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Crystal Bases for Quantum Classical Algebras
and Nakajima’s Monomials'

By

Seok-Jin KANG* Jeong-Ah KiM** and Dong-Uy SHIN*

Abstract

Using Nakajima’s monomials, we construct a new realization of crystal bases
for finite dimensional irreducible modules over quantum classical algebras. We also
give an explicit bijection between the monomial realization and the Young tableau
realization of crystal bases.

Introduction

In [5], Kashiwara developed the crystal basis theory, which initiated a vast
variety of research in combinatorial representation theory. Crystal bases can
be understood as bases at ¢ = 0, and they reflect the internal structure of
integrable modules over quantum groups. Therefore, it is a very natural and
fundamental problem to find explicit realizations of irreducible highest weight
crystals B(\) over quantum groups.

For classical Lie algebras, Kashiwara and Nakashima gave an explicit re-
alization of crystal bases for finite dimensional irreducible modules in terms of
semistandard Young tableaux with given shapes satisfying certain additional
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conditions [7]. In [3], Kang, Kim, Lee and Shin gave another realization of crys-
tal bases for classical Lie algebras using combinatorics of Young walls which
were introduced in [2]. In [10], while studying the connection between the
Kashiwara-Nakashima realization and the Young wall realization, Kim and Shin
found another realization of crystal bases: the irreducible highest weight crystal
B(A) for a classical Lie algebra can be identified with the set of semistandard
reverse Young tableaux with a given shape. The reverse Young tableaux can
be constructed from the Kashiwara-Nakashima tableaux by the bumping pro-
cedure.

On the other hand, in [11], Nakajima discovered that one can define a crys-
tal structure on the set of irreducible components of a lagrangian subvariety 3
of the quiver variety 9t. In [12], while studying the ¢t-analogs of g-characters
of standard modules, Nakajima showed that these irreducible components can
be identified with certain monomials and that the action of Kashiwara opera-
tors can be interpreted as multiplication by monomials. Moreover, in [6, 12],
Kashiwara and Nakajima showed that the connected component M(\) of M
containing a maximal weight vector with a dominant integral weight A is iso-
morphic to the irreducible highest weight crystal B(A). However, it is still an
open problem to find explicit characterizations of the monomials in M(\) for
general symmetrizable Kac-Moody algebras.

In this paper, we give an explicit characterization of the monomials in
M(A) for classical Lie algebras. Since the case of g = A,, was worked out in
[4], we will focus on the case when g = C,, B, and D,,. We will also con-
struct explicit bijections between the monomial realization, the reverse Young
tableau realization and the Kashiwara-Nakashima tableau realization of crystal
bases.

For the quantum affine algebras of type AS), Kim gave an explicit char-
acterization of the monomials in M(A) [8]. We expect one can generalize this
method to the other classical quantum affine algebras.

81. Nakajima’s Monomials and Crystals

The basic notions on quantum groups and crystal bases may be found in
[1, 5]. In this section, we briefly explain the crystal structure on the set of
monomials discovered by Nakajima [12] following the exposition given
in [6].
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Let us fix the basic notations :

g : classical finite dimensional simple Lie algebra,
U,(g) : quantum classical algebra,
I : index set for the simple roots of g,
pY = @ Zh; : dual weight lattice,
iel
a;, A; (i € I) : simple roots, fundamental weights.
P={Xeb*I\PY) CZ}: weight lattice,
Pt ={\e P|A(h;) >0 forall i € I} : the set of dominant integral weights,
&, f; (i € I) : Kashiwara operators.

Let M be the set of monomials in the commuting variables Y;(n) (i € I,
n € Z) and let

(1.1) M=Y;(n)* - Y; (n.)%, (ix €I, ng,ax € Z)

be an element on M. We define

wt(M) = ZakAik = a1\, + - ap,
k=1

wi(M) —max({zs:ak | 1§s§r}u{0}>,

(1.2) g;(M) = max ({— 27": ap |1 Ssﬁr—l}U{O}),

k=s+1

=i
S
ny = the smallest ns such that ¢;(M) = Z a,
S
n. = the largest ng such that ¢;(M) = Z ag.
k=1
i =1

Also, choose a set C' = (c¢;5)ix; of integers such that ¢;; + ¢j; = 1, and define

(1.3) Ai(n) = Yi(n)Yi(n+ 1) [ Y;(n + ¢;)* ).
J#i
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Then, the Kashiwara operators é;, f; (i € I) on M are defined by
(1.4)

F) = 0 if (M) =0, &M = 0 if £;,(M) =0,
Ai(ng) "M if (M) > 0, Ai(ne)M  if e;(M) >0

Proposition 1.1 [6, 12].

(a) The maps wt: M — P, @i, e; - M — ZU{—ox}, &, f; : M — MU{0}
define a Uy(g)-crystal structure on M

(b) Let My be a monomial with weight X such that €My =0 for alli € I,
and let M(X) be the connected component of M containing My. Then there
exists a crystal isomorphism

M(X) — B()\) given by My — vy,

where B(X) is the irreducible highest weight crystal for Uy(g) with highest weight
vector vy .

Example 1.2. Let g = (5, and choose ¢12 = 1 and c2; = 0. Then the
crystal M(A;1 4 As) is given as follows.
Y1(1)Ya(1)

S

Y1(2)_1Y2(1)2 Yl(l)Y1(2)2Y2(2)_1

N L

Y1(2)Y2(1)Y2(2)"1, Yi(D)Y1(2)Y1(3)~!

L T

Yi(3)71ve(1)  Yi(2)%Y2(2)7? Y1(1)Y1(3)72Y2(2)

Note that M(Al + Ag) = B(Al + Ag)

In the next section, we will give an explicit characterization of the crystal
M(A) for the classical Lie algebras of type By, Cy, and D,,. For simplicity, we
take

0 ifi>j,
(1.5) Cij = n J
1 ifi<y,

and set Yy(m)*!t =1 for all m € Z.
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§2. Characterization of M(\)
§2.1. The U,(C),)-crystal M(X)

Let Uy(sp,,,) be the quantum symplectic algebra. Then by (1.3), for ¢ € I
and m € Z, we have

Y i (m+ 1), (m) Y, (m + 1) for i = n,
21 A(m) = {Yi_ll(m + 1)~ (m)Y;(m +1)Yip1(m)~!t  otherwise.

We first consider the case when A = Ay, (k € I). Let My = Yi(m) for
m € Z. Then by (1.2), it is easy to see that wt(My) = Ay and é; My = 0 for all
i € I. Hence, the connected component of M containing M is isomorphic to
B(Ay) over U,(g). For simplicity, we will take My = Y3 (1).

Let B={1,2,...,n,1,...,m} and define a total ordering on B by

(2.2) 1<2<-<n<A<-<1

We introduce new variables

Xi(m) = Yi—1(m +1)"1Yi(m),
X:m) =Y i (m+n—i+1)Yim+(n—i+1)!

K2

(2.3)

fori;ieBandmeZ Ifp—qg=n—i(i=1,...,n—1), it is straightforward
verify that

(2.4) Xi(p)X;(q) = Xit1(p) Xig1(q)-

Then we have the following characterization of the crystal M(Ay).

Proposition 2.1.  Fork=1,...,n, let My =Y(1) = X1(k)--- X (1)
be a mazximal vector of weight A,. Then the connected component M(Ay) of
M containing My is characterized as

M(AR) ={X;, (D)X, (2) - X, (k) | 1 = iq = dg = -+ =i = 1}

Proof. By Proposition 1.1, it suffices to prove the following statements:

(C1) For all i € I, we have &M (M) € M(A,) U{0}, fiM(Ay) C M(Ag)U
{0}
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(C2) For all M € M(Ay), there exist a sequence of indices i1, ... ,4; in I such
that
&, - &, M = M.

