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Abstract We give a bijective proof of an identity relating primed shifted gl/(n)-
standard tableaux to the product of a gl(n) character in the form of a Schur func-
tion and || l<i<j<n (x; + y;). This result generalises a number of well-known results
due to Robbins and Rumsey, Chapman, Tokuyama, Okada and Macdonald. An anal-
ogous result is then obtained in the case of primed shifted sp(2n)-standard tableaux
which are bijectively related to the product of a r-deformed sp(2n) character and
[Ticicjen(xi +12x7" + y; +12y7"). All results are also interpreted in terms of al-
ternating sign matrix (ASM) identities, including a result regarding subsets of ASMs
specified by conditions on certain restricted column sums.

Keywords Alternating sign matrices - Shifted tableaux - Schur P-functions

1 Introduction

The expression

[T @i+ (1.1)

I<i<j<n

appears in a number of contexts in symmetric function theory. Given y =
(1, y25 .-+, yp) and X = (xy, X2, ... , X,), when y = —Xx, the expression (1.1) is just
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the Vandermonde determinant that appears in Weyl’s denominator formula

det(x/ )= [] —xp. (1.2)

I<i<j<n

For y = Ax, the expression (1.1) becomes the subject of the A-determinant formula
of Robbins and Rumsey [12]:

1_[ (i +2x)) = Z ASEA(] 4 p)NS() l_[xiNE,'(A)-&-SE,(A)-J—NS;(A)’ (13)

I<i<j<n AeA, i=1

where the exponents are various parameters associated with alternating sign matrices
and defined in Section 3. Robbins and Rumsey use different notation but do include
the square ice concepts, although they use different terminology. Bressoud [2] asked
for a combinatorial proof of (1.3). This was provided by Chapman [3] who generalised
1t to:

[T Gityp=3 TTa" O P + V. (1.4)

I<i<j<n AeA, i=1

For y = rx, there is also the #-deformation of a Weyl denominator formula for g/(n)
due to Tokuyama [17]:

n
[Tx JI citmxpse= D> MO0 4 D= xveSD - (1 5)
i=1 I<i<j<n STeSTH"(n)

where the sum is over semistandard shifted tableaux ST of shape u = X 4+ § with
§=(m,n—1,...,1), and where hgt, str, and wgt are parameters associated with
semistandard shifted tableaux. They are defined in Section 2. Suffice to say, at this
stage, that wgt(ST) is a vector w = (wy, wy ... , w,) and that, quite generally, x¥ =
x)"'xy -+~ x. Note also that s5,(x), the Schur function specified by the partition
A, with a suitable interpretation of the indeterminates x; for i = 1,2,... ,n, is the
character of an irreducible representation of g/(n) whose highest weight is specified
by the partition A.

Here we present a general identity that unifies the results (1.2)—(1.5). This identity
is our first main result and is expressed in terms of a certain generalisation of Schur P-
functions and also in terms of the corresponding generalisation of Schur Q-functions.
These P and Q functions are defined combinatorially in Section 2.

Proposition 1.1. Let ;u = A + 6 be a strict partition of length £(i1) = n, with A a parti-
tionoflengthf(A\) <nand$ = (n,n — 1, ..., 1). Inaddition, letx = (x1, X2, ... , X,)
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andy = (y1, Y2, -+ , ¥n)- Then

Px/yy =50 x [ @i+
i=1 I<i<j<n

(1.6)
0ux/y) =500 ] @i+

I<i<j<n

where P,(x/y) and Q,(x/y) are as defined in Section 2.

A bijective proof of this Proposition, along with a number of corollaries, is provided
in Section 3. The case x = y is an example of Macdonald [8] (Ex2, p259, 2nd Edition).
The case y = tx = (tx, tx2, ... , tx,) is equivalent to a Weyl denominator deforma-
tion theorem due to Tokuyama [17] for the Lie algebra g/(n) expressible in the form
(1.5), and given a combinatorial proof by Okada [10]. The case A = 0 is equivalent
to an alternating sign matrix (ASM) identity attributed to Robbins and Rumsey [12]
and proved combinatorially by Chapman [3]. The connection with ASMs is provided
in Section 5, in which both (1.3) and (1.4) are shown to be simple corollaries of
Proposition 1.1.

It should be pointed out that the above Proposition is restricted to the case of a
strict partition p of length £(u) = n. Although a similar result applying to the case
(i) = n — 1 may be obtained from the above by dividing both sides by s1:(x) =
X1X2 - - - Xp, there is no similar product formula for either P, (x/y) or O, (x/y) in the
case L(u) <n — 1.

On the other hand, the above results may all be generalised to the case of certain
symplectic tableaux. The analogue of (1.1) in this setting turns out to be

H (i +2x7 +y + 2y, (1.7
1<i<j<n
When y = —x and r = —1 the expression (1.7) is a factor of the determinant that

appears in Weyl’s denominator formula for sp(2n),

det (xl."fj+1 —xf"ﬂ;l) = l_[ (xi —x;71) l—[ (xi +x7" = x; —xj_l). (1.8)

i=1 I<i<j<n

More generally, for y = #x we have [4]

n

H (xi +1x7") l_[ (i + 207" 1 + txj_l) PG 1)
i=1 I<i<j<n

(1.9)
_ Z tvar(ST)+bar(ST) (1 + t)str(ST)—n XWgt(ST)’

STeST"(n,n)

where the sum is over semistandard shifted symplectic tableaux of shape u = A +§
withé = (n,n — 1, ..., 1), and where var, bar, str and wgt are defined in Section 2.
Here sp, (x; t), once again with a suitable interpretation of the indeterminates x; fori =
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1,2,...,n,isat-deformation of the character sp, (x) of the irreducible representation
of the Lie algebra sp(2n) whose highest weight is specified by the partition A.
Our second main result then takes the form

Proposition 1.2. Let w=X+38 be a strict partition of length £(u)=n,
with X a partition of length €M) <n and §=m,n—1,...,1). In addi-
tiOn; let X = (xlax27 e 7-xl‘l)) y = ()’l, y27 e ,)’n), i: (ElaE27 s 7El’l) and yz
O, Y -5 Y,), WithX; =)ci_1 andy; = yi_lfori =1,2,...,n. Then

Qux/y;y=spixt) [ (6 +0% +y; +1°7)), (1.10)

I<i<js<n
where Q,(X/y;t) is defined in Section 2.

Here Q(x/y;t) is a generalisation of Q(x/y) that associates factors of > with the
barred components of X and y. Although a similar generalisation P(x/y;?) of P(x/y)
exists, as we shall see, there does not exist a corresponding identity for P(x/y;t) that
is analogous to the identity (1.10) for Q(x/y; t).

Our paper is arranged as follows. In Section 2 the necessary background is intro-
duced regarding both the relevant semistandard, shifted and primed tableaux, and the
various P and Q functions and characters of gl/(n) and sp(2n). For the gl(n) case,
Section 3 opens in Section 3.1 with a formal statement of the combinatorial identity
upon which the first main result, Proposition 1.1, is based. A bijective proof of this
identity is then provided. A detailed example appears in Section 3.2. In Section 3.3 a
number of corollaries are gathered together.

Turning to the sp(2n) case, the combinatorial identity necessary to establish the
second main result, Proposition 1.2, is stated, bijectively proved and exemplified in
Section 4. Once again two corollaries are supplied in Section 4.3, including a proof
of Proposition 1.2.

Finally, in Section 5 the connection is made with alternating sign matrices and
U-turn alternating sign matrices in the g/(n) and sp(2n) cases, respectively.

2 Background

2.1 gl(n) tableaux

LetA = (A1, A2, ..., A,)withA; > Xy > .- > A, > Obea partition of weight [A| =
At + Ay +---+ A, and length £(A) = p, where each A; is a positive integer for all

i=1,2,..., p. Then A defines a Young diagram F* consisting of p rows of boxes
of lengths A1, A5 ... , A, left-adjusted to a vertical line.
A partition i = (@1, 42, ... , g) of length £(u) = g is said to be a strict partition

if all the parts of u are distinct; that is, ;1 > 2 > --- > g > 0. A strict partition
w defines a shifted Young diagram SF* consisting of g rows of boxes of lengths
Wi, M2, ... , kg left-adjusted this time to a diagonal line.

For any partition A of length £(A) < n let 7*(n) be the set of all semistandard
tableaux T obtained by numbering all the boxes of F* with entries taken from the

@ Springer



J Algebr Comb (2007) 25:417-458 421

set{1,2,...,n}, subject to the usual total ordering 1 < 2 < .- < n. The numbering
must be such that the entries are:

T1 weakly increasing across each row from left to right;
T2 strictly increasing down each column from top to bottom;
T3 each entry k may appear no lower than the kth row.

It will be noted that the condition T3 is redundant here, since it is implied by T2,
but it will be required later. The weight of the tableau 7 is given by wgt(T) = w =
(w1, wa, ..., w,), where wy, is the number of times k appearsin T fork = 1,2, ... , n.
For example in the case n = 6, A = (3, 3, 2, 1, 1) we have

213
5|5

e T326) with wg(T)=(1,1,2,1,3,2). 2.1

(o)}

1

3

T=1,
5|

6

By the same token, for any strict partition u of length £(1) < n, let ST"(n) be
the set of all semistandard shifted tableaux ST obtained by numbering all the boxes
of SF* with entries taken from the set {1,2, ..., n}, subject to the total ordering
1 <2 < --- < n. The numbering must be such that the entries are:

ST1 weakly increasing across each row from left to right;
ST2 weakly increasing down each column from top to bottom;
ST3 strictly increasing down each diagonal from top-left to bottom-right.

The weight of the tableau ST is again given by wgt(ST) = w = (wy, wa, ... , wy),
where wy is the number of times k appears in ST fork =1,2,... ,n.

The rules ST1-ST3 serve to exclude any 2 x 2 blocks of boxes all containing the
same entry, and as a result, each ST € S7"(n) consists of a sequence of ribbon
strips of boxes containing identical entries. Any given ribbon strip may consist of a
number of disjoint connected components. Let str(S7) denote the total number of
disjoint connected components of all the ribbon strips. Let hgt(ST') be the height of
the tableaux, defined hgt(ST) = Y "} _, (tow,(ST) — strx(ST)), where row(ST) is the
number of rows of S containing an entry k, and str(S7') is the number of connected
components of the ribbon strip of ST consisting of all the entries k.

By way of illustration, consider the case n = 6, u = (9, 8, 6, 4, 3, 1) and the semi-
standard shifted tableau:

1[1]1]2]2]2|3]3]5
212|3(3]4|5]|5]6 56485
st Lplslalsle] ¢ gpomeng) i VECDTE2 OB, )
4|5(5]s str(ST)=12, hgt(ST)=6.
516]6
6]

Refining this construct, for any strict partition u with £(u) < n, let PST"(n)
be the set of all primed, or marked, semistandard shifted tableaux P ST obtained by
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numbering all the boxes of S F* with entries taken from the set {1’,1,2',2, ... ,n’, n},
subject to the total ordering 1’ < 1 <2’ < 2 < .-+ < n’ < n. The numbering must be
such that the entries are:

PST1 weakly increasing across each row from left to right;
PST2 weakly increasing down each column from top to bottom;
PST3 with no two identical unprimed entries in any column;
PST4 with no two identical primed entries in any row;

PST5 with no primed entries on the main diagonal.

The weight of the tableau PST is then defined to be wgt(PST) = (u/v) with u =
(ur,uy, ... ,uy)and v = (v, vo, ..., v,), where u; and v; are the number of times k
and k', respectively, appear in PST fork =1,2,... ,n.

