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Abstract

In this paper, we study Grothendieck polynomials indexed by Grassmannian per-
mutations from a combinatorial viewpoint. We introduce the factorial Grothendieck
polynomials which are analogues of the factorial Schur functions, study their prop-
erties, and use them to produce a generalisation of a Littlewood-Richardson rule for

Grothendieck polynomials.

1 Introduction

Let x = (z1,...,2,) be a set of variables, § a parameter and 6 a skew Young diagram
whose columns have at most n boxes. A set-valued 6-tableau T is obtained by placing
subsets of [n] = {1,...,n} (a notation used throughout) into the boxes of 7" in such a

way that the rows weakly increase while the columns strictly increase. More precisely,
in each cell a of 6, place a non-empty set T(a) C [n] so that if a is immediately to
the left of § then max(7T'(«)) < min(7(F)), while if « is immediately above 3, then
max(7T'(«)) < min(7(3)). An example of such a (4,4,2,1)/(1)-tableau is given by the

following;:
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Given a skew diagram 6, the (ordinary) Grothendieck polynomial Gy(x) is defined by

Gola) = 3 A"

where the sum is over all set-valued 6-tableaux 7.
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In a different form, the Grothendieck polynomials were first introduced by Lascoux
and Schiitzenberger [10] as representatives for K-theory classes determined by structure
sheaves of Schubert varieties. Since then, their properties were studied by Fomin and
Kirillov [4, 5], Lenart [11], Buch [2]. In particular, the latter paper contains the above
combinatorial description of Grothendieck polynomials in terms of tableaux, similar to
that for the Schur polynomials. It is this formulation which we use as the basis for our
approach to the study of Grothendieck polynomials in this paper.

The major focus of this paper is the introduction and study of what we shall call the
factorial Grothendieck polynomials. They generalise (1.1) by introducing a second set
of variables (a;);cz and we define the factorial Grothendieck polynomial in n variables

(xlu Loy e 71771) by
Go(zla) = E ﬁIT\—W\ H Tr D Qric(a)
T

ach
reT(a)
where c(a) is the content of the cell «, defined by c(i,j) = j — i, and again the sum is
over all set-valued #-tableaux T'.

These factorial Grothendieck polynomials specialise in two different ways, firstly by
setting a; = 0 for all ¢ to obtain the ordinary Grothendieck polynomials, and secondly
by setting 3 = 0 to obtain the factorial Schur polynomials as studied in [14]. Of these
two families of polynomials obtained via specialisation, the theory and properties of the
factorial Grothendieck polynomials appear to mimic more closely that of the factorial
Schur polynomials.

It can be shown and indeed is shown in this paper (Theorem 4.6) that the factorial
Grothendieck polynomials G (x|a) with A running over the (non-skew) partitions with
length at most n form a basis of the ring of symmetric polynomials in x4, ..., x,. Hence,
we can define the coefficients cj, (3, a) by the expansion

Go(wla)Gulwla) = ) cj, (8, a) Gulxla). (12)

14

In order to obtain a rule describing these coefficients, we closely follow the method
of Molev and Sagan [14],' exploiting the similarities between the factorial Grothendieck
polynomials and factorial Schur polynomials. This approach relies on properties peculiar
to the factorial versions of the polynomials which enable a recurrence relation for the
coefficients to be determined, though there are also some characteristics unique to the
Grothendieck case, most notably in section 4.2.

We present three solutions to the recurrence relation obtained for the coefficients.
The first of these is a general formula where Gy(z|a) in (1.2) is replaced by an arbitrary
symmetric polynomial. The second is a full solution in the case where # has no two
boxes in the same column, which is essentially a Pieri rule for factorial Grothendieck
polynomials. The third solution is a partial rule for arbitrary 6 obtained by specialising
certain variables to zero.

'We are grateful to Anatol Kirillov for suggesting to apply this method to the Grothendieck polyno-
mials.
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Out of the third solution, an application of the theory of factorial Grothendieck poly-
nomials to that of ordinary Grothendieck polynomials is obtained. This consists of a
combinatorial rule for the calculation of the coefficients czu(ﬂ ,0), generalising a previous
result of Buch [2]. In order to formulate the rule, define the column word of a set-valued
tableau T' as the sequence obtained by reading the entries of T' from top to bottom in
successive columns starting from the right most column with the rule that the entries of
a particular box are read in the decreasing order. As an example, the column word of the
tableau depicted earlier in the introduction is 7843753248761629.

We write A — p if @ is obtained by adding one box to A. If r is the row number of
the box added to A to create p then write A — p. A set-valued tableau T fits a sequence
R(u,v) of partitions

p=p0 I pM 2y 50—y

if the column word of T" coincides with ry ...r;. With this notation, we have

Theorem The coefficient cgu(ﬁ, 0) is equal to BVI=M=19 times the number of set-valued
O-tableaux T such that T fits a sequence R(ju,v).

In the particular cases where 6 = X is normal, or ;. = (3, our rule coincides with the one
previously given by Buch [2]. Note also that if 5 is specialised to 0 then Gy(x) becomes
the Schur polynomial sy(x) so that the values cf,(0,0) coincide with the Littlewood-
Richardson coefficients ¢, defined by the expansion

so(x)s,(x) = Z CopSv(T).

The coefficients ¢, with a non-skew partition A can be calculated by the classical
Littlewood-Richardson rule [8] and its various versions; see e.g. Macdonald [13], Sagan
[17]. In the case where 6 is skew, a rule for calculation of cj, is given by James and
Peel [7] and Zelevinsky [18] in terms of combinatorial objects called pictures. There
is also a short proof of a generalised Littlewood-Richardson rule for Schur polynomials
provided by Gasharov [6], which raises the question as to whether an analogue exists for
Grothendieck polynomials. A different derivation of such a rule is given by Molev and
Sagan [14], where a factorial analogue of the Schur functions was used.

The results given by Buch in [2] are shown to be an immediate consequence of this new
rule. As for the question of providing a complete description of the Littlewood-Richardson
rule for factorial Grothendieck polynomials, this remains unanswered.

In the last two sections, we turn away from the combinatorial approach to Grothendieck
polynomials used elsewhere in this paper and consider the so-called double Grothendieck
polynomials defined via isobaric divided difference operators. These chapters work to-
wards, and eventually prove, the existence of a relationship between these previously
studied double Grothendieck polynomials and the factorial Grothendieck polynomials in-
troduced here.
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2 Preliminaries

2.1 Partitions

A partition A = (A1, A2, ..., ;) is a finite non-increasing sequence of positive integers,
Al > Ay > -+ > X\ > 0. The number of parts [, is called the length of A, and denoted
¢(N). Throughout this paper, we shall frequently be dealing with the set of partitions A
for which ¢(\) < n for some fixed positive integer n. Then, if £(\) < n we shall append
zeros to the end of A by defining Ay = 0 if £()\) < k < n so we can treat \ as a sequence

A1, Ag, ..., Ay) of n non-negative integers.
g
Denote by |\| the weight of the partition A, defined as the sum of its parts, |\| =
> A

An alternative notation for a partition is to write A = (1"12™2...) where m; is the
number of indices j for which A; = ¢. In such notation, if m; = 0 for some ¢, then we omit
it from our notation. So for example we can succinctly write the partition consisting of n
parts each equal to k as (k™).

The Young diagram of a partition A is formed by left-aligning ¢(\) rows of boxes, or
cells, where the i-th row (counting from the top) contains \; boxes.

We identify a partition with its Young diagram.

Say A — p if p is obtained by adding one box to A. If r is the row number of the box
added to A to create u then write A — p.

By reflecting the diagram of A in the main diagonal, we get the diagram of another
partition, called the conjugate partition, and denoted \'. Alternatively and equivalently,
we can define N by \; = #{i | \; > j}.

The main ordering of partitions which we make use of is that of containment ordering.
We say A C p if the Young diagram of X is a subset of the Young diagram of pu.

The other ordering which we make mention of is dominance ordering. We say A > p if
A+ AN > g+ -+ g for all k.

Suppose we have two partitions A, u with A D p. Then we may take the set-theoretic
difference of their Young diagrams and define the skew partition § = A/u to be this
diagram. Note that every partition is also a skew partition since A = A/¢ where ¢ is the
empty partition.

The weight of 6 is the number of boxes it contains: 0] = |\/p| = |[A| — |u].

With regard to notation, the use of # shall signify that we are dealing with a skew
partition, while other Greek letters employed shall refer exclusively to partitions.

2.2 Tableaux

Let 0 be a skew partition. We introduce a co-ordinate system of labelling cells of 6 by
letting (i, 7) be the intersection of the i-th row and the j-th column. Define the content
of the cell a = (i,7) to be ¢(a) = j —i.

In each cell « of 0, place a non-empty set T'(«) C [n] = {1,2,...,n} (a notation we
shall use throughout), such that entries are non-decreasing along rows and strictly increas-
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ing down columns. In other words, if a is immediately to the left of 5 then max(7T'(«)) <
min(7'(3)), while if a is immediately above [, then max(7(«)) < min(7'(5)).

An example of such a (4,4,2,1)/(1)-tableau is given in the Introduction.

Such a combinatorial object 7' is called a semistandard set-valued f-tableau. If the
meaning is obvious from the context, we shall often drop the adjectives semistandard and
set-valued. 6 is said to be the shape of 1", which we denote by sh(T').

Define an entry of 7" to be a pair (r,«) where o € 0 is a cell and r € T'(a). Let |T|
denote the number of entries in 7.

Define an ordering < on the entries of T by (r, (¢,7)) < (+',(i', 7)) if j > j', or j = §
and ¢ < ', or (i,7) = (¢, 5') and r > 7’. On occasion, we shall abbreviate this to r < r’.

So any two entries of T" are comparable under this order, and if we write all the entries
of T"in a chain (r1,0n) < (r2,a2) < ... < (rp}, 7)), then this is equivalent to reading
them one column at a time from right to left, from top to bottom within each column,
and from largest to smallest in each cell. Writing the entries in this way, we create a word
riry ... 77|, called the column word of T', and denoted o(T).

2.3 Symmetric functions

Here we define the monomial symmetric function my and the elementary symmetric func-
tion e, in n variables (x1, z9, ..., x,).
For a partition A = (A1, Mg, ..., \,), define the monomial symmetric function my by

ma(@) =) [Ta2
=1

where the sum runs over all distinct values of [}, x:‘rl(z) that are attainable as 7 runs over
the symmetric group S,,.

As an example, if n = 3, then we have mao) (21, 22, 23) = 2323 + 1323 + 2327,

The elementary symmetric function e; can now be defined as e, = mx).

The monomial symmetric functions my, where A runs over all partitions with £(\) < n,
form a basis for the ring of symmetric polynomials in n variables, A,,.