Fix i € I and let M = X;,(1)X;,(2)--- X;, (k) € M(Ag). Note that the
expression of M is not unique by (2.4). However, if f;M # 0, there exists

j€{1,... ,k} such that i; =i or i+ 1 and 441 > i; + 1 in any expression of
M. Here, we use the notation

. i;—1 fori;e{l,...,n
ger= (D1 Prise(lom,
n for i; = n.

Observe that

Ai(m)~! = Xi(m) ™' Xip1(m) = Xgpg(m — n+ i) 7' X5(m — n + 1) for i # n,
Xn(m)_lXﬁ m) for i = n.

It follows that

= X DX ()M or XZL()X;(j)M  for i # n,
! X, () " Xnm(j)M for i = n.

Similarly, one can prove ;M € M(A;) U {0}.

Let M = X;, (1) X;,(2) - - X;, (k) € M(Ag). Suppose &;M =0 foralli e I.
We will show that no X4(p) appears in M. Then we can easily deduce that
M = Xy(k) - Xp(1) = Yi(1).

Suppose that for some a (1 < a < n) and p (1 < p < k), Xg(p) =
Yo 1(p+n—a+1)Y,(p+n—a+1)"! appears in M. Let Xz(t) be the factor
of M such that ¢ = max{i | Xz(p) appears in M}. Then, since &M = 0 for
allie I, Xo(t+n—a+1)=Y, 1(t+n—a+2)"1Y,(t+n—a+1) appears
in M. Moreover, we have

M =X, pri11(k)  Xo_1(t+n—a+2)X,(t+n—a+1)Xs(t)M’
:Xl(k) . 'Xa—l(k — o+ 2)Xa(]€ — o+ 1)X5(t)M/

Hence, k = n +t, which is a contradiction. ]

Remark 2.2.  If we take My = Y3 (IV), then we need to replace X;(m) by
Xi(m+ N —1).

Combining (2.4) and Proposition 2.1, we have
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Proposition 2.3. Fork=1,...,n, let My =Y,(1) = X1(k)... Xx(1)
be a mazximal vector of weight A,. Then the connected component M(Ay) of
M containing My is characterized as

M(Ag) =

()T =iy =g = =i = 1,
{Xil(l)Xi2 (2)--- X5, (k); (ii) there is no p, q such that i, = a, iy = 6}.
andp—q=n—a.

We now consider the general case.

Proposition 2.4. Let A\ = a1Ay + --- + a,A,,. Then the connected
component M(X) containing the mazimal vector

Mo =Y1(1)" -+ Yy (1) = Xy (1)* (X1(2)X2(1))%2 - (X1(n) - - X (1))
is characterized as the set of monomials
M = th,l (1) .. 'th,al (1) . th,l (n) . th,un (n)

satisfying the following conditions:

(i) ak=ar+--+a, fork=1,... ,n,

(i) thr =t = = lpa, fork=1,...n,
(ili) foreach j=2,... ,nandk=1,... a5 tj_1 > tjk.

Proof. As in Proposition 2.1, it suffices to prove ~(Cl) and (C2). Let

i € I and M be a monomial in M(X). Assume that f; M # 0. Then there

exists ¢j, = % or i+ 1 for some j and k such that ¢;_;1, > t;, + 1 in any
expression of M, and f; M is obtained from M by multiplying
XX (j) o XZL()X(j)  fori#n,

TT)AT
X () X% (4) for i = n.

It is now easy to see that f;M € M(\). Similarly, we can prove that é;M(\) C
M) u{0}.

To prove (C2), suppose M € M(X) and &M = 0 for all « € I. Then

by the same argument in the proof of Proposition 2.1, we can conclude M =
Yi(1)® - Y, (1), O
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Let A be a dominant integral weight and let M be a monomial in M(\).
Then M can be expressed as
M= [ xG)m.
i€B;1<j<n
Unfortunately, by (2.4), this expression is not unique. However, one can
find a canonical expression as is described in the following.

Step 1. Given an expression M = [ X;(j)™, we associate a tableau
T(M) as follows: for each X;(j), we put 4 in the j-th row from the bottom in
such a way that ¢’s are weakly increasing in the j-th row. By the characteriza-
tion of M()), the entries of T(M) in each column are strictly increasing. For
simplicity, we will say that there is an i(p) if there exists an entry i lying in
the p-th row of T'(M) from the bottom.

Step 2. We define the following equivalence relations on the set of tableaux
T(M):

(al-1) For each a =1,... ,n — 1, if there is a pair (a(p),a(q)) such that

(i) p—qg=n—a, and a(p) and @(q) lie in the same column, or

(ii) a(q) lies in the left hand side of a(p),

then replace (a(p),a(q)) with (a + 1(p),a + 1(q)).

If there are several such pairs, then we carry out this process for the
pair (a(p),a(q)) consisting of the rightmost a(p) and the leftmost a(q)
and continue as is shown below.

a---atlatl

8l

We will apply this rule froma=1toa=n— 1.

(al-2) For each b = 2,... ,n, if there is a pair (b(p),b(q)) such that p — ¢ =
n —b+ 1, and b(q) lies in the right hand side of b(p), then we replace
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(b(p),b(q)) with (b—1(p),b — 1(q)). If there are several pairs (b(p), b(q)),
then we carry out this process for the pair (b(p),b(q)) consisting of the
leftmost b(p) and the rightmost b(¢) and continue as is shown below.

We will apply this rule from b =n to b = 2.

From now on, we will denote by [T'(M)] the tableau obtained from T'(M)
by applying (al-1) and (al-2). The corresponding monomial [M] will be called
the canonical expression of M.

Remark 2.5.  Note that (al-1) and (al-2) cannot occur simultaneously,
and that [M] does not depend on the order of (al-1) and (al-2).

Example 2.6. (a) Let A = A; + 2A5 + A3 for C3 and let M =
Y1(2)%Y71(3)Y1(4)~2Y5(3)~1Y3(1). Then it can be expressed as

M = X1(3)X2(2) X1 (2)2X7(1)2X5(1) X3(1)

and hence M € M(A;1 + 2A3 + A3). Moreover, we have

>—A|l\’>l\’>|
HIOJL\D|

=

s

Il
=N H|

Wl | =
V]

(alz—l) |

3

B
N | =
-
B
N |~
N

Therefore,
[M] = X2(3)X5(2) X1 (2)X7(1) X5(1) X5(1) X5 (1).

(b) Let A = Ay + A3 for C5 and let M = Y7(3)Y2(2)?Y2(3)~2. Then it can
be expressed as
M = X1(3)X3(2)* X5(1)?
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and hence M € M(As + A3). Moreover, we have

T(M) =

EE

c,olo.:»—\|

(a2 |2

Therefore,
[M] = X1(3)X5(2) X2(2) X5(1) X5(1).

From the above algorithm, we have

Theorem 2.7. Let A = ajA; + -+ + a,A,,. Then the connected com-
ponent M(X) containing the mazimal vector My given in Proposition 2.4 is
characterized as the set of monomials

M=Xy,,(1) Xy, (1) Xy, (n) - X, (0)
satisfying the following conditions:
(i) ap=ap+--+a, fork=1,... n,
(ii) tga = tho = Ztha, fork=1,... ,n,
(ili) foreach j=2,... , nandk=1,... 05, tj_15 > tjk,
(iv) there is no pair (Xy,, (p), Xt,,(q)) with k <1, p > q such that
tpr=a,tqg;=aandp—q=n-—a,
(v) there is no pair (X, , (p), X, ,(q)) with k > 1, p > q such that

tpk=0a,tqgy=aandp—qg=n—a+1.
§2.2. The U,(B,)-crystal M(}\)

Let U, (s02,+1) be the quantum special orthogonal algebra. Then for i € I
and m € Z, we have

(2.5)

Ai(m) = Yo_o(m+1)7Y,_1(m)Y,_1(m+ 1)Y,(m)~2 fori=n—1,
! ] Yisi(m 4 D)7 (m)Yi(m 4+ 1) Y (m) 7! otherwise.
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Set
l2A, ifi=n
Then any dominant integral weight A can be expressed as
(2.6) A=aiwi + -+ apwy + A,
where a; € Z>o (i=1,...,n),b=0or L

767

We first focus on the case when A = wy, (k=1,... ,n). Asin U,(C,,) case,
the connected component containing My = Yi(m) for m € Z is isomorphic to

B(wyg,). For simplicity, we will take My = Y (1).