The passage from S7"(n) to PST"(n) is effected merely by adding primes to the
entries of each ST € S7"(n) in all possible ways that are consistent with PST1-5 to
give some PST € PST"(n). The only entries for which any choice is possible are
those in the lower left hand box at the beginning of each connected component of a
ribbon strip. Thereafter, in that connected component of the ribbon strip, entries in
the boxes of its horizontal portions are unprimed and those in the boxes of its vertical
portions are primed. It should be noted that all the boxes on the main diagonal are
necessarily at the lower left hand end of a connected component of a ribbon strip, but
their entries remain unprimed by virtue of PST5.

To illustrate this let us assign primes to those entries of ST in (2.12) for which it is
essential (that is, for every entry lying immediately above the same entry) and some
of those for which it is optional (those entries off the main diagonal that are at the start
of any continuous strip of equal entries). This gives, for example,

—_
—_

ANRE

415|5]6

PST = € PST®Y(6)  with

(98]
(98]
(S0 A =[S )
~
[
=N

@
=

wgt(PST) = (3,4,5,2,5,3/0,1,1,2,3,2).  (2.13)

We may replace PST1-4 by identical conditions QST1-4, but discard PST5. This
serves to define corresponding primed shifted tableaux QST € QS7*(n) that now
involve both primed and unprimed entries on the main diagonal.

Finally, in this g/(n) context, for fixed positive integer n, let§ = (n,n — 1, ..., 1)
and let PD? (n) be the set of all primed shifted tableaux, P D, of shape §, obtained by
numbering the boxes of SF?® with entries taken from the set {1, 1,2/, 2, ... ,n’, n} in

such a way that:

PD1 each unprimed entry k appears only in the kth row;
PD2 each primed entry k’ appears only in the kth column;
PD3 there are no primed entries on the main diagonal.

@ Springer



J Algebr Comb (2007) 25:417-458 423

The weight of the tableau PD is defined by wgt(PD) = (u/v) with u = (u,
us,...,u,) and v= (vy, vy, ..., v,), where u; and v, are the numbers of times k
and k', respectively, appear in PD fork = 1, 2, ... , n. Typically for n = 6 we have

|12’14’5’6/

Pp= B350 e pDHEAG)  with
4156

5|5
6

wgt(PD)=(2,3,3,1,2,1/0,1,1,2,3,2). (2.14)

Since the ith entry on the main diagonal is always i and for i < j the entry in the
(i, j)th position is either i or j’, it is clear that

n
Z (x/y)"eFD) — 1_[ X; 1_[ (xi +y)), (2.15)
PDePD’(n) i=1 I<i<j<n
where (x/y)®/") = x"y¥ = XUy,

By way of a small variation of the above, if we replace PD1-2 by identical condi-
tions QD1-2 and discard the condition PD3, the corresponding set QD°(n) of primed
shifted tableaux Q D differs from PD*"(n) only in allowing primed entries on the main
diagonal. It follows that

Yoo = [ ity (2.16)

QDeQD%(n) I<i<j<n

These formulae (2.15) and (2.16) offer a combinatorial interpretation of factors
appearing in the expansions (1.6) of Proposition 1.1. This will be exploited later in
Section 3.

2.2 sp(2n) tableaux

In order to establish a similar approach to Proposition 1.2 it is necessary to extend
our already copious list of tableaux to encompass certain tableaux associated with
the symplectic algebra sp(2n). As before it is helpful to start with definitions of the
various types of tableaux, both shifted and unshifted.

For any partition A of length £(X) < n, let 7*(n, ) be the set of all semistandard
symplectic tableaux T obtained by numbering all the boxes of F* with entries from the
set {T, 1,2,2,....,7, n}, subject to the usual total orderingT <1<2<2<---<
n. The entries are:

T1 weakly increasing across each row from left to right;
T2 strictly increasing down each column from top to bottom;
T3 k or k may appear no lower than the kth row.
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The weight of the symplectic tableau T is givenby wgt(T) = (W) = (wy, wa, ... , Wy),
with wy = ny — ng where n; and ng are the number of times k and k, respectively,
appearin T fork = 1,2, ... , n. The parameter bar(7") is equal to the number of barred
entries in the tableau. For example in the case n = 5, A = (4, 3, 3) we have

4 wet(T) = (0, —1, 1,0, 0)
e T9%5,5) with (2.17)
bar(T) = 5.

ﬂ
I
B (W —|

& | B
- E I S]]

For any strict partition u of length £(u) < n, let ST (n, n) be the set of all semis-
tandard shifted symplectic tableaux ST obtained by numbering all the boxes of S F*
with entries taken from the set {T, 1,2,2,...,7, n}, subject to the total ordering
1<1<2<2<--- <7 < n. The numbering must be such that the entries are:

ST1 weakly increasing across each row from left to right;

ST2 weakly increasing down each column from top to bottom;

ST3 strictly increasing down each diagonal from top-left to bottom-right;
ST4 with d; € {k, k}, where dj is the kth entry on the main diagonal.

The weight of the shifted symplectic tableau ST is given by wgt(ST) =
(wy, wa, ..., wy), with wy = nx — ng where n; and ny are the number of times k
and k, respectively, appearin ST fork = 1,2, ... , n. Once again it is convenient, fol-
lowing [5], to introduce str(ST') as the total number of disjoint connected components
of all ribbon strips of ST, and var(ST) = Y ;_, (towi(ST) — strx(ST) + colg(ST) —
strz(ST)), where row(ST) is the number of rows of ST containing an entry k, col(ST)
is the number of columns containing an entry k, while stry(ST) and strg(ST) are the
number of connected components of the ribbon strips of ST consisting of all the entries
k and k, respectively, and bar(ST') is equal to the total number of barred entries.
Typically, forn =5and u = (9,7, 6, 2, 1) we have

|T1 45|

[\S]]
W] [
BB (W
I ENRES

N

ST = e ST%1(5,5) with

N

BB

|un4>4>uu|

wgt(ST) = (0, —1,0,4,0)
(2.18)
bar(ST) = 11, str(ST) =12, var(ST)=7.

Refining this construct, for any strict partition u with £(u) < n, let PST"(n, n)
be the set of all primed semistandard shifted symplectic tableaux PST obtained
by numbering all the boxes of SF#* with entries taken from the set {T/, 1,11, 5/,
2,2,2,...,7,m,n', n}, subject to the total ordering

T<T<lU'<1<2<2<2<2<---<i <ii<n <n. (2.19)
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The numbering must be such that the entries are:

PST1 weakly increasing across each row from left to right;

PST2 weakly increasing down each column from top to bottom;
PST3 with no two identical unprimed entries in any column;

PST4 with no two identical primed entries in any row;

PSTS with di € {k, k}, where dy is the kth entry on the main diagonal.

The weight of the tableau PST is then defined to be wgt(PST) = (u/v) with u =
(uy,uz,...,u,) and v= (vy, va,...,v,), Where u; = ny, —ng and vy = np —ny,
with ny, ng, np and ny are the number of times k, k, k' and K , respectively, appear
in PST fork =1, 2,...,n.In addition, let bar(P ST) be the total number of barred
entries in PST.

If we now replace PST1-4 by identical conditions QST1-4 and replace PST5 by:

QSTS with di € {k, k, k', k}, where d is the kth entry on the main diagonal.
Then once again the corresponding primed shifted tableaux QST € QST (n, n) now

have primes allowed on the main diagonal.
Typically, forn = 5and © = (9, 7, 6, 2, 1) we have

5]

1)1 ]z]2]3]5]a]s
202|2|3|4|3|4 B
OST = y|7lala]a]s] € QSTT(S,5) with

4
§_’
wgt(QST) =(0,0,0,3,1/0, —1,0, 1, —1),

(2.20)
bar(QST) = 11.

To complete our set of sp(2n) tableaux, for fixed positive integer n, let § =
(n,n—1,...,1) and let PD’(n, ) be the set of all primed shifted tableaux, P D,
of shape 8, obtained by numbering the boxes of SF® with entries taken from the set
{T/, 1,1,1,2,2,2,2,....7.,7,n, n} in such a way that

PD1 each unprimed entry k or k appears only in the kth row;
PD2 each primed entry & or 3 appears only in the kth column;
PD3 there are no primed entries on the main diagonal.

The weight of the tableau PD is defined by wgt(PD)= (u/v) with u=

(uy,un, ... ,u,) and v= (v, va,...,v,), where u, = ny T and v, = ny —nk,
with ny, ng, np and ny are the number of times &, k k' andk, respectively, appear in
PDfork =1,2,...,n.Inaddition let bar(P D) be the total number of barred entries
in PD.

With this notation, since the entry in the ith position on the main diagonal is either
i ori while fori < j the entry in the (i, j)th position is either i, i, j’ or j , it is clear
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that

n

Z t2bar(PD)(X/y)wgt(PD) = l_[ ()Ci + l‘zfl') l_[ ()Ci + lzfl‘ +y;+ l‘zyj).
PDePD’(n,n) i=1 I<i<j<n

221

Here the use of % as the key parameter is due to the fact that we will later need to set
y; =t x; in order to recover the factors appearing in (1.9).

By way of a small variation of the above, if we replace PD1-2 by identical condi-
tions QD1-2 and discard the condition PD3, the corresponding set QD% (n) of primed
shifted tableaux Q D differs from PD"(n) only in allowing primed entries on the main
diagonal.

Typically for n = 5 we have

—_]
—_

[\S}
WL o (Wl
[\

€ OD>21(5,5) with

(9%}
|U‘l NG KOCTI TR

wgt(QD) = (—1,2,0,1,0/0,0, 2,2, —1),
(2.22)
bar(QD) =17.

It follows from our definition of QD(n, 1) that

Yo OOy O =TT (5 + % +y; +1°5). (223)
QDeQD%(n,n) I<i<jz<n

These formulae (2.21) and (2.23) have been introduced so as to offer acombinatorial
interpretation of factors appearing in the expansions (2.30) of Proposition 1.2. This

will be exploited later in Section 3.

2.3 Schur’s P and Q functions and their generalisations

Letx = (x1, x2, ... , x,) beavector of n indeterminates and letw = (w;, wy, ... , w,)
be a vector of n non-negative integers. Then x¥ = x{"'x - - - x/*». With this notation

it is well known that each partition A of length £(1) < n specifies a Schur function
s;.(x) with combinatorial definition:

55(x) = Z xVe?) (2.24)

TeTH(n)
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Similarly, each strict partition p of length (i) < n specifies a Schur P-function
and a Schur Q-function whose combinatorial definitions take the form:

PM(X) — Z 2str(ST)—£(,u.)XWgt(ST);

STeST"(n)
(2.25)
Q/L(X) — Z 2str(ST)Xwgt(ST).
STeST"(n)
Nowletz = (x/y) = (x1, X2, - .. , Xn/¥1, Y25 - - - » ¥n), Wherex and y are two vectors
of n indeterminates, and let w = (u/v) = (uy, us, ..., u,/vy, v2, ..., v,) Where u

and v are two vectors of n non-negative integers. Then let z% = (x/y)™/¥ = x"y" =
xyteeaxtnyt -yt With this notation each strict partition w1 of length () < n
serves to specify generalised Schur P and Q-functions defined by:

Pux/y)y = Y x/yE
PSTePST"(n)
(2.26)

Quix/y)= Y. (x/y)"eD,

Q0STeQST"(n)

Since the maps back from PST € PST"(n) and from QST € QS7T*(n) to some
ST € ST"(n) are effected merely by deleting primes, and there are no primes on the
main diagonal in the case of PST, it follows that

Qu(x) = 2Z(M)P/4(X) with P/L(X) = P/L(X/X) and Q}L(X) = Q;L(X/X) (227)

It might be noted that s, (x), P;(x) and Q;(x) are nothing other than the specialisa-
tions P, (x;0), P,(x; —1)and Q, (x; —1), respectively, of the Hall-Littlewood functions
P,(x;t)and Q,(x;1).

