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Abstract

A recent paper of Bump, McNamara and Nakasuji introduced a factorial version
of Tokuyama’s identity, expressing the partition function of six vertex model as the
product of a t-deformed Vandermonde and a Schur function. Here we provide an
extension of their result by exploiting the language of primed shifted tableaux, with
its proof based on the use of non-intersecting lattice paths.
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1 Introduction

Tokuyama’s identity [33], which expresses a weighted sum over strict Gelfand-Tsetlin pat-
terns [8] as the product of a t-deformed Vandermonde determinant and a Schur function,
was originally established for GL(n,C) and its associated root system of type A,_1, but
subsequently other Tokuyama-like identities have been derived for other groups and their
root systems [2, 3, 11]. One of the recent additions to this literature is the paper of Bump,
McNamara and Nakasuji [4], who extended the original Tokuyama identity in a way that
expresses the partition function of the six vertex model as the product of a factorial Schur
function and the same t-deformed Vandermonde as before by using a six-vertex model
interpretation due to Lascoux [17] and McNamara [21] and the repeated application of
the Yang—Baxter equation [2].

Here we provide a further generalisation involving more than just a single deformation
parameter t. To this end we make use of the fact that both the original Tokuyama
identity and that of Bump et al. can be expressed in a natural manner in terms of certain
primed shifted tableaux. Weighting these tableaux by means of two sets of indeterminates
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x = (1, 29,...,2,) and y = (Y1, Y2, - - -, Yn), together with a sequence of shift parameters
a= (ay,as...), enables us to establish the required generalisation, with a proof provided
by means of a non-intersecting lattice path argument.

Tokuyama’s identity can be expressed, with a slight change of notation, in the form:

> owet(@) = [ (@i+try) su(x), (1)

Geg? I<i<j<n

where A = p + p, with g a partition with no more than n parts and p = (n — 1,n —
2,...,1,0). Here x = (21,29, ...,2,) and t are independent parameters. On the left, the
sum is over all strict Gelfand-Tsetlin patterns G whose top row is the strict partition A
and wgt(G), which will be specified later. The reader will recognize [, ,_;c, (i + tz;)
as the expansion of a Vandermonde determinant deformed by the parameter ¢. The term
s,(x) is a Schur function, defined for example in the texts by Littlewood [18] and by
Macdonald [19]. Tokuyama’s identity can be considered to be a deformation of Weyl’s
character formula for the reductive Lie algebra gl(n) of the general linear group GL(n)
since at ¢ = —1 one can recover the expression for the irreducible character s,(x) as the
ratio of two alternants.

The theorem of Bump, McNamara, and Nakasuji [4] states, again with a slight change
of notation, that

2(8%,) = [ [(tz: + 2;) sa(x[a), (2)

i<j

where s)(x|a) is a factorial Schur function defined in Section 3. The first such factorial
Schur function was defined by Biedenharn and Louck [1] in terms of Gelfand-Tsetlin
patterns in a slightly more restricted form (see also Chen and Louck [5]), but given its
more general form by Goulden and Greene [9] and Macdonald [20], expressed this time
in terms of column-strict, that is to say semistandard, tableaux, with Macdonald also
giving an alternative definition as a ratio of alternants. The term Z (GE’t) is the partition
function of the six vertex model &Y, with a particular choice of Boltzmann weights that
will also be specified later in Section 7.

The combinatorial identities (1) and (2) due to Tokuyama [33] and Bump et al. [4] that
we are trying to generalise here were stated in terms of strict Gelfand-Tsetlin patterns
and the partition function of the square ice six vertex model. That one is a generalisation
of the other comes about through the bijective correspondence between these two sets of
combinatorial objects, together with the fact that a factorial Schur function is a gener-
alisation of a Schur function. Here we will show that a natural combinatorial setting for
both these identities is that of primed shifted tableaux and associated non-intersecting
lattice paths.

The paper is organized as follows: Section 2 provides background information on
tableaux and primed shifted tableaux, including definitions; Section 3 gives our main
result along with its proof based on a sequence of lemmas that are proved in Section 4
by means of lattice path arguments that lead to flagged Jacob-Trudi type determinantal
identities and in Section 5 by means of various generating series. The first of these is a
mild generalisation of an identity due to Okounkov and Olshanski [27], that is used by
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Molev [23] within the context of factorial supersymmetric Schur functions and in the work
of Olshanski, Regev and Vershik [29] in dealing with multiparameter Schur functions. The
second is derived by a method that owes much to the proof of a combinatorial formula
for multiparameter skew Schur functions provived by Ivanov in the Appendix to [29]. A
vanishing property in the spirit of those offered by Okounkov [26] and Sahi [30] is noted in
Section 6. Finally in Section 7 a number of corollaries are derived, special cases of which
are shown to include both Tokuyama’s identity and that of Bump et al.

2 Tableaux and primed tableaux

To proceed we introduce some notation regarding partitions and tableaux. For any pos-
itive integer n the sequence A = (A, Ag,..., \,) with Ay > Ay > ... > ), is a partition
if each part )\; is a non-negative integer. Its length £(\) is the number of non-zero parts
and its weight |\| is the sum of its parts. We say that the partition A is strict if the above
inequalities are all strict, i.e. all the parts of A are distinct.

A partition X of length £(\) < n defines a Young diagram F* consisting of an array of
|A| boxes (7, j) arranged in rows of lengths \; for i« = 1,2,... ¢(\) with j = 1,2,... ;.
Adopting the (English) convention whereby (i, j) are matrix coordinates, the rows of F**
are left-adjusted to a vertical line. If A is strict then it also defines a shifted Young diagram
SF* in which the rows of F* are shifted to the right and left-adjusted to a diagonal line
with boxes (i,7) at j = 4,i+1,...,i+ X\ — 1 for i = 1,2,...,¢()\). Both F* and SF*
consist of columns top-adjusted to a horizontal line.

For example, we have

3221 _ G643l _ (3)

Using these conventions we define three different kinds of tableaux: semistandard
tableaux, shifted tableaux and primed shifted tableaux [31]. We restrict our attention to
partitions A of length ¢(\) < n and strict partitions A of length ¢(\) = n and work with
alphabets [n] = {1l <2< ---<n}, 0] ={1'<2 <---<pn'}and [n,n] ={I"<1<
2 <2<---<n <n}.

First, for each partition A let 7*[n] be the set of all semistandard tableaux T of shape
A that are obtained by filling each box (4, ) of F* with an entry ¢;; € [n] in all possible
ways such that:

T1 entries weakly increase from left to right across rows;
T2 entries strictly increase from top to bottom down columns.

Then, for each strict partition A let S*[n] be the set of all shifted tableaux S of shape
A that are obtained by filling each box (i, j) of SF* with an entry s;; € [n] in all possible
ways such that:
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S1 entries weakly increase from left to right across rows;
S2 entries weakly increase from top to bottom down columns;
S3 entries strictly increase down each diagonal from top-left to bottom-right.

Finally, for each strict partition X let @*[n, n’] be the set of all primed shifted tableaux
P of shape A that are obtained by filling each box (i, 7) of SF* with an entry p;; € [n,n’]
in all possible ways such that:

P1 entries weakly increase from left to right across rows;

P2 entries weakly increase from top to bottom down columns;

P3 at most one entry k' appears in any row for each k > 1;

P4 at most one entry k appear in any column for each k > 1,
and let P*n, n’] be the subset of Q*n,n’] such that:

P5 no primed entries appear on the main diagonal.

For example, we have

1]2]4] 1]1]2]2][3]4] 1]1]2]2]3]4]
1213 B 2131313 B 2131313
15 14 14

with T € T32210([5]), § € SOA31([4]) and P € POA31([4,4]).