We will stick with convention and use A,, to denote the ring of symmetric polynomials
in n variables over Z. However, we will often wish to change the ring of coefficients, so
will often work in A,, ®7 R for some ring R. As we shall only ever consider tensor products
over 7, the subscript Z is to be assumed whenever omitted.

3 Ordinary Grothendieck Polynomials

Before starting our work on the factorial Grothendieck polynomials, first we present some
of the theory of the ordinary Grothendieck polynomials.
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Definition 3.1. Given a skew diagram 6, a field F, § an indeterminate over F, we define
the ordinary Grothendieck polynomial Gy(z) € F(B)[z1,...,x,] by

Gula) = 3287 T (3.1)

a€el
reT(a)

where the sum is over all semistandard set-valued 6-tableau T'.

Remark 3.2. In the existing literature, Grothendieck polynomials are often only presented
in the case § = —1 as a consequence of their original geometric meaning. The case of
arbitrary [ has been previously studied in [4] and [5], though there is essentially little
difference between the two cases, as can be seen by replacing z; with —z;/3 in (3.1) for
all 2.

Example 3.3. Calculation of G)(z).

We can have any nonempty subset of [n] in the single available cell of T', so we have

Guy(w) = Y A [ [ i = Zﬁj PIES Zﬂjfl@j(”’)'

SC[n] ies SC[n] i€S j=1
S#¢ |1S|=J

where the e; are the elementary symmetric functions. Hence,

n

1+ AG Zﬁﬂej = [0+ Bz;) = (x). (3.2)

=1

where for any sequence y = (y1, 2, . . ., Yn), we denote the product [[;, (1+ Sy;) by I(y).

At this stage we will merely state, rather than prove the following important theorem
about ordinary Grothendieck polynomials, as it is proven in greater generality in Theorems
4.3 and 4.9 of the following section.

Theorem 3.4. The ordinary Grothendieck polynomial Go(z) is symmetric in 1, ..., T,,
and furthermore the polynomials {Gx(x) | ¢(X) < n} comprise a basis for the ring of
symmetric polynomials in n variables A,, @ F([3).

For a skew-partition #, and partitions p, v with £(r) < n, we define the coefficients
cgu € F(3) by
Go(x)G () = Z g Gu(T). (3.3)

The above theorem shows that these coefficients are well defined.

Before moving onto an important result from the theory of ordinary Grothendieck
polynomials, we present two insertion algorithms which play an integral role in the proof.
Buch [2] presents a similar column-based insertion algorithm.

First we present a forward row insertion algorithm. As input, this algorithm takes a
set S C [n] and a semistandard, set-valued row R and produces as output a row R’ and
a set S’
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Algorithm 3.5 (Forward row insertion algorithm). For all s € S, we perform the
following operations simultaneously:

Place s in the leftmost cell of R such that s is less than all entries originally in that
cell. If such a cell does not exist, then we add a new cell to the end of R and place s in
this cell.

If there exist entries greater than s occupying cells to the left of where s was inserted,
then remove them from R. Call this a type I ejection. If no such elements exist, then
remove from R all the original entries in the cell s is inserted into and call this a type II
ejection. The resulting row is R’ and the set of elements removed from R is 5.

For example if S = {1,2,3,6,7,8} and R is the row 1,12,47,7,789,9 then the algo-
rithm gives:
124678 — 1 12 37 7 789 9
Insert 12 46 78
Eject 2 37 89
Final Result 1 1 12 467 7 789 — 23789

with output R’ =1,1,12,467,7,789 and S’ = {2,3,7,8,9}.

We show that in this algorithm, if a number x is ejected, then it is ejected from the
rightmost cell in R such that z is strictly greater than all entries of R’ in that cell.

Let y be an entry of R’ in the cell x is ejected from, and suppose that y > z. If y
was, along with = an original entry of R, then y would have been ejected from R at the
same time that x was, a contradiction. Hence y was inserted from S into R. But then,
due to the criteria of which cell an entry gets inserted into, we must have y < z, also a
contradiction. So x is greater than all entries of R’ in the cell it was ejected from.

Now consider a cell & € R to the right of the one x was ejected from, and let its maxi-
mum entry of a in R’ be y. If y was an original entry of R, then since R is semistandard,
y > x. Now suppose that y was inserted into R from S, and further suppose, for want
of a contradiction, that y < x. Let z be the minimal original entry in o. Any element
inserted into « is less than or equal to y, so less than x and hence ejects x via a type I
ejection. So no type II ejections occur in a. Now z > y by our insertion rule for adding v,
so by maximality of y, 2 must have been ejected from R. Then this must have occurred
via a type I ejection. To be ejected, an element w < z must have been added to the right
of z, but such a w cannot be added to the right of z by the conditions for insertion, a
contradiction. Hence y > x.

So we have proven that if a number x is ejected, then it is ejected from the rightmost
cell in R such that z is strictly greater than all entries of R’ in that cell. If an element
of S, when inserted into R does not cause any entries to be ejected, then it must have
been inserted into a new cell to the right of R’. We are now in a position to describe the
inverse to this algorithm, which we call the reverse row insertion algorithm.

Algorithm 3.6 (Reverse Row Insertion Algorithm). The reverse insertion of a set
S’ into a row R, whose rightmost cell is possibly denoted special, produces as output a
set S and a row R, and is described as follows:

For all x € S’, we perform the following operations simultaneously:
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Insert x in the rightmost non-special cell of R’ such that x is strictly greater than all
entries already in that cell.

If there exist entries in R’ less than x in cells to the right of z, remove them. If this
does not occur, then delete all original entries of R’ in the cell in which = was inserted to.

Also, remove all elements in the special cell and delete this special cell if a special cell
exists.

The remaining row is R and S is taken to be the set of all entries removed from R'.

We now present an algorithm for inserting a set Sy C [n] into a semistandard set-valued
tableau T

Algorithm 3.7 (Forward Insertion Algorithm). Let the rows of 7" be Ry, Ry, ... in
that order. Step k of this insertion algorithm consists of inserting Sy_; into Ry using
the forward row insertion algorithm described above, outputting the row R; and the set
Sk. The resultant tableau 7" with rows R}, R, ... is the output of this algorithm. Write
T"'=S<T.

Now we show that 77 = S < T is a semistandard set-valued tableau, and furthermore
that if T" has shape A and 7" has shape pu, then A = pu.

It is an immediate consequence of the nature of the row insertion algorithm that
each row of 7" is non-decreasing. To show that entries strictly decrease down a column,
we need to look at what happens to an entry ejected from a row Ry and inserted into
Ry 1. Suppose that this entry is a and is ejected from the j’th column and inserted into
the ¢'th column of Ryiy. Then a € T'(k,j) so a < T(k + 1,7) and hence ¢ < j. Any
entry in T'(k,7) greater than or equal to a must also be ejected from Ry so T"(k,i) < a.
Since this algorithm always decreases the entries in any given cell, the only place where
semistandardness down a column needs to be checked is of the form T’(k,i) above the
inserted a as checked above, so T” is indeed semistandard.

In the transition from 7" to T, clearly no two boxes can be added in the same row.
Now, when a box is added, no entries are ejected from this box. We have just shown above
that the path of inserted and ejected entries always moves downward and to the left, so it
is impossible for entries to be added strictly below an added box, so hence no two boxes
can be added in the same column, so our desired statement regarding the relative shapes
of T and T” is proven.

We now construct the inverse algorithm. Let A be a partition and suppose 1" is a
semistandard set-valued tableau with shape p where A = p. Call a cell of 7" special if
it is in p/A. The inverse algorithm takes as input 7" as described above and produces a
A-tableau T' and a set S C [n] for which 7" = S — T.

Now, supposing we have a u-tableau 7" as described above with rows R}, RS, .. ., R}( 0
Let Sy() = ¢ and form Ry, and S;_; by reverse inserting Sy, into R} Then T is the resulting
tableau consisting of rows Ry, Ry,... and S = 5.

This completes our description of the necessary insertion algorithms. We note that
the forward row insertion algorithm and the reverse row insertion algorithm are inverses
of each other, we have constructed the inverse of the map (S,7") — (S — T) and hence
this map is a bijection.
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The following equation is due to Lenart [11]. The proof we give however is based on
the algorithm depicted above.

Say A = p if p/A has all its boxes in different rows and columns (this notation also
includes the case A = p). If we want to discount the possibility that A = pu, then we write
A= .

Proposition 3.8. [11]
CrMI(r) = 3 BG (x).

A=p

Proof. We have a bijection via our insertion algorithm between pairs (S,T") with S C [n]
and T a A\-tableau, and u-tableau T” where p is a partition such that A = p. Furthermore,
if we let 27 = I, cr z», we note that the insertion algorithm at no time creates destroys or
changes the numbers occurring in the tableau, only moves them and thus 2725 = 257,

Therefore,
G = 3 AT Y s

sh(T)=\ SC[n]

= Zﬁ\TIHSIf\/\Ix(S‘HT)
(T,S)

— Z@WM Z 5\T’|—\u\xT’
A= sh(T")=p

- Zﬁ\u//\\gu(x)
A=

as required. O

This last result provides the values of ) for all partitions A\ and v. Later, we shall
prove Theorem 6.7 providing a rule describing the general coefficient ¢j,. This theorem
encompasses two special cases which are known thanks to Buch [2], namely that when ¢
is a partition, and when p = ¢, the empty partition. We shall finish off this section by
quoting these results. In order to do so however, we first need to introduce the idea of a
lattice word.

Definition 3.9. We say that a sequence of positive integers w = (iy, is, . . ., 4;) has content
(c1,ca,...) if ¢; is equal to the number of occurrences of j in w. We call w a lattice word
if for each k, the content of the subsequence (iy,1is,. .., 1) is a partition.

For the case where 0 = A, a partition, Buch’s result is as follows:

Theorem 3.10. /2] ¢}, is equal to BVI=RI=Ii times the number of set-valued tableaur T
of shape X\ x p such that ¢(T') is a lattice word with content v.

Here, \x p is defined to be the skew diagram obtained by adjoining the top right hand
corner of A to the bottom left corner of x as shown in the diagram below.
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I

For the case where i = ¢, the empty partition, Buch’s result, expanding the skew
Grothendieck polynomial Gy(z) in the basis {G\(z) | £(\) < n} is as follows:

Theorem 3.11. /2] Chy 15 equal to the number of set-valued tableaux of shape 6 such that
c(T) is a lattice word with content v.

4 The Factorial Grothendieck Polynomials

Now we are ready to begin our study of the factorial Grothendieck polynomials, the main
focus of this paper. Again, we work over an arbitrary field IF, and let 3 be an indeterminate
over F. In addition to this, we shall also have to introduce a second family of variables as
part of the factorial Grothendieck polynomials.