Turning to the symplectic case, it is well known that each partition A of length
£(A) < n specifies an irreducible representation of sp(2n) whose character sp; (x)
may be given a combinatorial definition:

spa(x) = Z xVe?), (2.28)
TeTH(n,i)

This may be 7-deformed to give

spa(x; 1) = Z ¢ 2oar(T) ywedT) (2.29)
TeT*(n,i)
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In the case of a strict partition u of length £(t) = n the required generalisations of
Schur P and Q functions take the form:

PM(X/y; t) — Z thar(PST) (X/y)wgl(PST);
PSTEPST"(n,7)
(2.30)
Quix/yiy = Y O (xyyyeesh,
QSTeQS8T"(n,n)
With a slight abuse of notation we augment wgt(T) = w = (wy, ... , w,) with n
0'sto givewgt(T) = (W/0) = (wy, ... , w,/0, ..., 0)whereverrequired. This means,

for example, that (x/y)¥&T) = x¥eT) = x*' ... x¥» More important, in what follows,
both wgt(P D) + wgt(T) and wgt(Q D) 4+ wgt(T') are well defined.

3 The gl(n) bijection
3.1 Main result

The generalisations of the combinatorial definitions of P, (x) and Q,(x) to P, (x/y) and
0,(x/y), respectively, together with those of s, (x) and the product factors appearing in
(1.6), allow us to establish the validity of Proposition 1.1 by first proving the following:

Theorem 3.1. Let n = A + 8 be a strict partition of length (i) = n, with X a par-
tition of length £(A) <n and § = (n,n — 1, ..., 1). There exists a weight preserv-
ing, bijective map © from PST"(n) to (PD’(n), T*(n)) and from QST"(n) to
(QD’(n), T*(n)) such that for all PST € PST"(n) and for all QST € QST"(n)

®: PST — (PD,T) with wgt(PST)= wgt(PD)+ wgt(T).
(3.31)
®: OST — (OD,T) with wgt(QST) = wgt(QD) + wgt(T).

with PD € PD(n), 0D € QD%(n) and T € T*(n).

Proof: We choose to tackle the P ST case first with the aim of describing a candidate
map ® and showing that it is both weight preserving and bijective.

The technique is to apply the jeu de taquin [6, 8, 13, 14, 18] to the primed entries
k" of PST taken in turn starting with any 1’s (actually there are none), then any 2's
(at most one), then any 3’s (at most two) and so on. If for fixed k there is more than
one k" in PST then these are dealt with in turn from top to bottom. The map © is thus
expressible in the form ® = 6,, o --- 0 0y 0 Oy.

We start by describing the map 6. This involves sliding each k' in the north-west
direction by a sequence of interchanges with either its unprimed northern or western
neighbour until it reaches a position in the kth column either in the topmost row, or
immediately below another &, or immediately below some unprimed entry i in the ith
TOW.
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This amounts to playing jeu de taquin, treating k" to be strictly less than all the
unprimed entries. At every stage the conditions PD1-3 apply to all entries to the left
of the kth column, while PST1-4 apply to all entries, other than the moving k', that
are either in or to the right of the kth column. This implies that, ignoring all primed
entries, the unprimed entries must satisfy the semistandardness conditions T1 and T2.
In addition it is required that:

T3 each unprimed entry i may appear no lower than the ith row;
P3 each primed entry j may appear no further to the left than the jth column.

Collectively, it is these conditions that ensure that each move made by &’ is uniquely
determined, with T3 and P3 ensuring that the procedure terminates in the required
manner. It should be noted that they all, including both T3 and P3, apply to each initial
PST € PST"(n) with u a strict partition of length £(u) = n. This is because the
conditions PST1-4 imply that i" and i cannot lie on the same diagonal, so that on the
main diagonal of length n the ith entry d; is either i or i’ fori = 1,2, ... ,n, with
i’ being excluded by PSTS5. As a further consequence of the conditions d; = i and
PSTI, if k" appears in the ith row of PST, then i < k. This condition is maintained
under all interchanges of k" with unprimed entries, since each k" moves only north or
west.

Returning now to the jeu de taquin, consider first the situation illustrated by the
tableau Tj in (3.32) with £’ not yet in the kth column. This is to be thought of as the
subtableau surrounding a particular £’ at position (i, j) with j > k and as explained
above i < k, awaiting its next move. For the time being we assume that a, b, d are
unprimed, while ¢, e, f, g, h may be primed, or unprimed, or even absent if k" is
at or near either the main diagonal or the southern or eastern edge of the complete
diagram. However, all the unprimed entries amongst a, b, ... , h must, by hypothe-
sis, satisfy the semistandardness conditions T1 and T2, as well as T3. In particular
d>i.

Now for the jeu de taquin rules that define the map 6. If d < b then k' is to be
interchanged with b and if d > b then k’ is to be interchanged with d, as shown
below. In the first case &’ moves north and the resulting tableau Ty satisfies T1-3 since
i <d <b <c < e, while in the second, k" moves west. This is consistent with P3
since j > k, and the resulting tableau Ty again satisfies T1-3 since b <d < f < g,
withd > i.

alk'|c
alb|e Iy =lalp|le| It b=d;
To= |alk|e flelh
O - fleln — (3.32)
al|lb|c
k' at (i, j)withi <k < j Tw = |¢lalel if b<d.
flglh

Here c, e, f, g, h may be primed or absent without affecting our conclusions. In the
casei = 1 the toprow a b c of T must be absent, and T maps just to Ty, again without
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its top row a b c. Of course any absences from Ty must leave a regular diagram, so that
for example if ¢ is absent then so are e and &, while if g is present then so is f, unless
d and g are on the main diagonal. Such regularity conditions apply to all subsequent
diagrams. Here however, d and g cannot be on the main diagonal with f absent, since
i<j—1

On the other hand, if &’ is already in the kth column, so that k" cannot be moved
westward by virtue of P3, the map 6 leaves Tj unaltered, that is k¥’ has reached
its final resting place, unless &’ lies in the ith row of the kth column with an un-
primed entry b > i immediately above it. In such a case 6 acts on Ty as shown
below:

al|b|c
To= |a|r|e alk|c
O - fleln — Tn = lalble if b>i. (333
flglh

k" at (i, k) withi < k

Yet again, the unprimed entries of Ty satisfy T1-3, since we still have d =i < b <
¢ < e. The fact that d = i is a consequence of the condition PD1 that applies to the
left of the kth column. This time f would be absent if i = k — 1.

Now we return to the possibilities that we had previously set aside, those cases for
which a, b or d are primed. Since the allowed moves of k" are only north or west, and all
primed entries I with [ > k are originally either south or east of each k’, and no inter-
changes of primed entries occur, then we must have a, b, d < k’. The case of a primed
entry b < k' cannot occur in the tableau T of (3.32), since it would have already been
moved leftwards to its own column before any attempt is made to move the central k.
The same is true of any primed entry b < k' in the tableau T of (3.33). This leaves as the
only possibility b = k’,butif b = k’ then the central k" has already arrived in the kth col-
umn immediately below another k. Then, as we have already pointed out in our original
description of 6y, no further move is required. In addition, any primed entries a, d < k’
in the tableau Ty of (3.32) would have been moved leftwards to their own columns,
leaving justthe casesa = k' andd = k' to consider, while in (3.33) whether or nota and
d are primed is irrelevant, since by PD2 this primed value must be (k — 1)’, and k' has
already reached its own column and any move north is unhindered by such a value of
aord.

It follows that the only possible impediment to the movement of k" in a north-
westerly direction until it actually reaches the kth column, is the existence of another
k' to its immediate left, that is in Ty of (3.32) we have d = k/, or in Ty of (3.32) we
have a = k’. That this cannot occur is a corollary of the fact that the path followed by
k’ always remains column by column below (that is strictly south of) the path followed
by any preceding k’. This latter path always starts south and at least as far east as the
initial position of the moving k’ and extends westward as far as the kth column thereby
covering all columns through which the moving &’ passes. To see that no horizontal
pairs k&’ k' may arise consider k' arriving, as shown below in the diagram on the left
of (3.34), at a position due south of an entry b which itself lies on the path of the
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preceding k'.

ek’ : p alb |q| b_<)C p alb |q| (334)

If this path of the preceding & moves north from b, then there is no problem since the
k" can follow the same path north or move west without violating the strictly south
condition. On the other hand the path of the preceding X’ may move west along the
indicated boldface track from g to p. In doing so, it must at one stage have displaced
b from its original position at the site of a, immediately above ¢ and satisfying the T2
condition b < c. This condition then ensures that the X’ must itself move west as shown
in (3.34). It therefore stays south of the path of the preceding &’ that passes through
the position of a. This implies that the path of k" must always stay strictly south of
the path of the preceding k', thereby excluding the possibility d = &’ in (3.32) and
and also a = k’ in (3.32). This ensures that each k£’ will eventually reach and ascend
the kth column by means of a sequence of moves of type (3.32)—(3.33). Furthermore,
since in the initial P ST its path starts strictly north of the kth row and it only moves
north or west it never reaches the main diagonal.

Following the action of 6, each unprimed entry k on the main diagonal of PST
therefore remains fixed, and all k’s are in the kth column along with distinct unprimed
entries j with 1 < j < k. If k¥’ appears in the ith row, then i cannot appear above it,
since k£’ would then move north as in (3.33), and cannot appear below it by virtue of
T3. It follows that the unprimed entries j in the kth column do not include the row
numbers of k. Since they are distinct and 1 < j < k, they must include all the other
row numbers, and be arranged in strictly increasing order in accordance with T2. This
means that each unprimed entry in the kth column lies in its own row. Since the primed
entries in this column are all k’s all the entries in the kth column satisfy PD1-3.

Iterating this procedure for all k = 1,2, ..., n results in all primed entries being
moved to the first £ columns of SF* along with some unprimed entries, collectively
satisfying PD1-3 in this region of shape SF?, and leaving only unprimed entries, all
satisfying T1-3, in the right hand region of shape F*. In fact, with the absence of
primed entries in this region, T3 is redundant since it is implied by T2. Thus the
result of applying © to PST € PST" is a semistandard tableau T € 7*(n) of shape
2 juxtaposed to a primed tableau PD € PD’(n). This map is necessarily weight
preserving since every individual step is a simple interchange which does not alter the
number of ks or k’s for any k.

To show that this map ® is bijective it should be noted that each step may be
reversed. One starts by juxtaposing an arbitrary pair of tableaux PD € PD’(n) and
T € T*(n) to create a tableaux of shape SF* with u = A + 8. Then for each k taken
in turn from 7 to n — 1 down to 1 one applies 6, to all the primed entries k’; that is
to say one reverses the action of 6y by playing jeu de taquin in the reverse direction
with primed entries k' treated in turn from bottom to top, moving each one in a south-
easterly direction with k" now assumed to be larger than i fori = 1,... ,k — 1 but
less thani fori =k, k + 1, ..., n with the conditions T1-3 applying to all unprimed
entries at all times. For example in (3.35) if both e and g are unprimed and less than
k, this leads unambiguously from Tj to T if e < g and from T to T if e > g, with
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all unprimed entries satisfying the semistandardness conditions T1 and T2 since in
additionb <c<e<ginTgandd < f < g <ein Ts.

al|b|c
Te = |alelw| i e<g;
al|b|c flglh
0" To=|alee — (3.35)
fleglh al|lb|c
Ts = |algle if e>g.
flK | h

In addition, given that the entries of Ty satisfy T3 and P3, then so do those of Tg and
Ts since unprimed entries move north or west, while k" moves south or east.