3 Main Result

Let x = (z1,%2,...,%,), ¥ = (y1,¥2,.-.,Yn) and a = (ag,a,as,...) be sequences of
independent parameters. Then each partition A specifies not only the Schur function [18,

19]
sx= > JI (5)

TeT*(n) (i4)er?
ti;€[n]

but also the factorial Schur function [9, 20]

sx(x|a) = Z H (Tty; + Qg - (6)

TeTXn) (i,5)eFA
tij€[n]
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Similarly, each strict partition A\ specifies not only the generalised Schur P and Q-
functions [12]

P)\(X; y) = Z H Lp;; H Ypis| 5 (7>

PePA(n,n') (ij)esF> (i.5)ESFA
pijE€[n] pij €[N’]
uesy)= > II = 11 viewl (8)
PeQ(n,n’) (i,5)esFX (i.1)ESFX
pij€[n] pij€[n’]

but also the factorial generalised Schur P and Q-functions introduced here for the first
time in the form

Pi(xiyla)= ) IT @, +a) I ey —ai) withag=0; (9

PePA(n,n') (ij)esFA (i,5)€SFA
pij€[n] pij€n’]
QA(X; Y|a) = Z H Ipij + aj—i) H (y\mj\ - aj—i) ’ (10)
PeQ n,n') (i,j)esFA (i,4)€SFX
pij€[n] pij€n’]
where in both cases |p;;| = k if p;; = k’. It is notable here that the index on each a is

independent of p;;, unlike the factorial Schur function case.

Generalised Schur Q-functions @, (x|a) were introduced by Ivanov [15] who showed
in his Theorem 2.11 that they may be expressed combinatorially by means of a formula
that coincides with that given above in the case y = x with a; replaced by —ay,, for all
k. Ikeda et al. make use of Ivanov’s original definition of @)(x|a), which he refers to as
a factorial Schur @Q-function, to derive a factorisation property in the case ¢(\) = n, see
section 4.4 of [14]. It is this factorisation property that is generalised to the case y # x
in our main result that can be stated as follows:

Theorem 1 Let pu be a partition of length ¢(u) < n and § = (n,n—1,...,1), so that
A =+ 6 is a strict partition of length {(\) = n. Then for a = (a1, as,...) we have:

Paxiyla)= [ = [ (wi+w) sulxla); (11)

1<i<n 1<i<g<n
xyla)= [ (i+y) suxla); (12)
1<i<y<n

or, equivalently,

S owet(P)= [ o ] @+w) D wet(D); (13)

PePX(nmn’) 1<i<n 1<i<j<n TETH(n)
Yo owet@ = [ @i+y) DY wet(T); (14)
QeQ*(n,n’) 1<i<j<n TeT#(n)
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where

wgt(P H wgt(pi;); wegt(Q H wgt(qij); wgt(T) = H wgt(t;), (15)

(i,j)ESFX (i,j)€SF> (i,5)EFH

with wgt(pi;), wgt(qi;) and wgt(t;;) given by

pii | Wet(pi) | pij (i < j) | wet(pij) (¢ <7)
k Tk k Ty + Aj—;
K Yk — ti; | wgt(ts;)
— e and Y Y 16
Qi | Wgt(g) | @i (i <) | wgt(q;) (i<7) k| op + apyj—i (16)
k |z k T+ a;—;
K| k' Y — Qj—;

In specifying the weights as above, advantage has been taken of the fact that both
sx(x]a) and Q\(x;y |a) are independent of ay in our original definitions (6) and (10),
while ag is set equal to 0 in the definition of Py\(x;y |a) in (9). It might also be noted
that under the hypothesis of this Theorem that ¢(\) = n, the diagonal entries of any
S € 8*([n]) are necessarily 1,2, ..., n. It follows that the contributions of diagonal entries
to every summand of Py\(x;y|a) and to every summand of Q,(x;y|a) yield the factors
[T, z; and [[;_,(z; + v;), respectively. Since these factors represent the only difference
between the expressions on the right hand sides of (11) and of (12), in order to prove
Theorem 1 it suffices only to prove the required results for either just Py(x;yl|a) or just
Qx(x;yla). We choose to concentrate on the case Py(x;y|a) and construct the proof of
(13).

In order to do this we make use of non-intersecting lattice path interpretations of the
two sums appearing in (13), allowing each of them to be expressed in determinantal form
by means of two lemmas, Lemma 2 and Lemma 3 below, whose proofs we defer to the
next section. A third, highly technical lemma, Lemma 4, is then required that allows us
to proceed by way of simple row operations on the determinant representing the left hand
side of (13) to the required factorisation on the right. In view of its technical nature the
proof of Lemma 4 is also deferred to the next section.

We begin with the determinantal expression for s,(x|a). For the subsequence X =
(Tk, Thgr, - ., 2y) of x with 1 <k <nand a = (ag, a1, as,...) let hy(X|a) = sun)(X|a) for
all positive integers m. Then it follows from (6) that

hm(X|a) = by (g, Tha1, Thao, - - -, Tpla)
(17)
= Z (@i + @iy —k+1)(Tip + ig—ry2) -+ (T + Qi—tom) -

k<t <2< <im <N

In terms of these single row factorial Schur functions we have the following determi-
nantal identity that is originally due to Chen, Li and Louck [6]:
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Lemma 2 Let p be a partition of length ¢(p) < n, then

su(x]a) = Z wet(T) = 1<c}1€ezt<n (gt (Ths Tht1, Thigas - - -, Tla) ), (18)
TeT(n) S
where by (Tg, Tpa1, Thaoy -, Tpla) =1 if m =0 and =0 if m < 0.

To set up the relevant determinantal expression for Py (x; y|a) we require certain shifted
restricted versions ¢,,(X; y|a) of the factorial generalised Schur @) functions. Here shifts are
associated with the introduction of an operator 7 [20] whose action on a = (ag, ay, as, . . .)
is such that Ta = (ay, as, as, . ..), so that in acting on any function of a each q; is replaced
by a;+1. For any p,q and n such that 1 < p < ¢ < n let X = (2, Tps1,...,2,) and
Y = (Yg+1:Yg+2, - - - » Yn) be subsequences of our original sequences x and y, respectively,
and then let

qm(l']h Tpt1y--5Lg—1,Lqs Yg+15 Lg4+15 -+ - 5 Yn, xn|a) = Q(m)(ia S’|Ta) ’ (19)

where in evaluating the right hand side the entries in the one-rowed primed tableaux P of
Q(m) are taken from the alphabet p < (p+1) <--- < ¢ < (¢g+1) < (¢+1)<---<n' <n
with repetitions allowed for unprimed entries but not for primed entries, and with &’
allowed in the box (1,1) on the main diagonal if and only if ¢ < k& < n. The shift due to
7 is such that an unprimed entry & in column j is weighted x + a; and a primed entry
k' in column j is weighted y; — a;. Thus

Qm(xp: $p+1a “v e ,$q, yq+1> xq+17 <o Yn, xn‘a)

= Z Z(Zu +ay)(ziy, £ag) - (2, £am),

PSU KK Sim SN Z

(20)

where the sum over z allows factors (z; £ a;) = (v + a;) or (yx — a;) to appear according
as z = Tj, Or Y, with several factors of the form (zy, +a;)(xy+a;4+1) - - - allowed for any &
with p < k < n but at most one factor (y; —a;) allowed for any & such that ¢+1 < k < n,
and no others.

This allows us to express the left hand side of (13) in the form of a determinant by
means of the following key lemma:

Lemma 3 Let A\ be a strict partition of length (X)) = n. Then we have

Py(x;yla) = Z wgt(P) = 1<C11cezt<n (xk(D\g—l(xk,yk—&-hxkz—&-layk-&-%---aynuxnla))' (21)
PePX(nn) ST

The evaluation of this determinant may be accomplished by way of a technical lemma.
In order to state this it is necessary to introduce a second type of shift operator S that
unlike 7 is linked to letters of the alphabet. The action of S inserted in the jth position
in gn(z1,29,...,2,]a) gives gm(z1,29,...,2j-1,5%j, 2j41, ..., 2p|@) in which every linear
factor (z; + as) or (z; — ay) of ¢ (21, 22, . .., zu|a) is replaced by (z; + asi1) or (z; — aw1),
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respectively, if and only if ¢+ > j. In other words the insertion of the operator S increases
by 1 the index of a in every linear factor associated with each parameter to its right.
Repeated insertions of shift operators S are allowed, either at the same or at different
points. Powers such as S? inserted at a single point increase by p the index of a in every
linear factor associated with each parameter to its right. Now we can state our technical
lemma.