Let B=1{1,2,...,n,0,1,... ,m} and define a total ordering on B by

(2.7) 1<2<--<n<0<m<---=<1

For m € Z, we introduce new variables

(2.8)

Yi_1(m+1)7YY;(m) fori=1,...,n—1,
X; =
i(m) {Yn_l(m +1)7Y,(m)?  for i =n,

X+(m) = {Yi—l(m+ (n—i+1)Yim+(n—i+1))"t fori=1,...

Y, 1(m+1)Y,(m+1)2 for i = n,
Xo(m) = Yy, (m)Y,(m +1)"1.

Lemma 2.8. Fora,b,p,q=1,... ,n withp >qandi=1,...

we have
(2.9) Xi(p)Xi(q) = Xiv1(p)Xizz(@) of p—ag=n—1,
(2.10) Xo(p)* = Xn(p) Xn(p),
(211)  Xo(p)y/Xa(p) Xulp — 1) -+ Xapg(p — n+ a)

= Xa(p)\/Xr(p) -+ Xegz(p =+ 0+ 1) Xalp — 0+ a),
(2.12) Xa(p)V/Xa(n—a+p)-- Xu(p)

= Xo(p)v/Xap1(n —a+p) - Xu(p+ 1) Xa(p),
(2.13) Xa(p)V/Xa(n—a+p)-- Xp 1(n—b+1+p)

x\/XbH(n —b+p)-- Xn(1+p)X5(p)
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= X5(p)VXar1(n —a+p) - X, (1 +p)Xa(p) if a<b,

(214 X)) Xop)Xalp — (n—a+ 1)) Xyg(p— n+b)
= Xy(p)y/Xa(p) Xa 1 (p = (n = a+1)) -+ Xg(p —n+b)
if a>b.

Then we have the following characterization of the crystal M(wy).

Proposition 2.9. Fork=1,--- ,n, let My = Y;(1) be a mazimal vec-
tor of weight wy. Then the connected component M(wy) of M containing M
18 characterized as

T>dy >=dg > - >=1dp>=1,but 0’s can
M(wr) = {Xi (X5 (2) -+~ X () be rezl)eatejl. ' }

Proof. The proof is similar to that of Proposition 2.1. O
Combining Lemma 2.8 and Proposition 2.9, we obtain

Proposition 2.10. For k = 1,... ,n, let My = Yi(1) be a maximal
vector of weight wi. Then the connected component M(wy) of M containing
My is characterized as

M(wg) =
()1 =4y =g > - >=dp = 1,but 0’s can be

repeated,
(ii) there is no p, q such that i, = a, i, =a [

andp—q=n—a.

Proposition 2.11.  Let My =Y, (1) be a maximal vector of weight A,,.
Then the connected component M(A,,) of M containing My is characterized
as the set of monomials of the form

VX, (1)X4,(2) - X5, (n)

satisfying the following conditions:
(i) =41 =dig>=...=dp, =1 andixr #0 forallk=1,... ,n,

(ii) there is no pair (i, = a, ig =a) for all a,p,q=1,... ,n withp > q.
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Proof. Note that if f;M # 0 (i # n), there are /X;(p) and \/ Xir(a)
in M with p — ¢ = n — i because of the conditions (i) and (ii). Moreover, in
this case, p — ¢ = n — ¢ and hence f;M is obtained from M by multiplying

Ai(p)~'. That is, f;M is obtained from M by replacing \/X;(p), /X77(q)
with /Xi11(p), /X5(q). Therefore, f;M € M(A,).

Similarly, if f,M # 0, then v/ Xn(p) appears in M and fM is obtained
from M by multiplying A,,(p)~!. That is, an is obtained from M by replacing
/X,,(p) with /X7 (p). Therefore, f,M € M(A,,).

It remains to show that if &;M = 0 for all ¢, then M = Y, (1). Since
énM =0, for some p=1,--- ,n, /X, (p) must appear in M. Moreover, since
én—1M = 0 and /X, (p) appears in M, /X,,_1(p+ 1) must appear in M.
Hence M must be /X7 (n)--- X, (1) =Y,(1). O

Remark 2.12.  From the appearance, one may think
VX, (1)X;,(2) -+ X, (n) may not be a monomial in Y;(k)’s. But, by the condi-
tions (i) and (ii), all the Y;(k)’s appear even number of times in the expression.

Hence it is a monomial in Y;(k)’s.
Now, we consider the general case.

Proposition 2.13.  Let A = aywi+- - -+ anpwy (resp. ajwi +- - -+ anpw, +
Ay). Then the connected component M(X) containing the mazimal vector

Mo = Y1(1)™ -+ Yy (1)* = X1(1)* - (X1 (n) -+~ X (1))
(resp. Yi(1)® -+ Y, (1) = X1 (1) -+ (X (n) - X, (1))
xv/X1(n) - X, (1))

is characterized as the set of monomials

M = th,l (1) t 'th,al (1) e th,l (n) e th,an (n)

(resp. M = Xy, , (1)~ KXoy o (1) Xe, () - Xy, (0) /X (1) X, (1))
satisfying the following conditions:

(i) ap=ar+---+a, fork=1,... n,

(i) tp1 = tro = -+ = tho, fork =1, n (resp. sp, = tpy = tgo = - =
tk,ak)a

(ili) foreach j=2,... ,nandk=1,---, qj,
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ti—1k =tk or tj_1k =1tk =0
(resp. tj—1k > tjn ortj—1k =t;r =0 and sj_1 > sj, and s;
(j =1,---,n) satisfy the condition of Proposition 2.11).

Proof. The proof is the same as that of Proposition 2.4. O
Recall that any dominant integral weight A can be expressed as
A=awi + - +apw, +bA, (b=0or1)

and a monomial M in M(X) can be expressed as

M= Hij].(nj) %fb:(),
I1; X, (n5) X [Ti<p<n VXir (k) ifb=1.
This expression is not unique as in the C),-case due to Lemma 2.8. Thus we will

find a canonical expression for M as follows. First, let A = aqwi + -+ + apwn
and M be a monomial in M(\). Then M can be expressed as

H Xi(j)™.

€B;j=1,... ,n

Let T'(M) be the tableau associated with a given expression of M. In addition
to the equivalence relations (al-1), (al-2), we will use the following equivalence
relation:

(al-3) If (0(p), 0(p)) appears in T'(M), then we substitute (n(p),7n(p)) for (0(p),
0(p)). That is,

As in the C),-case, we will denote by [T'(M)] the tableau obtained from T'(M)
by applying the equivalence relations (al-1), (al-2) and (al-3), and call the
corresponding monomial [M] the canonical expression of M.

