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Abstract The alcove model of the first author and Postnikov uniformly describes
highest weight crystals of semisimple Lie algebras. We construct a generalization,
called the quantum alcove model. In joint work of the first author with Naito, Sagaki,
Schilling, and Shimozono, this was shown to uniformly describe tensor products of
column shape Kirillov—Reshetikhin crystals in all untwisted affine types; moreover,
an efficient formula for the corresponding energy function is available. In the second
part of this paper, we specialize the quantum alcove model to types A and C. We give
explicit affine crystal isomorphisms from the specialized quantum alcove model to the
corresponding tensor products of column shape Kirillov—Reshetikhin crystals, which
are realized in terms of Kashiwara—Nakashima columns.
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Quantum Bruhat graph - Kashiwara—Nakashima columns
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1 Introduction

Kashiwara’s crystals [11] are colored directed graphs encoding the structure of certain
bases (called crystal bases) for certain representations of quantum groups U, (g) as
q goes to zero. The first author and Postnikov [23,24] defined the so-called alcove
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model for highest weight crystals associated to a semisimple Lie algebra g (in fact,
the model was defined more generally, for symmetrizable Kac—-Moody algebras g).
A related model is the one of Gaussent—Littelmann, based on LS-galleries [7]. Both
models are discrete counterparts of the celebrated Littelmann path model [26,27].

In this paper, we construct a generalization of the alcove model, which we call the
quantum alcove model, as it is based on enumerating paths in the so-called quantum
Bruhat graph of the corresponding finite Weyl group. This graph originates in the
quantum cohomology theory for flag varieties [6], and was first studied in [2]. The
path enumeration is determined by the choice of a certain sequence of alcoves (an
alcove path or, equivalently, a A-chain of roots), like in the classical alcove model. If
we restrict to paths in the Hasse diagram of the Bruhat order, we recover the classical
alcove model. The mentioned paths in the quantum Bruhat graph first appeared in [18],
where they index the terms in the specialization ¢+ = 0 of the Ram-Yip formula [30]
for Macdonald polynomials Py (X; q, t). We construct combinatorial crystal operators
on the mentioned paths, and prove various properties of them.

The main application [21,22] is that the new model uniformly describes tensor
products of column shape Kirillov—Reshetikhin (KR) crystals [13], for all untwisted
affine types. (KR crystals correspond to certain finite-dimensional representations
of affine algebras.) More precisely, the model realizes the crystal operators on the
mentioned tensor product, and also gives an efficient formula (based on the so-called
height statistic) for the corresponding energy function [8]. (The energy can be viewed
as an affine grading on a tensor product of KR crystals [28,32].) This result, combined
with the Ram—Yip formula for Macdonald polynomials [30], implies that the graded
character of a tensor product of column shape KR modules (the grading being by the
energy function) concides with the corresponding Macdonald polynomial specialized
att = 0[22].

In the second part of this paper, we specialize the quantum alcove model to types A
and C, and prove that the bijections constructed in [ 18], from the objects of the special-
ized quantum alcove model to the tensor products of the corresponding Kashiwara—
Nakashima (KN) columns [12], are affine crystal isomorphisms. (A column shape KR
crystal is realized by a KN column in these cases.) Note that this result has no over-
lap with the type-independent result in [21,22], because the A-chains on which the
quantum alcove model is based in the two cases are different. Moreover, note that
having such explicit bijections to models based on diagram fillings, which are known
to be crystal isomorphisms, is important for the following reason. It is often easier
to define extra structure on the quantum alcove model, which describes additional
structure of the crystal, and only then translate it to the models based on fillings via
the bijection. One such example was mentioned above, in connection with the energy
function; the height statistic in the quantum alcove model has been translated to the
so-called charge statistic for fillings in types A and C in [18], while type B is currently
under investigation in [1]. Another example is related to the combinatorial R-matrix
mentioned below.

We also conjecture that, like the alcove model, its generalization given here is
independent of the A-chain of roots on which the whole construction is based, cf. [15].
This conjecture is currently under investigation in [19]. We intend to realize an affine
crystal isomorphism between the models based on two A-chains by extending to the
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quantum alcove model the alcove model version of Schiitzenberger’s jeu de taquin [5]
on Young tableaux in [15]; the latter is based on so-called Yang—Baxter moves. Another
application of this construction would be a uniform realization of the combinatorial
R-matrix (i.e., the unique affine crystal isomorphism commuting factors in a tensor
product of KR crystals).

2 Background

Let g be a complex semisimple Lie algebra, and ) a Cartan subalgebra, whose rank
isr. Let ® C bh* be the corresponding irreducible root system, b C b the real span
of the roots, and @ C & the set of positive roots. Let ®~ := ®\d'. Fora € P,
we will say that o > O if o € dT,anda < 0ifw € ®~. The sign of the root «,
denoted sgn(a), is defined to be 1 if « € ®T, and —1 otherwise. Let |a| = sgn(a)a.
Let p := %(Zaeqﬁ o). Letay, ..., o € 1 be the corresponding simple roots, and
s; := Sq; the corresponding simple reflections. We denote (-, -) the nondegenerate
scalar product on b, induced by the Killing form. Given a root o, we consider the
corresponding coroot o := 2a/{a, o) and reflection so. If @ = >, c;e;, then the
height of o, denoted by ht(e), is given by ht(«) := >, ¢;. We denote by & the highest
rootin ®1; welet @ = ag := —& and s¢ := s5.

Let W be the corresponding Weyl group. The length function on W is denoted
by £(.). The Bruhat order on W is defined by its covers w < wsg, for o € &, if
L(wsy) = £(w) + 1. Define w < wsy, fora € T, if £(wsy) = £(w) — 2ht(a") + 1.
The quantum Bruhat graph [6] is the directed graph on W with edges labeled by
positive roots

w—a>wsa forw < wsy, or w < wsy ; (1)
see Example 4.2.
The weight lattice A is given by
A:={reby : (A,a) € Zforany o € ®}. )
The weight lattice A is generated by the fundamental weights w1, . . . w,, which form

the dual basis to the basis of simple coroots, i.e., (w;, oij) = §;j. The set AT of
dominant weights is given by

AT:={reA: (haV)=0foranya e ®*}. 3)

Given @ € ® and k € Z, we denote by s,  the reflection in the affine hyperplane
Hoyp:={rebp : (L, a") =k}. 4)

These reflections generate the affine Weyl group W for the dual root system ®V =
{05v |a € <I>}. The hyperplanes Hy, « divide the real vector space by, into open regions,

called alcoves. The fundamental alcove A, is given by

Ao :={rebi|0<(a)<lforalla e d*}. (5)
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We will need the following properties of the quantum Bruhat graph which were
proved in [21]; more precisely, Lemma 2.1 below is a simplified version of Proposi-
tion 5.4.2 in the mentioned paper, whereas Lemmas 2.2 and 2.3 below are simplified
versions of different parts of the Diamond Lemma 5.5.2.

Lemma 2.1 Let w € W. We have w™'(0) > 0 if and only if w <l sow. We also have
w=l(0) < 0ifand only if syw < w.

Lemma 2.2 Let w € W, let a be a simple root, B € ®, and assume sqw # wsg.
Then w < sqw and w —> wsg if and only if wsg < sqwsg and sqw —> SWSg,
cf. the diagram below. Furthermore, in this context we have w < wsg if and only if
SqW < SqWSgB.

SqWSg

saw/ \wSﬂ
N

Lemma23 Letw € W, B € ®T, and assume sow # wsg. Then w < sw and
w —> wsg if and only if wsg <V spwsg and sow —> Sgwsg.

2.1 Kirillov—Reshetikhin (KR) crystals

A g-crystal (for a symmetrizable Kac—Moody g) is a nonempty set B together with
maps ¢;, fi : B — B U{0} fori € I (I indexes the simple roots, as usual, and
0 ¢ B),and wt : B — A. We require ¥’ = f;(b) if and only if b = ¢; ('), and
wt(f; (b)) = wt(b) — «;. The maps e; and f; are called crystal operators and are
represented as arrows b — b’ = f;(b) colored i; thus they endow B with the structure
of a colored directed graph. For b € B, we set ¢;(b) := max{k | ef? (b) # 0}, and
@i (b) := max{k | fl.k(b) # 0}. Given two g-crystals By and B, we define their tensor
product B1 ® B> as follows. As a set, B] ® B> is the Cartesian product of the two sets.
For b = b1 ® by € B| ® B>, the weight function is simply wt(b) := wt(by) + wt(b»).
The crystal operators are given by

: _ ) filb) @by if &i(b1) = @i(b2)
fibr1®b) = [bl ® fi(b2) otherwise, ©

and similarly for e;. The highest weight crystal B()) of highest weight A € A™ is
a certain crystal with a unique element u, such that e¢; (u;) = 0 for alli € [ and
wt(u;) = A. It encodes the structure of the crystal basis of the U, (g)-irreducible
representation with highest weight X as g goes to 0.
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A Kirillov—Reshetikhin (KR) crystal [13] is a finite crystal B™* for an affine algebra,
associated to a rectangle of height » and width s, where r € I'\{0} and s is any positive
M- _ G(21), and only

integer. We refer, throughout, to the untwisted affine types A,
consider column shape KR crystals B”!.

We now describe the models based on diagram fillings for KR crystals B™! of
type Afllzl and C,(,l), wherer € {1,2,...,n — 1} andr € {1, 2, ..., n}, respectively.
As a classical type A, (resp. C,,) crystal, the KR crystal B"! is isomorphic to the
corresponding B(w,). Therefore, we can use the corresponding models in terms of
fillings, as mentioned below.