Lemma 4 Forallm>1and1 <p<q<

qm<xp7 Sxp+17 SprrQa e 7S$qflu Ygr Ly Yg4+15 Tg+1y - - - 5 Yn, xn’a>
_qm(xp-‘rhsxp—i-%"' 7S:Eq—lasxq7yq+laxq+17"'7yn7xn|a) (22)
= (xp + yq)qm—1<xp7 Sl‘p-}—h o 781‘(1—17 S'rq? Yg+15Tg415 - -+ 5 Yn, xn|a)

Given these three lemmas we have enough to prove our main Theorem 1.

Proof of Theorem 1: Lemma 3 expresses the left hand side of (13) as a determinant

from which we can extract x; from each row for k =1,2,...,n to give
Z wegt(P H Li 1<C}€ezt< (@1 (ks Yot 1 Tht 1, Yot2, - - -5 Yo Tular) ) - (23)
PePX(n,n’)
Subtracting row k£ 4+ 1 from row k of the determinant for £k = 1,2,...,n — 1 gives a new

determinant in which the (k, ¢)th element is given in Lemma 4 by the left hand side of
(22) with p = k, ¢ = k+ 1 and m = Ay_1, while the nth row remains unaltered with
elements ¢y, , (z,]a). Applying (22) and extracting a common factor of (zy + yx+1) from
the kth row then gives

Z wgt(P H% H T + Yit1)
i=1

PePA(n,n’)

(24)

< det Or—2(Thy STho1, Yht2s Tht - - -y Yn,y Tn|A)
1<k, t<n QA4—1($n|a)

where we have distinguished between elements in the first n — 1 rows and the last row.

We can then use the same procedure of subtracting row k+ 1 from row k of the above
determinant, this time for £ = 1,2,...,n — 2 to give a new determinant in which the
(k,£)th element is given in Lemma 4 by the left hand side of (22) with p =k, ¢ =k + 2
and m = A_p. Applying (22) and extracting a common factor of (zy + y42) from the
kth row then gives

n n—1 n—2
Z wgt(P) = Hxl H(xz + Yit1) H(% + Yit2)
PeP>(n,n’) i=1 i=1 i (25)
Q)\gfii(xk; S$k+17 S$k+27 Yk+3, k435 -+ - Yn, l’n’a)
X 1<Cllf£t<n Q)\g—Q(xTL—IJ an’a) )
@r,—1(zn|a)
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where this time we have distinguished between elements in the first n — 2 rows and the
last 2 rows.
Continuing in this way we obtain

> wat(P) (26)

PePX(n,n)
= H T H (i 4+ y5) 13:?}@ (@r—ntk—1(Tk, STpy1, STpyo, ..., Sxpla)). (27)
i=1  1<i<j<n
However
Qm<wk7 Sxk+17 S$k+27 ey an‘a)
= Z (i), + @iy k1) (Tiy + Qiy—py2) - (i, + Qiyterm) (28)

k<i1<ig<-<im<n

where account has been taken of the fact that there are precisely (i; — k) shift operators
S to the left of z;, in the argument of g,. This will be recognised as coinciding with
the definition of hp,(xg, Tx41,...,2,]a) given in (17). Then the use of Lemma 2 with
e = Ag—n—+ ¢ —1 completes the proof of (13) and thereby that of Theorem 1. It remains
only to prove the validity of our three lemmas, Lemmas 2, 3 and 4. O

4 Proofs of Lemmas 2 and 3

In each case we follow the lattice path approach of Okada [24], employing a variation on the
usual Gessel-Viennot-Lindstrém argument (see in particular Okada [24] and Stembridge
[32]). In the case of Lemma 2 a similar proof by way of a lattice path interpretation has
been offered by Chen, Li and Louck [6], but we offer an independent lattice path proof here
that takes particular advantage of the precise form of h,,(X|a) given in (17), since it is
this form that we have just seen emerging in a natural way in the application of Lemma 4
to the proof of Theorem 1. Moreover, it is our lattice path proof of Lemma 2 that sets the
scene for our rather similar lattice path proof of Lemma 3. In fact in the latter case our
proof can be seen as a close relative of that provided by Ivanov in the Appendix to [29] as
part of his derivation of an unflagged determinantal formula for unshifted supersymmetric
skew Schur functions. The lattice path approach was suggested by Chen and Louck [5] to
prove the Jacobi-Trudi identity for the original factorial Schur functions (with a; =i —1)
and applied by Goulden and Hamel [10].

Proof of Lemma 2: We adopt matrix coordinates (i,j) for lattice points with i =
1,2,...,n specifying row labels from top to bottom, and j = 1,2,..., u; + n specifying
column labels from left to right. Each lattice path that we are interested in is a continuous
path from some P, = (i,n — i+ 1) with ¢ € {1,2,...,n} to some Q; = (n + 1,j) with
je{m +n,pue+n—1,...,u, +1}. Such a path consists of a sequence of horizontal or
vertical edges with the last edge vertical.
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Each semistandard tableau 7" of shape p defines a set of non-intersecting lattice paths,
one for each row of T. The path associated with the ¢th row of T" starts at P; and ends
at (Q; with j = p; +n — i+ 1. On this path each entry k in the fth column of 7" gives rise
to a horizontal edge from (k,j — 1) to (k,7) with j = n — k + ¢, and vertical edges are
added so as to make the path continuous. It is easy to see from the properties T1-T3 of
Section 2 that the paths are non-intersecting. This is exemplified in Figure 1 in the case
w=(3,2,2,1,0) and T as given in (4).

~
RN

’Cﬂ»—bl\l})—‘
W
~
[ ]
]

i

@1 Qs @Qs Cs

Figure 1: Example of the lattice paths for a given semistandard tableau.

The map we have described from T to a set L of non-intersecting lattice paths is a
bijection as can be seen by reversing the argument and mapping consecutive horizontal
edges at level k along a path starting at P; to entries k in the i¢th row of T. The non-
intersecting nature of the paths ensures that 7" constructed in this way is a semistandard
tableau as required.

In order to recover wgt(7T") as defined through (16) from the set of lattice paths it is
important to note that the entries k of T" are associated with the kth row of the lattice,
and that the ¢th column of T is associated with the ¢th diagonal of the lattice along which
k+j=mn+1+{. Each horizontal edge from (k,j — 1) to (k, j) is weighted zy, + aj+j—n—1
and each vertical edge is weighted 1. With these asignments it follows that wgt(7") is
just the product over all edges of these edge weights. Thus the left hand side of (18) is
evaluated by summing over all sets of non-intersecting paths with the given end points F;

and Q#i+n*i+1 with 7 = 17 2, o, .
More generally, the total weight of all possible continuous lattice paths from P; to ); by
means of horizontal and vertical edges is given by some summand of h,, (g, Tri1, . . ., T,]a)

with m =i+ j —n — 1. Then the usual argument [24], extended so as to allow a fixed set
of end points determined as in our case by pu, shows that the total weight of the set of all
(intersecting and non-intersecting) lattice paths from the given set of starting points P
to the ending points ();, summed over all permutations of ();, is exactly the determinant
of the matrix whose (k,¢)th entry is hy, (zg, Tk11, - . ., Tn|a), as required to complete the
proof of Lemma 2. 0
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Proof of Lemma 3

It is again convenient to adopt matrix coordinates (i,j) for the lattice points with
1 =1,2,...,n specifying row labels from top to bottom, and 7 = 1,2,..., A\; specifying
column labels from left to right. This time each lattice path that we are interested in is
a continuous path from some P; = (7,0) with i € {1,2,...,n} to some Q; = (n + 1, )
with 7 € {A1, A2, ..., A, }. Such a path now consists of a sequence of horizontal, diagonal
or vertical edges with the first edge horizontal and the last edge vertical.