Secondly, let A = ajwy + - 4+ a,w, + A, and let

M= I xGm™x I] VX (k)

i€B;j=1, n 1<k<n

=M, x [[ VX (k)

1<k<n
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be a monomial in M(X), where M, € M(aiwi + - - - + apwy). Now, we define
a tableau T(M) to be the tableau consisting of T'([M,]) and a half column
located in the right-hand side of T'([M),]) with entries i) in the k-th row. For
simplicity, we will say that there is an /i(p) if there exists an entry i lying in
the p-th row of the half column of T'(M) from the bottom. In addition to the
equivalence relations (al-1), (al-2) and (al-3), we will use the following equiv-
alence relations (al-h-1)—(al-h-4) on the set of tableaux T'(M): From now on,
we assume that every i(j) appearing in (al-h-1)—(al-h-4) lies in the rightmost
column of T'([M,]).

(al-h-1) If 0(p),v/a(p), Va(p — 1), ..., Va+ 1(p — n+ a) appear in T (M), we
replace them with a(p), vVa(p), ..., Va + L(p—n+a+1), Va(p—n+a).

(al-h-2) If @a(p),v/a(n —a + p), ... ,+/n(p) appear in T(M), we replace them
with 0(p), vVa+1(n —a+p), ... ,v/n(p+1) va(p).

(al-h-3) For a < b, if a(p), va(n—a+p), ..., vb—1(n—(b—1)+p), vb+ 1(n—

§+p), oo /(1 +p), \/E(p) appear in T'(M), we replace them with
f}g), Vati(n—a+p), ..., Vbn—(b-1)+p),..../n(l+p) and
a(p).

(al-h-4) For a > b, if X4(p), Vb(p), Va(p— (n—a+1)), ..., Vb+ 1(p—n+b)
appear in T(M), we replace them with b(p), va(p), vVa—1(p — (n —
a+1)), ..., Vb(p —n+b).

That is,

0| a al|lmn a at+1
: (al-h-1) il "~ (al-h-2) no

atl @ aln ol|a
a a+1 alb b|a
= b @ = a1

(al-h-3) D ; (al-h-4)

alb bla ) b

Finally, we rearrange i(j) in T (M), if necessary, so that the entries ¢ are
weakly increasing in each row. We will also denote by [T'(M)] the tableau
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obtained from T(M) by applying the equivalence relations (al-1)—(al-3) and
(al-h-1)—(al-h-4), and call the corresponding monomial [M] the canonical ex-
pression of M.

Example 2.14. Let A = wy + w3 + A3 be a dominant integral weight
for B3 and let
M =Yi1(4)"1Y2(2)*Y2(3) " Ya(1).

Then M can be expressed as

X1(3)X2(2)2 X7(1) X5(1) v/ X1 (3) X2(2) X3(1).

At first, consider M, = X;(3)X2(2)?>X1(1)X5(1). Then

o B
T =22l
7|1 3|2
Moreover,
2 |1 _ 2 1 _ 1|2 12
B R i R i R
Therefore,

[M] = X1(3) X5 (2) X2(2) X5(1) Xo(1)/X>(3) Xs(2) X(1).

From the above algorithm, we have

Theorem 2.15.  Let A = ajwi+- - ~+apwy, (resp. ajwi+- - +apwn+A,).
Then the connected component M(X) containing the mazimal vector My given
in Proposition 2.13 is characterized as the set of monomials

M = Xt1,1 (1) T Xt1,a1 (1) T th,1 (n) e th,cxn (n)
(resp.M = Xt1,1 (1) T Xt1,a1 (1) T th,1 (n) e th,cxn (n) \/Xsl (1) T XSn (TL) )

satisfying the following conditions:
(i) ap=ar+--+a, fork=1,... n,

(ii) for each k = 1,...,n, tp1 = tho = --- = thao, (resp. s = 1 = Lo
= = thag),
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(iii) foreach j=2,... ,nandk=1,..., ¢,

ti—1k =tk or tj—1k =1tk =0
(resp. tj—1k > tjk ortj—1p =tj =0 and s;_1 > sj, and s;
(j =1,---,n) satisfy the conditions of Proposition 2.11),

(iv) there is no pair (X, ;(p), Xt, ;.. () with t,; =1, 41 =0,

(v) there is no pair (Xy, , (p), Xt,,(q)) with k <1, p > q such that
tpr=a,tqg=aandp—q=n—a,

(vi) there is no pair (Xy,, (p), Xt,,(q)) with k > 1, p > q such that

tpr=a,tqgy=aandp—qg=n—a+1.

§2.3. The U,(D,)-crystal M()\)

Let U,(s02,) be the quantum special orthogonal algebra. Then for i € I
and m € Z, we have

(2.15)
Yn_g(m + 1)_1Yn_2(m)Yn_2(m + 1)Yn_1(m)_1Yn(m)_1
fori=mn— 2,
Al(m) = Yn_g(m + 1)_1Yn_1(m)Yn_1(m + 1) fori=n-—1,
Yo_o(m+1)71Y,(m)Y,(m + 1) for i = n,
Yioi(m +1)7YY;(m)Yi(m + 1) Y1 (m) 1 otherwise.
Set
i for i=1,---,n—2,
o — An—1+ An for i=n-—1,
' 2An for i =n,
2X—1 for i=n+1.

Then every dominant integral weight A can be expressed as one of the following:

(i) arwr + -+ + apwn,
(2.16) ) aiwr 4+ + Gpo1Wn—1 + Anp Wi,
)
)

i) aiwi + -+ -+ apwy +An7

(iv) aiwi + -+ + Gp—1Wn—1 + Gpp1Wnt1 + An_1,
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where a; € Z>g foralli =1,--- ,n+1.

We first consider the case when A = Ay. Let My = Yy (m) for m € Z. Then
we know that the connected component containing My is isomorphic to B(Ag)
over Uy(g). For simplicity, we will take My = Yj(1).

Let B=1{1,2,...,n,1---7} and define an ordering on B by
1<2<--<n—1<nn<n—1<---<1.

For m € Z, we introduce new variables

(2.17)

Xi(m):{)@_l(mﬂ)lm(m) fori=1,...,n—2mn,
Yioa(m+ 17 1(m)Ya(m)  fori=n-—1,
Yici(m+ (n—i))Y;(m+ (n—1i))~ ! fori=1,...,n—2,

X:(m) =< Yo_o(m+1)Y,—1(m+1)71Y,(m+1)7! fori=mn—1,
Yoo1(m)Y,(m+ 1)1 for i = n.

Also, for a monomial M = /Y;(k)Y;(k + 1), we denote by |M| the monomial
Y;(k), which has the same weight as that of M.

Lemma 2.16. Fora,b,p,q=1,... ,n,andi=1,... ,n— 2, we have

(2.18) Xi(p)X3(q) = Xina(p)Xiz7(q) if p—q=(n—1)—14,
(2.19) X, (p)Xm(p) = Xn-1(p) X5=1(p),
(2.20)  Xa(0) ‘\/X1 n—1)- X, 0)‘

‘\/X1 -1 Xo(n—at1)
= xJXa+1<n—a>~-~Xﬁ<1>Xa<o>\ (a#n),
X1 (0)] /X0 = 1)+ K22 X (1) Xer(0) | (@ = ),
(2.21) Xg(p)‘\/Xa(n—a—&—p)---Xb,l(n—b—&-1+p)
><\/Xb+1(n—b+p)~-~Xn(1+p)X—(p)‘
:X—p‘\/Xa_Hn—a—l-p)---X(1—|—p) ‘ for a<b,

(2.22) ‘\/Xb —(n—a+1))- XH—l(p—n—l-b)‘

= Xb(p)‘\/Xa(p)Xa—l(p* (n—a+1))- Xz(p—n+Db) ’
for a>b.
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Proposition 2.17.  Fork=1,--- ,n—1, let My = Yi(1) be a mazimal
vector of weight wi. Then the connected component M(wy) of M containing
My is characterized as

M(wi) =
{le(].)Xl (2) .- sz (]C) | le - ij+1, or (Z']'7’L.j+1) = (n, ﬁ) or (ﬁ, n)} .