In type Aflll 1> an element b € B"! is represented by a strictly increasing filling of
a height r column, with entries in [n] := {1, ..., n}. We will now describe the crystal

+—1 KR crystals B" 'L in terms of the so-called
signature rule, which is just a translation of the tensor product rule (6). To apply f; (or
e)onb:=b ®---Qbrin B ®---® B!, consider the word with letters i and
i+1,if 1 <i <n—1(resp., the letters n and 1, if i = 0) formed by recording these
letters in by, . . ., br, which are scanned from left to right and bottom to top; we make
the convention that if i = 0 and a column contains both 1 and 7, then we discard this
column. We replace the letter i with the symbol + and the letter i 4 1 with — (resp., n
with + and 1 with —, if i = 0). Then, we remove from our binary word adjacent pairs
—+, as long as this is possible. At the end of this process, we are left with a word

operators on a tensor product of type AL

pib)y=4++... +—— ... —, (7
— e N ——’
x y

called the i-signature of b.

Definition 2.4 (1) If y > 0, then ¢; () is obtained by replacing in b the letter i + 1
which corresponds to the leftmost — in p; (b) with the letter i (resp., the letter 1
with n, after which we sort the column, if i = 0). If y = 0, then ¢; (b) = 0.

(2) If x > 0, then f;(b) is obtained by replacing in b the letter i which corresponds
to the rightmost + in p; (b) with the letter i 4+ 1 (resp., the letter n with 1, after
which we sort the column, if i = 0). If x = 0, then f;(b) = 0.

2111 2 1 )
Example 2.5 Letn = 3,b = 3o ‘l—>®®, and has + — — as its
1]

0-signature. So we have 2|1 1‘ _ 11
¢ f0<3 2[2

In type C ,(Ll), the elements of B"! are represented by Kashiwara—Nakashima ( KN)
columns [12] of height r, with entries in the set [17] := {l <--<n<n<---< 1},
which we will now describe.

Definition 2.6 A column-strictfilling C = x1 ... x, withentries in [72] is a KN column
if there is no pair (z, z) of letters in C such that

T=Xp, T=Xq, =P ST —2Z.
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Crystal operators f; and e; are defined on tensor products of KN columns in a similar
way to type A;(11—)1~ To apply f; (ore;)onb :=bh; ® ---®@ by in B! ®@ ... ® Bk,
consider the word with letters i,i + 1,7,i + 1,if 1 <i <n—1 (resp., the letters n
and 7, ifi =n,orland 1,ifi = 0) formed by recording these letters in by, ..., by,
which are scanned from from left to right and bottom to top; note that the letters 1 and
1 cannot simultaneously appear in a column, so we do not need an exception like in
type A;Bl if i = 0. We replace the letters i, i + 1 with the symbol + and the letters
i+ 1,7with—,if 1 <i <n —1(ifi = n we replace n with 4+ and n with —, and if
i = 0 we replace 1 with + and 1 with —). We proceed like in type Afll_)l by canceling
adjacent pairs —+ as long as possible, and we obtain the i-signature p; (b). The crystal
operators f; and e; are again given in terms p; (b), by a similar procedure to the one in
Definition 2.4. Namely, if | <i < n — 1, changing + to — means changingi toi + 1,
if + corresponds to i, and changing i + 1 to 7, if 4+ corresponds to i + 1; similarly
changing — to 4 means changing i + 1 to i or7 to i 4+ 1. On another hand, changing
+ to — means changing n to 72 if i = n, and changing 1 to 1ifi = 0.

We will need a different definition of KN columns which was proved to be equivalent
to the one above in [31].

Definition 2.7 Let C be column and 7 = {z; > ... > z;} the set of unbarred letters
z such that the pair (z, Z) occurs in C. The column C can be split when there exists a
set of k unbarred letters J = {t; > ... > 1} C [n] such that

o 1] is the greatest letter in [n] satisfying: 1} < z1, t; € C,and 1] ¢ C,
e for i = 2,...,k, the letter #; is the greatest one in [n] satisfying #; <
min(t—1,z;), t; € C,and ; & C.

In this case we write

e rC for the column obtained by changing z; into #; in C for each letter z; € I, and
by reordering if necessary,

e [C for the column obtained by changing z; into #; in C for each letter z; € I, and
by reordering if necessary.

The pair (IC, rC) will be called a split column, which we well sometimes denote by
ICrC.

Example 2.8 The following is a KN column of height 5 in type C, forn > 5, together
with the corresponding split column:

I
ol ||| o —
SIS

We used the fact that {z] > z2} = {5 > 4},s0{t; > 1} ={2 > 1}.
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Proposition 2.9 (1) [31] A column with entries in [n] is a KN column if and only
if it can be split.
(2) [10, Theorem 5.1] The splitting is compatible with the action of the crystal
operators, i.e., if fi(C) = C' then IC'rC' = f?(ICrC). This holds more gen-
erally, for tensor products of columns, i.e., if f;(C1...Cy) = Cj...C,, then
ICirCy...1C,rC) = fAICirCy...I1C,rCy).

In what follows we will use Definition 2.7 as the definition of KN columns.

We refer again to (column shape) KR crystals of arbitrary (untwisted) type. Let
A = (A1 = Az > ...) be a partition, which encodes a dominant weight in classical
types; let A" be the conjugate partition. We define

A
B = X) B*! ®)
i=1

assuming that the corresponding column shape KR crystals exist. We denote such a
tensor product generically by B.

Remarks 2.10 (1) Itis known that B is connected as an affine crystal, but disconnected
as a classical crystal (i.e., with the 0-arrows removed).

(2) Let p’ be a composition obtained from p by permuting its parts. There is an affine
crystal isomorphism betwee B®P and B®P | which is unique by the previous
remark. This isomorphism is called the combinatorial R-matrix.

We need to distinguish certain arrows in B, which are related to affine Demazure
crystals, as we shall explain.

Definition 2.11 An arrow b — f;(b) in B is called a Demazure arrow if i # 0, or
i =0andeg(d) > 1. An arrow b — f;(b) in B is called a dual Demazure arrow if
i #0,0ori =0and g;(b) > 2.

Remarks 2.12 (1) By Fourier-Littelmann [3], in simply laced types, the tensor product
of KR crystals B is isomorphic, as a classical crystal (discard the affine 0-arrows)
with a certain Demazure crystal for the corresponding affine algebra. (Demazure
modules are submodules of highest weight ones determined by a Borel subalgebra
acting on an extremal weight vector.) Moreover, by [4], the O-arrows in the latter
correspond precisely to the Demazure arrows in B.

(2) In the case when all of the tensor factors in B are perfect crystals [9], B remains
connected upon removal of the non-Demazure (resp. non-dual Demazure) 0-
arrows.

(3) In classical types, BX! is perfect as follows: in types Afll_)l and D,(,l) for all k, in

type B,gl) only for k # n, and in type C,Sl) only for k = n (using the standard
indexing of the Dynkin diagram); in other words, for all the Dynkin nodes in
simply laced types, and only for the nodes corresponding to the long roots in
non-simply-laced types. It was conjectured in [8] that the same is true in the

exceptional types. In type G;l) this was confirmed in [33], while for types E(()l;
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and F, 4(1) it was checked by computer, based on a model closely related to the
quantum alcove model, see Sect. 3 and [22].

The energy function D = Dp is a function from B to the integers, defined by
summing the so-called local energies of all pairs of tensor factors [8]. We will only
refer here to the so-called tail energy [22], so we will not make this specification.
(There are two conventions in defining the local energy of a pair of tensor factors:
commuting the right one toward the head of the tensor product, or the left one toward
the tail; the tail energy corresponds to the second choice.) We will only need the
following property of the energy function, which defines it as an affine grading on B.

Theorem 2.13 [28,32] The energy is preserved by the classical crystal operators f;,
ie,i #0.Ifb — fo(b)isadual Demazure arrow, then D( fo(b)) = D(b) — 1.

Remarks 2.14 Theorem 2.13 shows that the energy is determined up to a constant on
the connected components of the subgraph of the affine crystal B containing only the
dual Demazure arrows. See also Remark 2.12 (2).

One can define a statistic called charge on the model based on KN columns for
B®* in types A and C. This was done in [18], by translating a certain statistic in the
Ram-Yip formula for Macdonald polynomials (i.e., the height statistic in (11)) to the
model based on KN columns, via certain bijections recalled in Sect. 4, cf. Remarks 4.8
(2)and 4.23 (2). In type A, this procedure leads to the same statistic that was originally
defined by Lascoux and Schiitzenberger [14]. A similar procedure to the one in [18]
is under investigation in type B in [1]. The charge statistic is related to the energy
function by the following theorem.

Theorem 2.15 [25,29] Let B®* be a tensor product of KR crystals in type Afllzl or
type C,(,l). For all b € B®*, we have D(b) = —charge(b).

The charge gives a much easier method to compute the energy than the recursive
one based on Theorem 2.13. See also Theorem 3.24 (2) for a much more general result.

3 The quantum alcove model

In this section we construct the quantum alcove model and study its main properties.

3.1 A-Chains and admissible subsets

We say that two alcoves are adjacent if they are distinct and have a common wall.
Given a pair of adjacent alcoves A and B, we write A i) B if the common wall is
of the form Hg ; and the root 8 € @ points in the direction from A to B.

Definition 3.1 [23] An alcove path is a sequence of alcoves (Ag, A, ..., Ay) such
that A; 1 and A; are adjacent, for j = 1, ...m. We say that an alcove path is reduced
if it has minimal length among all alcove paths from Ag to A,,.
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23 1 12 23, 1 12

W%W T

(a) (b)

Fig. 1 Unfolded and folded A-chain. a I' for A = 3¢1 + 2&>. b I'(J) for J = {1, 2, 3,5}

Let A, = A, + X be the translation of the fundamental alcove A, by the weight A.