Each primed shifted tableau P of shape A defines a set of non-intersecting lattice
paths, one for each row of P. The path associated with the ith row of P starts at P; and
ends at ); with j = )\;. Each unprimed entry k in the jth diagonal of P gives rise to
a horizontal edge from (k,j — 1) to (k,j) and each primed entry &’ in the jth diagonal
of P gives rise to a diagonal edge from (k — 1,5 — 1) to (k,j) with vertical edges being
added so as to make the path continuous. It is easy to see from the properties P1-P5 of
Section 2 that the paths are non-intersecting. This is exemplified in Figure 2 in the case
A= (6,4,3,1) and P as given in (4).

ap Gz az G4 as

[ A A
Py
1]1]2]2]3]4] P,
P _ 2[3]3][3 P,
3[4']4
4] b

Q1 @ Qs Qs

Figure 2: Example of the lattice paths for a given primed shifted tableau.

The map we have described from P to a set L of non-intersecting lattice paths is a
bijection as can be seen by reversing the argument and mapping consecutive horizontal
and diagonal edges along a path starting at P; to entries k and k', respectively, in the ith
row of P. The non-intersecting nature of the paths ensures that P constructed in this
way is a primed shifted tableau as required.

In order to recover wgt(P) as defined through (16) from the set of lattice paths it is
important to note that the entries & and &’ in P are associated with the kth row of the
lattice, and that the /th diagonal of P is associated with the ¢th column of the lattice.
Since ¢(A) = n and the ith row of P necessarily begins with an unprimed entry i, the
first horizontal edge of the path starting at P; is weighted x;. As far as the remaining
edges of the set of lattice paths is concerned, any horizontal edge from (k, /) to (k,{) is
weighted zy, + a,_1, any diagonal edge from (k—1,¢—1) to (k, ¢) is weighted yy —a,_1 and
each vertical edge is weighted 1. With these asignments it follows that wgt(P) is just the
product over all edges of these edge weights. Thus the left hand side of (21) is evaluated
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by summing over all sets of non-intersecting paths with the given starting points P; and
@y withe=1,2,... n.

Given this framework, it is not hard to see that the total weight of all continuous
lattice paths from P, to )y by means of the three types of edge, horizontal, diagonal
and vertical is given by zrqy,—1(Tk, Yk+1, Tki1s - - - » Yn, Tnla). Then Okada’s argument in
[24], extended so as to allow a fixed set of end points determined as in our case by A,
shows that the total weight of the set of all (intersecting and non-intersecting) lattice
paths from the given set of starting points P; to the ending points ();, summed over
all permutations of ), is exactly the determinant of the matrix whose (k, ¢)th entry is
TrQrg—1(Tky Ykt 1, Tht1s - - - » Yn,s Tnld), as required to complete the proof of Lemma 3. O

5 Proof of Lemma 4

Although this Lemma may be proved by the careful enumeration of primed shifted
tableaux and their weighting (see version 1 of [13]), such a proof is rather intricate
and lengthy, so here we offer a proof by way of generating functions for both h,,(x|a)
and gn,(z|a), with x = (1,22, ...,2,) and z = (T, STpi1, -+, STqo1, STy, Ygt1s Tgt1s - - - 5
Yn, Tn), respectively. In each case we employ an expansion parameter t to carry the ex-
ponent m and assume that ¢ is sufficiently small to guarantee convergence. We write
[t™] F'(t;m) to signify the coefficient of " in the expansion of any F(t;m) as a power se-
ries in ¢, where it is to be noted that in our setting F'(¢; m) may, and indeed does, depend
upon m. It might be noted that we have chosen to use this type of generating function
rather than the equivalent but rather more complicated generating series exploited in
the case of factorial supersymmetric Schur functions by Molev [23], and in the case of
Frobenius Schur functions by Olshanski, Regev and Vershik [29].

Lemma 5 Let x = (z1,x2,...,x,) and a = (a1, as,...) then form >0 andn > 1

n+m—1
(1+ tag) . (29)
k=1

n

hun(xfa) = (") ] —

1

i=

Proof: We proceed by noting first that h,,(x|a) is completely determined for all m > 0
and n > 1 by the following boundary conditions and recurrence formulae:

1 ifm=0andn>1;
h(x]a) = < (21 + @) hp_1(21|a) if m>0andn=1; (30)
hm(X'|a) + (zp + @pim—1) hm—1(x]a) if m >0and n > 1,

where x' = (x1,22,...,2,-1). These come about because the one-rowed tableaux con-
tributing to h,,(x|a) are of length m either with all entries < n or having at least one entry
n, with the rightmost entry n carrying weight (z, + a,1m—1) by virtue of the definition
(6) in the case s(n)(x]a) = hn(x|a).
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Now, form >0 and n > 1 let

ulola) =10 Tl T 0+ ta). (31)

Clearly, fo(x|a) =1 for all n > 1, and in the case m > 0 and n =1

m—1 m—1
1+ ta,, (x1 4+ am
m = [t™ 1+t =[t" (1 (1+t
futonle) = 7 T TL 0t =) (1 50 ) [T+ s
1 m—1
= (@1 +am) 1" 7 gﬂ +tay) = (114 ap) foa(mla) . (32)
Finally, for m > 0 and n > 1
n—1 n+m—2
1—|—tan+m_1 1
m = [t™ 1+¢
ol = ) === Tl =TT 0t
n—1 n+m—2
Hzn + anym—1) 1
=1t (1 1+
[ ](+ 1—tz, >H1—txi H(+ak)
i=1 k=1
n 1 n+m—2
- n n+m— tmil 1 4
) + @t anent) (7] TT = T 0+t

(33)

Thus f,,(x|a) satisfies the same boundary conditions and recurrence relations as h,,(x|a),
so they must be equal, as required to complete the proof of (29). 0

In order to extend this result to something analogous in the case of ¢, (2, ,|a) it is
helpful to note the following:

Lemma 6 For any x, a = (ag,a1,as9,...) and m >0 let

(v +ag)(r+ay) - (z+a,)
=1 t". 34
m(la) = +; (14 tay)(1 +tag)--- (1 +tay,) (34)
Then L4t
Qo
=1, o™, 35
el + O (3)

Although the limit as m — oo of this identity appears as (A.2) in Ivanov’s Appendix
to [29], it is given there as a special case of a formula due to Molev [23][cf.(2.7)] that is
proved in the special case a; = —i + 1 by Okounkov and Olshanksi [27][cf.(12.5)]. Guided
by their proof, we offer here a proof of the required more general identity.
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Proof: We use induction with respect to m. In the case m = 0 we have

1+t61,0
—tx

Ip(xl]a) =1 and =1+0(t), (36)

as required to start the induction. Now for m > 0 assume that (35) is true with m
replaced by m — 1. Then it follows from the definition (34) that

h¢¢921+ﬂ£i@l<1+§i(wwmﬂ@+nﬁ“4x+%)fﬁ

]_ —I— ta1 ]_ —I— tag)(l —f- tag) R (1 —f- ta5+1

t(x + ag) t(x +ag) (1+ta
i iixfra) =14+ =50 {70 +O0)
t(x + ap) 1+ tag
=14+ 4O = —— 4 0O(t™"! 37
t—, TOWT) =7~ +0") (37)

where Ta = (ay, as, ...). This completes the induction argument, so that (35) is valid for
all m > 0. O