Proof. The proof is similar to that of Proposition 2.1. O
By Lemma 2.16, we have

Proposition 2.18. Fork=1,... ,n—1, let My = Yy(1) be a mazimal
vector of weight wi. Then the connected component M(wy) of M containing
My is characterized as

M(wi) =
(1) 35 = ij41, or (ij,1541) = (n,7) or (W,n),
{Xi1 (1)X;,(2)--- X5, (k) | (ii) there is no p, q such that i, =a, i =a }
andp—q=(n—1)—a.

Proposition 2.19.  Let My = Y,(1)Y,(2) (resp. Yio1(1)Yn—1(2)) be a
mazimal vector of weight w, = 2\, (resp. wpy1 = 2A,_1). Then the connected
component M(wy,) (resp. M(wn11)) of M containing My is characterized as
the set of monomials of the form

X (1) X5, (2) - X5, (n)
satisfying the following conditions:
(i) i = djqa, or (ij,ij41) = (n,7) or (W, n),
(ii) ik = n implies k is even (resp. odd) and i, = T implies k is odd (resp.
even),

(iii) i¢p = a and iy =@ implies that p — q is not n — a.

Proof.  Since the proof for M(wy,11) is the same as that for M(w,,), we
focus on M(wy,). As in Proposition 2.1, it suffices to prove (C1) and (C2). It
is easy to see that (C2) is satisfied.

To prove (C1), suppose ﬁM # 0. By the same argument in Proposition
2.1, we see that f; M satisfies (i).

Now, assume that f; M does not satisfy the condition (ii). Then there are
the following two possibilities:
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(ii-a) There exists k such that n — k is odd and i, = n — 1 is changed to n by
fn—1~
(ii-b) There exists k such that n — k is even and i, = n — 1 is changed to @ by
fn
Note that for any monomial M € M(w,), there is X,,(-) or Xz(-) in M.
Moreover, if the condition (ii) is satisfied for some k such that iy, = n or 7,
then it is satisfied for all k since X,,(-) and X#(-) appear in M alternately and
successively. Therefore, the above two possibilities cannot occur and hence ﬁM
satisfies the condition (ii).

Secondly, assume that fZM does not satisfy the condition (iii). Then there
are the following two possibilities:

(iii-a) There exists a pair (g), g)such that p—¢g=n—a,i;,=aand iy =a—1
is changed to a by f,—1.
(iii-b) There exists a pair (p,q) such that p—¢=n—a, i, =a and i, =a+1

is changed to @ by f,.

Consider the case (ili-a). Note that X;—(n — ¢ — 1) cannot appear in M
because ¢ +1 —p = n — (a — 1). Moreover, since the cardinality of the set
{i1,- . yip—1,igs1s--- in} is a— 1, there is a pair (r, s) such that i, = b, is = b
and r — s = n — b, which is a contradiction.

In case (iii-b), since p — ¢ = n — a, we have

Xo(p) = Yoo1(p+1)"'Ya(p),
Xori(q) = Ya(g+n—a—1)Yaqi(g+n—a—1)""
=Ya(p—1)Yara(p— 1)~ "
Therefore, f, M is obtained from M by multiplying A, (p) ' =Xo(p) " Xus1(p),

which contradicts to (ii). Therefore, f; M € M(w,) U {0}.
Similarly, one can prove é;M € M(wy,) U {0}. O

Combining Lemma 2.16 and Proposition 2.19, we obtain

Proposition 2.20.  Let My = Y, (1)Y,,(2) (resp. Yn—1(1)Y,-1(2)) be a
mazximal vector of weight w, = 2A,, (resp. wpy1 = 2A,—1). Then the connected
component M(wy) (resp. M(wn41)) of M containing My is characterized as
the set of monomials of the form

Xi, (1) X5, (2) - X5, (n)
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satisfying the following conditions:
(i) i = djq1, or (ij,ij41) = (n,7m) or (W, n),
(ii) 4% = n implies k is even (resp. odd) and i, = T implies k is odd (resp.
even),
(iii) i¢p = a and iy =@ implies that p — q is neither n — a nor (n — 1) — a.
Proposition 2.21.  Let My =Y, (1) (resp. Y,_1(1)) be a mazimal vec-

tor of weight A, (resp. A,_1). Then the connected component M(A,,) (resp.
M(A,—1)) of M containing My is characterized as the set of monomials of the

form

VXL (DXL @) X, ()
satisfying the following conditions:
(1) 1 =41 <ig <+ <1y =<1,
(ii) there is no pair (i, = a, iq =a) for allp,q=1,...,n,
(iil) ix = n implies k is even (resp. odd),
(iv) i, = 7 implies k is odd (resp. even).
Proof. The proof is similar to that of Proposition 2.11. O

Remark 2.22. As in Remark 2.12, we can see that
VX, (1) X4, (2) -+ - X, (n) | satisfying (i)-(iv) is a monomial in Y;(k)’s.

Now, we consider the general case.

Proposition 2.23.
(a) Let A = ajwy + -+ -+ apwy, (resp. aqwi + -+ ap—1Wn—1 + Anp1Wnt1)-
Then the connected component M(X) containing the maximal vector
Mo =Y1(1)" -+ (Va1 (1) Y (1)) (Yo (1) Y (2))*"
=Xy ()" - (Xa(n) -+ X
(resp. Mo =Y1(1)" -+ (Yn1(1)Yn (1)) (Yo—1(1)Y5-1(2)) "
= Xl(l)al . (Xl(n) .. .Xﬁ(

is characterized as the set of monomials
M = th,l (1) o 'th,al (1) e th,l (n) e th,an (n)

satisfying the following conditions:
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(i) ap=ap+---+ay fork=1,--- n,
(ii) foreachk=1,--- ,n,tg1 = tgo = = thay,
(iii) foreach j=2,...,nandk=1,...,q;,
ticik > tig or (tj—1k:tjk) = (n,7) or (W,n),

(iv) for each j, if everyt;; (i =1,...,n) appears in M, thent;; (j=1,...,n)
satisfy the condition of Proposition 2.19.

(b) Let A = aqwi+- - Hapwn+A, (resp. ajwi+- - +an_1Wp—1+ant1Wnir1+
An—1). Then the connected component M(X) containing the maximal vector

My =Yi(1)™ - (Vo1 (1) ¥ (1) (Y (1), (2))™ Yo (1)

=X ()" - (Xi(n) - X (1))

Xi(n) - X, (1) ‘
<T’€Sp. My = Yl(l)al s (Ynfl(l)Yn(l))anfl(Ynfl(l)ynfl(2))‘1"+1Yn,1(1)

= Xl(]_)al e (Xl(n) .. .Xﬁ(l))an‘FI

18 characterized as the set of monomials

M :Xh,l(l)"'XtLal (1)th1(n)Xt (n)

n,an

\/Xs1 (1) e Xsn (n)

satisfying the following conditions:
(i) ap=ap+---+a, fork=1,... n,
(i) foreachk=1,... . n, sp>tp1 = tha = = thas

(ili) for eachi=1,... ,M; and j=1,... ,n,
ti—1k > tjk, O (tjfl’k,tj’k) = (n,ﬁ) or (ﬁ, n), S5 < Sj-1,

(iv) for each j, if everyt; ; (i=1,...,n) appears in M, thent;; (i=1,...,n)
satisfy the conditions of Proposition 2.19,

(v) s; (j =1,...,n) satisfy the conditions of Proposition 2.21.
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Proof. It can be proved by the same argument in Proposition 2.4. O

Let A be a dominant integral weight. Then A can be expressed as one of
(2.16). Let M be a monomial in M(A), which can be expressed as

u IT; X, (ny) if A is type of (i) or (ii),
"L X, () ] hcren v/ Xor (F) ‘ if X is type of (iii) or (iv).