Definition 3.2 [23] The sequence of roots (81, B2, ..., Bm) is called a A-chain if

Ao=A Doa, 2B P =,

is a reduced alcove path.

We now fix a dominant weight A and an alcove path IT = (Ag, ..., Ay) from
Ap = A, to A, = A_,. Note that IT is determined by the corresponding A-chain
I' := (By, ..., Bm), which consists of positive roots. A specific choice of a A-chain,
called a lex A-chain and denoted TI'jex, is given in [24] [Proposition 4.2]; this choice
depends on a total order on the simple roots. We let r; := sg,, and let 7; be the
affine reflection in the hyperplane containing the common face of A;_; and A;, for
i = 1,...,m; in other words, 7; := sg, —;;, where [; := |{J <i;Bj= ,31}| We

define T, = (. BY) — i = | [ 2 i: By = i} .

Example 3.3 Consider the dominant weight A = 3& 4+ 2&> in the root system A (cf.
Sect. 4.1 and the notation therein). A A-chain is I' = (w23, a13, @23, @13, 12, ®13).
The corresponding /; are (0,0, 1, 1,0, 2) andz are {2,3, 1,2, 1, 1}. The alcove path
is shown in Fig. 1a; here A, is shaded, and A_, is the alcove at the end of the path.

Let J = {j1 < jo <--- < js} be a subset of [m]. The elements of J are called
folding positions. We fold IT in the hyperplanes corresponding to these positions and
obtain a folded path, see Example 3.6 and Fig. 1b. Like I7, the folded path can be
recorded by a sequence of roots, namely I'(J) = (y1, 2, - - ., ¥m), Where

Yk :=rj1rj2...rjp(ﬂk), (9)
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with j, the largest folding position less than k. We define yoo 1= rj;7j, ... 7} (0).
Upon folding, the hyperplane separating the alcoves Ax_1 and Ay in T is mapped to

Hl)/k\,—lkj =TjiTh - '?./'p (Hpy, 1) » (10)

for some / ,g , which is defined by this relation.

Given i € J, we say that i is a positive folding position if y; > 0, and a negative
folding position if y; < 0. We denote the positive folding positions by J, and the
negative ones by J . We call u = u(J) := =77}, ...7j,(—A) the weight of J. We
define

height(J) := Z 1;. (11)

jeJ—

Definition 3.4 A subset J = {j; < jo < -+ < jg} € [m] (possibly empty) is an
admissible subset if we have the following path in the quantum Bruhat graph on W:

| Bi Bi Bjs Bjs
> Tjp > Fjljy = o — > Pl 1

Js *

(12)

We call T'(J) an admissible folding. We let A(I") be the collection of admissible
subsets.

Remarks 3.5 1f we restrict to admissible subsets for which the path (12) has no down
steps, we recover the classical alcove model in [23,24].

Example 3.6 We continue Example 3.3. Let J = {1,2,3,5}, then I'(J) =
(at23, @12, 031, @23, 21, &13). The folded path is shown in Fig. 1b. We have J© =
{1,2}, J~ ={3,5}, u(J) = —e3, and height(J) = 2. In Sect. 4.1 we will describe
an easy way to verify that J is admissible.

3.2 Crystal operators

In this section we define the crystal operators on A(I"). Given J C [m] and @ € &,
we will use the following notation:

Iy=1I,(J)=liem]lyi=%a}, Ioy=Is(J):=1IyU{oo},

and I3° := (u(J), sgn(e)a"). The following graphical representation of the heights
lij fori € I, and [$° is useful for defining the crystal operators. Let

1 ifigJ

Iy, ={ii<ih < <iy <ipy; =00} and g 1= L .
-1 ifi eJ
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osb S
X .

0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
ga2 9o

Fig. 2 Examples of gy

If « > 0, we define the continuous piecewise linear function g, : [0, n + %] — R by

. sgn(yi,) ifxek—Lk—$, k=1,....n
ga(0) = ~5 8o () = { i sgn(vs,) ifx e (k — % k), k=1,....n
sen((Yoo, @”))  ifx € (n,n+ %).
(13)
If « < 0, we define g, to be the graph obtained by reflecting g_,, in the x-axis. By
[24][Propositions 5.3 and 5.5], for any o we have

J 1 0 v 1
sgn(a)lik:ga k_E yk=1,...,n, and sgn(a)l;” = (u(J), ") =gq n+§ .

(14)
Example 3.7 We continue Example 3.6. The graphs of g,, and gy are given in Fig. 2.

Let J be an admissible subset. Let §; ; be the Kronecker delta function. Fix p in
{0,...,r}, s0apis asimple rootif p > 0, or 6 if p = 0. Let M be the maximum of
8ap- Let m be the minimum index i in I for which we have sgn(« p)l = M. By
Proposition 3.22, if M > § o, then we have either m € J or m = oo; furthermore, if
M > 6,0, then m has a predecessor k in Ia ,» and we have k ¢ J. We define

(J\{m}) U {k} it M >6,0

15
0 otherwise . (15

fp(J) ;:[

Now we define ¢,,. Again let M := max gq,. Assuming that M > (u(J), a;,/), let
k be the maximum index i in Iy, for which we have sgn(o ,,)lij = M, and let m be
the successor of k in Ep. Assuming also that M > § o, by Proposition 3.23 we have
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k € J, and either m ¢ J or m = oo. Define

\KD U {m)  if M > (u(J), ) and M > 5,0

. (16)
0 otherwise.

ep(J) = {

In the above definitions, we use the convention that J\ {co} = J U {oo} = J.

Example 3.8 We continue Example 3.7. We find f>(J) by noting that Taz = {1, 4, oo}.
From g, in Fig. 2 we can see that the heights ll.J and/g? corresponding to these positions
are 0,0, 1,s0k =4, m = oo, and f2(J) = JU{4} ={1,2,3,4,5}. We can see from
Fig. 2 that the maximum of gy = 1, hence f(J) = 0. To compute eo(J) observe that
7;) = {3,6} withk =3 and m = 6. So ¢g(J) = (J\{k}) U {m} ={1, 2,5, 6}.

The following theorem is one of our main results, and will be proved in Sect. 3.3.

Theorem 3.9 (1) If J is an admissible subset and if f,(J) # 0, then f,(J) is
also an admissible subset. Similarly for e, (J). Moreover, f,(J) = J' if and only
ife,(J)) = J.

(2) We have u(fp(J)) = u(J) — ap. Moreover, if M > &0, then

op()=M 8,0, ep(J)=M—(u()),a,),

while otherwise ¢,(J) = ¢,(J) = 0.

3.3 Proofs

In this section we collect necessary results for the proof of Theorem 3.9. The techniques
are similar to those in [24]; we go in detail over the parts of the proofs where there are
notable differences, and we refer to the mentioned paper for the remaining parts.

Lemma 3.10 Let w € W, « a simple root or 6, and B a positive root. If we have
w —> wsg, as well as wNa) > 0and Sgw_l(oz) <0, then w™Ya) = B.

Proof If sqw = wsg, then w (@) = +8, and w (@) > 0 implies w (@) = B.
Suppose by way of contradiction that s,w # wsg. First suppose « is a simple root.
Since w™! (&) > 0, then w < s,w. By assumption we have w —> wsg, hence by
Lemma 2.2 we have wsg < sqwsg. But s[;w_l(oz) < 0 implies sqwsg < wsg, which
is a contradiction.

Suppose « = 6. Since w_l(G) > 0, we deduce w <1 spw, by Lemma 2.1, and then
wsg <1 spwsg, by Lemma 2.3. On another hand, since sg w’l(é) < 0, Lemma 2.1
implies that sowsg <1 wsg, which is a contradiction. O

Lemma 3.11 Let J = {j1 < jo < ... < js} be an admissible subset. Assume that
Fjg---Tj(a@) >0andrj, ...r; () <0, where a is a simple root or 9, and0 < a < b
(if a = 0, then the first condition is void). Then there exists i witha < i < b such that
Viigr = @
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Proof Find i witha < i < b such that rj,...r; (@) > Oand rj,_, ...rj () <
0. By Lemma 3.10, we have B , = rj ...rj (). This means that y; , =
le...rji(ﬂji_'_l):a. O

Proposition 3.12 Let J = {j; < jo» < --- < js} be an admissible subset. Assume
that « is a simple root or 0, with I, # 0. Let m € Iy be an element for which its
predecessor k (in 1y) satisfies (yx, €x) € {(a, 1), (—a, —1)}. Then we have y,,, = a.

Proof First suppose that (y, ex) = («, 1). Assume that y,, = —«. Let us define
the index b by the condition j, < m < jp4+1 (possibly b = s, in which case the
second inequality is dropped). We define the index a by the condition j, < k < j,41
(possibly a = 0, in which case the first inequality is dropped). We clearly have

Fji - 1j,(Bm) = —a, whichimpliesrj, ... 7 () < 0. Wealsohaver;, ...r;, (Br) =
a,s07j, ...rj(e) > 0 (hence a < b). Note that if « = 6, then a > 0. We can
now apply Lemma 3.11 to conclude that y;; = o for some i € [a + 1, b]. Since

k < ja+1 < jb < m, we contradicted the assumption that yy is the predecessor of y;,
in Iy.

Now suppose that (yk, €x) = (—ao, —1). Assume that y,,, = —o and define b as
in the previous case. Again we have rj, ...rj (o) < 0. Define a by the condition
Ja =k < jax1.Hencerj ...r;,_,(Bj,) = —a,s0rj,...7j (o) > 0. This leads to a

contradiction by a similar reasoning to the one above.