More importantly, returning to the original jeu de taquin moves illustrated in (3.32),
this reversed jeu de taquin is such that if the conditions T1-T3 are satisfied by the
entries in 7j, then the reverse process leads directly from Ty to Tj since d < f and
from Ty to Ty since b < c. Thus the original steps along each of the k' paths are
retraced precisely. The same is true of the map (3.33).

The only task remaining is to show that the endpoints of these retraced paths results
in an element PST of PST*.If Ty is such that k" has reached its endpoint then neither
e nor g is unprimed and < k. If either e or g is absent, or primed or unprimed but
> k, then this poses no problem. The &’ in T is simply stopped from moving east
or south, respectively. If g =k’ there is again no problem since the rules PST1-5
allow two (or more) k’s in the same column. It is only the case e = k' that produces
a violation, in this case of PST4. Fortunately this case is excluded by the following
argument analogous to that which led to the strictly south property of the original jeu
de taquin. Now we require a strictly north property. The argument goes as follows.
The fact that the strictly north property applies to the reverse jeu de taquin follows
from a consideration of the following diagram in which a k" south westerly path meets
a preceding west—east path, indicated by means of boldface entries, passing from p
to ¢ through the positions of a and b. The existence of the latter requires that @ must
initially have been immediately south of ¢, so that ¢ < a. This in turn implies that &’
moves eastwards staying strictly north of the preceding path as shown below:

kle s a>c clk

p| albl - q — |p| alb| - q

©

0, : | (3.36)

Proceeding in this way, the process terminates when each k£’ has moved as far east
and south as the jeu de taquin allows. If in the above diagram g represents the final
position of the preceding k', then all elements to the right of ¢ must necessarily be
greater than k’. This means that although the higher X’ may move to a column further
to the right than that of ¢, it always remains in a higher row than the preceding k’.
This ensures that no two k’s can appear in the same row. This is sufficient, when taken
together with T1-2 and the fact that each primed entry has reached its end point, to
show that the resulting primed shifted tableau satisfies PST1-4. Since we had already
noted that the diagonal entries are always unprimed, PSTS is also satisfied.
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It follows that @~ is well defined and maps the juxtaposition of any pair of tableaux
PD e PD’(n) and T € T*(n) to a unique PST € PST"(n). Thus the original map
@ from PST*(n) to (PD%(n), T*(n)) is indeed bijective. Since it is also weight
preserving, as argued earlier, this completes the proof of the P ST case in Theorem 3.1.

The only difference between the PST and QST cases is the fact that in the latter
case primed entries are allowed on the main diagonal. This is reflected in the same
distinction between PD and QD on the right of the above formulae. In fact it is
not difficult to see that the map ® preserves the entries on the main diagonal in
both cases; that is, just as the main diagonal of PST coincides with that of PD,
where ® : PST +— (PD,T), so the main diagonal of QST, complete with any
primes, coincides with that of Q D, where ® : QST +— (QD, T). This observation
is sufficient to complete the proof of Theorem 3.1. |

3.2 Example

This bijection is illustrated by the map from P ST of (2.13) to P D of (2.14) and T of
(2.11); that is,

’1112’22335 12|15 |¢ 0
2|23 |3]4|5|5]6 23252 -
/ 3|55
3 404 4 3
PST = 3 26l 5 PD= BB T = (46 (3.37)
45|55 4|56 5
566 5|5 I
6
6] L6 _

The paths traced out by the primed entries k' of PST as they move northwest as
far as but no further than the kth column are illustrated by means of boldface entries
in the tableaux shown below:

First moving the single 2’ under the map 6, gives:

1|1|1(2|2]|2]|3|3]|5 1)2/(1(1]2]|2]|3|3]|5
2(21(3|3|4|5|5]|6 212(3|3|4]|5]|5]6
3(3(4(4(5|6 = 3|13(4(4(5|6 (338)
415155 415155
5066 5(6'|6
6] 6]

Under 0y the only 3’ moves just one step west where it has, as required, reached
the 3rd column. It does not move north because the entry 1 immediately above already
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lies in its own row:

1(2(1]1]2|2]3(3]|5 (2|1 (1|2]2(3]|3]|5
2(2(3|3|4|5|5]|6 203 (2|3|4|5|5]|6
3(3(4(4(5|6 N 3|13(4]4(5|6
415155 415155
5(6|6 5066
6] 6]

one:
1[27]1|1]2]2]3]3]5 1(2'|1]|4]1]2|3]3]5
203 )2|3|4]5]|5]6 203 |2(2|3|5]|5]6
313|4]4]5]|6 — 3|13|4]4]|5]|6
415|515 415|5]5
5]6'|6 56|16
6] 6]
L|27[1[4]1]2]|3]|3]5 L{2'[1]4]1]|2]3]|3]5
21312]2|3|5]|5]6 203 |2(2|3|5]|5]¢6
U ’ / ’
— 3|3(4(4]5]|6 N 3|4(3]4(5|6
415|5]5 415'15]5
51616 51616
6] 6]

(3.39)

(3.40)

There are three 5's to deal with in turn from top to bottom using 65/, but the last of
these is already in the 3rd column and directly below a 3 in the 3rd row, and so does

not move:
12| 1|4]1]2|3|3]|5 1|2|1]|4]5]1]2]3]5
2132]2]|3|5]|5]6 213|2(2|3]3]|5]¢6
’ ! ’ !
3|4[3]4]|5]6 — 3|413]4(5]6
415|5]5 415|5]5
5616 56|16
6] 6]
L[2|1[|4]5]1]2]3]5 1271 ]|4]5]1]2]3]|5
2(312]2|3|3|5]6 2(3|2(5|2|3]|5]¢6
— 3|4[3]4]|5]|6 N 3|14(3[3]4]6
415[5]5 415|5]5
56|16 56|16
6] 6]
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Then we deal with the two 6’s by applying ¢ to give

L|2|1]4]5]1]|2]3]5 1|2|1|a]5|6]|1]2]3
2|3 2|5 |2|3]5]6 2|3 |2|5]2(3]5]5
’ !
3|a|3|3]4]6 - 3|4(3]3]4]6
4|5]5]5 45|55
5|e']6 50606
L6 ] 16
L|2|1|4|5]6]|1]2]3 1|2|1|4|5|6]1]2]3
2|3 ]2]5]2|3]5]5 2|3|2|5|2|3]5]s
_ 3l4]3]314l6] 3la)3|3]4]6 (3.42)
4|5|5](s 45|65
5|66 5/5/6
L6 ] 6]

This results in the juxtaposition of P D from (2.14) and T from (2.11) as claimed:

L2]1|4]5]6]1]2]3 |12’14’5’6’
123
213]2|5|2]3]5]5 203252
3155
314[3|3]4]6 _ 314(3]3
= 4|6 (3.43)
415065 4156 S
5/5]6 505 ]
6
6] 6] o

3.3 Corollaries

By associating x; and y; to each entry k and k’, respectively, in the various tableaux
PST, QST, PD, QD and T appearing in Theorem 3.1 we immediately have the
following corollary.

Corollary 3.2. Let i = A + § be a strict partition of length £(i) = n, with A a par-
tition of length £(A) <nandé = (n,n—1,...,1).

Z (X/y)wgt(PST) — Z (X/y)wgt(PD) Z Xng(T) :

PSTePST"(n) PDePD’(n) TeT*(n)
(3.44)
Z (x/y)Ve@est) — Z (x/y)"eeDn Z xVeuT)
QSTeQST"(n) 0DeQD (n) TeT*(n)
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Thanks to the definitions of P(x/y) and Q(x/y) given in (2.26), the identities (2.15)
and (2.16) and the combinatorial definition of s, (x) given in (2.24), the above result
is nothing other than our first main result, Proposition 1.1.

Other corollaries follow as special cases of these results. Setting A = 0 we obtain

Px/y)=sux) [ Gi+y) and Qsx/yy= [] i+y). (345)

I<i<j<n I<i<j<n

Further specialisation to the case y =x leads to a result given by Macdon-
ald [8](Sec. II1.8, Ex. 3 p 259):

Ps(x) = s5(x) and Qs(x) = 2" 55(x), (3.46)

where use has been made of the fact that

L (7 —x7)
[Tx [] Gitxp=se0 [] == =s0®ssm®x) =550, (347)
ol (x; —xj)

i=1 1<i<j<n I<i<j<n !

where the last step is true when, as here, x has n components x;, x5, ... , X,.
More generally, if & = A + § for any partition A of length £(A) < n, buty = x we
have another result due to Macdonald [8](Sec. II1.8, Ex. 2 p 259):

Pts(X) = 55(x) $:.(x). (3.48)

where (3.47) and (2.27) have been applied directly to the y = x case of (1.6).

On the other hand the case y = tx = (tx, tx3, ... , tx,) of (1.6) is equivalent to
(1.5), the ¢-deformation of Weyl’s denominator formula for the Lie algebra gi(n) due
to Tokuyama [17]:

Corollary 3.3.

Hxi 1_[ (x; + [xj) 5.(x) = Z thgt(ST)(l + t)str(ST)—n Xwgt(ST)7 (3.49)
i=1

I<i<j<n STeST"(n)

Proof: While there is a combinatorial proof of this result due to Okada [10], it follows
immediately from Theorem 3.1 by setting y; = tx; forallk = 1,2, ..., n, noting that
deleting primes from the entries £’ in each PST € PST"(n) gives a shifted tableaux
ST € ST"(n) with afactor of ¢ arising from each primed entry of P ST, and observing
that these must occur in precisely those boxes contributing to hgt(S7') and are optional,
thereby giving rise to a factor of (1 + ¢) in those str(S7T) — n boxes at the lower left
hand end of all continuous strips of identical entries other than those starting on the
main diagonal.

The remaining corollaries mentioned in the Introduction are the formulae (1.3) of
Robbins and Rumsey [12] and (1.4) of Chapman [3]. These require for their elucidation
a link with alternating sign matrices. This is provided in Section 5. g
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4 The sp(2n) bijection
4.1 Main result

The analogue in the symplectic case of Theorem 3.1 is the following:

Theorem 4.1. Let u = A + & be a strict partition of length () = n, with A a partition
oflength €()) <nandé = (n,n — 1, ..., 1). There exists a weight and barred weight
preserving, bijective map ® from QST (n, ) to (QD’(n, n), T*(n, n)) such that for
all QST € QS8T"(n,n)

wgt(QST) = wgt(Q D) + wgt(T)
®: OST — (QD,T) with (4.50)
bar(QST) = bar(Q D) + bar(T)

and QD € QD°(n, ) and T € T*(n, 7).

Proof: The Theorem is proved by the identification of a suitable map @ that it is both
weight preserving and bijective. The underlying procedure is the same as before, in
that the jeu de taquin is applied successively to all primed entries of QST dealing in
sequence with all entries k and then k' fork = 1,2... , n. In the case of the X's there
is no impediment to moving all these entries to the kth column by means of the jeu de
taquin, but something slightly more subtle is required in the case of the k’s. It may be
necessary to invoke two new weight preserving transformations.

The structure of ® is such that & = ¢,y oy 0 --- 0 2 © % o ¢y o ¢y. Here ¢y
differs from 6, only in that the jeu de taquin is played with & s rather than the k’s,
while ¢ = xi o Y where Y differs from 6 only if the final step of the path of
k" into the ith row of the kth column is blocked by an entry k. In such a situation
the horizontal pair of entries K k' in the ith row is replaced by the horizontal pair i i.
Having moved all the k’s into the kth column or annihilated them as above, there may
remain in the kth column vertical pairs i i. It is then necessary to invoke y. This
replaces the lowest such pair, for which i is necessarily in the ith row, by a vertical
pair k'K, and then moves the resulting k" north as far as possible whilst still satisfying
T3, and then acts in the same way on the next lowest vertical pair j j, replacing them
by another vertical pair k'k', and so on. Having removed all unprimed vertical pairs in
this way any remaining unbarred entries i or i, but not both, lie in their own ith row,
as required for consistency with QDI.