Define the binary operation @ (borrowed from [4] and [5]) by

rhy=x+y+ Pry

-
1+Bz

T—y
14+8y*

and denote the inverse of @ by ©, so we have ©Ox = and z ©y =

4.1 Definition and basic properties

Let 0 be a skew diagram, a = (ax)rez be a sequence of variables (in the most important
case, where 6 is a partition, we only need to consider (ax)32 ). We are now in a position
to define the factorial Grothendieck polynomials in n variables © = (x1, o, ..., x,).

Definition 4.1 (Factorial Grothendieck Polynomials). The factorial Grothendieck
polynomial Gy(x|a) is defined to be

Golela) =S T TT 20 ® arseie (4.1)
T ach
reT(a)
recalling that ¢(«) is the content of the cell a, defined by ¢(i, j) = j —i. The summation
is taken over all semistandard set-valued #-tableaux 7.

Remarks

1. The name factorial Grothendieck polynomial is chosen to stress the analogy with
the factorial Schur functions, as mentioned for example (though not explicitly with this
name), in variation 6 of MacDonald’s theme and variations of Schur functions [12]. The
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factorial Schur functions are obtainable as a specialisation of the factorial Grothendieck
polynomials by setting 6 = 0, though to be truly consistent with the established literature,
one should accompany this specialisation with the transformation a — —a.

2. Setting 6 = ¢, the empty partition, we get Gy(z|a) =

3. The 3 can be seen to play the role of marking the degree. For if we assign a degree
of —1 to [, where = and a each have degree 1, then Gy(x|a) becomes homogenous of
degree |6).

4. If we set a = 0, then we recover the ordinary Grothendieck polynomials through
specialisation.

5. If \ is a partition with £(\) > n, then it is impossible to fill the first column of A to
form a semistandard tableau, so G(x|a) = 0. Hence we tend to work only with partitions
of at most n parts.

6. In a similar vein to the connection between factorial Schur functions and double
Schubert polynomials, as pointed out by Lascoux [9], there exists a relationship between
these factorial Grothendieck polynomials and the double Grothendieck polynomials dis-
cussed for example in [2], amongst other places. The final two sections of this paper work
towards proving such a result, culminating in Theorem 8.7, which provides a succinct
relationship between these two different types of Grothendieck polynomials.

Example 4.2. Let us calculate G(1)(z|a). Here we use o @ a to represent the sequence
(1 ® ar, o @ ag, ..., o, D ay,).

Similarly to the calculation of G1)(x), we can have any nonempty subset of [n] in the
one box of T', so we have

Golel) = Y 0 [[nou-30 Y [Jaon

SC[n] i€S Jj=1 SC[n] i€S
S#¢ |S]=j
n
j—1
- E ﬁ] €j(ZE S CL),
J=1

where the e; are the elementary symmetric functions. Hence,

n

1+ 5G)(zla) Zﬁjej H(l + B(z; @ a5)) = (2)1(a).
Jj=1
Theorem 4.3. The factorial Grothendieck polynomials are symmetric in xq, X2, ..., Ty.

Proof. (This proof is a generalisation of a standard argument, for example as appears in
[17, Prop 4.4.2].) The symmetric group .S, acts on the ring of polynomials in n variables
T1,To,..., %, by permuting variables: wP(xy,...,2,) = P(Zzq), ..., Tzm)) for 7 € S,.
Since the adjacent transpositions (7,74 1) generate S, to show that G@(l‘| ) is symmetric
it suffices to show that Gy(x|a) is stable under interchanging z; and ;1. We consider
marked semistandard tableaux, with an entry j marked in one of three ways:
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1. first marking - j - corresponding to taking the x term from z @ a.
2. second marking - j* - taking the a term from x & a.

3. third marking - jj* - taking the fza term from z @ a.

Then we can write Gy(z|a) as a sum over marked tableaux, where each marked tableau
T' contributes the monomial

w(T):ﬁIT\—le\ H z, H Uyt o(o)

r unstarred r starred

to the sum Gy(z|a) = >, w(T).

13 14%9
1% 1455
2%6| 78

As an example, if T" is the above tableau, then we have
7
w(T) = B'29a6T3042T505T4T3T7A0T6A0.

Note that there is no ambiguity between first and third, or second and third markings,
since the same number cannot occur twice in the same cell.

We now find a bijection " — T between marked tableaux such that (i,i + 1)w(T) =
w(T").

Given T, we construct 7" as follows:

All entries not ¢ or ¢ + 1 remain unchanged.

If 7 and 7 + 1 appear in the same column, we swap their markings. An example with
1 = 2 is the following:

227 2
3 337

All other occurrences of ¢ and 7 + 1 are called free, and we deal with them one row at
a time, independently of each other.

Suppose that there are a free i’'s and b free ¢ + 1’s in a row. Here we are not counting
starred markings and also not distinguishing between an unstarred number in the first
marking and in the third marking. If a = b, the row remains unchanged. Now let
us assume that a > b. (The a < b case can proceed similarly, or alternatively and
equivalently can be defined to be the inverse of the a > b case.)

Consider those cells from the (b+ 1)-th free i to the a-th free i inclusive, and call these
cells L. If the rightmost box of L contains an unstarred i + 1, we extend L to the left
to start at the b-th free i. We leave boxes outside of L unchanged and modify boxes in
L C T to form L' C T" as follows:

THE ELECTRONIC JOURNAL OF COMBINATORICS 13 (2006), #R71 12



1. For each second marking ¢* in L, not in the leftmost box of L, replace it by an
(14 1)* in L’ one box to the left. Similarly, for each third marking #* in L, not in the
leftmost box of L, we replace it by an (i 4+ 1)(¢ + 1)* in L' one box to the left.

2. Place an 7 4 1 in any cells of L' which are still empty.

3. Any " in the leftmost box of L or an (i + 1)* in the rightmost box of L' is left
unchanged.

4. If there is an 7 + 1 in the last square of L, place an ¢ in the first square of L'.

To illustrate this more clearly, we provide now an example of the bijection between
free rows (note in this example, i = 2, a = 3, b = 1, and L runs from the third to the
sixth cells in the row inclusive).

270 2 (227 27| 2 1237 3 — 27021231 3 | 3 |33 3

From the structure of the construction of the map 7' +— T, we can easily see that it
is an involution, so thus is bijective, and furthermore except that the number of i’s and
the number of (i 4+ 1)’s is reversed, weights are preserved, in the sense that we have the
desired equation (7,7 + 1)w(7T) = w(T"). Thus we have

(i,i+ 1)Go(xla) =Y (i,i+ Dw(T) =Y w(T") = G(xa)

as required, so the proof is complete. O

Given a partition A = (A1, Ay, ..., A,), define the sequence ay = ((ay)1, (ay)a, - -, (ax)n)

. T Qppl—it)
by (a/)\>’i — @an+17i+)\¢ - 1+ﬁan+1—i+;i

Theorem 4.4 (Vanishing Theorem). Suppose \ and p are partitions with {(\) < n.
Then

Gilaula) =0 if XZp
GA(CLAM) 7é 0

Proof. (This argument is borrowed from Okounkov’s paper [16] and is included here for
completeness and its importance.)

Since Gy(z|a) is symmetric in x, we can replace the sequence (xi,xa,...,x,) by
(Tp, X1, ...,x1) in (4.1) to obtain
G}\(ZE|6L) = Zﬁ"”_‘)\' H Tpt1—r D Aptc(a)-
T aEX
reT(a)

Thus we have

Gi(ayla) = Z BITI=R T (4.2)
T
Gric(a) = Crdppia—r
where [ )
O];J):\ 1 + ﬁar'i‘linﬁ»lf'r
reT (o)

In order to continue, we need the following proposition.
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Proposition 4.5. " # 0 if and only if T'(i, j) > n+i — pj for all (i, j) € A.

Proof. (As well as representing a set, sometimes we write T'(«) here and treat it like an
integer, to do so means that the result holds for any element of T'(«).)
We have

£ 0
= fnpi-T(2) F cla) Vo (4.3)

Assuming that this holds, we shall now prove by induction on j that pi,11-7a; > 7.
For j =1, by (4.3), Hnt1-71,1) 7 080 pfinp1-7,1) = 1 as it is a non-negative integer.
Now suppose j > 1 and ppq1-7(1,j-1) = J — 1.

As T(Lj) = T(laj - 1)7 Hnt1-T(1,5) = Hn41-T(1,5-1)-

But by (4.3), ftnt1-7,j) # j — 1 so it must be that p,41_r@;) > j as required and
the induction is complete.

Therefore n+ 1 —T(1,5) < pj, ie. T(1,j) > n+1—pf. Since T(i+1,7) > T(i, j), a
straightforward induction on 7 gives T'(,j) > n +1 — .

Now suppose that T'(i, j) > n+i—p’; for all (i, j) € A. Equivalently this can be written
asn+1i—T(i,7) < pj, which gives us the chain of inequalities (i, 11-7(j) = Hnti-1(j) =
P, = J > J =i In particular, this shows pi,11-7() # ¢(@), so 7 # 0 as required and
the proof of the proposition is complete. O

Now we return to proving the vanishing theorem and apply the condition that 7'(z, j) <
n to the above proposition. If Gy(a,|a) # 0, then we have:

/ . .. . / / .
Ny >i o= (i,j) €N = n+i—p;<n = uj>i

Thus X, < pf; for all j, so A C p and the first part of the vanishing theorem is proven.
In the case A\ = pu, equality must hold everywhere, so there is a unique A-tableau
T for which 2" # 0, namely that with T'(4,j) = n +i — X} for all (i,5) € T. Hence
Ga(axla) # 0. O

From the above, we can write an explicit formula for Gy(ay|a). After making the
change 1 — 1 + )\;- — 4 to neaten up the result, we get:

Optj—N, = Qrj+n—it1

1+ Bax,4n—it1

Gi(ayla) = H

(4,7)EX

We pause to introduce a space utilised in a couple of subsequent proofs. Let L denote
the subspace of A,,®F(3, a) spanned by the monomial symmetric functions {m, | A C k"}.

Theorem 4.6. {G\(z|a)} form a basis in A, @zF (5, a) as X runs over all partitions with
(X)) < n.
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Proof. If yn C k™, then G, (z|a) € Ly, for a number 7 in a p-tableau 7' can appear at most
once in each column, and hence at most k times overall so the exponent of z; in G, (z|a)
is at most k.

Let p1 < po < --- < p; be a fixed ordering of the [ = ("Zk) partitions contained in
(k™) which is a refinement of the dominance ordering. Define the matrix Dy by

Gy, (z]a) my, ()
: = Dy, : (4.4)
Gy, (xa) my, (z)

which is possible since {m, | A C k"} forms a basis of Lj.

Let dk = dk(ﬁ, a) = det Dk

From the definition of G)\(z|a), we see that every entry of Dy, is a polynomial in § and
a and hence the same is true of dj.