Proposition 3.13 Ler J be an admissible subset. Assume that « is a simple root for
which Iy # @. Let m € Iy be the minimum of 1. Then we have v, = «.

Proof The proof of Proposition 3.12 carries through with a = 0. O

Proposition 3.14 Let J = {j1 < jo < --- < Js} be an admissible subset. Assume
that « is a simple root or 6. Suppose that Iy, % @, and (Y, &m) € {(a, 1), (—a, —1)}
for m = max I,. Then we have {y~,a") > 0.

Proof Assume that the conclusion fails, which means that r; ...r; («) < 0. First
suppose that (v, &,) = (a, 1). Define the index a by the condition j, < m < j,41.
(Ifa = Oora = s one of the two inequalities is dropped). We haver;, ...7;, (Bn) = «a,
sorj,...rj (o) > 0 (hence a # s). Note that if « = 6, then a > 0. We now apply
Lemma 3.11 to conclude that yj, = « fori € [a + 1,s]. Since m < j,41 < Jy, this
contradicts that m = max I.

Now suppose that (¥, €m) = (—a, —1). In this case we define the index a by
Ja=m < joy1.Wehaverj ...r;_,(B;,) =—a,sorj, ...rj(a) > 0. This leads to
a contradiction by a similar reasoning to the one above. O

Proposition 3.15 Letr J be an admissible subset. Assume that, for some simple root
a, we have I, = . Then (Yoo, V) > 0.

Proof The proof of Proposition 3.14 carries through with a = 0.

Let us now fix a simple root o. We will rephrase some of the above results in a
simple way in terms of g, and we will deduce some consequences. Assume that /, =
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{iy <ip <--- < iy}, sothat gy is defined on [0, n + %], and let M be the maximum of
g« Note first that the function g, is determined by the sequence (o1, .. ., 0,+1), Where
0j = (0),1,0;2) = (sgn(y;;), €i;sgn(y;;)) for 1 < j < n,and op1 = 0p41,1 =
sgn({Yoo, @")). From Propositions 3.12, 3.13, 3.14 and 3.15 we have the following
restrictions.

(Cl) 01,1 = 1.
C2 ojro=1=0j411=1.

Proposition 3.16 If g, (x) = M, then M € Z>o, x = m + %for 0<m<n,and
om+1 € {(1, =1), 1}.

Proof By (C1), we have M > 0, therefore g, (0) = —% # M.Form € {1,...,n},if
8a(m) = M then 0, » = 1, and (C2) leads to a contradiction. The last statement is
obvious. O

We use Proposition 3.16 implicitly in the proof of Proposition 3.17 and Proposi-
tion 3.18.

Proposition 3.17 Assume that M > 0, and let m be such that m + % = min g, L(M).
We have m > 0, o, = (1, 1), and go(m — %) = M — 1. Moreover, we have g,(x) <
M—lforOfxfm—%.
Proof By (C1) we have ga(%) =0,som > 0.Ifo,, € {(—1,—-1), (1, —=1)}, then
we have g, (m — %) = M, which contradicts the definition of m. If 0,, = (—1, 1),
then go(m — 1) = M — % > —%. By (C1) we have m > 2, and by (C2) we have
om—1,2 = —1. This implies that g, (m — %) = M, contradicting the definition of m.
Hence 0, = (1, 1).

Suppose by way of contradiction that the last statement in the corollary fails. Then

thereexistsak with I < k < m—1suchthatgy(k—1) = M—3 > —Landoy; = —1.
Condition (C1) implies that & > 2 and Condition (C2) implies ox—12 = —1. This
implies g (k — %) = M, contradicting the definition of m. O

Proposition 3.18 Assume that M > go(n + %), and let k be such that k — % =
maxg;l(M). We have k < n,op41 € {(—1,—1), —1}, and go(k + %) =M —1.
Moreover, we have g, (x) < M — 1 for k + % <x<n-+ %

Proof Since M > go(n + %), it follows that k < n. If o341 € {(1, 1), (1, —1), 1}
then gq (k + %) = M, contradicting the choice of k. If o411 = (—1, 1), then by (C2)
we have ox42,1 = 1, and gu(k + %) = M, contradicting the choice of k. Hence
ok+1 € {(=1, 1), =1}

Suppose by way of contradiction the last statement in the corollary fails. Then there
exists an m with k +2 < m < n such that g,(m) = M — % and o0,,, » = 1. Condition

(C2) implies that 0,411 = 1, so go (m + %) = M, contradicting the choice of k. O

We now consider gy. Since 8 < 0, the definition of the piecewise linear function gy
requires us to define its linear steps by o; = (0.1, 0,2) = (—sgn(yi;), —&i;sgn(yi;))
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for1 < j < n,and 0441 = 0y+1.1 = $gn({Yoo, 0")). From Propositions 3.12
and 3.14 we conclude that condition (C2) holds for gg. We can replace condition
(C1) by restricting to admissible subsets J where M is large enough, as we will now
explain. In the proof of Proposition 3.16, condition (C1) is needed to conclude that
8x(0) # M. It is possible that gg(0) = M, but if we restrict to gg where M > 1 we
can conclude that go(0) = % # M, and the rest of the proof follows through. In the
proof of Proposition 3.17, condition (C1) first implies m > 1; we can conclude the
same thing if we assume M > 2, since gg(%) < 1. Then we need to derive m > 2
from gg(m —1) = M — %;again,ifM > 2,thenM—% > g9(0) = %,som—l > 0.
Note that Proposition 3.18 depends on Proposition 3.16 so we need to assume M > 1
here too. We have therefore proved the following propositions.

Proposition 3.19 Suppose M > 1. If go(x) = M, then M € Z>1, x = m + %for
0<m <n,and op4+1 € {(1,—1), 1}.

Proposition 3.20 Assume that M > 2, and let m be such that m + % = min g, ! (M).
We have m > 0, o, = (1, 1), and gg(m — %) = M — 1. Moreover, we have gg(x) <
M—lforOfxfm—%.
Proposition 3.21 Assume M > 1, and also that M > gop(n + %). Let k be such that
k — % = maxge_l(M). We have k < n,oxy1 € {(—1,—1), —1}, and go(k + %) =
M — 1. Moreover, we have go(x) < M — 1 for k + % <x<n-+ %

Recall from from Sect. 3.2 the definitions of the finite sequences 1, (J) and Ta J),
where « is a root, of g4, as well as the related notation.

Fix p, soa, is asimple rootif p > 0, 0r6 if p = 0. Let M be the maximum of g4,
and suppose that M > & . Note this is always true for p 7 0 by Proposition 3.16. Let
m be the minimum index i in I (J) for which we have sgn (ap)l] M. The following
proposition is an immediate consequence of Propositions 3.16, 3.17, 3.19, 3.20.

Proposition 3.22 Given the above setup, the following hold.
(D) If m # oo, then y,, = ap andm € J.
) If M > §p.0, then m has a predecessor k in I (J) such that

Yk =0ap, k& J, and sgn(a,,)lkJ =M —1.

Now assume that M > (u(J), a;,/). Let k be the maximum index i in Iy, (J) for

which we have sgn(ap)lij = M, and let m be the successor of k in IAap(J). The
following analog of Proposition 3.22 is proved in a similar way, based on Proposi-
tions 3.16, 3.18, 3.19, 3.21.

Proposition 3.23 Given the above setup, and assuming also that M > §, o, the
following hold.
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(1) We have yy = ap and k € J.
(2) If m # oo, then

Ym = —op, m & J, and sgn(ap)l,{l =M —1.
Proof of Theorem 3.9 Suppose p # 0. We consider f), first. The cases corresponding
tom 7 ooandm = oo can be proved in similar ways, so we only consider the first case.

LetJ ={ji1 < j2 <...< js},andletw; :=rjrj,...rj. Based on Proposition 3.22,
let a < b be such that

Ja <k <jat1 <o <jp=m < jpi1;

ifa = 0or b+ 1 > s, then the corresponding indices j,, respectively jp11, are
missing. To show that (J\ {m}) U {k} is an admissible subset, it is enough to prove
that we have the path in the quantum Bruhat graph

Wq —> Walk —> WalkFj, . —> =+ —> WalkFj, - Fj_, = Wp. (17)
By our choice of k, we have

we(Br) =ap wu_l(otp)=/3k >0 &= w, <spw, = Wyl . (18)
So we can rewrite (17) as

Wq —> SpWg —> SpWagl —> *++ —> SpWp—_1 = Wp . (19)

We will now prove that (19) is a path in the quantum Bruhat graph. Observe that,
fora < i < b, we have

Spwi—1 = w; = wi_1rj;, <= wi—1(Bj;) =xa, & ji €ly.
Our choice of k and b implies that we have
spwi—1 #Fw; fora <i <b, andspwp_1 = wp. (20)

Since J is admissible, we have
wi—] —> w; . 2

Starting from (18), and then using (20)—(21), we can apply Lemma 2.2 repeatedly to
conclude that

spwi—1 —> spw; and w; <spw;, fora <i<b. (22)

The proof for e, (J) is similar. The main difference is that we need the “if”” part of
Lemma 2.2, whereas above we used the “only if” part.

The above proof follows through for p = 0, based on Lemma 2.1, which is used
to derive the analog of (18), and Lemma 2.3, which replaces Lemma 2.2.
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We can prove that f,(J) = J' if and only if e,,(J') = J based on [24] [Proposi-
tion 7.4 (1)]; this still holds in the above setup (for any p, including p = 0), based
on Propositions 3.16-3.21. The same result can be invoked to derive the formulas for
@p(J) and g, (J).