To demonstrate that these various maps are well defined, we exhibit the relevant
individual steps as below, first for the ¢ case. The starting point is one in which the
action of ¢;_1y will have already left the conditions QD1-2 satisfied to the left of the
kth column, and QST1-§ satisfied in the kth column and to its right. It should be noted
that for the unprimed entries QST1-4 subsume T1-2. In addition, we require at every
stage that

T3 each unprimed entry i and i may appear no lower than the ith row;
P3 each primed entry ;" and 7 may appear no further to the left than the jth column.
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These conditions T3 and P3 apply automatically to each initial QST € QST (n, n)
with p a strict partition of length £() = n, and it is important that they remain satisfied
at all subsequent stages since they ensure that the procedures terminate appropriately.
Notice also that thanks to QSTS and QSTI, if k¥’ or K appears in the ith row of
QST,theni < k. This condition is maintained under all interchanges of k" and k with
unprimed entres since k" and k move only north or west. In fact for E/, QST1 implies
that the case i = k only occurs if k is on the main diagonal, otherwise i < k.

Turning then to the action of ¢, consider the tableau 7j in (4.51) below, with i
not yet in the kth column. Then 7j is to be thought of as the subtableau surrounding a
particular k after the jeu de taquin has been applied to all ks appearing initially above
the k in question, moving them into the kth column. Some further steps of the jeu de
taquin may have already been applied to the central k and the diagram is intended to
indicate under what conditions its next move is north or west, given that it currently
lies at position (i, j) with j > kandi < k.

Assume first that a, b and d are all unprimed, with d > i by virtue of T3. If d < b
thenk is to be interchanged with b and if d > b then k is to be interchanged with d as
shown below. In the first case k moves north and the resulting tableau Ty satisfies T1-2
and T3sincei <d < b < ¢ < e, while in the second % moves west and the resulting
tableau Ty satisfies T1-2 and T3 since b < d < f < gandi < d. In addition, in both
Ty and Ty the condition P3 is satisfied, since j > k.

aZ,C
alble Ty = |a|ple| if d=<b
To= |alt|e rleln
¢;’5 fleln — (4.51)
ARE
K at(, j)withi <k < j Tw = |zl4l.] if b<d
flglh

The case i = k has been excluded since this only arises if k is on the main diagonal,
thatisi = j, but j > k. Once again if i = 1 then the top row a b c of T is necessarily
absent and 7T just maps to Ty without its top row. As in the case of (3.32), the maps
to Ty and Ty are unaffected if any one or more of c, e, f, g, h are primed or absent,
provided that the regularity of the diagram is maintained. The fact that i < k < j
precludes the absence of f.

Ifk is already in the kth column, so that k' cannot move westward by virtue of P3,
the following illustrates the only allowed move of k northwards:

alb|c
To= |a|F|e alk|c _
op fleln — Ty = ble if i<b (4.52)
flglh

K at (i, k) with i <k
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Notice that in order to satisfy T3 the map from T, to Ty only takes place if b > i,
otherwise Tp is unaltered and x occupies the site in the ith row of the kth column,
until disturbed by any incoming k’s, as we shall see later. This time the case i = k is
excluded from (4.52) because in Ty we must have b < k = i, whilst the map from T,
to Ty requires b > i. In both Ty and Ty the condition QD1 applies to the left hand
column. In Ty the conditions T1-3 apply to unprimed elements to the right of this
column. The same is then true of Ty since we have i <b<c <e. The cases for
which a, b or d are primed may be dealt with precisely as in the 6;, case of Section 3
with k" replaced by k. This time the only possible impediment to the movement of K
in a north-westerly direction until it reaches the kth column is the existence of another
X to its immediate left. However, by the same argument as that used in the 6 case,
this cannot occur because the path followed by K always remains strictly south of the
path followed by all preceding k's. Asin the case of k's moving under the action of 6,
any % that is not on the main diagonal in the initial QST cannot reach that diagonal
under the action of ¢ since its path necessarily starts north of the kth row and it
subsequently moves only north or west. Of course in the initial QST, unlike any PST,
a primed entry X may appear on the main diagonal.

Having completed the jeu de taquin moves for all k's and moved them into and as
far north as possible in the kth column under the action of ¢;, the conditions QDT-E
are satisfied to the left of the kth column, while, with the exception of the entries & that
are already in the kth column, the conditions QST1-5 are satisfied by the remaining
entries in the kth column and to its right. As usual T3 and P3 apply to all entries.

It remains to deal with any ks in QST using ¢ = xx © Y. The action of
is carried out in the same way as before with the diagrams of (4.51) and (4.52) just
altered by changing  to k’, provided that d is unprimed. The only difference is that the
condition i < k now has to be replaced by i < k. In the case of (4.51) these changes
give:

alk'|c
alb|c TN:dbe if dfb
To= |alv|e fleln
Yo : el — (4.53)
al|b|c
kK at(i, j)withi <k < j Tw = |¢ldale if b<d
fleglh

A new feature may arise in this case. If i = k = j — 1 then f is absent and in T} the
entries d and g lie on the main diagonal of the full shifted diagram. It follows from
QST1 and QSTS that d € {i’, 7, i’} with i = k, and from QST5 that g € {7, j, j, j}
with j = k + 1. This means that if b < k then an unprimed entry d = k on the main
diagonal will be replaced by the primed entry k" under the map from Ty to Ty . Notice
also that if i < k = j — 1 then f is present and if primed must be either X’ or k' by
virtue of QD2. If d > b the map from Ty to Ty then yields a vertical pair k' k' or k' k ,
respectively. The first case never causes any problem, but in the second it is important
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to realise that it will only occur if d < i for otherwise d would have been exchanged
with f = & in the (i + Dth row of Ty as part of the action of ¢ .

If d is primed then d # k' since d = k' would give a horizontal pair k’k’, and this
cannot occur since the path of the second k’ must stay strictly south of the path of the
first k. To deal with the case d = k , the following map is required, whereby k' either
moves north to give Ty or moves west, annihilating the neighbouring k and creating
the horizontal pair i i, to give Ty.

alk'|c B
alble Tn = |E|ple| if i<b
To= |¥|v|e fleln
Y - rleln — (4.54)
al|b|c B
k'at(i,k+ 1) withi <k Ty = |ililel if b<i
flglh

The fact that the pair i i violates T1 in Ty is not a problem because the i lies in the
kth column of what will become QD and the i lies either in the (k + 1)th column of
QD or the first column of T'. In neither case does the condition T1 apply to both i and
i. If they are both in Q D they automatically satisfy the condition QD1, and if one is
in QD and the other in T then i satisfies QDT and { satisfies T3, with all elements to
its right satisfying QST1, as required. The i in Q D subsequently remains fixed, while
the i may move east along the same row under subsequent interchanges, but not south,
since it is constrained by T3. It might also be remarked that if i = k the map from
Ty to Ty, with f necessarily absent, changes the main diagonal primed entry k toan
unprimed k.

In (4.53), if b is primed then we must have » = j’ < k’ in which case it would have
been moved into its own column to the left of the k" in Ty under the action of ¢7.
Thus b must be unprimed. Furthermore, if a is unprimed then a < _i/ < i, since if this
were not the case the action of ¢ would have required that @ and k be interchanged
in T,. The conditions a < i and b < i, with i and i in the ith row, then ensure that
Ty satisfies both T2 and T3. Finally, if a is primed then a = X or k', since otherwise
it would not have remained in the kth column. In the first case 7 may be mapped
to either Ty or Ty, as in (4.53) with a = E/, but in the second case Tj is necessarily
mapped to Ty with a = k/, since Ty is ruled out by the strictly south property of k’
paths.

If k' is already in the kth column, then thanks to P3 it cannot move westwards, and
(4.55) illustrates the only allowed move of k' northwards:

al|lb|c
To= |alw|e ali|e )
Ve : flelh — In=|a|b|e if i<b, (4.55)
flglh

k' at (i, k) withi <k
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with b < k unprimed. Notice that as a consequence of QD1 we must have d = i or
i,so that in the case d =i and b = i, we again obtain a horizontal pair i i, this time
in Ty with both i and 7 in what is destined to become QD. Furthermore, in the case
i = k,sothatd, f and g are all absent, if b = k then the primed entry k£’ on the main
diagonal is replaced by the unprimed entry k under the map from Ty to Ty. If b were
to be primed it must already be in its own column with b = k or k. In either case the
k" below b does not move.

Proceeding in this way all k”’s are moved into and up the kth column as far as
possible by the action of Y. In the columns to the left of the kth, the conditions
QD1-2 apply, and in the kth column and to its right the conditions QST1-5 apply
along with T3. However in the kth column itself although QD2 applies, QD1 may
not yet apply, since one may still have one or more unprimed pairs say i and 7, in the
kth column. Every such pair lies in consecutive rows. To see this it should be noted
that no unprimed entry can lie between i and i in the same column, by virtue of T2.
Furthermore, no primed entry can lie between i and i, since any such entries k' or K
will have been moved above i by means of the action of v/ or ¢y, as appropriate.
Such moves are always allowed since i lies in some row j, with j < i by virtue of T3,
and there is no impediment to ; moving down the kth column to the (j — 1)th row by
means of interchanges with as many k’s or k'sas necessary.

Having completed the action of 1, we consider the action of y; . It acts first on the
lowest of the above pairs, that is the pair with the highest value of i. This pair must be
such that i and 7 lie in the (i — 1)th and ith rows, respectively. To see this let them lie
in the (j — 1)th and jth rows with j < i by virtue of T3. Then following the action of
Y all unprimed entries below i are unpaired and must lie in their own row, whether
they are barred or unbarred, by virtue of the argument already given in the 6; case.
Thus the entry immediately below i is either j + 1, m, k' or k. In all four cases
the condition T2 and the rule for shifting k" and % as far north as is consistent with
T3 imply that i < j. Since j < i it follows that j = i, as claimed. The action of y; is
then to map this vertical pair iiin Ty, with i in the ith row, to k/ X in Ty:

al|lb|c
To=|a|i|e alble
Xk - fliln — Tv = |4|k|e (4.56)
FlE | h

iat(i,k)withi <k

In these diagrams c, e, f, g, h may be either unprimed, primed or absent. If present
e >iandh > i, thanks to QST1 applied to Tj. Of course a violation of QST1 occurs
in Ty ifk’ > eork > h, but this is no problem because the kth column will form part
of 0D and is only subject to the conditions QD1-2. It is important to recognise that Ty
with its vertical pair k' k can only be arrived at as shown, because if it were thought
to have arisen through an interchange of e and k' under the action of v, as discussed
following (4.53), this could not be the case since the e in the kth column with e > i
would have already been interchanged with the K immediately beneath it through the
action of ¢ . Notice that if i = k in (4.56) then f is absent and an unprimed entry k
on the main diagonal is replaced by a primed entry x.
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Returning to the action of xy, the k’ ¥ pair created in the kth column, with K in
the ith row may be such that the k' can move north without violating T3. This will be
the case if the entry » immediately above &’ is unprimed and equal to either i — I or
i — 1, then the action of x; is extended as shown below:

al|lb|c
Ty =|a||e alk|e
Xk - 7le|n — Ty =lalple if b=i—1lori—1 (4.57)
FlE | n

K at (i, k) withi <k

Recall from (4.57) that if e exists then e > ;. In addition ¢ < e thanks to QST2, so that
b < e, thereby maintaining consistency with QST1 in 7. Notice that b < c in Ty, so
that Ty cannot have arisen by interchanging &’ and c. The restriction of b to just two
values comes about first, because of its origin in 7 of (4.56) for which T2 implies
b < i, and second, because T3 implies b > i — 1in Ty. It should be noted that in both
the allowed cases the entry b has arrived in Ty at its own, (i — 1)th row, and cannot
be moved lower. This means that the k entry of any newly created vertical pair k’ K
necessarily remains fixed, since it cannot be exchanged with the b in Ty by virtue of
T3. On the other hand &, still under the action of Xr > may be moved further up the kth
column by means of interchanges with unprimed elements, constrained as usual by
the condition T2 and T3. Thus in (4.57) the symbols a, b, ¢ may may be interpreted
as columns of entries as shown below:

ag b] C1
a bz 123 ag k/ Cl
a bl (&}
Ty =[] AR
Yo : alble| — Ty=FLELEl i b=i—lori=1 (4.58)
d|K e alle
ALY dlb|e
FlE | n

X at (i, k) withi < k

with each b unprimed, but either barred or unbarred and subject to the QST1 condition
b; < ¢, if ¢y is present, the T2 condition by < by if s < r, as well as the T3 condition
i —1—r+s <bs. As before, if e is present, then e > i and b, < ¢, < e. The final
resting place of the k' is either in the topmost row, or immediately below a primed
entry k” or k', or in the /th row immediately below an unprimed entry b < [ that is
prevented by the condition T3 from being interchanged with the moving k’.