This result may then be used to establish the following

Lemma 7 Let a = (a1, a2,...), Zpgn = (Tp, STpi1, .., STq, Yg1, Tgi1, - - - s Yny Tn). Then
form=>20andl1<p<g<n

n n m-+q—p
4 (Zp.gn|a) = H1 IT A+t ] @+tan). (38)
i=p Ti Jj=q+1 k=1

Proof: For m = 0 the result is clear because qy(z,,.]a) = 1 and the coefficient of t° on
the right is also 1 for all p,q¢,n with 1 <p < g < n.
For m > 0 we use induction with respect to n and our starting point is the case n = q

for which z,,, = (p, STpi1,...,S7,). In this case
U (Zp,q,q|2) = G (Tp, STpi1, - Sxgla) = hun (T, Tps1, - - -, Tgla) = hin(Xp4la) , (39)
where x,, = (p, Zpt1,...,%,), as can be seen by comparing (17) and (28) with & = p and

n = q. It then follows from Lemma 5 that

q mtg—p
G (Zpqqla) = Hl—tm H (1 +tay), (40)
i=p v k=1
where use has been of (29) with z;, s, ..., 2, replaced by z,, 41, ..., %, respectively.
This serves to validate (38) in the case n = q.
For n > g and z, 4, = (2p, STpi1, .-, S%q, Ygr1s Tgt1s - - - » Yn, Tp) it should be noted

from (20) and the definition of the shift operator S that for m > 0

r—1

a) = Qm<Zp,q,nfl |a) + Z qur(zp,q,nfl ’a) ($n+ yn) (-Tn—i_ am+q*p+1f€) ) (41)
r=1 1

Qm(zp,q,n

~
Il
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where in the one-rowed tableaux of length m contributing to the left hand side, all those
tableaux containing no entry n or n’ yield the first term on the right, while in the sum
over r the first m — r boxes are assumed to be occupied by entries less than n’ and n,
with no repetitions of primed entries. The remaining r boxes are occupied by n’ or n,
again with no repetition of n’. The two possibilities n and n’ for the first of these r boxes
gives rise to the factor (x, + y,), with the remaining r — 1 entries n giving rise to factors
(2, + ag—p+;), where the column number j varies from m — r + 2 to m, and ¢ — p is the
number of shift operators S to the left of each entry x,.

For x = (.pr, Tpt1y--- 7xn) and y = (3/q+17yq+27 s 7yn) let
n 1 n m+q—p
Fn(eyla) =t [[-—— I @+ [] @ +ta). (42)
i=p b j=q+1 k=1

This can be rewritten in the form

n—1 n—1 m+q—p

Fo(x, yla) = [m] 2 I1 LML+ [ Qtta).  (3)

1 -1z, g 1 —tx; Pt Pt

Now we are in a position to use Lemma 6. We do so with x = z,,, ap = y, and (ay, as, .. .)
replaced by (@m4q—p> Gm+q—p—1,---). This yields

F.(x,yla) = F,,(x,y'|a)+

3
m r—1 n—1 n—1 +q—
1

Z[tm—r] (Tn+ Yn) H(:Bn+ Umtg—pt1-t) H -tz H + ty;) H (14 tay) .

r=1 j =q+1 k=1

!/ __ !/ __
where X' = (2, %2, ..., Zn—1) and ¥ = (Yg+1, Yg+2, - - -, Yn—1). Hence

m

r—1
Fm(X7Y|a) = Fm(Xlay/’a> + Z Fm T(X y |a xn+yn H L, _'_ am—l—q—P-H—f) . (45>
/=1

r=1

Under the induction hypothesis G (Zpgn-1la) = F(x',y'|a). Comparison of (41) with
(45) then yields g, (zp4n]a) = Fin(x, y|a), as required to complete the induction argument.
UJ

Now we are in a position to prove our technical Lemma 4 that we restate here in the
form

Lemma 8 Leta = (a1,a2,...), Zpgn = (Tp, STpi1, .-, STy Ygt1, Lgt1, - - - s Yns Tn). Then
form >1
G (Zpg—1.0]2) — @ (Zp+1,40]2) = (Tp + Yg) Gn-1(Zpgnld). (46)
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Proof: Using Lemma 7

Qm(zp,q—l,n|a) - Qm(zp+1,q,n a)

=) () - -t [T [+ [ 0w
= (Tp + Yq) Gm—1(Zp,qn|d). (47)

6 Vanishing Property

Vanishing properties appear in the work of Okounkov [26], Okounkov and Olshanski [27],
and Ivanov [15] where they are used as part of the characterization of shifted Schur func-
tions and factorial Q functions. Okounkov and Olshanski also mention parallel develop-
ments of this approach by Sahi [30]. These properties are part of a toolbox of techniques
used to establish existence and uniqueness: functions with similar characteristics that
vanish for identical elements can be equated. Just as the vanishing property of factorial
Schur functions can be derived within the context of a six-vertex model [4], we show here
that it can also be derived directly from the combinatorial properties of primed shifted
tableaux.

Theorem 9 Let A\=pu+6 and s =v+ 0 withd = (n,n—1,...,1), where u and v are
partitions of lengths < n, and let ' be the conjugate of u. Then for a = (a1, as,...) let
X = —X(K,a) = (—Qppy oy — Oy, — ey )-

0 ifp g v
S,U«(_X(’%? a)|a) = H(i,j)eFu (an—u;--‘rj - an+ui*i+1> Zf:u’ =V (48>
P, v,a)) ifuow.

where P(p,v,a) is a homogeneous multinomial of total degree || in ay,asy . .. with lowest
term, (— 1) TI%) af.

Proof: Consider any primed shifted tableaux P € P*(n,n’) contributing to Py(x,y]|a)
as in (9). We aim to show first that in the case p ¢ v and x = —x(k, a) this contribution
is always zero. Thanks to (11) this would be sufficient to ensure that s,(—x(v,a)|a) =0,
as claimed in the first part of (48).

If p ¢ v then there exists j < n such that v; < p;, that is k; < A\;. Let k be the
maximum j such that x; < A;. Assume for the moment that the contribution wgt(P)
of P is non-zero and consider the entries p; ; in its first row. More particularly, consider
the entries m; = py ., 41. These can be shown to be such that m; > n —j + 1 for j =
n,n—1,..., k. We proceed by induction. In the case j = n, if m,, = 1 then the first x,, +1
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entries in row 1 of P are all unprimed 1’s. The rightmost of these at position (1, %, + 1)
contributes a factor (x; + ay, ) = (—ax, + ax,) = 0. It follows that if wgt(P) is non-zero,
we must have m,, > 1. Under the induction hypothesis we assume that m;;; > n —j so
that m; > n—j+1. lf mj =n — j+ 1 then we must have m;;; = m; =n—j+1 so that
we have a string of xk; — kj41 +1 > 2 entries n — 7 + 1, the rightmost of which at position
(1,K,7 + 1) contributes a factor (2,4;_1 + ax,) = (—ay, + ax,) = 0. So again we have a
contradiction unless m; > n—j+1. But this is what is required to complete the induction
argument. This process continues at least as far as the case j = k for which we must then
have my > n — k + 1. However in this case k; < Ay which means that the length ¢(d) of
the dth diagonal with d = k41 must be at least k. Such a diagonal cannot accommodate
k distinct entries, as it must do to be admissible, from the set {my, m;+1 < ... ,n}. We
conclude that if g ¢ v and x = —x(k, a) then wgt(P) = 0 for all P € P*(n,n’). Since
the factors (z; +y;) = (=, _,,, +¥;) are non-zero, we conclude that s,(—x(x,a)la) = 0,
as required.