In order to show that f), changes weights by —a, the proof of [24][Proposition 7.1
(3)] can be applied in our context. In essence, we note that y,(fp(J)) is —fpim(—10)
if m # oo, and —7; (— ) otherwise, where t] = sm 1] = Sy, —sn(ypi! - By Propo-

sition 3.22 and (14), we have 7; = Sap,—M and 7,, = Satp,—(M—1)- The rest of the
calculation is the same as in the proof mentloned above. O

3.4 Main application

We summarize the main results in [22], cf. also [20,21]. The setup is that of untwisted
affine root systems.

Theorem 3.24 [22] Consider a compositionp = (p1, - .., pr) and the corresponding
crystal B := ®f=1 BPiol Let ) := wp, + ...+ wp,, and let T'iex be a corresponding
lex \-chain (see above).

(1) The (combinatorial) crystal A(Tex) is isomorphic to the subgraph of B con-
sisting of the dual Demazure arrows, via a specific bijection which preserves the
weights of the vertices.

(2) If the vertex b of B corresponds to J under the isomorphism in part (1), then
the energy is given by Dp(b) — C = —height(J), where C is a global constant.

Remarks 3.25 (1) The entire crystal B is realized in [22] in terms of the so-called
quantum LS path model. If we identify the two, the bijection in Theorem 3.24 (1)
is the “forgetful map” from the quantum alcove model to the quantum LS path
model, so it is a very natural map. Therefore, we think of the former model as a
mirror image of the latter, via this bijection. However, if we use this identification
to construct the non-dual Demazure arrows in the quantum alcove model, we
quickly realize that, in general, the constructions are considerably more involved
than (15)—(16), cf. Remark 4.8 (1) and Example 4.9.

(2) Although the quantum alcove model so far misses the non-dual Demazure arrows,
it has the advantage of being a discrete model. Therefore, combinatorial methods
are applicable, for instance in proving the independence of the model from the
choice of an initial alcove path (or A-chain of roots), see below, including the
application in Remark 3.27 (2). This should be compared with the continuous
arguments used for the similar purpose in the Littelmann path model [27].

(3) Theorem 3.24, combined with the Ram—Yip formula for Macdonald polynomials
[30], implies that the graded character of a tensor product of column shape KR
modules (the grading being by the energy function) concides with the correspond-
ing Macdonald polynomial specialized at t = 0 [22].

Based on Theorem 3.24 (1), as well as on the realization of the same subgraph of
B in types A and C in terms of a different A-chain (see Theorems 4.7 and 4.22), we
make the following conjecture.
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Conjecture 3.26 Theorem 3.24 holds for any choice of a A-chain (instead of a lex
A-chain).

We plan to prove this conjecture in [19] by using Theorem 3.24 as the starting
point. Then, given two A-chains I' and I'’, we would construct a bijection between
A(T) and A(T) preserving the dual Demazure arrows, the weights of the vertices,
and the height statistic; this would mean that the quantum alcove model does not
depend on the choice of a A-chain. This construction will be based on generalizing to
the quantum alcove model the so-called Yang—Baxter moves in [15]. As a result, we
would obtain a collection of a priori different affine crystal isomorphisms between B
and A(T").

Remarks 3.27 (1) We believe that the bijections mentioned above would be identical.
In fact, this would clearly be the case if all the tensor factors of B are perfect
crystals, see Sect. 2.1. Indeed, then the subgraph of B consisting of the dual
Demazure arrows is connected, so there is no more than one isomorphism between
itand A(T).

(2) In the case when all the tensor factors of B are perfect crystals, a corollary of the
work in [19] would be the following application of the quantum alcove model, cf.
Remark 3.27 (1). By making specific choices for the A-chains I' and ', the bijec-
tion between A(I") and A(I"") mentioned above would give a uniform realization
of the combinatorial R-matrix (see Remark 2.10 (2)); the details will appear in
the forthcoming paper [19]. In fact, we believe that the previous statement would
hold in full generality, rather than just the perfect case.

4 The quantum alcove model in types A and C

In this section we specialize the quantum alcove model to types A and C, and prove
that the bijections constructed in [18], from the objects of the specialized quantum
alcove model to the tensor products of the corresponding KN columns (see Sect. 2.1),
are affine crystal isomorphisms.

4.1 Type A

We start with the basic facts about the root system of type A,_;. We can identify
the space l’)ﬁ% with the quotient V := R"/R(1, ..., 1), where R(1, ..., 1) denotes the

subspace in R" spanned by the vector (1,...,1). Letey, ..., &, € V be the images
of the coordinate vectors in R". The root system is & = {o;; = & —¢&; : i #
j» 1 <i, j < n}. The simple roots are o; = «; ;41, fori = 1,...,n — 1. The highest
root @ = ay,. We let g = 0 = ;1. The weight lattice is A = Z"/Z(1, ..., 1). The
fundamental weights are w; = 1 +...+¢;,fori = 1,...,n— 1. A dominant weight

A =2Xrie1 + ...+ Ay—16,—1 is identified with the partition (A1 > A2 > ... > X, >
An = 0) having at most n — 1 parts. Note that p = (n — 1,n — 2, ..., 0). Considering
the Young diagram of the dominant weight A as a concatenation of columns, whose
heights are 1/, 1), .. ., corresponds to expressing A as Wt oyt (as usual, A’ is
the conjugate partition to 1).
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Fig. 3 The quantum Bruhat
graph on S3 3 2 1

123

The Weyl group W is the symmetric group S,, which acts on V by permuting the
coordinate vectors €1, ..., &,. Permutations w € §,, are written in one-line notation
w = w(l)...w(n).Forsimplicity, we use the same notation (i, j)withl <i < j <n
for the root &;; and the reflection sy i which is the transposition #;; of i and j. We recall
a criterion for the edges of the type A quantum Bruhat graph. We need the circular
order <; on [n] starting at i, namely i <; i +1 <; ... <;n <; 1 <; ... <; i — L.
It is convenient to think of this order in terms of the numbers 1, ..., n arranged on a
circle clockwise. We make the convention that, whenever we writea < b <c¢c < ...,
we refer to the circular order <=<,.

Proposition 4.1 [I18] For1 <i < j < n, we have an edge w (l—jg w(i, j) ifand only
if there is no k such thati < k < jand w(i) < wk) < w(j).

Example 4.2 The quantum Bruhat graph of type A», i.e., on the symmetric group S3,
is indicated in Fig. 3.

We now consider the specialization of the quantum alcove model to type A. For

any k = 1,...,n — 1, we have the following wy-chain, from A, to A_,,,, denoted by
I'(k) [23]:
(tk,k+1), (k,k+2) yeon, (k,n),
k—-—1,k+1),k—-1,k+2),..., (k—1,n),
. . . (23)
(1, k+ 1), (1,k+2) L., (1,n)).
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Example 4.3 We specialize (23) ton =4 and k = 1, 2, 3. It is best to visualize ' (k)
based on a column of height n broken into two pieces, with the top part of height k
and the bottom one of height n — k; then I" (k) is obtained by pairing row numbers in
the top and bottom parts, in the prescribed order.

, I'(1)=(1,2),(1,3),(1,4);  [3], TB)=1((3,4),(2,4),(1,4);

) F<2> = ((273)7(274)7(173)7<174))'

Fix a dominant weight/partition A for the remainder of this section. We construct a A-
chainT = (B1, B2, ..., Bm) asthe concatenation " := ' .. . T* where 'V = ).
LetJ = {j1 < --- < js} be aset of folding positions in I', not necessarily admissible,
and let T be the corresponding list of roots of I', also viewed as transpositions. The
factorization of I' induces a factorizationof T as T = T'T2 ... T ,andof A = I'(J)
as A = Al ... A* Recalling that the roots in A were denoted yy, we use the notation
yx € A4 to indicate that the kth root in A falls in the segment AY (rather than the fact
that A? contains a root equal to ;). We denote by T'! ... T/ the permutation obtained
by composing the transpositionsin T'!, . .., T/ lefttoright. Forw € W,letw; = w(i).
For w written in one-line notation as w = wiwa ... wy, let wli, j] = w; ... w;.

We now recall from [18] the construction of the correspondence between the type
A quantum alcove model and model based on diagram fillings.

Definition 4.4 Let 7; = 7;(T) := T!...T/. We define the filling map, which
associates with each J C [m] a filling of the Young diagram A, by

fill(J) = fill(T) := C;...C;,, where C; := m;[1, 1}], 24)

see the notation above. We define the sorted filling map sfill(J) by sorting ascendingly
the columns of fill(J).

In other words, the ith column C; of fill(J) consists of the first A; entries of the
permutation 7;, written in one-line notation; see Example 4.5.

Example 4.5 Let n = 3 and A = (4, 3, 0), which is identified with 4¢; 4+ 3¢, =

3w, + w1, and corresponds to the Young diagram ‘ We have

r=Tr’r’r* =ro)ro)re)ra)
=(2,3),(1,3)12,3),(1,3) 1 (2,3),1,3) | (1,2), (1, 3)),
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where we underlined the roots in positions J = {1, 2, 3, 5, 7}. Then

T=(2,3),(1,3)12,3)2,3)](1,2), and
rJ) =
= ATAPASAY = ((2,3), (1L2) | 3, D, (2,3) ] (1,3), 2, 1) | (2,3), (3, 1)),
(25)

where we again underlined the folding positions, and indicated the factorizations of T’
and A by vertical lines. It is easy to check that J is admissible; indeed, the sequence
of permutations (12) corresponding to J is a path in the quantum Bruaht graph, cf.
Proposition 4.1 and Example 4.2:

IIIIIII"
A p0n De o B
(26)

Here each permutation in (12) is written vertically in one-line notation, with the entries
in bold to be transposed; moreover, if the transposition to be applied lies in I', then
the corresponding permutation is represented as a broken column with the top part of
height A; see the structure of ' in (23) and Example 4.3. By considering the top part
of the last column in each segment and by concatenating these columns left to right,

we obtain fill(J), i.e., fill(.J) = g ? g 3]

Theorem 4.6 [/8][Theorem 4.1] The map sfill is a bijection between A(I") and B®*,
see (8).