The process is then repeated for the next lowest vertical pair j j in the kth column
with j in the jth row, which could lie between &k’ and K separated as in (4.58), until
all such pairs are eliminated. The final result is that every unprimed entry i or i in the
kth column lies in the ith row, with all other entries in this column equal to k" or X
Thus following the action of y; all entries in the kth column and to its left satisfy the
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conditions QD1 and QD2, while all entries to the right of the kth column are subject
to QST1-5.

Repeating this procedure forallk = 1, 2, ... , nresults, as required, in the juxtapo-
sition of a primed tableau QD € PD’(n, n)and an unprimed tableau T € 7*(n, n). It
should be noted that each individual step of the maps constituting @ is either a simple
interchange or a map from a horizontal pair k k' to a horizontal pair i i, or a map from
a vertical pair i i to a vertical pair k'k'. In each case the weight of each pair is zero,
and the number of barred entries is one. It follows that such steps are all weight and
barred weight preserving, so that (4.50) is always satisfied.

To show that the map ® from QST € QS7"(n,n) to (QD,T) with QD €
PD)(n,7) and T € T*(n,7) is bijective it is sufficient to note that each step of the
map ® may be reversed and that if ®~! is defined by such a reversal of each step, then
the action of ®~! on the juxtaposition of any QD € PD’(n, ) and any T € TH(n,n)
always leads to some QST € QST"(n, n).

To see this note that since & = qbn ) qb—/ 0---0 ¢>2/ o ¢y 0 ¢ o ¢y withp = xp o
Yy, then &1 ¢_ oqbl, o¢_, oqbz, o- oqb_ oqb_ with qbk_ = 1//k_ oxk_, .
The action of the d)z, is deﬁned by the action of Gk, illustrated in (3 35) with k'
replaced by k while that of I//k/ coincides precisely with that of Gk, together with
additional transformations of the type

al|b|c
To=|i|i]e alb|ec _
ot eln —  Te=|7lvl. ifb<i (4.59)
flg|h

iat(i,k)withi <k

where, as indicated, the pair i i lies in the ith row of the tableau Tp, with i in the kth
column. The fact that we necessarily have b < i ensures that this is the exact inverse
of the map v that takes Tp to Ty in (4.53). It is important to note that when applying
Y !, the map of any i 7 to k k' in the ith row must be carried out before moving any
k’s that may appear in the tableau higher than the ith row.

Similarly, the basic action of yx,, !, which must be applied before /m ! comes into
play, lowers k’s in the kth column in accordance with the map

alk'|c
To=|alb|e alb|e
X' REE —  Ts= |4|e|e (4.60)
FlE | n

K at (i, k) withi < k

ife>iandb < candb = (i — 1)ori — 1. This is the precise inverse of (4.57). Once
again a, b, c may be replaced, as in (4.58), by certain vertical sequences of r entries
with each by unprimed.
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Once the k' is adjacent to % in the kth column, then y,, Uacts again as follows:

al|b|c
TSde’e alblc
X' 7] —  Tr=l4il. (4.61)
ilh

¥ at (i, k) withi < k

It is the fact that e > i that ensures that the vertical pair &’ k is of the type created
by xx, and is not to be confused with one created by ¥ In fact if ¢ < i then X !
cannot map as above, so it simply leaves Ty unchanged, but then subject to ¥, ! which
acts as follows

al|lb|c
Ts = |a|x|e alb|e
v AEk —  Te=|de¢ (4.62)
FlE | n

X at (i, k) withi < k

In applying x,. ! as /in (4.60) or (4.61) one starts the action with the most northerly
vertical pair, k" and k , either simply adjacent as in Ty of (4.56) or separated by a
sequence of unprimed entries as in Ty of (4.58). This is in contrast to the subsequent
action of v, ! which acts on the most southerly &’ first. Following the action of X :
it should be pointed out that v, ! can produce vertical pairs kK’ k through a map of
the type (4.59) either with a = k' as it stands or with a subsequently replaced by k’
as a result of the further action of 1, on a higher £’ in the kth column. In either case
(4.59) requires that b < i. This constraint precludes any confusion with a vertical pair
of the type created by x; . That could only be removed using x,, "as in (4.61), which
requires e > i, where e in (4.61) is the counterpart of b in (4.59).

Finally, it is necessary to show that all ks and k's are mapped by ¢, "and ¢-' to
endpoints consistent with the conditions QST1-4 and QST5 on all primed tabf(eaux
OST € QSTH(n, n). First it should be noted that QST3 and QST5 are satisfied
throughout the application of ®~!. Furthermore, a violation of QST1 or QST2 by
any k' or K simply means that application of ¢, ' or ¢£, ! respectively, has not been
completed. The argument used in Section 3 regarding reverse paths staying strictly
north of one another in any given column, is sufficient to ensure that no two identical
primed entries may appear in the same row, thereby ensuring that the final condi-
tion QST3 is always satisfied. Thus the image of ®~! of any pair (9D, T) with
OD € QD%(n,m)and T € T*(n,n) is some QST € QSTH(n, 7).

This implies that the original map @ is bijective. Since it is also both weight and
barred weight preserving, this completes the proof of Theorem 4.1. g

It should be pointed out that, unlike the g/(n) case, a corresponding result does
not apply to PST € PST"(n, n) in the sp(2n) case because of the necessity of using
(4.53) and (4.56). In (4.53) if i =k=j —1,d =k and b < k then k is replaced
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by k' on the main diagonal, while in (4.56) if i = k then k is replaced by k on the
main diagonal. These transformations are in direct violation of PD3. Similarly, primed
entries on the main diagonal may be replaced by unprimed entries through the use of
(4.54) and (4.55). In (4.54) if i = k and b < k then k_ is replaced by k on the main

diagonal, while in (4.55) if i = k and b = k then k' is replaced by k on the main
diagonal.

4.2 Example

The bijection @ is illustrated by the following map forn = 5and © = (9,7, 6, 2, 1):

|T1’§’2’§’3ZZS| |1’1§’4’T
7|2]5]5]a]4]s 7|2l ilalals]
OST = HEBHEE — 0D = 317(3], T =13|4]a| (4.63)
4)4 4l4 ils]s
5] 5]

Once again, we indicate by means of boldface entries both the paths traced out
by elements k and k" as they move to the kth column upder the action of ¢ and
1#,2, respectively, as well as annihilations and creation of k k' pairs under ¥ and xy,

respectively.
There are no T/s, so we first move the single 1’ under the action of ;- as shown:

ilv]z]2]3]5]a]a]s] lvlilz]2]3]5]a]a]s
212|3(3|4[4]4 212|3(3|4]4]4
33]4|s|5]s] — 33]4]5]5]s (4.64)
4|4 4|4
5] 5]
The application of ¢% then gives
lv]ilz]2]3]5]a]a] 5] lz]il2]3]5]a]a]s
2(2[3|3|4|4]4 212|3|3|4|4]4
31304555 — 313]4]5]5]s (4.65)
4)4 4)4
5] 5]

where there is no possibility of moving the lower 2. Then the application of ¥/ on
the only 2’ involves first a transposition and then the replacement of the resulting
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horizontal pair 2'2' in the first row by 11:

v[2]il2]53]5]a]als] vz 2]1l3]3]a]a]s
212|3(3 4|44 212(3|3|4|4]4
3[3]4|5[5]5 — 3[3]4|5[5]5
414 44
5] Ed
1/2’2/T§’3115| |1/1IT§’2115|
2702|3|3|4]4]4 202|3[3|4(4]4
= 303]4|5]5]s — 3|3l3|5]s5]5| (4.66)
414 4|4
15 5]
The single 3" is moved as shown to the 3rd column under the action of Yy
v ilil3]s]a]als] vl l3]al]s]ala]s]
202[3|3|4 4|4 212|3|3|4 4|4
HEEEEE — 303]4]5]5]s (4.67)
44 4]4
Ed 5]
Next, the single 4 is moved under ¢4 as follows:
vz lala]s]alals] vl l5]ell1]ala]s
212|3(3|4]4]4 212]3(3]3]4]4
313]4|s|5]s] — 33]4]5]5]s (4.68)
4|4 4]4
Ed 5]

There are no 4's. However, the 4th column contains the pair 3 3 which must be replaced
by 4’ 4 under the action of yy:

vl 3 el1]1]a]a]s] i3 ]elili]ala]s
212|3]3|3]4|4 2|2|4(3]|3]4]4
303l3|5]s]s — 317|a]s]s]s (4.69)
4|4 4|4
15'] 15

There are no 5 s and it is then important to notice that one does not replace the vertical
pair 44 in the 5th column by 5’ 5 under the action of X5 because one must first apply
V¥ to the two 5's. In any case the premature action of x5 would lead to two 5's in the
same row, which is forbidden. Instead, the algorithm dictates that one first acts on the
two 5’s with ¥s. The uppermost 5’ is moved into the 5th column and up that column
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until it is just below the entry 1 which cannot be moved into the second row. This
leaves both the 3 and 4 in their own rows in the 5th column, and no 4 4 pair.

v 3 ]el1]1]a]a]s] vl 3 ]e]1]7]a]a]s
212|4]3|3]4|4 2|2]|4|5]3]4]4
34|4|5|5]s — 37|3]|3]s5]5 4.70)
44 44
5 5

The second 5" does not move under the action of ¥s since the 4 immediately above it
cannot move into the 5th row. The final result can then be seen to be, as claimed, the
juxtaposition of a primed tableaux QD € QD*?(5,5) and an unprimed tableaux
T € T¥3(5,5):

T =T-1-1= Y I
V1|3 |4|1|1|4|4]|5 13|41
22 |4|5|3]44 22|45 112|425
3|7(3]4|5]s = 3173 344 4.71)
414 404 4(5(5
5 5

4.3 Corollaries

By associating xi, 2 Xx, yx and 2y, to each entry k, k, k" and F, respectively, in the
various tableaux QST, QD and T appearing in Theorem 4.1 we immediately have
the following corollary.