Since this expression is not unique, we will choose a canonical expression of M.

First, let A = ajwy + -+ -+ apwy, Or 1wy + -+ - + Ap—1Wn—1 + Apy1Wn4+1 and
M be a monomial in M(A). As in the other cases, given an expression of M, we
can associate a tableau T'(M). In addition to the equivalence relations (al-1),
(al-2) given in C,,_1-case, we will use the following equivalence relation:

(al-3) If there exist n(p) and 7(p) in T(M), then we substitute n — 1(p) and
n — 1(p) for n(p) and 7(p). That is,

We will denote by [T(M)] the tableau obtained from T'(M) by applying
the equivalence relations (al-1), (al-2) and (al-3), and call the corresponding
monomial [M] the canonical expression of M.

Secondly, let A\ = ajwy + -+ + apwp + Ay o Gy + -+ ap_1wp_1 +
An+1Wn+1 + An—l and

M= I xGm™x [ VX (k)
i€B; j=1,--,n 1<k<n

=M, x [[ VX (k)

1<k<n

be a monomial in M(A), where M, € M(a1w1 +- - -+ apwy,) or M(aiwi +
coot Qpo1Wh—1+ App1wnt1). Now, we define a tableau T'(M) to be the tableau
consisting of T'([M,]) and a half column located in the right hand side of T'([M,,])
with entries 45 in the k-th row. In addition to the equivalence relations (al-1),
(al-2) and (al-3), we will use the following equivalence relations (al-h-1)—(al-
h-4) on the set of tableaux T'(M): From now on, every i(j) appeared in (al-
h-1)—(al-h-4) lies in the rightmost column of T'([M,]). Moreover, (al-h-4) is
applied only when the length of the rightmost column of T'([M,]) is not n.
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(al-h-1) If there are @(1), v/1(n), ..., v/n(1), we replace them with n(1), v/1(n),
cova—1In—a+2),Va+1i(n—a+1),...,vVn(2), va(l) fora #n
and n — 1(1), V1(n), ..., vn —2(3), Va(2), vVn — 1(1) for a = n.

(al-h-2) If there are @(p), va(n—a+p), ..., Vb —1(n—(b—1)+p), Vb + 1(n—b+
D)y ey V/(14p), \/Z(p), we replace them with b(p), va + 1(n—a+p),

o Vb(n—(b—1)+p), .../l +p) and Va(p).
(al-h-3) If there are a(p), vVb(p), Va(p—(n—a+1)), ..., Vb+ 1(p—n+b), we
replace them with b(p), v/a(p), va — 1(p—(n—a+1)), ..., Vb(p—n+b).
(al-h-4) Assume that there are a(p) and v/a(q) such that p —q =n —a. Let b
be the largest element in I such that v/b(r) (r > p) exists. Then a(p),

Va(q) and v/b(r) are changed to b(p), Vb(q) and \/a(r).

That is,
1 1 1 1
(al-h-1) 7 (a #n), (al-h-1) no
aln nl|a n|n n—1 [n—1
a a+1 alb bla
= b a = a—1
(al-h-2) ) - (al-h-3) .
alb bla ) b
b a
a b
(al-h-4)
a b

Finally, we rearrange i(j) in T (M), if necessary, so that the entries ¢ are
weakly increasing in each row. We will denote by [T'(M)] the tableau obtained
from T'(M) by applying the equivalence relations (al-1)—(al-3) and (al-h-1)-
(al-h-4), and call the corresponding monomial [M] the canonical expression of
M.
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Example 2.24. Let A = ws + w4 + Ay for Dy and let
M = Y1(3)Y1(4)Ya(2)Y2(3) ' V3(3) ™1 Y3(4) " Ya(1).

Then M can be expressed as

X1(4) X4(3) X5(2) X3(2) X5(1) X3(1) | v/ X1 (4) X2(3) X3(2) X4 (1) |-

Moreover,
1|1 1|1 1|1
42 = 4|4 4 |4
TM) =35 (al-h-1) [3]1fs] = [3]afs
HEID 3lafz NEE

Therefore, we have

M) = X(4)X4(3) (2 Xa2) X501 X3 0) |y X () Xa(3) X5 (2 X0 |
By the above algorithm, we have

Theorem 2.25.

(a) Let A = aqwy + -+ + apwy, (resp. aqwi + -+ + Gp—1Wn—1 + Gnp1Wni1)-
Then the connected component M(\) containing the mazimal vector My given
in Proposition 2.23 (a) is characterized as the set of monomials

M =X, (1) X, (1) X, (0) - X, (0)
satisfying the following conditions:
(i) ak=ar+--+a, fork=1,... n,
(ii) foreach k=1,...,n, tk1 = tpa = - =t ay,
(ili) foreach j=2,... ,nandk=1,...,qa;,
ti—1,k = tjk, or (tj_17k,tj7k) = (n,m) or (W, n),
(iv) there is no pair (X, , (p), X¢,,(q)) with k <1, p > q such that

thrk=a,tgy=aandp—q=(n—1)—a,

(v) there is no pair (X, , (p), X¢,,(q)) with k > 1, p > q such that
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thr=0a,tqg;=aandp—q=n—a,

(vi) for each j, if everyt;; (i =1,...,n) exists in M, thent,; (j=1,...,n)
satisfy the conditions of Proposition 2.19.

(b) Let A = aywi+- - -Fanwn+A, (resp. aywi++ - +ap_1wn—1+ap1wne1+
An—1). Then the connected component M(X) containing the mazimal vector My
given in Proposition 2.23 (b) is characterized as the set of monomials

M=X, (1) Xy (1) Xy (0) - X, (0)] VX (1) - X, (0)
satisfying the following conditions:
(i) ag=ar+---+a, fork=1,... ,n,
(ii) foreach k=1,... ., sp = tk1 = tha = -+ = thans
(iii) foreach j=2,...,nandk=1,...,q;,
ti—ik > tik, or (tj—1k,tik) = (n,7) or (W, n),
(iv) there is no pair (X, , (p), X¢,,(q)) with k <1, p > q such that
thr=a,tgy=aandp—qg=(n—1)—a,
(v) there is no pair (X, , (p), Xz, ,(q)) with k > 1, p > q such that

k=0t =aandp—qg=n—a,

(vi) for each j, if every t;; (i =1,---,n) exists in M, then t;; (j=1,---,n)
satisfy the condition of Proposition 2.19,

(vii) s; (j =1,---,n) satisfy the conditions of Proposition 2.21.

We close this section with a remark, which reveals the intrinsic property
of monomial realization.

Remark 2.26.  Let A\, p and 7 be the dominant integral weights such that
A+ pu = 7 for the classical Lie algebras g = A,,, Cp,, B, and D,,. Then M(7) is
the set of products of the monomials in M(\) and M(u). That is,

M(7) = {MM'| M € M()), M’ € M(u)}.
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83. The Connection with Young Tableaux

In this section, we will give explicit bijections between the monomial
realization, reverse Young tableau realization and the Kashiwara-Nakashima
tableau realization. In [10], Kim and Shin gave an explicit crystal isomorphism
between the reverse Young tableau realization and the Kashiwara-Nakashima
tableau realization using the bumping procedure. Thus, we will focus on the
connection between Nakajima’s monomials and the reverse Young tableaux.

For a sequence of half integers \; € 3Z (j = 1,--- ,n) such that \;—\j41 €
Z>, we associate a diagram Y = (Aq, - - - , A,,) with n rows whose j-th row (from
the bottom) has length |A;].