If we specialise to the case § =0, a = 0, then D;, becomes the transition matrix from
the monomial symmetric functions to the classical Schur functions. In [13, Ch 1, 6.5],
this transition matrix is shown to be lower triangular, with 1’s along the main diagonal,
so has determinant 1 and thus dj(0,0) = 1. Hence d(f3, a) is not identically zero, so Dy, is
invertible and thus {G,(x|a) | A C k™} is a basis of L.

As Ly C Ly C Ly C -+ and ULy = A, @ F(B,a), {Gi(z|a) | £(N) < n} forms a
basis for A,, ® F(3, a). O

4.2 Analysis of poles

In this section, we do not make any use of skew diagrams, so only need to deal with the
sequence of variables (ax)2 .

Suppose P(z) € A, ® F[3,al], and suppose we expand P(zx) in the basis of factorial
Grothendieck polynomials G (z|a).

P(z) = 3" dyGi(ala) (4.5)

The coefficients d) can be written as a quotient of coprime polynomials in 3 and a:
dx = fr/ 9
Lemma 4.7. The only possible irreducible factors of gy are of the form 1+ Ba; for some

1> 0.

Proof. First, fix a k such that P(z) € L. If we first expand P(z) in the basis of monomial
symmetric functions my, we find that the coefficients are all polynomials in 3 and a. Using
(4.4) and Cramer’s rule to subsequently determine the d, we find that the denominators
g must all divide d.

Setting « = a,, in (4.5) and applying the vanishing theorem gives

d, = m (P(au) = dpc;p(am)).

pCH
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This provides a recurrence from which the coefficients d, can be computed inductively
using inclusion ordering. From such an induction, we can conclude that the only possible
irreducible factors of the denominators g, are of the form 1+ fa; (from poles of G,(a,|a))
or a; — a; (from zeros of G, (a,la)). If the latter occurs, then ¢,(0,0) = 0, contradicting
dr(0,0) = 1 as gx|dg. Thus the only possible irreducible factors of denominators gy are of
the form 1+ Ba; (i > 0). O

In fact we can prove that the only possible irreducible factors of di(3,a) are of the
form 1 + (a; for some i. For if f is irreducible and f divides dj, then working over the
integral domain F[(][a]/(f), where (f) is the ideal generated by f, we have that the deter-
minant of the transition matrix from the monomial symmetric functions to the factorial
Grothendieck polynomials is zero. Hence the factorial Grothendieck polynomials are lin-
early dependent. So there exist ¢\ € F[3][a]/(f) not all zero such that ), ecxGi(z]a) = 0.
If by € F[5][a] is such that ¢y = by + (f) then ), byG\(z|a) = fg for some g € F[f][a][x]
and not all by are divisible by f. Then g =", bTAG A and since not all by are divisible by
f, f can appear as a denominator of an expansion of the form (4.5), and hence from our
above result concerning such denominators, f must be of the form 1 + (a; for some .

In the subsequent section, we shall prove the following formula, which shows that for
all © > 0, 1 4+ (Ba; can appear as a factor of a denominator in an expansion of the form
(4.5), and hence divides dj for large enough k.

Proposition 4.8.
G(2la)TI(x) = T1(ay) 3 A6, (x]a) (4.6)

A=2p

Once this formula is proven, we have the stronger result.

Theorem 4.9. The specialisation of {Gx(x|a) | ¢(A) < n} under an evaluation homo-
morphism F[3,a] — F forms a basis of A, @ F if and only if a;5 # —1 for all i.

Note that this also includes the important case of the ordinary Grothendieck polyno-
mials via the specialisation a = 0.

5 A Recurrence for the Coefficients

5.1 Proof of Proposition 4.8

Define coefficients ¢y = c¢4(8, a) by

Ga(z]a)lI(z) pl=IA]
AHT — Zﬁl =N G (]a). (5.1)

I

These are well defined since the factorial Grothendieck polynomials are known to form a
basis. (Theorem 4.6.)
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First, consider (5.1) with = and a replaced by z/3 and a/ respectively:

e - 24 5)a(505)

Terms of the form B‘”'Gy(%]%) and II(%) are both independent of 3. Hence ¢\(8, 5) is
also independent of 5. As we already know ¢} is a rational function of § and a, this last
piece of information tells us that in fact ¢4 is a rational function of fas, Sas, . . ..

Setting « = a,, in (5.1) and applying the vanishing theorem gives:

1 Gi(a,la)I(a,) DAl p
ﬁu—l’\G“(aum)( II(ay) N Zﬁ‘ - C/\GP(a#’a)) (5.2)

pCp

Mo
C}\—

from which we compute the coefficients ¢} inductively on .

If p is a minimal partition with respect to containment order for which ¢§ # 0, then
this gives G (a,|a) # 0, so by the vanishing theorem, A C p. So we may rewrite our sum
in (5.2) as a sum over A C p C .

We shall now prove by induction on p that ¢ € F[3,a]. So suppose that ¢} € F[3, d]
for all p C p.

From (5.2), we find that the following list gives all possibilities for poles of ¢4:

1. zeros of BH=NG  (a,]a).
2. poles of BIFI=ALG (a,la), where A C p C p.
3. poles of Gy(a,|a)II(a,)II(ay) .

1. Zeros of BH=NG ,(a,|a) are of the form 3 or a;—a;. However G (z|a)Il(z)[I(ay)™" €
A, ®F[3,d] since I(ay) ™ = [T, (14 Bant1-it+»,), 50 by Lemma 4.7, the poles of giHI=IAlck
can only have irreducible factors of the form 1+ (Ba;. This leaves open the possibility that
B could be a pole of ¢§. If this were the case, since ¢} is a rational function of fBa, cy
would also have to contain a pole which vanishes at a = 0, contradicting our general result
concerning poles.

2. A pole of P\l cannot be a pole of ¢\ by the argument above. By inductive
assumption, there do not exist any poles of ¢§, where p C pu. Now write G,(a,la) =
S BTEIPIZT as per (4.2). By our proposition, if 27 # 0, then T can have at most the
entries n + 1 — u;-, n+2— ,u;-, ...,n in the j-th column. This maximal set of entries
are exactly the entries of the unique tableau T" which contributes a non-zero amount to
G(a,|a). Hence the pole of 27 is at most that of G, (a,|a), so since we divide by G ,(a,|a),
this gives no contributions to poles of ¢.

3. Write Gy (a,|a) = >, BT1-zT as per (4.2). Then we have

=

(@) _ ZﬁIT\—I/\\xTM'

GA(GILM) H(@)\ H(@)\)

~—

T
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Suppose that ¢} has a factor 1+ Bay in its denominator. Then 1+ Bay is a pole of 27 or
II(a,) so is of the form 1+ Ba;4,, ., , for some i € [n].

We only need to consider those tableaux T for which the multiplicity of the factor
1 + Baiyp,,, , in the denominator of 271I(a,,) is strictly greater than the corresponding
multiplicity in G,(a,|a). From the argument in Case 2, we know that 27 has a pole at
most that of G, (a,|a).

If ftni1-i = Ans1-i, then there will be a corresponding factor 1 4+ fay in Il(ay) can-
celling that from II(a,) ensuring that the multiplicity of 1 4+ Ba;, in the denominator of
2TTI(a,)(ay)"" is not greater than that in Gy(a,|a), as required.

Now we may suppose fin41—i # Ant1—i- We also must have Gy(a,|a) # 0, so u D A,
and thus pip1-; > A1

Factors of 1 + fa; in the denominator of 27 are in one-to-one correspondence with
occurrences of the entry 7 in 7', so we only need to consider those T" with a maximal
possible occurrence of ¢ as given by Proposition 4.5.

Consider the fi,11_4-th column of our A-tableau 7', and call it C.

As (n+1—i, 1 +1) € p, M,y 41y < n—iand thus T(1, piny1—i+1) > i. Hence,
there cannot be any i’s to the right of C'. Also, n + 1 — ,uibnﬂ_i > 1, so since T' contains
the maximal possible number of i’s, it must contain an entry ¢ in the i, 1_;-th column.

Let j be the largest index for which T'(j, jt,41_;) contains an entry less than i + j.
Note 7 must exist as there must exist an ¢ in this column.

Pair the two tableaux T and 7", identical in all respects except that 7" contains an i+ j
in the j-th row of C' and T does not. Note that these will both be semistandard since we
have the inequalities T'(j, ptn41-i+1) > i+j (by Proposition 4.5) and T'(j+1, pps1-) > i+j
(by maximality of j) while T'(j, pn+1-;) already contains an entry less than i + j.

We now calculate:

BTN 4 gITI=RET = BT (1 4 B((ap)nti—(i+9) @ Qitirelopmirs)
1+ ﬁaiJrunJrl—i

— ﬁlT\—I/\\xT
1+ Bai+j—un+1—(i+j)

By pairing our tableaux in this way and recovering an extra factor 1 + (a; in the
numerator, we see that the total pole for the factor 1+ Bay is at most that of G, (a,|a) as
required, so ¢) cannot have any poles, since all possible cases have now been considered.

Thus ¢ is a polynomial in 5 and a (as we already know it is a rational function of 3
and a). We now compute the degree of ¢y, considered as a polynomial in 3, and show by
induction on p that degzcy < 0.

We use equation (5.2) and calculate the degree of each of its constituent terms.

term degree
BrPG (aula) |l = (Al = [l = =[N
Galayla) < -\l
I(a, ) (ax) ™" 0
BANAG (aula) | < lpl = N[ +0—[p] = =)
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Here we use the fact that 27 has degree —|T'| and the inductive assumption for p C p.

Now placing this into (5.2) we arrive at the inequality degcy < —|A| 4+ |\ = 0 as
required.

Being a polynomial in fay, fSas, ... of degree at most zero in 3, ¢y must be constant,
that is independent of § and a. Thus we can calculate the values of ¢; by specialisation
to the ordinary Grothendieck polynomials with a = 0. From Proposition 3.8, we know
the value of ¢y(,0) and thus,

1, if A= pu,
0, otherwise.

h(B,a) = \(83,0) = {
so Proposition 4.8 is proven, as required.

5.2 The recurrence relation

Suppose v is a partition of length at most n, p is a partition, 6 is a skew diagram and
P(z) is a fixed symmetric polynomial in 1, xs...x, with coefficients in F(3,a). Then
define the coefficients gi/ = g/(P) € F(3, a) by the formula

P(2)G(xla) =) g/G.(w|a). (5.3)

Theorem 4.6 ensures that these coefficients are well defined.
In the important special case where P(x) = Gy(z|b) with b = (b;);ez a second doubly
infinite sequence of variables, we use the notation gg, = gg,(a,b) for g, (Ge(x[b)).

Proposition 5.1. The coefficients g;; satisty the following recurrence:

0= iy i (0 M@ s ™o = 3 a)aar).  (5a)

7=\ n=*v

with boundary conditions
(1)  g,=0 unless pCu,
(i) gy = Play).

