation of Lemma 3.13 is

mi D @) —2ml) @)+ m{FD ) = ml Y @) — 2+ mla ) 0) > m{ ).

Here we use the fact mégl_)l(ﬂ) > 2 which follows from () — 1 = ¢0+D) — 1 = C(i+1) — 1. This is

a contradiction since we have (7.3). [
Lemma 7.8. The following situation cannot happen. ¢;(v,J) =0, &(v,.J) # 0 and

Proof. In this case we have Pe((i_))il(u) < Z((Z)) (7). Suppose if possible that we have
Pé((ii))fl(lj) < 0. Then the string (£ — 1,P£(Zi))71(y)) of (v,J)® has a negative rigging. This
is a contradiction since we have €;(v, J) = 0. Thus we can assume that Pe(Z-))—l(ﬂ) = ( ) H(7) >0

by () = ;) — 1. Then we see that we must have

since we have ¢&;(7, .J) # 0.

Let j be the largest integer such that j < ¢ — 1 and mgi)(ﬂ) > 0. If there is no such
string, set j = 0. Then we have Pj(z)(ﬂ) > 0. From the convexity relation of P,gi) (7) between
j <k <09 —1, we have

PO @) > P (#)

since Pg(@)) () <.

(4)

Let us show that m,; (¥) = 1. Suppose if possible that we have mé()) ,(7) > 1. Since we
have Pg((l)) 1( v) < 0 and 1 < ;) — 1, we see that there is the remaining negative rigging in

(v, J)®. This is a contradiction since we have & (v, J) = 0. Thus we have mé()) () =1
Case 1. Suppose that we have £() —1 = (£0+1) —1) —1. Then we have Pl (V) = PZ((ZZ)) (r)—1.

200
From e;(v, J) = 0 we have pPY

(i »(7) > 1. To summarize, we have

Pe((ii))_g( ) > P() (v) <0, P(i_) —

) -1

Let nl(a) be the length of the Ith column of 7(®)

=5 " m{" ).

<k

Then the above relations imply that

=1 (i) (i+1) (i-1) (i) (i+1)
My — 2M,6 10 < -1, My = 2Ny + Ny = 2. (7.4)
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Since we have m'?) (r) =1, we have n%) = nézg)il — 1 here. Then the second relation of (7.4)

0 —1
becomes négl) - 2n%)_1 —i—négl) > 0. Combining this with the first relation of (7.4), we obtain
(i—1) (i—1) (i+1) (i+1)

0> <nz(i)71 ~ Ty ) + (”g(ipl o) > :

This is a contradiction since we have nl(a) > ”l(i)l by definition of nl(a).
Case 2. Suppose that we have ¢() — 1 = ¢(+1) _ 1. In particular, we have miﬁXi)l(D) > 0.

As in the previous case, we have

PO ) >PY (<0, Pl >0
Therefore we have

(i—1) (4) (i+1) (i—1) (4) (i+1)

My oy — 2n,6  H1ye 0 < -1, Myay = 20,0 + 06 > 1 (7.5)

From né& = n%)_l — 1, the second relation of (7.5) gives nzi_)l) — 2n22>_1 + négl) > —1. Then

from the first relation of (7.5), we obtain

02 (n5", = V) + (s - ngis”).

Therefore we have néf:)i)l = nzi_)l) and négi)l = néf:)rl). In particular, we have méijgl_)l(ﬁ) =0,
which is a contradiction. Hence this case cannot happen. |

7.4 Proof for (8)

Proposition 7.9. Let b = V/ ®b € BY ® B and i € Iy. Then the situation €;(b) = 0 and
€;(b) # 0 cannot happen.

Proof. The proof of this assertion follows from the tensor product rule at Section 2.1. |

8 Comments on Deka—Schilling’s work

In Appendix C of the original preprint version of [4], Deka and Schilling proved the compatibility
of the classical Kashiwara operators and the rigged configuration bijection of type Aﬁﬂ). I am
pleased to admit that they proved some portion of the entire proof and also I would like to
sincerely admire that they embarked on such a difficult problem. However, due to the following
crucial problems, the author assumes that they did not finish their proof.

(a) In [4], the proofs for ¢; case are completely omitted since they claim at Lemmas C.2 and C.3
(i.e., not in the main proof) that the proofs are “similar” to ﬁ case. Actually, as we have
shown in Sections 6 and 7 of the present paper, the logical structure of two proofs are
entirely different. In particular, the proofs for ¢; case require the result of f; case which
was proved beforehand. It is natural as the statements of the necessary propositions are
already different.

(b) In [4], the authors give entirely no words about the riggings. As we have shown in the
present paper, the coincidence of the riggings is non-trivial in many cases since the Kashi-
wara operators on the rigged configurations modify riggings. Thus they strongly deserve
individual and careful analysis.

(c) In [4], the authors give no words to Cases A and E of the present paper. They simply claim
that the only non-trivial cases are the Cases B, C and D. However, as we have shown in
the present paper, each proof of Case A or E breaks into subcases and requires somewhat
elaborated arguments even if we restrict to the type AS). Thus it is necessary to mention
about these cases.
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