We now state the main result of this section.

Theorem 4.7 The map sfill is an affine crystal isomorphism between A(I") and the
subgraph of B®* consisting of the dual Demazure arrows. In other words, given
sfill(J) = b, there is a dual Demazure arrow b — f,(b) if and only if f,(J) # 0,
and we have f;(b) = sfill( f; (J)).

Remarks 4.8 (1) The affine crystal isomorphism in Theorem 4.7 is unique, cf.
Remark 3.27 (1). Therefore, this isomorphism gives the unique way to realize
the non-dual Demazure arrows in A(T"), cf. Remark 3.25 (1) and Example 4.9
below.

(2) In [17] it was proved that the map sfill preserves weights, cf. Lemma 4.10. Fur-
thermore, in [18] it was shown this map translates the height statistic to the charge

statistic, which is known to express the energy function in the model based on
diagram fillings, cf. Theorem 2.15. This should be compared with Theorem 3.24
(2), where the constant C is 0 in this case.

Example 4.9 In type Aj, consider A = (3, 2, 0), the A-chain in Example 3.3, and
the admissible subset J = {I,2, 3,5}, cf. Examples 3.6, 3.7, and 3.8. We have
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b = sfill(J) = g % 1‘, and fo(b) = sfill(0) = % 5 1‘, cf. Example 2.5.
However, b — fy(b) is not a dual Demazure arrow, and indeed fy(J) = 0, cf.

Example 3.8. In order to realize this arrow in the quantum alcove model, we would
have to define fo(J) = @. This shows that, in general, the changes in an admissible
subset corresponding to non-dual Demazure arrows are hard to control. Neverthe-
less, such arrows are sometimes still realized by our construction (15), assuming
that we drop the corresponding condition M > 1. For an example, still in type A»,
consider A = (3, 0, 0), the A-chain (a2, a3, &12, @13, @12, &13), and J = {3, 4}. We

havep = sfill(J) = ,andb — Jo(b) = is not a dual Demazure
arrow. Now note that the corresponding arrow in the quantum alcove model is
J — J U {5}, which is given by the mentioned relaxed version of (15).

The main idea of the proof of Theorem 4.7 is the following. The signature of a
filling, used to define the crystal operator f),, can be interpreted as a graph similar to
the graph of g4, which is used to define the crystal operator on the corresponding
admissible subsequence. The link between the two graphs is given by Lemma 4.12
below, called the height counting lemma, which we now explain.

Let N.(o) denote the number of entries ¢ in a filling o. Let ct(o) =
(N1(0), ..., Ny(0)) be the content of o, which is identified with a type A, _1 weight.
Let o[q] be the filling consisting of the columns 1,2, ..., g of o. Given a A-chain
and a corresponding sequence J (not necessarily admissible), recall the related nota-
tion, including the heights l,f in (10), the sequence of roots A, and its factorization
illustrated in (25).

Lemma 4.10 [/7] [Proposition 3.6] Let J < [m], and o = sfill(J). Then we have
n(J) = ct(o).

Corollary 4.11 Let J C [m], 0 = fill(J), and a € P. Then sgn(a)ly® =
(ct(o), aV).

The height counting lemma can be viewed as an extension of Corollary 4.11.

Lemma 4.12 [17] [Proposition 4.1] Let J C [m], and o = ill(J). For a fixed k, let
vk = (¢, d) be a root in A1t We have

sen(y) i = (ct(alql), ') = Ne(olql) — Na(olg]).

We now introduce notation to be used for the remainder of this section. Let p €
{1,...,n —1}. Let J be an admissible subset and let o = sfill(J) = Cy ... Cj,. For
i=1,..., A leta; == (ct(C)), a,\,/), and note thata; € {1, —1, 0}; here a; = 1 (resp.
a;j = —1) corresponds to C; containing p but not p + 1 (resp. p + 1 but not p), while
a; = 0 corresponds to C; containing both p and p + 1, or neither of them.

The sequence a; corresponds to the p-signature from Sect. 2.1, as we now explain.
For j =0,..., A, leth; = (ct(o[j]),ozlv,) = Z,{:o a;, where we set ag = hg := 0.
It is useful to think of this sequence as a piecewise linear function, by analogy with
the function g, used to define the crystal operator f), in the quantum alcove model.
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Fig. 4 Effects of f, on go and h;

Let M’ be the maximum of / j, and let m” be minimal with the property £, = M'. We
clearly have M’ > 0. If M’ > 0 then a,,; = 1, and m’ is the position of the rightmost
+ in the p-signature of o. It follows that f), changes the p in column m’ of o to p + 1.
The previous observations hold if we replace ), f, and the p-signature with atg, fo,
and the O-signature, while at the same time we replace the entries p and p + 1 ina
filling with n and 1, respectively. Therefore, from now on we assume that the index p
isin{0,1,...,n—1}.

Example 4.13 We continue Example 4.5. Let o = sfill(J) = g ; g) 3‘, then
_[2]1]2]3] _ :
fa(o) = 31331 Let p = 2 and refer to Fig. 4. From the graph g4, for J,

we can see that M = 1. We note that m = 7, with y; € A%, and k = 4 with Yk € A2,
So f2(J) = (J\{TH U {4} ={1,2,3,4,5}, and

L) =(2,3.1,2) 13, 1. 2.3)1d,2),3. D [3,2),3. 1),

where we underlined roots in positions f>(J). From the graph corresponding to h;
for J, we can see that M’ = 1 and m’ = 2.

Lemma4.14 [fa, =y € Al withk & J thena, = 1.
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Proof Recall that o, = y = w(By) for the corresponding w defined in (9), and let
Bk = (b, ¢). The result follows from the claim that w(b) = 7,4 (b) and w(c) = m,(c)
(cf. Definition 4.4), which is a consequence of the structure of I'? (cf. (23)), as we now
explain. The only reflections in I'? to the right of B that affect values in positions b
or ¢ are (b, ¢’) for ¢ > ¢, and (b/, ¢) for b’ < b. Applying these reflections (on the
right) to any w’ satisfying w’(b) = w(b) and w’(c) = w(c) does not give an edge in
the quantum Bruhat graph, by the corresponding criterion in Proposition 4.1.

Fix an admissible subset J, and recall Proposition 3.22, including the notation
therein. In particular, M is the maximum of gy,. Moreover, if M > 4, o we defined
k & Jandm € J U {oco} with yx = ap, sgn(a,,)lj =M —1,and y,, = o) when
m # oo. We will implicitly use the following observation when applying Lemma 3.11
in the next two proofs: if a; # 0 then sgn(a;) = sgn(nf] (ap)), where 7; is given in
Definition 4.4.

Proposition 4.15 We have M > M'. If M > §,, o then M = M'.

Proof We first prove that M > M’. By Corollary 4.11 we have h;, = sgn(a)lgjj, SO
the case M' = h;,, is clear. The case M' = 0 is trivial, since M > 0. Therefore, we
can assume that the maximum of the sequence /; does not occur at its endpoints i = 0
and i = A. Then we can findi < j such that h; = M’, a; > 0, aj <0,anda; =0
fort € (i, j). By Lemma 3.11 there exists yp = a, € A? with g € (7, j], and by
Lemma 4.12 we have sgn(a)l], = hg—1 = h; = M'. Hence M > M'.

By (14), Lemma4.12, and Corollary 4.11, all the values of 8a,, at points in Z+ % are
among the values h;. If M > §, o then, by Propositions 3.16 and 3.19, the maximum
M is attained at a point in Z + % It follows that M < M’, hence M = M’.

The previous proposition states that M = M’ except in a few corner cases that
occur when p = 0. We will sometimes use one symbol in favor of the other to allude
to the corresponding graph.

Proposition 4.16 Assume that M > 8,0, so M = M’ (by Proposition 4.15) and
fp(J) # 0. Then yi € A" Ifm # 00, 50 ym € A" for some m” > m’, then a; = 0
fori e (m',m"); ifm = ocothena; =0 fori >m'.

Proof Assuming y; € A, by Proposition 3.22 (2), Lemma 4.14, and Lemma 4.12,
we have a; = 1 and sgn(eep)l] = M — 1 = h;_;. It follows that h; = M = M'. By
the definition of m’” and the fact that M’ > 0, we have 1 < m’ < j and @,y = 1. By
way of contradiction suppose that m’ < j. It follows that the set {i em, jlla # O}
is not empty, so let ¢ be its minimum. We have a; = —1 and ¢ < j, because a; = 1
would imply 4; > h,y = M’'. We can now apply Lemma 3.11 to show that there
exists yp = o, € A? with ¢ € (m',t] and k' € J. By Lemma 4.12, we have
sgn(ep)ly, = hg—1 = h,y = M’ = M. Thus, since k' < k < m, the minimality of
m is contradicted. We conclude that j = m’. If m # oo, we can use a similar proof
to conclude that the set {i € (m’, m”) | a; # 0} is empty. The case m = oo is done
similarly. O
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Proof of Theorem 4.7 We continue to use the notation from the above setup. Recall
that b = sfill(J). The statement that there is a dual Demazure arrow b — f, () if and
only if f,(J) # 0 follows from Proposition 4.15; indeed, it is clear that ¢, (b) = M’,
whereas ¢, (J) = M — 3§, o in the quantum alcove model if M > §, o, by Theorem 3.9
2).