In the case v = u, that is to say Kk = A, it can be seen as above that for a non-zero
contribution from P we must have m; = pyy,41 > n—j+1for j =nn—1,...,2
However, the d;th diagonal with d; = A; + 1 necessarily has length ¢(d;) = j — 1. Ignoring
the distinction between primed and unprimed entries for the moment, the fact that the
sequence of entries are strictly increasing down this diagonal with topmost entry m; >
n—j+1 and bottommost entry no greater than n implies that the sequence is unique and
given by n—j42,n—j+3,...,n. This necessarily implies that any further diagonals to the
right of the same length j—1 are also filled with the same sequence n—j+2,n—j5+3,...,n.
Applying this argument for j = n,n — 1,...,2 and recognising that diagonals of length
n are always filled with entries 1,2,...,n is enough to conclude that in the case v = pu
and x = —x(k, a) there is only one primed shifted tableau P of non-zero weight, wgt(P),
namely the one consisting of a sequence of continuous strips of identical entries k of length
An—k+1 starting from the kth box on the first diagonal with primes added for each vertical
step and nowhere else. Typically, in the case n =4 and A = (8,6, 3,2) we have

[1]1]2]3[3]3]4]4]
/
p_ [2[2[3]4]4]4
3134
414
with wgt(P) given by the product of the factors displayed below:
| —ay [—axtai| ya—as | ys—az |—as + as|—as +as| ys —as |—as +as
—a3 |—Gzt+ai| Y3 — Az | Y4 — A3 |—Ag + a4|—0Gg + a5
—Qg | —0+a1| Ya — A2
—ag |—ag+ ap

More generally, if we set N = {1,2,..., A1}, L = {1, Ao, .
be seen that

.y At and K = N\L it can

n

Py(=x(A, a), yla) = H(_aki)n H (yj - a>\n—i+1) sx(—x(A, a)la) (49)
i=1 1<i<j<n
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where

s(=x(na)la) = [TTL x> #) (~ac+a) = ] (~turpios +anpss) . (50)
(2,9)

lel keK

The final step depends on the fact that \; = n+u; —i+1sothat L={n+pu—i+1|1 <
i < n}. The complement of this set L in N with A\; = n + p; is well known [20][p3] to be
{n— 35+ 7|1<j < p} which must therefore be K. Not only this, but the condition
l=n+p—i+1>n—p;+j=kisjust the condition that hy; = p; —i+p—j+1>0
with h;; the hook length of a box at position (7, j) in F*. This hook length is negative if
(i,7) lies outside F*. Retaining, therefore only those terms for which h;; is positive then
yields the final expression required to complete the proof of the second part of (48).

The final part follows from the fact that the primed shifted tableau P that we have

identified has a non-zero weight for x = —x(k,a) for all K D A, that is v D p and this
weight is the lowest possible and can only be obtained with the given configuration of
entries. U

7 Corollaries

First we note a corollary that is easily described, namely Lemma 4.10 of Tkeda et al. [14]
with the parameters a added rather than subtracted.

Corollary 10 Let p be a partition of length ¢(u) < n and § = (n,n —1,...,1), so that
A =+ 6 is a strict partition of length {(\) =n. Then for a = (ay, as,...) we have:

Oaxla)= ] 22 J[ (zi+2) sulxla). (51)

1<i<n 1<i<j<n

Proof: One merely sets y = x in equation (12) of Theorem 1. O

To make contact with other results it is necessary to introduce and relate a number of
combinatorial constructs that are all in bijective correspondence with unprimed shifted
tableaux, (USTx), namely strict Gelfand-Tsetlin patterns, (GTPs), certain alternating
sign matrices, (ASMs), compass point matrices, (CPMs) and square-ice configurations,
(SICs).

A Gelfand-Tsetlin pattern G of size n is a triangular array of non-negative integers
m;; of the form

mMn1 Mn2 e Mpn—1 Mnn

)

ma1 Mmoo
mi
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subject to the betweenness conditions
Mi; = Mi—1,; =My fori=23,...,nand j=1,2,...,i—1. (53)
It follows that each row is a partition. A Gelfand-Tsetlin pattern is said to be strict if
mi; >m;jp fori=1,2,...,nand j=1,2,...,n—1, (54)

in which case each row is a strict partition. A strict Gelfand-Tsetlin is sometimes called
a monotone triangle [24].

For each strict partition A of length £(\) = n let G*(n) be the set of all strict GTPs G
with top row A, that is m,; = \; for i = 1,2,...,n. These are in bijective correspondence
with all USTx S € 8*[n], where the correspondence is defined by

m;; = number of entries < i in row j of 5. (55)

Conversely,

(56)

. 1 ifi=1and j < mqy
Yl k ifi>1and my_y; <j<my foreach k=2,....n

It is straightforward to check that with the constraints (53) and (54) the conditions S1-S3
of section 2 are automatically satisfied and vice versa.

Next we turn to ASMs. For each strict partition A of length ¢(A\) = n and breadth
A1 =m let A* be the set of all n x m matrices A = (a;j)1<i<n.1<j<m With a;; € {1,0,—1}
such that

A1 the non-zero entries alternate in sign across each row and down each column;
A2 the rightmost non-zero entry in each row is 1;

A3 the topmost non-zero entry in any column is 1;

Ad YT ay =1fori=1,2,...n;

A5 Y7 L a;; = 11if j = X\ for some k and 0 otherwise.

These too are in bijective correspondence with strict GTPs G € G* with the corre-
spondence defined by [22]

1 if =1 and the 1st row of GG contains j;

1 if ¢ > 1 and the ith row of G contains j but the (i — 1)th does not; (57)
—1 if ¢ > 1 and the (i — 1)th row of G contains j but the ith does not;

0 otherwise,
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where it might be noted that the rows of G are counted from bottom to top and those of
A from top to bottom. Similarly, the bijective correspondence with USTx S € S*[n] is
defined by

1 if j = m and the mth diagonal of S contains ¢;
. 1 if j <m and the jth diagonal of S contains ¢ but (j + 1)th does not;
Y ) =1 if j <m and the (j + 1)th diagonal of S contains i but jth does not;
0 otherwise,
(58)

As emphasised elsewhere [12], to each ASM we can associate both a CPM and an SIC
of the 6-vertex model. We define the CPMs C' € C* corresponding to A € A* to be those
matrices obtained by mapping the entries 1 and —1 in A to WE and NS, respectively,
and mapping an entry 0 in A to one or other of NE, SE; NW or SW in accordance with
the compass point arrangements of the nearest non-zero neighbours of the 0, as specified
in the tabulation (59).

Each SIC takes the form of a planar grid consisting of vertices and directed edges.
Each vertex has four edges, two incoming and two outgoing, resulting in six vertex config-
urations that may be constructed from the six possible entries XY of a CPM by attaching
to a vertex two incoming edges from the directions X and Y with the other two edges
outgoing, as shown in the fourth row of table (59).

ASM| 1 1 0 0 0 0
1 1 1 1 1 1
T1T7 /111101 10T |T01|To01
1 1 1 1 1 1
(59)
CPM| WE NS NE SE NW SW

o e

In this table, and in the example that follows in (60), each symbol 1 is to be interpreted
as an ASM entry —1. The first row of the table specifies an ASM entry that is further
characterised in the second row by its four outer 1s and 1s indicating the values of the
nearest non-zero ASM entries to its north, east, south or west, where any missing non-zero
neighbour to the east or north is taken to be 1.

The admissible square ice configurations I € Z* are defined to be those constructed
from the six vertices in the form of n x m grids, with n = ¢(X), m = )\, for which
the boundary horizontal edges are all incoming and the boundary vertical edges are all
outgoing except for those on the lower boundary in columns that do not correspond to a
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part of \. The maps defined by (59) from ASMs to CPMs to SICs are easily shown to
ensure that the / € Z* are in bijective correspondence with the A € A*.
The bijections between A*, S*, G* and Z* are all exemplified in (60).