This is indeed a recurrence, for it enables the coefficients g, to be computed recursively
by induction on |v/pul.

Proof. Applying Proposition 4.8 to
P(x)G,(z Z gpGy(x|a)ll(x)

yields the following:

P(z Z ﬁ|>\/li|G>\ (z|a) Z g n) Z ﬁ‘”/any(xM)

p=A n=v
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If we now combine this with (5.3) we obtain the identity

Z Z ﬁl/\/ul YG,(z|a) Z gZH Z 5\V/77|G (z|a)

u=A v n=v

We now use the fact that the factorial Grothendieck polynomials G (z]a) form a basis to
equate the coefficients of G, (z|a), giving

Z giAml g Z I(a ﬂIV/n\
H=A n=v

which rearranges to the quoted form of the recurrence.

For the boundary conditions, suppose that p is a minimal partition with respect to
containment order such that gf, # 0. Substituting = a, in (5.3) gives G\(a,|a)P(a,) =
9hGplapla). Tf o & p then from the vanishing theorem, we get (i) gf, = 0, so now we may
deal with the y = p case which gives (ii) g5 = P(a,) as required. O

We now give a general solution to the above recurrence.
For a partition A, introduce the notation II(\) to represent Il(a,).

Proposition 5.2. The general solution to the recurrence (5.4) is

1 l
1
v _ glv/ul I 11 P T/ -\ 17/ -\
9y B ZR: (Po) ( pz 1 kZ:; apk llﬂ(pk)_ﬂ(pi)

2k
where the sum is over all sequences
Rip=p="m=3" = pa=3"p=vr

Proof. We need to show that this proposed solution satisfies both the recurrence relation
and the boundary conditions.

That this proposed solution satisfies the boundary conditions is immediate, for if u ¢ v
there is no such sequence R while if y = v there is exactly one such sequence, the trivial
sequence with [ = 0.
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By induction on |v/u|, we get

G = m< > T(a,)8Mlgy = H(an)ﬁ'”/”‘gﬂ)

u:t*)\ n=*v
_ B‘V/N‘ ( H j) ! P ! 1
ZR:H ; (o % (px) — L(p:)
-1 1 1
— II(p (J P( )
ZR:E) ,; (%, 1;{ (px) — 1(p:)

=TT s Pla,w)[(T(pr) — T(po)) — (T(px) — (o))
-7 ER:JHOH(’) ),; (11(v) = 11()) TTig H(pr) = 11(p)

l l
_ gl a _
B %H(PO)FK pl 1 ;P Pk H (pr) — I(p;)

=0
17k

as required. O

6 Calculation of the Coefficients

The general solution to the recurrence appears inadequate, in that it is hard to specialise
to the case of ordinary Grothendieck polynomials by setting a = 0, and nor does it clearly
reflect the stringent conditions we have imposed on denominators in Lemma 4.7. So now
we turn specifically to the case P(z) = Gy(x|b) and provide an alternative description of
the coefficients gy, with a view to specialising to the ordinary Grothendieck polynomials.

6.1 Solution where all boxes of 6§ are in different columns

We now provide a solution to the recurrence in the case where 6 does not contain two
boxes in the same column. In order to state this result however, we first need to define
some more combinatorial objects.

Consider a sequence of partitions

Tl

Say a semistandard set-valued 6 tableau T is related to R if T' contains distinguished
entries ry,ry, ..., in cells oy, as, ..., q; respectively with (ri,a1) < (r2,a0) < ... <
(r;, ) where < is the ordering defined in Section 2.2. We distinguish these entries by
placing a bar over them.

If pO, pM .. p® are partitions, r,75...,7; € [n], and T is a f-tablean with distin-
guished entries (r1,a1) < - -+ < (17, ), then we define the function
FT<p(l) || p | p(0)>
T o 1
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to equal the product

l
H (( @ br+ca H 1 +ﬂ n)(l +ﬁbn+c (ovs) )
=1

a€cl
reT(a)
unbarred

where p(r) = p@ if r; < r < ri41. In the important case where the p® and r; form a
sequence R of the form (6.1), and T is a semistandard #-tableau related to R, we denote
this product by w(T).

Theorem 6.1. For P(z) = Gg(z|b), if 0 does not contain two boxes in the same column,
then
G = D, BT (D). (6:2)

where the sum is over all O-tableauz T which are related to a sequence R of the form (6.1).

Proof. For v 2 p, no such sequences R exist so (6.2) agrees with g, = 0 as required.

For v = u, there is one such sequence R, p© = p = 4, so no barred entries can
exist in T'. The set of tableaux summed over is now exactly the same as the set summed
over in the definition of Gy(z|a), and we thus notice that 7 BITI=10ly(T) = Gg(ax|b)
while the boundary conditions of the recurrence give gy, = Gp(ax|b), agreeing with (6.2)
as required.

Now we need to show that our proposed solution satisfies the recurrence. So we
suppose (6.2) holds and we have to show that this implies (5.4) holds.

Let m be a non-negative integer. Let | = |v/u|. We now form a set 7., of triples
(k,R,T) as follows.

k is an integer from m to [ inclusive. R is a sequence

R:p=p® T TR pem) o) L0,

T is a semistandard set-valued #-tableau T' with entries from [n] such that 7' contains
distinguished entries 71,79, ..., Tk—m, Tkt ---, 7 With 77 < 19 < .0 < e < Tgy1 <
. < 1. These entries are distinguished by placing a bar over them.

T = T (0, i1, v) is defined to be the set of all such triples (k, R, T') as defined above.
We define two weights on such a triple (k, R, T), a positive and a negative weight, by

w*(k, R, T) = ﬁ'TH‘)\FT(pU) e | ™ | | p<°)>,
T Tk+1 Th—m r1
1+ B(a,m )r,
w (kBT = AT E (0 | o | g | ) o s
Tl Tk4+1 Tk—m T1 1 + /B(ap(k_m))Tk+1

The extra factor in the definition of w™ is to ‘correct’ the contribution to the product
provided by the barred rj;.
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Let

Sm= > whikRTIE* ™) = > w (kR,T)I(p*™).
(k,RT)eTm (k,RT)eTm
Say that (k, R,T) is a positive e-triple if p*®)/p*="=1) contains the shape . Say
that (k, R,T) is a negative e-triple if p+1)/p*=m) contains the shape Bb. Let T =
{(k,R,T) € T, | (k,R,T) is a positive e-triple} and similarly 7., = {(k,R,T) € 7, |
(k, R, T) is a negative e-triple}. Define

em= Y. wrkRTIE*™) = > w (kR T(p"™).
(k,R,T)ET (k,R,T)E T

Sy = 0, as wt and w™ are identical functions when m = 0. Sy, = 0, as there are
no sequences with m = [ + 1. Similarly ¢g = €,,,.1 = 0. Now if we temporarily assume
Proposition 6.2 below, we can obtain the equation

> Mg TI () = D B gl Ti(n)

7=\ n=v
which is equivalent to the recurrence, so we are done. O

So the proof of Theorem 6.1 follows immediately from the proof of the following
proposition.

Proposition 6.2.

S — €m = B(Smi1 — Emy1) + Z gonI1(p) — Z QQHH(W) (6.3)
H=A n=v
A pl=m lv/nl=m

Proof. The positive terms in S, with k& = m and the negative terms in S,, with £ = [

give exactly
I R ()
7= n=v
|/ ul=m lv/nl=m

So now we consider positive terms in 5, with £ > m, and negative terms with k£ < [.
For positive terms, we consider @ = p*) /pk=m=1) while for negative terms we consider
0 = pk+1) /pk=m) - We have two separate cases to consider, according to the shape of ©.

Case 1: O contains two boxes in the same row.

Consider a positive term w™ (k, R, T') covered by this case. Define (', R', T") as follows:
Set k' = k —1. Construct R’ from R by replacing the subsequence p*~"~1 =y p—m) =
p® by pl=m=1 = 7 E (k) (there exists a unique such partition p'). Set T/ = T.

Then w* (k, R, T)I1(p%*~™) = w=(k', R, T")II(p**'=™)). For the only factor differing in
wh(k,R,T) and w™(kK', R',T") is that due to the barred ry_,,. In w*(k, R,T), this entry
contributes the factor (1 + B(a,x-m-1))r,_,, ) (1 + Bbr,_,, +e(a)) While in w™(k', ', T"), this
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entry contributes (1 + 8(ay)r, .. ) (1 + Bbr,_, 4e(a)), Precisely countering the difference in
the factors II(p®*~™) and II(p*'—™)).

This map (k, R,T) — (K', R',T") has a similar inverse, hence is bijective, so we have
shown that all terms of S,, which are covered by this case cancel each other to give no
net, contribution.

Case 2: All boxes of © are in different rows and columns.

Given such a positive triple (ko, Ro, Tp), consider all such triples (k, R, T) with k = ko,
T =T, and R = R, except for p—m) (so there are m + 1 such triples). Also consider
all negative triples (K, R/, T") with ¥’ = k — 1, T" = Ty and R = Ry except that the
subsequence p=m=1 — pk=m) — 5(k) i replaced by p*—""1) = o/ — p*) for one of the
m + 1 possibilities for p'.

Let the row numbers of p®)/p*=m=1 be s s9,... 8ms1. Let y; = (a,m)i, 2 =
(ap(k—m—l))i.

Then these 2m + 2 triples together contribute the following to the sum .S,,:

m+1
14 Bys,
IT|-16) F( (k) | (k=m—1) ><7>H (k=m~—1)
& ]-Ezl vl lp s\jp | I+ 52, (p )

Between Tj;7 and 74_,,_1, suppose the s;’s (all possible j) occur in order ¢; < t; <
--- < t, and suppose t; lies in cell a;.

We only need to consider the entries ¢q,...,%, in T, for all other entries, along with
I1(p*=™=1) contribute a common factor. After taking out that very common factor, and
noticing that the relevant barred s; contributes a factor (1 + Bz, )(1 4 Bbs, 1c(a;)), We get

D 1—1 4
Z ﬂ(ytl - Zti)(l + ﬂbti—l—c(ai)) H yt]‘ @ btj—l—c(aj) H th @ btj—f—c(aj)
i=1 j=1 Jj=i+1
p i—1 p
= p Z(?Jtl @ bti—l—c(ai) — 2, D bti—l—c(ai)) H Yi; D btj+c(a]-) H 2 D bt]-+c(a]-)-
i=1 j=1 Jj=i+1

This is a telescoping sum and equals
p p
ﬂ(H Yt; DB b, 1e(ay) — H Z; D btj+c(aj)>-
j=1 j=1
Now if we replace the common factor, we obtain
Blw* (k, B, T) — w (k, R*, T)I(p" "))

where R* is the sequence obtained by replacing p*=m=1) — plk=m) — k) by plk=(m+1)) —
(k)
p*).