Definition 3.1. Let Y = (A1, ,A,) be adiagram such that \; € 1Z
(j=1,---,n)and \j = X\j;1 €Z>o (j=1,--- ,n—1).

(a) Y is called generalized reverse Young diagram of type C,, (resp. B,) if
Aj € Zxq (resp. \j € $Z>¢) for all j.

(b) Y is called generalized reverse Young diagram of type D,, if \; € %Zzo for
all j=1,---,n—1and \,—1 > |\,

In [10], in an attempt to understand the connection between the Young
wall realization and the Kashiwara-Nakashima tableau realization, Kim and
Shin gave a new realization S()\) of crystal basis for the classical Lie algebras
using the tableaux which are fillings of a given generalized reverse Young dia-
gram. The entries of the tableaux in S(\) satisfy the same conditions for the
Kashiwara-Nakashima tableaux. We refer the readers to [10] for more details.

§3.1. U,(C,) type

Proposition 3.2. Fork=1,--- ,n, there is a crystal isomorphism 1) :

M(Ag) — S(Ag).

Proof. Let M = X;,(1)---X;, (k) be a monomial in M(Ay). If there is
no pair (X,(p), Xz(q)) such that p — ¢ < n — a, we define (M) to be the
tableau of one column with entries 71, - , 4 from bottom to top.

Suppose that there is a pair (X, (p), Xz(¢)) such that p—q < n—a. Then we
define ¢)(M) to be the tableau of one column with entries i1,--- ,a + 1,--- ,a+
1,--- 1 from bottom to top, where a + 1 and a+1 lie at the g-th and p-th rows,
respectively. If there are several pairs (X,(p), Xz(q)) such that p—g <n —a
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(a=1,--+,n—1), then ¢(M) is defined by applying the above rule repeatedly
froma=1ton— 1.

By the definition of [M], we may assume that [M] is obtained from an
expression of M by replacing one pair (X,(p), Xz(¢)) such that p—g=n—a
with (Xaq1(p), Xog1(q)). Tt follows that

k—@E+DH)+)+@+)<n—(p—q +1=a+1.

Therefore, for the monomial [M] with no pair (X, (p), Xz(q)) such that p—qg <
n — a, (M) satisfies the condition for the tableaux in S(Ag).

Consider the case that there is a pair (X, (p), Xz(¢)) such that p—qg < n—a
in [M]. We may assume that [M] has only one pair (X,(p), Xz(q)) such that
p —q < n — a. If there is no pair (X(r), X;(s)) with b < a, then

k—p@P+D)+1)+(@+1)<a+1.

Suppose that there is a pair (X;(r), X3(s)) with b < a. Let b be the
largest index such that (X(r), X3(s)) appears in [M]. By the definition of
[M], r— s >n—b+ 1, which yields

k=—P+D+D+@+)<n—(p—-q+1
et (r—p)+(g—5)— (r—s)+1
<(r—p)+(g—s)+0

Moreover, by the maximality of b, we have (r —p) 4+ (¢ — s) < a — b+ 1, which
implies
(k—(@+1)+1)+(¢g+1)<a+1
Therefore, 1 (M) satisfies the condition for the tableaux in S(Ag).
Conversely, let S be a tableau in S(Ay) with the entries iq,--- ,i; from
bottom to top. If there is no pair (i, = a,i, = @) such that p —q¢ < n —a, we
define ¢»~1(S) to be the monomial

Xi, (1) Xi,(2) - Xy (k).

If there is a pair (i, = a,i, = @) such that p—q < n — a, we define »=1(9)
to be the monomial

Xil(l) .. ‘Xa——l(q) .. 'Xa—1(10) e Xik (k)

If there are several such pairs, ¥ ~1(S) is defined by applying the above rule
repeatedly from a = n—1to a = 2. Then it is easy to see that 1 ~1(S) € M(Ay)
and that v and ™! are inverses to each other.
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It remains to show that 1 is a crystal morphism. For a monomial M =
X, (1) -+ X;, (k) of M(Ag), assume that f; M # 0. Then for some p and ¢, we
have i, =i and ip,—1 # i+ 1, or iy =4 + 1 and i, # i. Moreover,

Xi(p) =Yia(p + 1)~ Yi(p),
Xii() = Yi((n =) + @)Yipa((n — i) +¢) "
Ifp—q>mn—i+1, then p > (n — i)+ q and so f;M is obtained by
multiplying
Ai(p)~" = Xi(p) ™' Xiga (p)-

Since fzz/)(M) is obtained from ¢ (M) by replacing ¢ with ¢ + 1 by the tensor
product rule for the Kashiwara operators, it is clear that ¥ (f; M) = f;w(M).
If p—qg<mn—i, then p < (n—1)+q, and f; M is obtained by multiplying

Ai((n—1i) +q)7" = Xzz(9) 7' X5(0)-
That is, )
fiM = X3, (1) -+ X5(q) - - Xi(p) - - - Xi, ().

7

Furthermore, since p — g < n — i, ¥(f;M) is the tableau with the entries

i, gl =041, i+l =i+ 1, i
Recall that f;ih(M) is obtained from (M) by replacing i with i+ 1. Therefore,
Y(fiM) = fi(M).
Similarly, we can prove ¥ (é;M) = é;p(M). O

Theorem 3.3. Let A =a1A1+- - -+ap A, be a dominant integral weight.
Then there is a crystal isomorphism ¥ : M(X\) — S(A).

Proof. Let M be a monomial in M(A), which can be expressed as

M= I xG)ms.
i€B; 1<j<n
Consider the tableau T'([M]) associated with [M]. If there is no pair (a(p),a(q))
such that
(a) p— g <n—a, and a(p) and @(q) lie in the same column, or
(b) a(q) lies in the left-hand side of a(p),

we define (M) to be the semistandard tableau with m;;-many 7 entries in the
j-th row (from the bottom) for i = 1,---,1, j = 1,--- ,n. By conditions for
M(A), it is well-defined.
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Secondly, suppose that there is a pair (a(p),a(q)) satisfying the conditions
(a) or (b) in T([M]). Then we define /(M) to be the tableau obtained from
T([M]) by replacing a with a 4+ 1. If there are several such pairs (a(p),a(q))
such that p—g<n—a (a=1,---,n—1), then ¢»(M) is defined by applying
the above rule repeatedly from 1 ton — 1.

Conversely, let S be a tableau in S(A). If there is no pair (a(p),a(q))
satisfying the conditions (a) or (b), we define ¥~!(S) to be the monomial
I1X:(p), where X;(p) corresponds to the entry 4 in the p-th row of S. Suppose
that there is a pair (a(p),a(q)) satisfying the conditions (a) or (b). Then we
have a tableau S’ obtained from S by replacing a in the p-th row and @ in the
g-th row with @ — 1 and a — 1. If there are several such pairs, then S’ is defined
by applying the above rule repeatedly from a = n to a = 2. Now, we define
1~ 1(S) to be the monomial associated to S’.

Then by the same argument in Proposition 3.2, we can see that 1) and 1 ~*
are inverses to each other and that ¢ is a crystal isomorphism. O

Example 3.4. Let A = A + A3 for Cy and let M = Y;(5)72Y5(2),
which can be expressed as

[M] = X1 (3)X2(2) X1(1)?

and

)—A|M|>—-|

Since there is a pair (1(3),1(1)) in 7([M]) such that p—q¢ = 3—1 < 4—1 = n—a,
they corresponds to (2(3),2(1)). Here, 1(1) is just the one in the second column
from right. Moreover, this changed 2(1) and 2(2) also satisfies p—¢=2—1 <
4 — 2 =n — a, which implies that they corresponds to (3(2),3(1)). Therefore,

[l w|w|

§3.2. Uy(B,) type

Proposition 3.5.
(a) For k=1,... ,n, there is a crystal isomorphism v : M(wy) — S(wy).
(b) There is a crystal isomorphism ¢ : M(A,) — S(A,).
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Proof. (a) The map 1 is defined by the same algorithm in Proposition
3.2 and the proof is similar to that of Proposition 3.2.
(b) For a monomial M = /X, (1)---X;, (n) € M(A,), define (M) by

the tableau of half column with entries iy, - - , 4, reading from bottom to top.
Then by definition of M(A,,) and S(A,), it is easy to see that ¢ is a crystal
isomorphism over U, (B,,). O

Proposition 3.6. Fork=1,... ,n, there is a crystal isomorphism 1 :

M(wk + An) — S(wk- + An).