010000 110000 1[1]2]2]3]4]
1 To100 101100 2131313 _
A=1000010l®]l111110!°% s(ala] ~°

0010T1 11100 1 1]

() NN

010000 SW WE SE SE SE SE

100100 o_ | WE NS SW WE SE SE

100110 | NW SW SW NW WE SE (60)

10110 1 NW SW WE NE NS WE

) NN

6 4 3 1

5 4 1
G = L I—

9

As illustrated in the top row of (60), the map from A € A* to S € S*[n] may be
constructed by first drawing up a cumulative row sum matrix of 1s and Os by summing
the entries of A from right to left across its rows, and then filling the jth diagonal of
S from top-left to bottom-right with the row numbers of the 1s appearing from top to
bottom in the jth column of the cumulative row sum matrix. Similarly the bijective map
from A € A* to G € G* may be constructed by first drawing up a cumulative column sum
matrix c¢s(A) of 1s and 0s by summing entries the entries of A from top to bottom down
its columns, and then filling the ith row of GG from left to right with the column numbers
of the 1s appearing from left to right in the ith row of the cumulative column sum matrix.
This is illustrated in left hand column of (60). Finally the map from A € A* to I € Z*
proceeds, as shown on the diagonal of (60), by way of the compass point matrix C' in
accordance with the six-vertex tabulation of (59). The simplicity of these maps makes it
easy to check that they are all bijections.

In order to establish corollaries of our main result Theorem 1 within the context of the
above combinatorial objects it is merely necessary to replace the sum over P € P*(n,n’)
by sums over K € K* with an appropriate identification of wgt(K) in the three cases
K* = A, G*, and 7.

The simplest case is that of A* for which :
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Corollary 11 Let A be a strict partition of length {(\) = n and breadth \y = m and let
a = (ay,as,...). Then for eachn x m ASM A € A* let C(A) = (c;;) be the corresponding
CPM. Then

ngt(A):Hxi I @i+v) suxla), (61)

AcAX 1<i<j<n

where p =X — 0 with 0 = (n,n—1,...,1) and

wgt(A) = H v [T wet(cs) (62)

i=1 j=1
with
Entry
at (i,7) | WE| NS |NE|SE| NW SW (63)
wgt(ci;) | 1 |4y | 1| 1 |yi—a;|x+a

Proof:  The right hand side of (61) coincides with that of (13) so that all we have to

show is that
Y owet(A) = > wgt(P)= > wgt(5) (64)

AeAr PeP(n,n’) SeS* (n)

where wgt(P) is defined by the left hand parts of (15) and (16). However the one-to-many
map from S € S*(n) to P € P*(n,n’) is such that

> wet(P)= ) wet(S) where wgt(S)= ) wat(s;) (65)

PP (n,n') SeS* (n) (i,§)€SF>

with

T ifi =7 and s; = k;

Ty + QAj—; if i < j, Sij = k and Sij—1 = Iw’},

Y — Qj— if i < 7, Sij = k and Sit+1,j = ]’C;

vty ifi<g, sy =k, s -1 #kand sip; # Kk,

wgt(sij) = (66)

where the last case follows from the fact that x4+ a;_; +yr — a;—; = v + yx. Now we only
have to ensure that wgt(A) = wgt(S) where A and S are related by the bijective map we
have identified from A € A* to S € S*(n).

The diagonal elements of any S € S*(n) are always 1,2,...,n since they are strictly
increasing down this diagonal. Since in this case i = j it follows from (66) that their
contribution to wgt(S) is just the factor zyzs - - - z,, that appears on the right hand side
of the expression (62) for wgt(A). To determine the remaining factors it should be noted
that the passage from S to C' is such that each entry k in diagonal d > 1 is mapped to an
entry SW, NW or NS in row k and column d — 1 of C' according as there is another entry
k immediately to its left, another entry k& immediately below or no entry k in diagonal
d — 1. It follows from (66) that the corresponding weights in S are xj + ag_1, Yp — Ga—1
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and zy, + yx. Taking into account the shift from d to d — 1, and identifying (k,d — 1) with
(i,7) gives wgt(c;;) as tabulated in (63). Thus wgt(A) = wgt(S) as required. O

In our example (60) this is illustrated by the following example in which S and C' are
shown on the left with their weights given by the product of all the entries on the right:

[1[1]2]2]3]4] [ @1 [eitai|watye|wotas[ys—as]es+usl
2131313 T2 |Ys—ai|r3+ag|r3+ag
}_>
3144 T3 |Ya—ai|rs+as
B 2z
SW WE SE SE SE SE r1+ay| 1 1 1 1 1
WE NS SW WE SE SE s 1 |TotYape+as 1 1 1
NW SW SW NW WE SE Ys—a1|r3taz|r3taz|ys—aql 1 1
NW SW WE NE NS WE Ys—aq|xataz| 1 1 |ratys 1

Thanks to the tabulation (59) this corollary covers the cases A* and Z*. It remains
to consider the case G*.

Corollary 12 Let A be a strict partition of length {(\) = n and let a = (ag, a1, az, . ..)
with ag = 0. Then for each strict Gelfand-Tsetlin pattern G € G*, with entries m;; for
1=1,2,...,nand j=1,2,...,1,

d owet(@) =[]z [ @i+v) suxla), (67)
Gegh =1 1<i<j<n
where p=X—0 with é = (n,n—1,...,1) and
n m“-fl
wet(G) = [ TI (=i +a) x
i=1 k=0
n i—1 my;—1
TTTT ((Bij)@itu) + x(Lig) (@i, .y, + X(Rij)Wi—am, ) [] (witan),
=2 j=1 k:mi,17j+1
(68)
where Bij =My > My—1 > My j+1, Lij =My o= My—1 > My j+1, Rij =My >

mi—1j; = my 41 and x(P) is the truth function whereby x(P) = 1 if the proposition P is
true, and 0 otherwise.

Proof:  As in the previous corollary, it is only necessary to establish that wgt(G)
wgt(S) where G and S are related through the bijection between G € G* and S € S*(n)
that is defined by (55). This states that the entry m;; in G is the number of entries no
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greater than ¢ in row j of the corresponding shifted tableau S. Thanks to the betweenness
and strictness conditions (53) and (54) there are three cases to consider:

my,;
| Mi-1,j = Mij

(L) mij=mi—1;>mij1 = Mi1jm iy i

— Mij1 —

mij

| mi_1 iliiil
] Mi—1,+1 | 1111
—My 41 = My—1,5—

(69)

(R) mij >mi1j;=mi 1 >mi1 0

mij

| M1 liliiil
’mi—l,j+1| 111

My jy1—

(B) My > My—145 > My j41 Z Mi—1,5+1

On the left are given the various constraints that may apply to entries in the ith row of
G for various j. These govern the entries ¢ that appear in the jth and (5 + 1)th rows of S
as illustrated on the right, where each isolated ¢ in a box must appear, while the triples
141 are intended to indicate optional sequences of is of various possible lengths.

Case (L) corresponds to the left-saturation of the betweenness condition (53), and in
this case there are no entries ¢ in the jth rows of S and thus no contribution to wgt(G),
that is to say a trivial multiplicative contribution of 1. In (68) this is reflected in the fact
that if x(L;;) = 1 this contribution is given by

mg;—1 mi—1,5
XLij) (@it am_,,) [ @+a)= [] @+a), (70)
k=m;_1 ;+1 k=mi_1;+1

which contains no multiplicative factors (z; + ax) and must be interpreted as 1. Case (R)
corresponds to the right-saturation of (53) and implies that there is at least one entry i in
row j of S and this entry lies immediately above an entry ¢ in row j 4+ 1 as a result of the
strictness condition (54) applied to entries ¢ in row j + 1. It follows that its contribution
to wgt(S) is (y; —ax) where k = m;_; ; is the number of steps it is from the main diagonal.
This accounts for the term x () (yi — am,_, ;) in (68). The case (B) is the one, sometimes
called special [25], in which the betweennness condition is strict on both sides. In this
case there is at least one entry ¢ in row j of S, but the leftmost such ¢ has no entry ¢
either to its left or vertically beneath it. Its contribution to wgt(S) is therefore x; + y;.
This accounts for the term x(B;;)(z; +v;) in (68).