Hence, when considering the contribution of all terms of S,,, covered by this case, they
add up to give exactly 55,11
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Case 3: O contains two boxes in the same column, but does not contain two boxes
in the same row.

Let 7 and 7 + 1 be the row numbers of the two boxes of © which are in the same
column. We will underline the marked 7 and 7 + 1 in T" which come from © for increased
clarity.

Tableaux containing the following cannot occur as they cannot arise from a sequence
of partitions.

AR G

If i appears to the left of 4 in the same row, then by examining R, there would need
to be a marked ¢ + 1 between these two entries in reverse column order. But since 6
does not contain two boxes in the same column, this cannot happen for the tableau to be
semistandard. The case of i + 1 to the right of i + 1 in the same row proceeds similarly.

Wherever possible, we match up our tableaux as follows:

Given an i + 1 in a negative term, denote by L the box with this entry and all consec-
utive boxes to its left which contain an ¢ + 1. Consider the two tableaux T and T3, the
first with an unbarred ¢ in the first box of L and the second without this .. We match
these up with 75 and T which are obtained by changing all i’s and 7 + 1’s in L such that
i is in the leftmost box of L, an unbarred i is in each other box of L and T3 contains an
unbarred ¢ + 1 in the rightmost box of L while 7} does not. For example (i=2):

Ti + T — T3 + T

23| 3

[l
\]]
N]]

+1313|3| «— 2 (23] + 212

Now we shall show that under this identification, the corresponding terms of S,,, cancel,
that is

U}_(k’ - ]_, R,,Tl) + w_(k‘ - ]_, R,,Tg) = U}+(k’, R, T3) + w+(k, R, T4) (64)

where R’ is the sequence obtained from R by replacing p*~m=1) — pk=m) — (k) with
plh=m=1) — ', k),

This is because the two sides of the equation have common factors from their common
entries, as well as from the unmarked i’s in the positive terms and the unmarked i 4+ 1’s
in the negative terms. Apart from these common factors, the positive terms have, upon
combination, the extra factors (14 5v)(1+ Bbitc(ay)) from i, (14 w)(1+ Bbit14e(a,)) from
i+1 and 1+4Bu from II(p*~™)), while the negative terms have the extra factors (14£w)(1+
Bbit14e(a,)) from i+ 1, (1+ Bu)(1+ Bbitc(ay)) from i and 1 + v from II(p—m=1). Here
u = (a,m)i, v = (a,m)it1, W = (a,0-m )iy1 and a; and «, are respectively the leftmost
and rightmost boxes of L.

Taking into account those tableaux which we have already shown to give zero con-
tribution to the sum, we find that the only remaining tableaux 7T for which the above
identification of positive and negative terms cannot be made, is where a barred ¢ is in the
leftmost cell of L (L as defined above) for a negative term and vice versa for a positive
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term. We shall focus our attention on the positive terms for which this happens, as the
negative case proceeds similarly.
Then the following must occur as a subsequence of R:

By replacing this with p-="=2) = o/ “ p¥) | we form another sequence R'.
We map T with ¢ barred in the leftmost box of L to 7" and T” with the barred ¢

removed in the first case and unbarred in the second case. All boxes of L in 7" and T”
contain an ¢ + 1 with the rightmost of these barred. For example:

212123|—|31313|+(23/3|3

Lemma 6.3.
wh(k, R, T)(p* ™) = Bw™(k — 1, R, T") + w™ (k — 1, R, T")II(p*~m2).

Proof. Define u,v,w,z by the following, where the pronumeral in column p and row j
represents (a,);.

‘ plk=m=2) ‘ plk=m=1) ‘ plk=m) ‘ pk)

{ v v U U
1+1 ‘ T w ‘ w ‘ v

Each side of (6.3) has common factors due to common entries and from the unbarred
©’s and 7 4+ 1’s in L in the positive and negative terms respectively. Aside from these
common factors, the left hand side of (6.3) has factors (1 + Sv)(1 + Bbiye(a,)) from g,
(14 Bz) (14 Bbit1te(an) from i+ 1 and (14 Bu)(1+ fw) from II(p*~™)), while the right
hand side has factors (1+6w)(1+ B8bit14e(arn)) from 7 + 1, (1+Bu)(1+ Bbite(a,)) from ¢ and
(14 Bv)(1 + Bz) from M(p*~™2). Again oy and «, denote the leftmost and rightmost
cells of L. The extra factor of 3 is due to there being one more entry in 7" than in 77. O

We note that the inverse to this map can always be created, for given a tableau related
to a sequence of the form R/, analysis of the sequence of partitions shows that a barred
1+ 1 can never be to the left of the relevant barred i + 1, ensuring an uninterrupted string
of unbarred i + 1’s to the left of the relevant barred ¢ + 1 which enables the inverse to be
easily constructed. Thus positive terms covered by Case 3 in .S, give exactly [ times the
negative terms in ¢,,,1. Similarly, we see that the negative terms covered by Case 3 in
Sm give 3 times the positive terms in €, 1.

Case 4: The only remaining triples are e-triples, so their contribution to .S,, is exactly
Em-

Hence we have proven (6.3), as desired. O
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6.2 Partial solution in the general case

We now consider the case where b = 0, with a view to turning our attention to the
ordinary Grothendieck polynomials. We return to the situation where 6 is an arbitrary
skew diagram. In this case, we provide a partial solution to the recurrence relation. We
shall carry over notation used in the case of arbitrary b, just noting that the variables b;
are all to be set equal to zero.

We shall also set the following variables a; equal to zero: If there exists a sequence R of
the form (6.1), and a k for which p®*+1 /p(=1) consists of two boxes in the same column,

then set (a,x-1))r, = 0. Let us pause and note that this is equivalent to (a w1 )., , = 0.

Th Tk+4+1

Theorem 6.4. If the appropriate variables are all set to zero as described above, then we

have
(0, 0) = Y BTy (T). (6.5)

(R,T)

where again, the sum is over all O-tableaux T which are related to a sequence R of the
form (6.1).

Proof. As in the proof of Theorem 6.1, this proposed solution satisfies the boundary
conditions of the recurrence. So now we suppose that ¢ C v. Despite setting some of
the variables a; equal to zero, we still have II(v) # II(u), so we are able to calculate
the coefficients using the recurrence (5.4). So it now suffices to show that our proposed
solution satisfies the recurrence. So we suppose that (6.5) holds and use this to show that

(5.4) holds.
Again as in the proof of Theorem 6.1, the proof reduces to the proof of the following
proposition. [

Proposition 6.5.

S — €m = B(Smi1 — Emy1) + Z gonI1(p) — Z QQHH(W) (6.6)
[=9\ n=v
|A/ul=m lv/nl=m

Proof. As per the proof of Proposition 6.2, in S,,, the positive terms with & = m and the
negative terms with £ = [ give exactly

A R ()

H=A n=v
X pl=m |v/nl=m

For the remaining terms in S,,, we split them up into three cases according to the
shape of ©.

Case 1: O contains two boxes in the same row, and does not contain two boxes in
the same column.

This case is the same as in the previous solution, all such © combined contribute zero
to the sum.

THE ELECTRONIC JOURNAL OF COMBINATORICS 13 (2006), #R71 27



Case 2: O contains all boxes in different rows and columns.

Again this case is the same as in the previous solution, contributing 4S5,,,1 to the
sum.

Case 3: O contains two boxes in the same column, but does not contain two boxes
in the same row.

Let ¢ and 7« + 1 be the row numbers of the two boxes of ©® which are in the same
column. We will underline the marked ¢ and 7 + 1 in 7" which come from © for increased
clarity.

Tableaux containing the following have zero weight, due to setting variables equal to
zero, so their contribution can be neglected:

This is because, in the first case, the ¢ + 1 contributes (ap(k))l'+1 = 0 to the product
wt(k, R, T), while in the second case, the i contributes (a,); for some partition A occuring
in the sequence R. Since there are no occurrences of ¢ in T" between this ¢ and the relevant
marked i in reverse column order, there cannot be any occurrences of —— in R between
A and p*™ 50 (ay); = (a,e-m-1); = 0. Hence this tableau has w*(k, R, T) and
can safely be ignored. For the final two cases, a similar argument shows that they give
tableaux for which w™(k, R,T) = 0.

Tableaux containing the following either cannot occur as they cannot arise from a
sequence of partitions or contribute zero to the sum as in the above, so can also be

ignored.
i1

This is because ¢ above 7 + 1 or ¢ above 7 + 1 cannot arise from a sequence of partitions
R. If i to the immediate left of 7, then by examining R, there would need to be a marked
1+ 1 between these two entries in reverse column order, which can only lie directly below
7. But then to be semistandard, the entry directly below i must be an i + 1. We have
already shown that this entry cannot be marked. So it is unmarked, in which case we
have already shown that the tableau gives zero contribution so can be ignored. The case
of i + 1 to the immediate right of i + 1 proceeds similarly.

Wherever possible, we match up our tableaux as such:

L BRI U e RN ES

where all other elements of T are unchanged. Then making this pairing, the corresponding
terms in S, cancel as it is a special case of (6.4). Taking into account those tableaux
which we have already shown to give zero contribution to the sum, we find that the only
remaining tableaux T' for which the above identification of positive and negative terms
cannot be made, is where 7 and i 4+ 1, both barred and one underlined occur in the same
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cell of T'. We shall focus our attention on the positive terms for which this happens, as
the negative case proceeds similarly.
Then the following must occur as a subsequence of R:

Cm—2) i+l (hem—1) i m

By replacing this with p*=m=2 = o/ AN p¥) | we form another sequence R'.
We map T with 7 and i 4+ 1 barred in the same box to 7" and T” with the barred ¢

removed in the first case and unbarred in the second case.

Again we have Lemma 6.3,

1 || i+ ditd

.
~.

Y

wh(k, R, T)(p*™™) = Blw™(k =1, R, T') +w(k — 1, B, T"))I(p*~"2).

with the same proof.
Now we look at when the inverse to this map can be constructed:

IE R A

Here we will underline the relevant i + 1 for clarity.

We consider the cases when this map cannot be made. They are

(i) Unbarred i + 1 to the immediate left of i + 1: The unbarred i + 1 contributes
(@, )iv1 = 0 to the product, so these tableaux can be ignored.

(ii). Unbarred i above i+ 1: The unbarred 4 contributes (a,x-m-2); = 0 to the
product, so again we have zero contribution so these tableaux can be ignored. ignored.

(iii). 4+ 1 to the immediate left of i + 1: In order to have a sequence of partitions,
there must be a barred ¢ between these two barred ¢ 4+ 1’s, so must lie directly above the
non-underlined one. Thus, above 7 + 1 must either lie an unbarred 7, giving case (ii), or
a barred 7, giving the final case which we now deal with.

(iv). i immediately above i + 1: We note that in this case the sequence must contain
the subsequence p#=m=3) SLIN plh=m=2) — 5 SaxN o).