Corollary 4.2. Let i = A + § be a strict partition of length £(i) = n, with A a par-
tition of length £(A) <nandé = (n,n—1,...,1).

t2bar(QST)(X/y)wgt(QST) — Z t2bar(QD)(X/y)wgt(QD) Z lear(T)Xwgt(T)'
0STeQST"(n) QDeQD’(n) TeT*(n)

4.72)

Thanks to the definition of Q(x/y;?) given in (2.30), the identity (2.23) and the
combinatorial definition of the 7-deformation sp, (x; t) of symplectic characters given
in (2.29), the above result is precisely our second main result Proposition 1.2.

Other corollaries follow as special cases of these results. Setting A = 0 we obtain

Osx/y:iy =[] (xi+e%+y +17y)). 4.73)
I<i<j<n
On the other hand the case y = tx = (tx, tx2, . .. , tx,) of (1.10) is equivalent to

the #-deformation of Weyl’s denominator formula (1.9) for the Lie algebra sp(2n)
derived elsewhere [4, 5] by much more circuitous means.
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Corollary 4.3.

n

H(.X,'—i-lf,') 1_[ (x[+tzf,-+txj+tfj)sp,\(x;t)

i=l1 I<i<j=zn
4.74)
— Z tvar(ST)erax(ST)(l + t)slr(ST)fn Xwgl(ST).
STeST"(n,i)
Proof: First it should be noted that
1_[ (.X,' +l2fi +Z)Cj+lfj)
I<i<j<n
=[Ja+oei+tx) [] @+%+1x+1%). (4.75)

i=1 I<i<j<n

which includes a factor (1 + 7)".

Then it suffices to recognise that deleting primes from the entries k' and k in
QST € QS8T"(n, n) gives a symplectic shifted tableau ST € S7"(n, n) with a fac-
tor of ¢ arising from each primed entry since y, = tx; and 1%y, I = tx; ! Additional
factors of ¢2 arise from each barred entry k since these are associated with r2x; '
Compulsorily primed entries in each primed shifted tableau QST corresponding to
a fixed shifted tableau ST appear once and only once in each row of each connected
strip of identical entries, whether barred or unbarrred, while the leftmost lowest en-
try of each connected strip may each be primed or unprimed. To summarise, each
connected component of a k-strip gives rise to a factor (1 + ¢) %!, where rowy is
the number of rows of the k-strip component, and each component of a k-strip gives
rise to a factor of (1 + ¢~ 1) 2oaw—rowitl — (1 4 ) foareteoli=1 where bary is the length
of the component of the k-strip, while rowz and col are the numbers of rows and
columns, respectively, that it occupies, with bar; = rowg + coly — 1. Combining all
these factors for k = 1,2, ..., n gives (1 + t)S5ST) parSD+barST) a4 required, since
as defined earlier var(ST) = ) (row; + coly — 1) where the sum is over all connected
components of all k and  strips, for all k, and bar(ST) = ) bary is the total number
of barred entries in ST'. g

Another significant corollary involves a link with U-turn alternating sign matrices.
This is provided in Section 5.
5 Connection to alternating sign matrices
5.1 gl(n) case
In this section we show how to map from shifted tableaux, S7', to alternating sign

matrices. Using the analogous relationship for primed shifted tableaux, P ST, a result
of Chapman [3] is a straightforward consequence of Theorem 3.1.
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An alternating sign matrix (ASM) is an n x n matrix filled with 0’s, 1’s, and —1's
such that the first and last nonzero entries of each row and column are 1’s and the
nonzero entries within a row or column alternate in sign. There is a famous formula,
conjectured by Mills, Robbins, and Rumsey [9] and proved by Zeilberger [19], that
counts the number of ASM of size n as ]_[;’;(1) (3j+ 1)!/(11 + j)!. See also Bressoud
[1].

We work with a generalisation of ASM called p-ASM introduced by Okada [11]
that can be associated with semistandard shifted tableaux. The new feature here is that
the alternating sign matrix is no longer square. Its row sums are all 1 but its column
sums are 1 or 0 according as the column label is or is not a part of some partition u.
To be more precise, given a partition p with distinct parts and such that £(n) = n and
u1 < m for some m > n, the set A*(n) of p-alternating sign matrices is the set of

=Si=n,l=q=

ASM1 a;; € {—1,0,1}forl1 <i <n,1 <qg <m;
ASM?2 Z'q":pa,-q e€{0,1}forl <i<n,1<p<m
ASM3 Z?:j“iq e{0,1}forl<j<nl1<g<m
Z’zlaiqzlforlgi <n;

ASMS5 > ai,=1ifg = p; forsome j;or)y :_, a;, = Ootherwise;forl < g < m.

In what follows we also require U-turn alternating sign matrices, UASMs, and their
generalisation u—UASMs that are associated with semistandard shifted symplectic
tableaux [4, 5]. In fact the bijection between semistandard shifted tableaux ST €
STH*(n)and u—ASMs A € A*(n) for any fixedm > 1, is a special case of a bijection
between semistandard shifted symplectic tableaux ST € S7*(n, n) and u—UASMs
A € A*(n, n) [5] for the same m. In what follows we always fix m = p; so as to avoid
redundant columns of zeros at the extreme right of each alternating sign matrix.

Briefly, in the ©-ASM case, we associate to each semistandard shifted tableaux
ST € ST"(n) of shape u with £(u) = n and wy = m an n x m matrix M(ST) filled
with the entries from ST together with zeros such that if there is an i on diagonal j
of ST (where the main diagonal is diagonal 1 and the last box in the first row is in
diagonal w; = m), then there is an i in row i, column j of the matrix. All other entries
are zero.

For example, in the case n =6 and = (9,8, 6,4,3,1) a given semistandard
shifted tableau ST of shape u yields a 6 x 9 matrix, M(ST), as shown:

11]1]2]3]3]4]4]4 11100000 07
2121213145055 222200000
300333000
7 —  3lalalals]s MST) — |
> dslslel = MOD=14 4y s aa 04 44| &7
5/6|6 555055550
o] 666606000
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A primed semistandard shifted tableau PST € PS7T"(N) yields a similar matrix
M(PST) in the same way:

L] ]l ]3]s]a]4]e (1110 0 0 00 07
21221314555 22 2200000
/ 300333 000
PST = 314'(4|4(5]|6 M(PST)= 577
dslslel T MESD=l f w44 w0 444| O
506/|6 555055550
16 ] 16 6 660 6 00 0]

where as we shall see it is possible to distinguish various types of entry O as charac-
terised by their set of nearest non-vanishing neighbours.

Each of these matrices can be converted into a t-alternating sign matrix by replacing
the rightmost entry of each continuous sequence of nonzero entries by a 1 and each
zero immediately to the left of a nonzero entry by —1, leaving all other entries 0. In
the case of the above example we obtain in this way

00 1 0 0 00 0 07

00 0O 1 0 0000

10 -1 0 0 1000
A= e A% 5.78
00 0 0 1 =100 1 ©) (5.78)
00 1 -1 0 0010

00 0 1 -1 1 0 0 0]

Square ice provides a further refinement of the relationship between shifted tableaux
and u-ASM. Square ice is a directed graph that models the orientation of oxygen and
hydrogen molecules in frozen water. The vertices are laid out in an n x m grid and
each vertex has two incoming and two outgoing edges in a north, south, east, west
orientation. The square ice graph corresponding to (5.78) appears in Fig. 1.

Fig.1 Square ice for Eq. (5.78)
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I U NS N B
I

WE(+1) NS(-1) NE@©0) SW(0) NW(©0) SE(0)

Fig.2 Square ice and corresponding compass points and ASM entries. Figure adapted from Kuperberg [7]

At each vertex there are six possible orientations of the four directed edges (see
Fig. 2). These orientations may be specified by the pairs of compass points giving the
directions of the incoming edges. In this way the above square ice graph is specified
by a corresponding “compass points” matrix:

NE NE WE NW NW NW NW NW NW
NE NE SE WE NW NW NW NW NW
WE NW NS SE NE WE NW NW NW
cCM = (5.79)

SE NE NE SE WE NS NE NE WE

SE NE WE NS SE NE NE WE N4

SE NE SE WE NS WE NW Sw N4

The bijection between compass point matrices, square ice graphs and pu-ASMs is
provided by the following correspondences:

The horizontal orientation (with both horizontal edges directed in), W E, corre-
sponds to each entry +1 in A, and the vertical orientation (with both vertical edges
directed in), NS, corresponds to each entry —1 in A; the other four orientations, NE,
SW, NW and SE correspond to the entries 0 in A. Accordingly there are northwest
zeros (with edges pointing in the north and west directions), southwest zeros, northeast
zeros, and southeast zeros. Northwest zeros are those whose nearest nonzero neigh-
bour to the right, if it has one, is —1, and whose nearest nonzero neighbour below,
if it has one, is 1. Southwest zeros are those whose nearest nonzero neighbour to the
right, if it has one, is —1, and whose nearest nonzero neighbour below, if it has one,
is —1. Northeast zeros are those whose nearest nonzero neighbour to the right is 1,
and whose nearest nonzero neighbour below, if it has one, is 1. Southeast zeros are
those whose nearest nonzero neighbour to the right is 1, and whose nearest nonzero
neighbour below, if it has one, is —1.

The compass points matrices C M can then be associated to the set of all primed
shifted tableaux PST that may be obtained by adding primes to the entries of the
unprimed tableau S7'. For example, the entries N E in the kth row are associated with
an entry k in PST and correspondingly to a weight factor x;. The entries SE in the
kth row are associated with an entry k” in PST and correspondingly to a weight factor
vx. The entries NS in the kth row are associated with the two possible labels k and k’
of the first box of each connected component of stry. (P ST) other than the one starting
on the main diagonal. Correspondingly each NS in row k is associated with a weight
factor (x; + yx). It should be pointed out that the main diagonal is not included at
all in the compass points matrix so that the first column corresponds to the second
diagonal and indeed in general, column k of CM corresponds to diagonal k + 1 of
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PST. This implies that the above weighting excludes the weight x;x; - - - x,, arising
from the entries 1, 2, ... , n on the main diagonal of each PST.

Combining the weight factors we have a total weight associated with each A €
AH(n) given by

n
[T x5 3B o4 S (5.80)
k=1

where NE;(A), SE,(A) and N S;(A) are the numbers of entries NE, SE and NS in
the kth row of the compass matrix C M (A) corresponding to A.