We next show that f,(b) = sfill(f,(J)), when f,(J) # 0. Since f,(b) # 0,
we have M’ > 0, and f, changes the p in column m’ to p + 1 (fp changes n to
1 and sorts the column). Now let us turn to f,(J), where we write the admissible
subset J as {ji < --- < js}. Let w; := rj, ...r; be the corresponding sequence of
permutations. (Recall that the filling fill(J) is constructed from a subsequence of w;,
see Definition 4.4.) We assume m % 00, as the case m = oo is proved similarly. There
exist a < b such that

Ja <k <jat1 < < jp=m < jp41;

if a = 0 or b = s, then the corresponding indices j,, respectively j,41 are missing.
The sequence of permutations associated to f},(J) is

1’ wi, ..., Wq, Spwaa spwa+], sy spwal = Wph, Whp+1, +-., Wy

(see (19)). By the first part of Proposition 4.16 and by using the notation therein, we
conclude that sfill(f,(J)) is obtained from sfill(/) by interchanging p and p + 1 in
columns i for i € [m’, m”) (interchange n with 1 if p = 0). By the second part of
Proposition 4.16, this amounts to changing the p in column m’ to p + 1 (n to 1 if

p =0). O
4.2 Type C

We start with the basic facts about the root system of type C,,. We can identify the
space hfﬁi with V := R", the coordinate vectors being €1, ..., &,. The root system
is ® = {:I:e,- fe i 1<i<j gn} U {£2¢; : 1 <i < n}. The simple roots are
o = & —¢giy1,fori = 1,...,n— 1, and o, = 2¢,. The highest root @ = 2¢;.

We let ag = 0 = —2¢;. The weight lattice is A = Z". The fundamental weights are
wj =¢€1+---+¢,fori =1,...,n. A dominant weight . = Aje1 + -+ + A,&, 18
identified with the partition (A; > Ay > --- > A,_1 > X, > 0) of length at most n.
Note that p = (n,n — 1, ..., 1). Like in type A, writing the dominant weight X as a
sum of fundamental weights corresponds to considering the Young diagram of A as a
concatenation of columns. We fix a dominant weight A throughout this section.

The Weyl group W is the group of signed permutations B,, which acts on V
by permuting the coordinates and changing their signs. A signed permutation is a

bijection w from [7] ;= {1 <2 < - <n <n <n—1< - < 1} to [n]
satisfying w(7) = w(i). Here 7 is viewed as —i, so7 = i, |7|] = i, and sign(7) =
—1. We use both the window notation w = wj ... w, and the full one-line notation

w=wl)...wr)wh)... w(T) for signed permutations. For simplicity, given 1 <
i < j =< n, we denote by (7, j) the root &; — &; and the corresponding reflection,
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which is identified with the composition of transpositions #;;#77. Similarly, we denote
by (i,7) = (j,1),for1 <i < j < n,theroot¢; +¢; and the corresponding reflection,
which is identified with the composition of transpositions #;7¢;7. Finally, we denote
by (i, 7) the root 2¢; and the corresponding reflection, which is identified with the
transposition #;7.

We recall a criterion for the edges of the type C quantum Bruhat graph. We need the
circular order <; on [7] starting at i, which is defined in the obvious way, cf. Sect. 4.1. It

is convenient to think of this order in terms of the numbers 1, ..., n,7, ..., 1 arranged
on a circle clockwise. We make the same convention as in Sect. 4.1 that, whenever we
writea < b < ¢ < ..., we refer to the circular order <=~<,,.

Proposition 4.17 [18]

(1) Given 1 <i < j < n, we have an edge w (l—jg w(i, j) if and only if there is
nok suchthati <k < j and w(i) < w(k) < w(j).

(2) Given 1 <i < j < n, we have an edge w (l—]g if and only if w(i) <
w(7), sign(w(i)) = sign(w(7)), and there is no k such thati < k < 7 and
w(i) < wk) < w(@).

(3) Given 1 <i < n, we have an edge w (l—D> w(i, 1) if and only if there is no k
suchthati < k <1 (or, equivalently, i <k <n)and w(i) < wk) < w().

We now consider the specialization of the quantum alcove model to type C. For
any k =1, ..., n, we have the following wy-chain, from A, to A_, , denoted by I" (k)
[16]:

I'(k) :=T (k)T (k) where
Lyk) . =Tk ... Tk, Tpk):=Tg... T, 27
L=, —1),Gi=2),...,G1),
T =G k+1), (,k+2), ..., @G,n),
@i, 71),
(i, n), Gn—=1, ..., G k+1),
Gi—=1, (,i—=2), ..., G1).

Example 4.18 We specialize (27) ton = 3 and k = 2. In this case
L2 =TT (2) =((2,3),(2,2),(2,3), 2, 1),(1,3), (1, 1), (1,3) | 2,1)).

On the right hand side we use a vertical line to denote the end of I';(2). For a graphical
interpretation similar to the one in Example 4.3, based on broken columns, we refer
to [18][eq. (7.1)].

Fix a dominant weight/partition A for the remainder of this section. We construct
a A-chain I' = (B, B2, ..., Bn) as a concatenation I := rl...TM, where [V =
F()Jj); we also let Flj = Fl(k/].) and T} = Fr(k/j). Like in type A, given a set
J ={j1i <--- < js}of folding positions in I', not necessarily admissible, we let 7" be
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the corresponding list of roots of I', also viewed as type C transpositions. We factor
FasT = T! ...f”‘l, where ['2—1 = Ff and T2 = I‘ﬁ, for 1 < i < Ay. This
factorization of T induces a factorization of 7 as T'T2...T?1 and of A = I'(J) as
A = A'... A1 Like in type A, we use the notation y; € A? to indicate that the kth
root in A falls in the segment A7. We denote by T'72 ... T/ the signed permutation
obtained by composing the type C transpositions in T'',..., T/ left to right. For
w € W, let w; = w(i). For w written in the window notation as w = wjwy ... w,,
let wli, jl=w; ... wj.

We now recall from [18] the construction of the correspondence between the type
C quantum alcove model and model based on diagram fillings; it is useful to compare
with Definition 4.4 in type A.

Definition 4.19 Let 7; = 7;(T) := T!...TJ. We define the filling map, which
associates with each J C [m] a filling of the Young diagram 21, by

fill(J) = fill(T) := C1...Cos, . where i = (1 A7, 1, (28)
2

see the notation above. We define the sorted filling map sfill(J) by sorting ascendingly
the columns of the filling fill(J).

Example 4.20 Letn = 3and A = (2, 1, 0), whichisidentified with2e1+¢&2 = wr+wi

and corresponds to the Young diagram ‘ We have the following A-chain, see

Example 4.18:

F=r@ra =rr,@rmr-(y
=((2,3),2,2),(2,3), 2,1, (1,3), (1,1, (1,3) | 2, D 11 (1,2), (1,3), (1, D, (1,3), (1,2) | ),

where we underlined the roots in positions J = {1, 2, 3, 8,9, 11}. On the right hand
side we used double vertical lines to indicate the end of I"(2), and single vertical lines
indicate the end of I'; (k). Then

T=(23,2,2,2312DI1,2),0,1)]),

and

F(H=A=A'A2A3A4
=(2,3,(3,3,(3,2,2,1,(1,3).1, D, 1,3) | 2, D | 2, D, (1,3), 11D, (1,3),(1,2) | );

here we again underlined the folding positions, and indicated the factorizations of T’
and A by vertical lines.
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Itis easy to check that J is admissible using Proposition 4.17; indeed, the sequence
of signed permutations (12) corresponding to J is a path in the quantum Bruhat graph:

Here, like in Example 4.5 in type A, each signed permutation in (12) is written vertically
in the window notation, with the entries in bold to be changed by the corresponding
reflection; moreover, if this reflection lies in Fli or Fi, then the corresponding signed
permutation is represented as a broken column with the top part of height 1}; see the
structure of I‘l" and I“;' in (27) and Example 4.18. By considering the top part of the last
column in each segment and by concatenating these columns left to right, we obtain

fll(), e, sfill(J) = RI(.J) = % % L[1]

Recall from (8) the definition of B®*, which is now realized with split KN columns,
see Sect. 2.1. As such, its arrows are given by f [3 according to Proposition 2.9 (2).

Theorem 4.21 [/8] [Theorem 6.1] The map sfill is a bijection between A(I") and
B®*,

We now state the main result of this section, cf. Theorem 4.7 in type A.

Theorem 4.22 The map sfill is an affine crystal isomorphism between A(T") and the
subgraph of B®* consisting of the dual Demazure arrows.

Remarks 4.23 (1) The affine crystal isomorphism in Theorem 4.22 is not guaranteed
to be unique in general. However, we believe that it coincides with the bijec-
tion that we plan to construct (in a type-independent setup) in order to prove
Conjecture 3.26. See Remark 3.27 (1).

(2) In [16] it was proved that the map sfill preserves weights, cf. Lemma 4.24. Fur-
thermore, in [18] it was shown that this map translates the height statistic to the
charge statistic, which is known to express the energy function in the model based
on KN columns, cf. Theorem 2.15. This should be compared with Theorem 3.24
(2), where the constant C is 0 in this case.

The proof of Theorem 4.21 is parallel to the proof of Theorem 4.7. In this case, we
use the height counting lemma in type C,, namely Lemma 4.26. As before let N; (o)
denote the number of entries i in a filling 0. Let ¢; = ¢;j(0) := %(N,- (o) — N;(0)) and
define the content of a filling o as ct(o) := (cy, ¢2, . . ., ¢u), wWhich is identified with
a type C, weight. Let o[¢] be the filling consisting of the columns 1,2, ...,q of 0.
Given a A-chain and a corresponding sequence J (not necessarily admissible), recall
the related notation, including the heights / ,f in (10), the sequence of roots A, and its
factorization.
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Lemma 4.24 [16][Proposition 4.6 (2)] Let J C [m], and o = sfill(J). Then we have
u(J) = ct(o).