Thus positive terms covered by Case 3 in 5, give [ times the negative terms in €,,,1,
with the exception of those terms which are covered by case (iv) above.

Similarly, we see that the negative terms covered by Case 3 in S, give 3 times the
positive terms in &,,41 with the same exception of those terms covered in case (iv).

Using our observation of the structure of case (iv) terms, we note that if (k, R, T) is
such a positive e-triple, then it is also a negative e-triple. Furthermore for such terms
wh(k,R,T) =w (k,R,T), so it is seen that such terms cancel themselves out, giving no
net contribution, and hence the contribution to S,, by all triples covered by this case is
exactly —0e,41.

Case 4: The only remaining triples are e-triples, so their contribution to .S,, is exactly
Em.-

Hence we have proven (6.6), as desired. O
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Remark 6.6. It is necessary for us to set some variables equal to zero in (6.5), as otherwise,
the formula does not hold true. For example, if n = 2, § = v = (1?) and p = ¢, then using

the recurrence, we calculate gj, = iigii whereas Z(RT) BITI=10y (T = @#&fm

6.3 Specialisation to ordinary Grothendieck polynomials

Specialisation to a = 0 in (5.3) gives g;,(0,0) = cj,, where cj, is as defined in (3.3).
Under this specialisation, a pair (R,7') will contribute 3711 to the sum in (6.5) if it
consists entirely of barred entries, and 0 otherwise. For such tableaux, we must thus have
|T| = |v| — || Hence we have the following.

Theorem 6.7. ¢j, is equal to BIV=IE=101 times the number of semistandard set-valued 6-

tableaux with entries r1 < ry < ... <1 for which there is a related sequence of partitions
g p® T ) e )y,

We can show directly that this specialises to Buch’s results as quoted in Theorems
3.10 and 3.11.

In the case § = A\, a partition, in order to directly see that our result is equivalent
to Theorem 3.10, we note that if 7" is a p-tableau and ¢(T") is to be a lattice word, then
the entries of T' are fixed, namely in that the i-th row must contain only ¢’s. Call this
particular tableau T,. Now for ¢(7") to be a lattice word for some A * p-tableau 7", we
must have 77 = T« T}, for some A-tableau 7. Now we have a simple bijection between the
two formulations in this case, namely that which is given by 7'+ T xT,,. The condition
of ¢(T % T),) being a lattice word is equivalent to the sequence

consisting entirely of partitions.
For the case ;1 = ¢, where we are expanding a skew Grothendieck polynomial in the
basis of ordinary Grothendieck polynomials, Theorem 3.11 is easily seen to be consistent

with our formulation since ry,ry, ..., 7, is a lattice word if and only if
¢ =p@ I p(1) T2, Iy pm) = )
is a sequence of partitions where \ is the content of ri,ry, ... 7.

7 Grothendieck Polynomials via Isobaric Divided
Differences

The remainder of this paper will have a distinctly different flavour to it, as we move away
from calculating the Littlewood-Richardson coefficients and instead devote the remainder
of our energies to exhibiting a relationship between the factorial Grothendieck polynomials
studied here, and the double Grothendieck polynomials, as studied elsewhere. For the
most part of this section, we follow the exposition of Fomin and Kirillov [5], supplying
some proofs which are missing in their extended abstract.
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7.1 The symmetric group

It is well known that the symmetric group S, is generated by the n simple reflections
si=(i,i+1),7i=1,2,...,n subject to the relations

SiS; = 855 if |Z —j| Z 2,
S$iSi+15i =  Si+15iSi+1,
2 = 1.

7

For an element w € S,,41, let £(w) denote the minimal number [ for which w can be written

as a product of [ simple reflections w = s;, 54, ... s;,. Then l(w) = #{i < j | w(i) > w(j)}.

The longest word in S, ;1 is wy = (n+ 1,n,...,1) and satisfies {(wg) = —n(n;l)-

7.2 Isobaric divided difference operators

Let R be a commutative ring with identity. We shall also assume that R contains various

indeterminates used later, namely (3, a1, as,.... Let f be a polynomial in the variables
X1, To,...,Tpeq Over R. For i =1,2,...,n, define the isobaric divided difference operator
m; by

(1 -+ ﬁl’lJrl)f( ey Ly g1y - - ) - (1 -+ ﬁl’l)f( ey Lig1, Ly - - )
Ti — Tiy1

mif =

Then these isobaric divided difference operators are easily verified to satisfy the fol-
lowing relations:

T = T if i — j| > 2, (7.1)

M1 T = T 1T, (7.2)

2 = —fm. (7.3)

For each permutation w € S,,11 we now define the Grothendieck polynomial G, in
X1, T2 Tpi1, Y1, Y2y - - - Yns1- (We shall see later that these are actually polynomials
only in the variables x1,...,Z,, y1, ..., Yy, but this will not be immediately apparent.) If

w = wy, the longest permutation, then set
t+j<n+1

If w # wy, then there exists a simple reflection s; such that ¢(ws;) > ¢(w). In such a case,
we set G,, = m;Gys,. This definition is independent of the choice of simple reflection, since
the operators 7; satisfy the Coxeter relations (7.1) and (7.2).

7.3 The algebra H,.

Let H, be the R[xy,...,z,]|-algebra generated by uy,us,. .., u, subject to

UiUip1 Uy = U1 UiUit1, .
ui = Bu,. (7.6)
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Then H,, has dimension (n + 1)! and a natural basis u,, indexed by elements of S,, 11
where u,, = w;, ... w;, if w = s;, ...s; is a minimal representation of w as a product of
simple reflections. [1, Ch 4, §2, Ex 23]

For x € R[xy,...,x,], define the following:

(x) = 14 zuyy
Ai(x) = hy(x)h,_1(x) ... hi(z),
Bi(x) = hi(x)hi1(x)... hy(x),
(z) = Ai(z),
() ().

= Bl ZE)

For x = (21,2, ...,x,), we also define

G(x) = Ai(z)Az(xs) ... Ap(zy),
g(l‘) = Bn(l‘n)Bn—l(l‘n—l) Ce Bl(l'l).

Now we begin proving some preliminary identities in H,,.

Lemma 7.1. [5]
B(x)B(y) = B(y)B(x).

Proof. Expand B(z)B(y) as a sum of 4" terms. We identify each of these terms with
a 2-colouring of a 2 x n array of boxes. The two colours chosen here are crossed and
uncoloured. FEach colouring U is identified with the term obtained by taking xu,; from
the factor h;(z) (respectively yu; from h;(y)) from the i-th box in the first (respectively
second) row if it contains a cross and 1 otherwise. Denote this term by £(U). So for
example if

U= :

then £(U) = 3y ujusususuy.

Let o(2'y/uy) = 2/ ytu,.

We now find a bijection U — U’ such that o(&(U)) = £(U’), assuming inductively,
that such a bijection exists for all such 2 x m arrays with m < n.

There are four different types of columns that can occur in U, which we shall unimag-
inatively call types I, I, IIT and IV as follows:

I: H IT: % IIT : g IV: %

Case: U contains a type I column.

Suppose U = U, H U,

Define U = u — U
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Terms from the lower half of U; and upper half of U, always commute. So as o(§(U;)) =
EWU)) fori=1,2,0(£(U)) = &(U) as required.

So now we may assume that U contains no type I columns.

Case: U contains a type III column to the left of a type II column.

Of all such pairs of columns, consider a minimally separated pair. Then U must
contain only type IV columns between this minimally separated pair, so must be of the
form

U= | u Us

Define U = Uj r U,

Terms from the lower half of U; commute with those from the upper part of U to the
right of Uy, and terms from the upper half of Uy commute with those from the lower half
of U to the left of Us. So, again using strong induction, from o;(&(U;)) = £(U]), we get
o(&(U)) = &(U)) as required.

So now may also assume that such an arrangement does not exist. Thus, we are only
left to consider U of the following schematic type:

21 2

Suppose that U contains a type II columns and b type III columns. Without loss of
generality, let us assume that a > 0. We can do so, since the a < b case proceeds similarly,
or alternatively and equivalently can be defined as the inverse of the a > b case.

Let V denote that part of U lying strictly between the b-th type II column (counting
from the left) and the leftmost type III column.

Draw a horizontal cutting line through the middle of V. Now draw a vertical cutting
line one boxwidth from the right hand edge of V. Glue together opposite edges of V' to
form a torus, and cut this torus along the cutting lines constructed, while preserving the
directional notions of up, down, left and right to create V'.

So for example if

V= , then V' =

Returning to U, construct U’ by replacing V' with V’. It is clear that the degrees of
x and y in ¢(§(U)) and &(U’) match, while the fact that the same basis element u,, is
obtained in each case follows from the following relations:
(uiui—l—l ce Uk;)Uj = uj+1(uiui+1 . Uk) (Z < j < ]{?)
(Wit - up)up = wi(witigy - . uy)
Thus we have our bijection U +— U’ such that o(£(U)) = £(U’) as required. Hence,

B(z)B(y) =Y &U)=> &U") =) a(¢(U)) = By)B(z)

U
and the lemma is proven. O
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Corollary 7.2. [5] A;(x) and A;(y) commute, as do A(z) and A(y).

The following lemma is easily proven by expanding out and applying the defining
relations (7.4) to (7.6). These three simple equations are used extensively in the following
work.

Lemma 7.3. [5]

hi(x)hi(y) = hi(yhi(x) i [i—j]>2 (7.7)
hi(x)hii(z @ Y)hi(y) = higi(Y)hi(z © y)hip (o) (7.8)
hi()hi(y) = hi(z®y) (7.9)

Lemma 7.4. [/, 5]
(mi + 9)G(2) = G(2)u;

(Here, m; is acting only on the elements of our coefficient ring R[zq,...,z,], so we
could say that 7; acts trivially on u; for all j.)

Proof. Write
G(x) = Ai(x1) - - Ai(2) Ai (i1 hi(Oi11) Aiya(Tiga) - - An(Tn).

A routine calculation shows that (m; + B)h;(©xi41) = hi(Sxi11)u;. By Corollary 7.2
Ai(x;) and A;(x;11) commute so Aj(zq)...A;(x;)A(x;41) is symmetric in z; and x;.
Since m;(fg) = fm;g whenever f is symmetric in x; and z;,1, we have
(m: + 8)G(x)
A(z1) . A(z) Ay (i) (3 + B)hi(OTi41) Aiva(Tig2) - . An(n)
= Ai(z) ... Ai(x) Ai(xip1) hi (O 01 )ui Ao (ig2) . An(n)
= G(z)u;.

as required since u; and A;(x;) commute for j > i+ 2. O
Lemma 7.5. [5] A;(z) and B;(y) commute.

Proof. We prove this by descending induction on 1.