As can be seen from the above diagrams, in cases (R) and (B) there may remain
additional entries ¢ in row j of S and in both cases these are to the right of the leftmost ¢
that we have previously identified, and contribute to wgt(S) a contribution (zy + ax) with
k equal to the number of steps to the right of the main diagonal. This is the origin of the
product of terms (z; + ax) on the right of the second line of (68). Finally the remaining
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product of terms (z; + a;) in the first line of (68) arise from the entries m;; in G that
specify a sequence of my; entries ¢ in row ¢ of S that start on the main diagonal, with k
varying from 0 to m; — 1. This ensures that wgt(G) = wgt(.S), as required. O

Finally, we make contact with the results of Tokuyama [33] and Bump et al. [4] that
motivated this work in the first place.

Corollary 13 [Tokuyama] [353] Let A = p+ p with {(p) < n and p=(n—1,...,1,0),
then for x = (r1,%2,...,x,) and any t

n

L mii =Y imi
S RO O T a0 = T (it s, (7)

Geg? i=1 1<i<j<n

where #R(G) and #B(G) are the numbers of triples (m;;, m;_1 j,m; j+1) in G satisfying
the conditions (R) and (B) of (69), that is to say the number that are right-saturated and
the number that are neither right nor left saturated, respectively, and the exponent of x;
is the difference between the sum of entries in the ith row of G and the sum of entries in
the (i — 1)th row of G, with the 0th row defined to be empty.

Proof:  This result, which makes precise Tokuyama’s identity (1), is a special case of
Corollary 12. First, it should be noted that the difference between the use of A = p+ 9
and A = pu+ p in Corollaries 12 and 13, respectively, just amounts to dropping the contri-
bution xyx5 ...z, that comes from the diagonal entries of S and amounts to subtracting
(1,1,...,1) from A. Then, the left hand side of (71) is an immediate consequence of
setting a = (0,0,...) and y; = tx; for i = 1,2,...,n on the right hand side of (68) and
collecting up the terms in ¢, (1 + ¢) and x;. Applying the same conditions to the right
hand side of (67) without the factor zyz5 ...z, then yields the right hand side of (71), as
required. [l

Before proceeding to the next corollary it is convenient to introduce a small lemma

Lemma 14 Let A\ = i+ 0 with u a partition of length £(p) < n and § = (n,n—1,...,1)
and let m = \;. For A € A" let C be the corresponding compass point matriz and let
#XY be the number of CPM entries XY in C. Then

LSW = #NE+ |p] . (72)

Proof: Let #XY,; be the number of entries XY in the ith row of C' and let #: be the
number of entries ¢ in the corresponding shifted tableau S. With this notation,

i—1 m

#NS; + #NW,; + #NE; =D > “ay; =i — 1. (73)

k=1 j=1

Here the first step follows from the fact that the tabulation of (59) implies that the column
sum in A above the position of each entry XY in the ith row of C' is 1 or 0 according
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as XY is or is not in {NS,NW,NE}, and the second step from the fact that the sum of
entries in each row of A is 1. However

HWE; + #NW, + #SW, = #i € S and #WE, = #NS; + 1 (74)

since each entry XY € {WE,NWSW} in the ith row of C' gives rise to an entry ¢ in S
and each entry WE or NS in the ith row of C' corresponds to an entry 1 or 1, respectively,
in the ith row of A whose row sum is 1. Combining these identities and summing over @

gives
n

#SW — #NE = |\ = ) i =|ul, (75)

=1

as required. O
This identity allows us to prove the following as a direct consequence of Corollary 11.

Corollary 15 [Bump, McNamara and Nakasugji] [4]. Let p be any partition of length
() < nandlet m = py +n, then for z = (z1,29,...,2,), @ = (aq, 9, ...) and any t, the
partition function of the 6-vertex planar spin configuration model takes the form

z&5)=>_ 11115 (76)

seal , i=1j=1

where the sum is over all possible internal spin states s consistent with a given set of
external spin states. The six types of vertex at (i,j) carry the Boltzmann weights ;; as
tabulated below:

ot [ ofo [ofe[ofe[ofo [ofo]

Bij 1 (14t)z t 1 2 —toy | 2+ o
c(i, j) WE NS NE SE NW SwW

where ® and O signify spin up and down states, respectively. Then

Z&h )= [ (tzi+2) su(z|a). (78)

1<i<j<n

Proof: It should first be noticed that the 6-vertex model spin state configurations are
in bijective correspondence with SICs, ASMs and CPMs. The easiest way to implement
the bijection between spin states s and CPMs (' is to rotate s through 7 and map the
resulting vertices to CPM entries XY as tabulated above. It follows that

26, =Y 111 wet(cs) (79)

AcAX i=1 j=1
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where A is the ASM corresponding to the CPM C, A = 4+ ¢ and wgt(c; ;) = B;; for all
(7,7). This expression may then be evaluated by specialising the Boltzmann weights of
(63) in such a way as to give those of (77) modified by moving the factor ¢ from NE to
SW through the use of Lemma 14.

(77) modified | wgt(c;;) | 1 | (14+t)z | 1 | 1 |z —ta; |tz + ) (80)
(63) wgt(ci;) | 1 x; + vy 1 |1 | yi—a; | x+a,
Clearly these coincide if we set x; = tz;, y; = z; and a; = ta; for i = 1,2,...,n. Com-

paring (62) and (61) and remembering to include an overall factor ¢~!¥l as required by
Lemmma 14, we find

Z&y,) =t T (tzi + 2) su(tz|ta) (81)

1<i<j<n

However the factorial Schur function s,(tz | ta) is homogeneous of degree || in factors of
the form (tz; + tay), so that t~1Mls,(tz|ta) = s,(z | a), as required to complete the proof
of (71). O

As a final corollary it is rather easy to recover the following result originally due to
Lascoux [17] and rederived both by McNamara [21] and by Bump et al. [4]:

Corollary 16 Let x = (xy,29,...,7,), a = (aj,a2,...), d = (n,n—1,...,1), p =
(n—1,n—2,...,0), p be a partition of length £(n) < n, A= pu+06 and kK = pu+ p, with N
and k' the partitions conjugate to A and k, respectively. Then writing z¥© = z{" 25> --- for
any z = (z1, 22, ...) and any v = (v1, s, ...), we have

xP

Z2(6,) = (_1)|R| Su(x |a), (82)

ar’

where Z(&,,) is the partition function of the 6-vertex model with Boltzman weights f;; =
wgt(ci;) given by

Wgt(Cij) 1 —ZEZ'/CLJ' 1 1 1 —(l’i/(lj + 1)

(83)

Proof: To see this one sets y; = 0 in the various wgt(c;;) taken from (63) of Corollary 11.

This yields
Z H ngt(cij) =x"s,(x|a), (84)

AcAX i=1 j=1

with wgt(c;;) is given by the y; = 0 values specified below

¢; |WE| NS [NE[SE] NW | SW
Y; = 0 Wgt(Cl]) 1 ZT; 1 1 —Qj x; + Q;
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To effect the transition from (84) to the required (82) it is necessary to reassign the
contributions —a; arising from each entry NW in C'. This can be done by noting that if
#XY; now represents the number of entries XY in the jth column of C' then #WE; +
#NW;+#SW, is the number of entries in the jth diagonal of the corresponding unprimed
shifted tableau S of shape A, but this number of entries is A’. Tt follows that

_ A \#NW, — . )\/~—#WEj—#SWj — (. A/v—X(jG{)\l,AQ,...,An})—#NS]‘—#SWj
(—aj) ! ( a])j NS s ( aj)]l._ o e (86)
= (g TSI (g

where use has been made of the fact that #W E; = #NS; +1 or #N.S; according as j is
or is not a part of A\, and the observation that for any strict partition A its conjugate \’
is such that A%, = A}, — 1 or A’ again according as j is or is not a part of A. This implies
that we can pass from (84) to (82) by changing the weights from the y; = 0 set in (85)
to those of (83) and dividling on the right by the product over j of (—a;)", that is to say
multiplying by (—1)* /a*". O
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