Corollary 4.25 Let J C [m], o = fill(J), and « € ®. Then sgn(a)ly® =
(ct(o), a”).

Lemma 4.26 [16][Proposition 6.1] Let J C [m], and o = fill(J). For a fixed k, let
Yk be a root in A9t We have

sen(yo) i = (ct(alql), ).

We now introduce notation to be used for the remainder of this section. Let p €
{0,1,...,n}. Let J be an admissible subset, and o = sfill(J) = C; ... Cy;,, which
is guaranteed to be in B®* by Theorem 4.21. Let a; := (ct(C;), a;). We have a; €

{—1, —%,0, % 1},for1 <p<n-—1l,anda; € {—%,0, %} for p € {0, n}.

Remarks 4.27 (1) The value of a; indicates which entries related to the action of f),
are contained in column C;, as we now explain. Assuming firstthat | < p <n—1,
the relevant entries are P := {p, p+ 1, p+ 1, p}. lf a; = 1 (resp. a; = —1),
then C; contains both p and p + 1 (resp. p+ 1 and p). If ¢; = % (resp. a; = —%),

then C; contains only one of p, p + 1 (resp. only one of p+ 1, p), whileifa; = 0
then C; contains both p and p + 1, or both p + I and p, or none of these elements.
For p = n, the relevant entries are n and n. If a; = % (resp. a; = —%), then C;
contains n (resp. n), while if ¢; = 0 then C; contains both n and 7, or none of
these elements. The case p = 0 is similar to p = n: just replace n and 7 with 1
and 1, respectively.

(2) Thesequence a; corresponds to the p-signature of the filling o'. To be more precise,
associate with this sequence a (4-, —)-word by replacing :I:% with £ and +1 with
+4 (the 0’s are ignored). If 1| < p < n — 1, this is the same as the (4, —)-word
associated with o (see Sect. 2.1) after canceling —+ pairs corresponding to the
entries p and p+ 1 (or p + 1 and Pp) in a column; similarly for p = n and p = 0.

Let hj := (ct(o[j]), ay) = >/_gai, with ag = ho := 0. Like in type A, let
M’ > 0 be the maximum of 4, and let m’ be minimal with the property h,, = M’.
If M’ > 0 then m’ is the number of the column containing the entry changed by f,,.
Recall that we need to apply f), twice; the way in which this can happen is described
below.

Proposition 4.28 If 1 < p < n — 1, then we always have one of the following cases
related to the action of fﬁ on the filling o.

()m' =2i —1and a, = 1: p and p + 1 in column m’ are changed to p + 1 and
P
(ii) same as (1) withm’ = 2i.
Gil) m’ = 2i and a,y = apy—1 = % columns m’ and m’ — 1 both contain an entry
p (or both contain p + 1), and these entries are changed to p + 1 (resp. p).
If p = nor p =0, then the analog of case (iii) always holds, with n changed to n,
resp. 1 changed to 1.
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Proof We implicitly use the following observation, which is immediate from the con-
struction of the splitting (IC, rC) of a column C in Definition 2.7: given x € [n], the
column /C contains x or X if and only if »C does.

We consider only 1 < p < n — 1, as the proof is simpler for p = n and p = 0.
We first prove the following claim: if ay;—; = :i:% (or ap; = :t%), then Cp;_1 and Cy;
contain a single element in P, the two elements have the same absolute value, and the
pair (a1, as;) can take only the following values: (3, 1), (=%, —3).or (=%, 3).

We consider only the case azi—1 = %, as the others are completely similar. The
assumption implies that column Cp;_; contains a single element in P, namely p or
p + 1. In the first case, it is clear that Cp; does not contain p + 1 or p + 1, but it
contains either p or p. It suffices to rule out the occurence of p. Assuming it, we
deduce that the column C whose splitting is (C2;—1, C2;) contains z; > p and z;, and
the corresponding ¢; < z; is p (cf. Definition 2.7). But C cannot contain p + 1 or
p+1,s0z; > p-+1, and the maximality of #; is contradicted. In the second case, we
need to rule out the occurence of p 4 1 in Cy;. Assuming it, we deduce that C contains
zj = p+1andz;, and we have f; < p, so again the maximality of #; is contradicted.

Now consider the (+, —)-word associated with the sequence a;, see Remark 4.27
(2). Cancel pairs —+ corresponding to the case (azi—1, a2;) = (—%, %) mentioned
above. The above claim implies that the resulting word is a concatenation of pairs ++
and —— which come from a; = £1 and (a1, az;) = (:I:%, :I:%); recall that for the
latter pairs, the claim also gives the corresponding entries in P. The statement of the
proposition now follows. O

The following is the analog of Lemma 4.14.

Lemma4.29 If a, = y € AZ= with k & J then we have either azi—1 = % and
ar; = % orazi—1 = 1. Ifap =y € A% with k & J then apy; = 1.

Proof We only consider the case corresponding to ), € A landl <p<n-—1,
as the others are simpler. We use freely the structure of the chain of roots 21 see
(27). Recall that 0, = y, = w(B) for the corresponding w defined in (9). We have
the following cases:

(1) Bx = (b, c) with b
p+1, wi) =p);

2) Bx = (b,c) with b
p+1, w() =p)

(3) B = (b,o) withc < b < A}, and w(b) = p, w(c) = p+1 (or wb) =
p+1, w() = p).

IA

A, ¢ > A, and w(d) = p, w(c) = p+ 1 (or w(b) =

IA

A, c> AL and wb) = p, w(c) = p+1 (or wb) =

We will only consider the first case with w(b) = p, w(c) = p + 1, as the others
are completely similar. We first claim that w(b) = mo;_1(b) (cf. Definition 4.4), i.e.,
the entry p is not moved by the reflections sg,, for f in 21 with kK > k. These
reflections are (b, ¢’) with ¢’ > ¢, (b, b), (b, ¢') with¢’ > A}, and (b, ¢) with ¢’ < b.
So if the claim failed, the quantum Bruhat graph criterion in Proposition 4.17 would
be violated, because the entry p + 1 is still in position ¢ when these reflections are
applied.
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Letus now track the entry p+ 1 as we apply the subsequent reflections not involving
position b, by freely using the quantum Bruhat graph criterion. If this entry is not moved
by any of these reflections, then 75;_1(c) = p + 1,50 azi_1 = % The first reflection
which can move p + 1 is of the form (b, ¢) with ' < b, which means that in position
b’ we will now have the entry p + 1.If this entry is not moved by any of the subsequent
reflections (b, ¢’) with A} < ¢/ < ¢, then it is not moved by any of the remaining
reflections either, so 7y, _1 (b)) = m, and ap; 1 = 1. Otherwise, we will have the
entry p + 1in a position ¢’ with A} < ¢’ < ¢, and the above reasoning can be applied
again (a finite number of times).

Finally, the fact that if ay;_1 = % then ay; = % was deduced in the proof of
Proposition 4.28. O

Recall Proposition 3.22 and the notation therein. M is the maximum of gy e and
suppose M > 8, 0; then yx = o), with k & J, sgn(ap)lj =M —1,and if m # o0
then y;,, = a) with m € J. The following result is the analog of Proposition 4.15,
and its proof is identical. Indeed, the following key fact is still true: if @; # 0O then
sgn(a;) = sgn(;ri_l(ap)), where m; is given in Definition 4.19 (simply note that
a; = {m;(wy), al\;) = {(wy, rri_l((x;)), where k = )TL—‘). This will be needed in the
proof of Proposition 4.31 as well. i

Proposition 4.30 We have M > M'. If M > 8, ¢, then M = M'.
The following result is the analog of Proposition 4.16.

Proposition 4.31 Assume that M > 8,0, so M = M’ (by Proposition 4.30) and
fr(J) # 0. Ifa,y = 1 then yx € A™ | otherwise Vk € AL If m # oo, so
Ym € A" then a; = 0 fori € (m', m"); ifm = oo, then a; = 0 fori > m'.

Proof Assuming y; € A, by Proposition 3.22 (2), Lemma 4.29, and Lemma 4.26,
we have sgn(a,)l{ = M — 1 =hj_y,andeithera; = lora; = aj1| = % In the
first case, the rest of the proof is essentially identical to that of Proposition 4.16; in
particular, we show that j = m’. In the second case, we have j = 2i — 1, so it follows
that hp; = M = M’. Once again, essentially the same proof as that of Proposition 4.16
applies; in particular, we show that 2i = m’. Note that in both situations we implicitly
used the cases in Proposition 4.28.

Proof of Theorem 4.22 The proof is similar to that of Theorem 4.7, so we only point
out the extra complexity in type C. This has to do with showing that, if b = sfill(J)
and f,(J) # 0, then fl% (b) = sfill(f»(J)). We continue to use the notation from the
above setup, and we consider only the case | < p <n — 1, as the others are simpler.

Since f,,(b) # 0, we have M’ > 0, and flf acts on b in one of the ways indicated in
Proposition 4.28, cases (i)—(iii). Now let us turn to f},(J), and use the same setup as in
the proof of Theorem 4.7, to which we refer. By the first part of Proposition 4.31, we
conclude that sfill( f;,(J)) is obtained from sfill(J) by applying s, to columns i for
i € [m',m")in cases (i)—(ii), resp. i € [m’ — 1, m”) in case (iii). By the second part of
Proposition 4.31, this amounts to applying s, to column m’, resp. to columns m’ — 1
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and m'. By Proposition 4.28, this is the same as the action of fﬁ on sfill(J), which
concludes the proof. Note that in the above reasoning we implicitly used Remark 4.27
(D). O
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