Thanks to the connection already made between PST's and weighted ST's, the
following is then an immediate corollary of Proposition 1.1:

Corollary 5.1. Let u = A + 8 be a strict partition of length £(u) = n, with A a parti-
tion of length £(L) <nand 8§ = (n,n —1,...,1). Then forall X = (x|, X2, ... , Xp)
andy = (y1, y2, - .., yn) we have

[] @w+ysm= > ]_[xNE”A) S 4 y)VEA L (5.81)

I<i<j<n AeAr(n) k=1

This generalises a result of Chapman [3]. In his original paper he weights by column
instead of row so the parameters in his paper correspond to the transpose matrix. Now
setting A = 0 so that u = 8, and noting that A%(n) = A(n), the set of all n x n ASMs,
we have

Corollary 5.2 (Chapman [3]). Forallx = (x,x2, ..., xp)andy = (¥1, Y2, - - > Yu)
we have

[T @+yp= Y [y O+, (582)

I<i<j<n AeAn) k=1

Corollary 5.1 has a further consequence:

Corollary 5.3. Let u = X + § be a strict partition of length (i) = n, with A a par-

tition of length ¢(\) <nand 6 = (n,n — 1, ..., 1). For any m for which m > n and
w1 < m, let A(n, m, u) C A(m) be the subset consisting of those ASMs, C, whose top
n rows constitute an ASM, A, in A*(n). Then for all (x1, ..., Xn, Xna1, ... ,Xm) and
(V1s vy Yis Yndls o+ - » Ym) we have
l_[ (xi+yj) S)»(-xl»-usxn) 1_[ (xi+yj) SK()’n+1a~~- »ym)
I<i<j<n n+l<i<j<m

m
— Z l_[x]iVEk(C)ylek(C)(xk + yk)NSk(C), (5.83)

CeAn,m,p) k=1

where k is the conjugate of the complement of A with respect to the rectangular
partition ((m — n)"), that is k = (m —n)" /).
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Proof: Let the top n rows of C and the bottom (m — n) rows of C, reversed in order,
form the matrices A and B, respectively. Then the application of Corollary 5.1 to
A gives the contribution made by the top n rows of each C on the right hand side
of (5.83) in the form of the first two factors on the left hand side. Similarly, the re-
maining two factors on the left hand side arise from the contribution of the bottom
(m — n) rows of each C. To see this one applies Corollary 5.1 to B, but this time
with © = A + 6 replaced by v =« + €, where e =(m —n,m —n —1,...,1), and
with (xy,...,x,) and (yy, ..., y,) replaced by (v, - .-, Yut+1) and (X, - .. 5 Xpt1),
respectively. It only remains to relate A and «. Since the parts of p and v specify
those columns of A and B, respectively, whose column sums are 1, and A and B are
constructed from an ASM C, all these parts must be distinct and together constitute

(m,m—1,...,1). It follows that the union of {\; +n—i +1]|i=1,...,n} and
{kj+m—-n)—j+1]j=1,...,m—n}mustbe {1,...,m}. However, it is well
known [8]p3 that the complement of {A; +n —i+1|i=1,... ,n}in{l,..., m}
is{n+k—2.lk=1,...,m —n}. By setting k =m —n — j+1 it can then be
seen that k; =n — 4, _, .. for j=1,... ,m—n,sothatk = @n""/A = ((m 7

n)"/A), as claimed.

Alternatively, Corollary 5.3 may be proved bijectively by taking each primed shifted
tableau P ST specified by some C € A(n, m, u) and using the jeu de taquin, first as
described above, to move all entries K’ with 1 < k < n north-west to the kth column,
and then in an analogous manner, to move all entries k withn 4+ 1 < k < m south-east
to the kth row. The result is a pair of triangular subtableaux, both of type P D but with
all entries k and &’ such that k < n in one case and k > n in the other, together with
a pair of semistandard tableaux, one of shape A with unprimed entries subject to the
order relation 1 < 2 < --- < n and the other of shape « with primed entries subject
to the order relationm’ < (m — 1) <--- < (n +1).

By way of an example, let m = 6 and consider the following 6 x 6 ASM

0 0 1.0 0 07
0 1 -1 1 00
1 -1 10 00
C=10 o 00 1 0l €A®. (5.84)
0 1 00 -1 1
L0 0 00 1 0]

Taking n = 2, the top two rows of C constitute A, and the bottom four rows of C,
reversed in order, constitute B, where:

A_oo 1 000
“l1o1 =11 0 0

} e A*?(2) and

0 000 10
0 1 00 —1 1

B = e A%331(4). (5.85)
0 000 10
1 -1 1.0 0 0
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The superscripts on .A*2(2) and .4%>31(4) specify those columns of A and B, respec-
tively, having column sums 1. They indicate that A € A(2, 4, u) with u = (4,2) so
that A = (2, 1), while v = (6, 5, 3, 1) so that « = (2, 2, 1). This is in accordance with
the formula x = (4%/0) = (3,2) = (2,2, 1).

The compass point matrix corresponding to C takes the form:

NE NE WE NW NW NW
NE WE NS WE NW NW

WE NS WE sw NW NW

CM = (5.86)
SE NE SE SE WE NW
SE WE Sw Sw NS WE
| SE SE SE SE WE Sw |
so that the contribution of C to the right hand side of (5.83) is
X x2 (2 + y2) (63 + y3) X4 ¥4 ys (65 + ¥5) Vg (5.87)

The three factors (x; + yi) arise from three entries NS in C M, that themselves
arise from the three entries —1 in C. There must therefore be precisely 2° primed
shifted tableaux PST corresponding to C. Choosing just one of these for illustrative
purposes, the use of the jeu de taquin to move all k’s with k < 2 north-west and all ks
with k > 2 south-east, gives the following bijective map:

L[t]1]|4]s L2 |t]1|4]6
2|2]3(4|6 2[2]4(5|6

PST — 3alalel 3|4(3]6 (5.88)
4|56 4l4l6
506 505
6] 6]

The corresponding contribution to the left hand side of (5.83) is then given by

X7 X2 V2 X3 X4 V3 X5 Y5 Ve = Yo - X7 Xp - X3 X4 Ya X5 VE - Vi V5 Ve (5.89)

where the arrangement of the terms on the right exhibits the contributions to each of
the four factors constituting the left hand side of (5.83). Both tableaux in (5.88) may
be displayed, as shown below, in terms of suitably re-oriented subtableaux involving
entries k and k’, with all kK < 2 in one case, and all k > 2 on the other.

’6 66665 ’656’6’ ,
|1112’ 5|54 4|4 1] 11| 5043 b
. . s la] (590
2]2 4|43 2 2 4|4
20 2] Y
3 3 —

This illustrates the outcome of applying the jeu de taquin to primed shifted tableaux
corresponding to the submatrices A and B of the ASM C. The resulting contribution
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of the four final tableaux to the left hand side of (5.83) is then confirmed to be as given
on the right hand side of (5.89).

5.2 sp(2n) case

The symplectic case involves a modified alternating sign matrix called a U-turn u-
ASM or p-UASM. Informally, the U-turn condition means that two consecutive rows
and the U-turn between them must follow the ©-ASM summation rules, ASM2-5;
that is, the cumulative sum must be zero or one, and the total sum must be one. These
w-UASM were first defined in Hamel and King [4] where they were called sp(2n)-
generalised alternating sign matrices. They are discussed at length in Hamel and King
[5]. A formal definition is as follows:

Let u be a partition of length ¢(i) = n, all of whose parts are distinct, and for
which p; < m. Then the matrix A = (aiq)1<i<on,1<q<m 18 said to belong to the set
UA"(2n) of p-alternating sign matrices with a U—turn boundary if its elements a;,
satisfy the conditions:

UAL  aj; € {-1,0,1} forl <i<2n,1<gqg<m;

UA2 Zm=paiq € {0, 1} forl] <i<2n,1<p<m;

UA3 Z?ij aig € {0, 1} forl <j<2n1<gq<m.

UA4 Z;nzl(a%*l,q +axg) =1 forl <i <n;

UAS ZizilaiqZ{l 1fq_.ukforsomek forl<q<ml<k<n
0 otherwise

Again so as to avoid redundant columns of zeros at the extreme right of A we set
m = [, in what follows.

In the case u=8=m,n—1,...,1) and m = n, for which UA5 becomes
lell ajq = 1for1 < g < n, this definition is such that the set of .-UASM coincides
with the set of U—turn alternating sign matrices, UASMs, defined by Kuperberg [7].

As noted above, Hamel and King [5] established a bijection between p-UASM and
semistandard shifted symplectic tableaux. An example of this association is illustrated
below in the casen = 5and u = (9,7, 6,2, 1):

1 0000O0O0UO0O

01 000O0GO0O00O
222000000

1)1]|2(2|3|3|4]4]|5 00 22 000O00DO0
2121215141414 000033000
spaaalals]l =213 9 03000 0 0
aE 020033300
4 4 4 4 4 4 4 4 0
50000000 0
(00000000 5,
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1 0 0 0 00O 0 07
-1 1 0 0 00O 00
0 0 1 0 00O 0 0
0 -1 0 1 000 00
0 0 0 -1 01 0 00
— 1 0 -1 1 000 00 (591)
-1 1 0 -1 0 0 1 0 0
0 0 0 0 00O 1 0
1 0 0 0 00O 00
| 0 0 0 0 00 0 —1 14
where the columns are laPeled fron_1 lefttoright 1,2, ... ,9 = m = uy, and the rows
from top to bottom 1, 1,2,2,...,5,5 =n.

The translation to square ice is also natural and just requires a modification of the
left boundary by the insertion of a U-turn. The square ice graph in Fig. 3 corresponds
to the above u-UASM matrix. The same example appeared in Hamel and King [5].

In this symplectic case the bijection from the U-turn p-ASMs to U—turn square ice
graphs is precisely as before, with entries 41 and —1 mapped to W E and N S vertex
orientations, and NE, SW, NW and SE entries 0 distinguished by their nearest non-
zero neighbouring entries. This map is encoded in the corresponding compass points

N N YN YN Y

Fig. 3 Square ice with U-turn boundary
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matrix. For the above example, this takes the form:

WE NW NW NW NW NW NW NW NW
NS WE NW NW NW NW NW NW NW
NE SE WE NW NW NW NW NW NW
NW NS SE WE NW NW NW NW NW
CM NW NW N4 NS NE WE NW NW NW (5 92)
o WE NW NS WE NW SwW NW NW NW '
NS WE NwW NS NE SE WE NW NW

NE SE NE NE NE SE SE WE NW

WE SwW NW NW NW N4 N4 N4 NW

SwW N4 NW NW NW Sw SwW NS WE

Then we can generate a weighting in the same manner as for the gl(n) case, with the
kth column of C M corresponding to the (k 4 1)th diagonal of QST . In this case we
have unbarred entries corresponding to even rows and barred entries corresponding to
oddrows. Anentry N E inrow k is associated to an entry k in QST and correspondingly
to a weight factor x;. An entry SE in row k is associated to an entry k' in QST and
correspondingly to a weight factor y;. An entry NE in row k is associated to an
entry k in QST and correspondingly to a weight factor #%x,” . An entry SE in row
k is associated to an entry k in QST and correspondingly to 2y;'. An entry NS
in row k is associated to the two possible labels k or k” of the first box of each
connected component of stry(QST) (other than one starting on the main diagonal)
and correspondingly to a weight (x; + y;), while an entry NS in row k is associated
to the two possible labels k or k of the first box of each connected component of
strz(QST) (other than one starting on the main diagonal) and correspondingly to a
weight 2(x; + y,). Combining the weight factors we have

1_[ xliVEk(A) (tsz)NEi(A)ylek(A) (tzyk)SEz(A)(xk+yk)NSk(A)(tsz_i_tzyk)NSz(A) (5.93)
k=1
where SEy(A), NEy(A), NSi(A) (resp. SEE_(A), NEz(A), NSz(A)) are the num-
bers of entries SE, NE, NS inrow k (resp. k) of the compass matrix C M (A).

We then have the following immediate corollary of Proposition 1.2:

Corollary 5.4. Let u = A + & be a strict partition of length €(j1) = n, with A a parti-
tion of length £(A) <nand § = (n,n —1,...,1). Then for all x = (x1, X2, ... , X,)
andy = (y1, y2, ..., Yn) we have

[T (u+2%+y;+25;)spaxin)

I<i<j<n

n
_ 1—[xlika(A)(tsz)NE;(mykSEk(A)(tzyk)SEz(A)

AUAQ2n) k=1

NSH(A)

x (x + vV (3, + 173,) (5.94)
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This Corollary is a generalisation of Theorem 6.4 of Hamel and King [5]. This
Theorem 6.4 may be recovered from Corollary 5.4 by setting y = ¢x, exploiting the
bijection between compass point matrices CM(A) and the U-turn u-ASM’s A, and
noting that the number of entries N'S and W E in any row of C M are either the same or
differ by one according to the nature, barred or unbarred, of the corresponding entry
on the main diagonal of the associated semistandard shifted symplectic tableau S7'.
Note also that Theorem 6.4 includes the weighting for the main diagonal on each side
of the equation, whereas Corollary 5.4 does not.
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