Proof. Let M be a monomial in M(wy, + A,,). Then [M] is expressed as

[M] = X;, (1) X, (B)y/ X5, (1) -+ X, (),

If there is no pair (X,(p), Xz(g)) such that p—q < n—a, we define (M) to be
the tableau consisting of one column of length k and the half column of length n
with entries i1, -+ ,i; and j1,- -, j, from bottom to top and from left to right.
Otherwise, (M) is defined to be the tableau with entries é1,--- ,a+ 1, -+ ,a+
1, -+ ,ig and ji, -, jn.

Then by definition of [M] and v, it is clear that the tableau (M) is
semistandard. Moreover, by the condition of S(A,), it is easy to see that
(M) satisfies the conditions for the tableaux in S(wy + Ay).

Conversely, let T be a tableau in S(wy + A,) with entries 41, - , i, and
J1, -+, Jjn from bottom to top and from left to right. If there is no pair (i, =
a,i, = @) such that p — ¢ < n — a, we define ¢y ~}(T) to be the monomial

Xi (1) X, ( \/le X (n).

If there is a pair (i, = a,i, = @) such that ¢ — p < n — a, we define (T to
be the monomial

Xiy (1) Xamp(@) - Xama () - Xi (0) /X, (1) X5, ().

Then it is clear that ¥ ~1(T) € M(wy + A,,). Furthermore, ¢ and ¢! are
inverses to each other.

It remains to show that v is a crystal morphism. If there is no
Xi(p)Xiz1(q) in [M], it is clear that U(fiM) = fitp(M) by Proposition

3.5 (a). Thus we may assume that there is a |/X;(p)X;77(¢) in [M] with
p—¢q=mn—1i—1. Then X;(m) and X;77(I) exist in [M] only for m < p and
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[ <q Ifm<pandl < gq, it is clear that z/)(sz) = fﬂ//(M) If there is an
Xi(p) in [M], then f; M is obtained by multiplying

Xilp) " X1 (p) = /X (0) " Xirp (@)~ X () Xi(0):

Therefore, zé(ﬂM) = fip(M). Similarly, if there is an Xi71(q) in [M], we have
O(fiM) = firh(M). u

Theorem 3.7. Let A = ajwy + -+ + apwp + bA, (b =0 or1). Then
there is a crystal isomorphism b : M(X\) — S()).

Proof. Combining Proposition 3.6 and the argument in Theorem 3.3, we
obtain the desired result. O

Example 3.8. Let A = wy + w3 + Ay for By and let
M =Y:1(3)"' 1 (4)Y1(5)*Y2(2)*Y2(4) " 1Ya(2).

Then
[M] = X, (3) X2 (22 Xr(1) X5(1) /X2 (4) X5(3) Xa(2) X5(1)
and _
113
T(M) = 5T
2111

If we consider the pairs (1(3),1(1)) and (2(2),2(1)) (Of course, 2(2) is just one in
the second column.), then we have 3—1 <4—1=n—qgand 2—1 <4-2=n—a.
Therefore,

(M) =

= s Tww]

Nl w N

wl |

§3.3. U,(D,) type

Proposition 3.9. (a) For k =1,--- ,n+ 1, there is a crystal isomor-
phism ¢ : M(wg) — S(wy).

(b) For A = A, or A1, there is a crystal isomorphism ¢ : M(X) — S(N).

(¢) For k =1,---,n, there is a crystal isomorphism ¢ : M(wy + Ay,) —
S(w;.c + An).

(d) Fork=1,---,n—1,n+1, there is a crystal isomorphism ¢ : M(wy +
Anfl) — S(wk + Anfl).
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Proof. (a) Let [M] = X;,(1)--- X;, (k) be a monomial of M(wy,). If there
is no pair (X,(p), Xz(q)) such that p — g < (n — 1) — a, we define (M) to be
the tableau of one column with entries iy, - , i from bottom to top.

Suppose that there is a pair (X,(p), Xz(q)) such that p — ¢ < (n —
1) — a. Then we define ¥(M) to be the tableau of one column with entries
i1, ,a+1,---;a+1,--- i from bottom to top. If there are several such
pairs (X4 (p), Xa(q)) such that p— ¢ < (n—1) —a (a=1,---,n), then ¥ (M)
is defined by applying the above rule repeatedly from 1 to n.

Then by the same argument in the proof of Proposition 3.2, we see that

is a crystal isomorphism.

(b) The map # is defined by the same way as in Proposition 3.6. It is clear
that 1 is a crystal isomorphism.

(¢),(d) The proof is similar to that of Proposition 3.5. O

Theorem 3.10.  Let A be dominant integral weight. Then there is a
crystal isomorphism 1 : M(A) — S(A).

Proof. Combining Proposition 3.9 and the argument in Theorem 3.3, we
get the desired result. (I

Example 3.11. Let A = 2wy 4+ A3 for Dy and let
M =Y1(2)%Y1(4)73Y4(2).

Then

M) = X1<2>2XT<1>2|¢X2<4>X3<3>X4<2>XT<1>

and

T([M]) =

= e Twv]

111

Furthermore, if we consider 1(2) of the second column and 1(1) of the third
column from right to left, thenp —¢g=2-1< 4-1)-1=(n—-1) —a.
Therefore,

(M) =17

B
B
4
T
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Finally, we close this section with a bijection between the monomial real-
ization and the Kashiwara-Nakashima tableau realization.

Proposition 3.12 [9, 10]. For a dominant integral weight X\, there is
a Uy(g)-crystal isomorphism ¢ : S(X\) — T'(A) for (g = Ay, Cpn, By, Dy) given
by
©(8) =081 « Sy - 5,

where S; is the i-th column of S from right to left.

Corollary 3.13.  Let A be a dominant integral weight. There is a Uy(g)-
crystal isomorphism ¢ : M(X) — T'(X\) for g = Ay, Cp, By, Dy,

Proof. By Theorem 3.3, Theorem 3.7, Theorem 3.10 and Proposition 3.12,
¢ = p o) is the desired crystal isomorphism. O

Example 3.14. Let A = Ay + 2Ay + A3 for C3 and let M =
Y1(2)%Y1(3)Y1(4)72Y2(3)"1Y3(1). Then

[M] = X2(3) X3(2) X1(2)° X1(1) X5(1) X5(1) Xa(1)

and
o]
T(M])=ypM)=_|1 3
EEHEE
It follows that
oD
] 1 1
¢WFMWW=%HEHEHH
1[1]2]1]
=222
|3

Conversely, let

11]2]1]
T=|2[2]2 c T(A1 +2A2 +A3)
3




CRYSTAL BASES AND NAKAJIMA’S MONOMIALS 791

By applying the reverse bumping rule to the entries from bottom to top and
from right to left [9, 10], we have

(1]
2]
(3]
(4]
(5]
(6]

7]

(8]
[9]

(10]

[11]
(12]

2
3

]
ol
[N]
=

Therefore, we have

¢~ H(T) =9~ p™HT)) = X2(3)X1(2)" X3(2) X5(1) X5(1) X5(1) X1(1)
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