Ai(2)Bi(y) = hp(x).. . hip1(@)hi(z @ y)hiz1(y) - . ha(y)
= ha(@) .. hig2(2)hi(y)hiv1(z @ y)hi(x)hiva(y) - . hn(y)
() n() - Bia (@i (2 (D)) - Pay)
= i) A () B (9) ()
hi(y) Bis1(y) Aiva(z)hi(x)
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Lemma 7.6. [5]

B(yn) - - - Bi(yi)Ai(x) = ho(x © yn) - . hi(x @ ¥i) Br(Yn—1) - - - Biva (9s)-

Proof. Again, we use descending induction on 3.

LHS = Bn(yn) .- -B¢+1(yi+1)Ai($)Bz'(yi)
= Bu(Yn) - Biv1(Yir1) Ai1(2)hi(z © vi) Biva(vi)
= ho(®Yn) .. hig1(2 B Yiz1)Bn(Yn-1) - . - Bixa(Yit1)hi(x & y;) Bira (vs)
= RHS
since h;(z @ y;) commutes with Bj(y;_1) for j > i+ 2. O
Lemma 7.7. [5]
n 1
GG =11 I hivir(ai®yy). (7.10)
i=1 j=n+1—i

Proof. We prove this result by induction on n. Lemma 7.6 gives

G()G(x) = hn(21 ® yn) - .. b1 (21 © Y1) Bp(Yn—1) - - - Ba(y1) Ao (2) . .. An ()

which equals our desired result by applying the inductive hypothesis. O

7.4 A generating function for Grothendieck polynomials

Theorem 7.8. [5] B
G)G(x) = > Gutt. (7.11)

wESn+1

Proof. Let g, be the coefficient of u,, in G(y)G(x). We prove by decreasing induction on
l(w) that g, = G,.

First we consider the case w = wy. There are % = {(wp) terms in the product on
the right hand side of (7.10). We also have

(U oo tg) (U« U)o (U Up—1) (W) = Uy -
Hence,
n 1
Gwo ZH H T Dy; = H i D Yj = Guyp-
i=1 j=n—i+1 t+j<n+1
Now suppose w # wp and consider a simple reflection s; such that f(ws;) > f(w;).

Lemma 7.4 tells us that (m; + 3)G(y)G () = G(y)G(z)u;. Comparing the coefficient of
Uys, 10 this equation then gives

T Guws; + ﬂgwsi = Gguw + ﬂgwsi'

By our inductive assumption, guws, = Gus;, S0 gw = T;Gws, = Gy as required and the
theorem is proven. 0
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Combining (7.10) and (7.11) gives

n+m 1
H H hivj1(2; D y;) = Z Gy
=1 j=n+m—i WESh4+m
If we now temporarily restrict ourselves to the finite set of variables xy,xs, ..., Tk,

Y1,Y2, .-,y (by setting x; = 0if ¢ > k and y; = 0 if j > 1), then for m > max(k,l), we
apply the homomorphism ¢ : H,,.,, — H, given by ¢(h;) = 0if i < m and ¥(h;) = hi_,
if © > m to get

B(y)B(yi—1) - .- B(y1)A(x1)A(xs) ... A(xy,) = Z G1m oy

’LUESn+1

Here, for w € S,11, 1" X w € Spypny1 is the permutation with (1™ x w)(i) = i if i < m
and (1™ x w)(i) = m +w(i —m) if i > m.

Thus the coefficient of each fixed monomial in Gym«,, eventually becomes stable as m
tends to infinity. So now we can make the following definition:

Definition 7.9. For a permutation w, the double stable Grothendieck polynomial in z
and y is defined to be the power series

Gu(r;y) = Hm Gimyy.
m—oQ
Restricting ourselves again to the finite set of variables x1,...xg, 9 . . .y;, we thus have

B(y)B(yi—1) - .- B(y1)A(x1)A(z2) ... A(xy) = Z Gow(T; Y) Uy (7.12)

WESn+1
Lemma 7.10. Let p be an integer. Then
—oo 1
T I]7im @ gmsicp) = D Gul; )t (7.13)
m=o0 i=n WESn+1
where any out of range variables are set equal to zero.

Proof. Repeated application of Lemma 7.6 shows the left hand side of (7.13) to equal

B(y))B(yi—1) - .- B(y1) A(xg) A(zg—1) - - . A(21).

To complete the proof of the lemma, we use Corollary 7.2 which tells us that A(x;) and
A(z;) commute, together with (7.12) and we are done. O
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8 Relationship between factorial and double
Grothendieck Polynomials

We shall restrict ourselves now to considering factorial Grothendieck polynomials G (z|a)
for A a partition. By making such a restriction, rather than considering Gy(z|a) for an
arbitrary skew diagram 6, it enables our main result in this section, namely Theorem 8.7
to be stated in simple terms. However, one can define a double Grothendieck polynomial
Go(z;y) for a skew partition # in a similar vein, as appears in [2]. A natural conjecture
would be that a result similar to Theorem 8.7 should exist relating Gy(z;y) and Gy(z|y)
for a skew partition 6.

First, we need a preliminary definition before we can define the double Grothendieck
polynomial Gy(x;y) for a partition A\. So suppose A = (A;, A2,...,) is a partition.
Here, we do not necessarily have p = ¢()\), but certainly we must have p > ¢(\). Define
the permutation w(\) € So = lmS, by w(A)(i) = i + Ay for 1 < @ < p and
w(A)(i) =4 — \_, for i > p. An explicit representation of this permutation as a product
of simple reflections is constructed in Lemma 8.2, so w(\) is indeed a permutation. Now
we can make our definition:

Definition 8.1. Define the double Grothendieck polynomial G\ (z;y) := Gy (2;y). Note
that this definition is independent of p, since G, (x;y) = Gimxyw(x;y).

We now proceed in a similar vein to Buch [2].

Place a diagonal numbering in the boxes of A as follows: Number the NW-SE (defining
compass directions north, west, south and east on A in the usual manner so that north
is at the top and west is on the left) diagonals of A with positive integers, consecutively
increasing from SW to NE, such that p is the number of the main diagonal. For example
with A = (4,3,1) and p = 4 the numbering is explicitly shown in the following picture:

56| 7
)

ole]=

Say that a partition p contains an outer corner in the i-th diagonal if this diagonal
contains a box outside p such that the two boxes immediately above and to the left of it
are in p. Say that p contains an inner corner in the i-th diagonal if this diagonal contains
a box inside p such that the two boxes immediately below and to the right of it are not
in u. So continuing with the example above, A contains an outer corner (among others)
in the third diagonal and an inner corner in the fifth diagonal.

Suppose that n is such that n > p+ Ay — 1 and let V = @, Rlz1, ..., 2] - [1] be

the free R[zy,...,x,]-module with basis indexed by partitions p. As in [2], we define an
action of H,, on V as follows:
If 11 has an outer corner in the i-th diagonal, set u;[uu] = [ji] where fi is the partition

obtained from p by adding a box in this corner. If g has an inner corner in the i-th
diagonal, set w;[u] = S[p]. In all other cases, set w;[u] = 0.
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Lemma 8.2. We have the following representation of w(\) as a product of simple reflec-
tions. Let (i1, 1,...,1) be the diagonal numbers of the boxzes of X, read one row at a time
from bottom to top, reading from right to left in each row. Then w(\) = s;,8;, - .. Sin -
Furthermore, this representation is minimal, that is {(w(\)) = |\|, we have the identity
Uy [@] = [A] and in any expression of the form ﬁt*|)“uw(>\) = Uy Uy, - - - Uz, WE have iy = p.

Proof. Suppose that ¢ < p. Then in calculating s;, s, . ..sim(i), the relevant simple
reflections are exactly those in the (p+1—1)-th row of A, 50 s, 54, ... 85, (1) = i + Apr1i-
If i > p, then the relevant simple reflections are exactly those in the (i — p)-th column of
A, SO Sy Siy + - Siyy (1) =4 — Aj_, in this case. Hence w(\) = 54,54, . . . Sij-

Note that w(A)(i + 1) > w(A)(7) for all i # p. Hence if ¢ < j is such that w(X\)(i) >
w(A)(j), we must have i < p and j > p. For i and j in this range, w(\)(i) > w(A)(j)
if and only if 1+ A\py1s + N, > (p+1—14) + (j — p), which occurs if and only if
(p+1—1,j —p) € X\. Hence there are |A| such pairs (7, ), so £L(w(X)) = |Al.

For the remaining statement, we first notice that since w(A) = s;, ... Sijys We eas-

ily calculate u,[¢] = [A]. Now if Bt_wuw()\) = Ui Uiy .. - Uy, then g ug, ... u;, [P =

By, 0] = BR[N] # 0. Hence u;,[¢] # 0, so i, = p.
]

Lemma 8.3. [2] If w € S,41 is such that u,[p] # 0, then u,[p] = [u] for some partition
w and furthermore w = w().

Proof. The proof of this lemma by induction on ¢(w), and contained in [2]. O
We have the following immediate corollary:

Corollary 8.4. For all h € H,, the coefficient of u,) in h is equal to the coefficient of
[A] in A[¢].
Define the products P and () by

1 1

P = H th(fm D Ymtizp)-

m=o0 i=n

1 1

Q=] I7xm ® ymris)-

m=k it=n
Theorem 8.5. The coefficient of wy () in P is the double Grothendieck polynomial Gy (x;y).

Proof. This follows from Lemma 7.11 and Lemma 8.2, noting that factors on the left hand
side of (7.13) with m < 0 are either one, or do not contain . O

Theorem 8.6. The coefficient of [\ in Q@] is the factorial Grothendieck polynomial
Gi(z|y) in xy1, ... 2.
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Proof. Expand @, and note that each term is a product of terms of the form (z,, ®
Ymti—p)Wi- Write this product as

q

H(xmj % ym]'+ij —p)u’i]' .

J=1

If ( ;].:1 ug,)[¢] # 0, then we can interpret this product in the following way:

Form the tableau 1" by placing m; in the inner corner in diagonal number i; of the
partition w;; ... u;,[¢] for j = 1,2,...¢. These numbers are added in nondecreasing order,
and the occurrences of each number ¢ are added from SW to NE. Furthermore, at all
stages during the addition process, the shape of all the numbers added up to that point
is a partition. So T is a semistandard set-valued tableau with entries from [n]. Note that

if a is a cell with diagonal number i, then ¢(a) =i — p. Hence we can write

<ﬁuij)[¢] - @THA\( I =e yH_C(a))uw(/\)
J=1 aEX

reT(a)

for some partition A for which 7" is a A-tableau.
Upon considering all such terms in @, it becomes evident that the coefficient of [\] in
Q]¢] is the factorial Grothendieck polynomial G\ (z]y) as required. O

Note that limy ., Q = P. Hence, the preceding three results give us the following
theorem.

Theorem 8.7 (Relationship between factorial and double Grothendieck poly-
nomials).

Ga(w;y) = lim Gy(z1, ..., 2y]y).
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