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A formalism for equivariant
Schubert calculus

Dan Laksov

In previous work we have developed a general formalism for Schubert calculus.
Here we show how this theory can be adapted to give a formalism for equivariant
Schubert calculus consisting of a basis theorem, a Pieri formula and a Giambelli
formula. Our theory specializes to a formalism for equivariant cohomology of
grassmannians. We interpret the results in a ring that can be considered as the
formal generalized analog of localized equivariant cohomology of infinite grass-
mannians.

Introduction

Schubert calculus, in the form of the cohomology, or Chow ring, of a Grassmann
variety Grass'(n) of n — [-planes in n-space, has a long and important history.
Recently much of the story has been extended to the equivariant cohomology ring,
which has a much richer structure, being an algebra over a polynomial ring with n
generators. One knows generators and relations for this algebra, and formulas for
Schubert classes, which form a basis.

In this article we give a different and more general perspective on these alge-
bras. The idea comes from a previous article [Laksov and Thorup 2009] where a
generalized Schubert calculus is considered as the ring of symmetric polynomials
A[Ty, ..., T;}]®™ in[ variables over an arbitrary ring A acting on the exterior prod-
uct /\ZA A[T] of the polynomial ring A[T] in one variable (see also [Gatto 2005]
and [Gatto and Santiago 2009]).

In the present article we show how this formalism, when expressed in terms of
the basis of A[T'] consisting of generalized factorial powers

(Ty) =T =) (T —y)

for given elements yi, v, ... in A, gives a general equivariant Schubert calculus
consisting of a basis theorem, a Pieri formula and a Giambelli formula. The theory
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is further specialized for each n in [Laksov 2008] (which builds upon the results
of the present article) to give the equivariant Schubert calculus for Grass' (1), or
more generally for the /-quotients Grassls (€) of a locally free Og-module on any
scheme S with a bivariant intersection theory. In Section 6 of [Laksov 2008] we
gave a detailed account of the geometric interpretation of A[T}, ..., T;]*¥™, and in
Section 7 we showed how the theory of the present article can be used to recover
the quantum and equivariant quantum cohomology of grassmannians.

The geometry whose cohomology we are generalizing can be realized as the
union of the grassmannians Grass' (1), as n goes to infinity, taken over the natural
embedding of Grass'(n) in Grass'(m), for n < m, equivariant with respect to a
natural embedding of GL(n) in GL(m). The surjections to equivariant cohomology
of Grass'(n) for each n can be constructed using the description of equivariant
cohomology that comes from localization, so that an element of the equivariant
cohomology is given by specifying a polynomial at each fixed point of the torus
(C*)", subject to the conditions made explicit by M. Goresky, R. Kottwitz and
R. MacPherson, and called GKM conditions.

In our generalization the connection between the above construction and the de-
scription of equivariant cohomology coming from localization is given, in the case
when A is a polynomial ring Z[y1, y», . .. ] in independent variables y;, yz, ..., via
an A[Ty, ..., T;]*™-module isomorphism

N, AIT]— H (1),

where H (/) is the A-algebra consisting of elements that are of bounded total degree
in the variables yj, y2, ... and satisfy the GKM condition in the product [ ], e[} A
of A taken over all lists A : 414, ... of ones and zeros with exactly / zeros, with
coordinatewise addition and multiplication. The ring H (/) can be thought of as the
graded limit of the equivariant cohomologies of the grassmannians Grass' (n), as n
goes to infinity.

The observation that equivariant cohomology could be interpreted within the
framework of exterior powers was made in [Gatto and Santiago 2006] and [Santi-
ago 2006]. In the latter reference it was proved that there exists an isomorphism
between Schubert calculus on exterior powers, that is, Schubert calculus in a set-
ting similar to the Grass' (1) case mentioned above, and equivariant cohomology
for Grassmann manifolds, and for simple examples (projective space k = 1, and
the Knutson—-Tao [2003] example with k = 2, n = 4) it was indicated what the
isomorphism should look like; see [Gatto and Santiago 2006]. It was this work
that inspired us to consider the equivariant cohomology of Grassmann schemes
and to describe the explicit isomorphism in the general case.

We note that we obtain a generalization of the full equivariant Pieri formula, and
not only the Chevalley formula for divisors (see, for example, [Knutson and Tao
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2003; Mihalcea 2006; Lakshmibai et al. 2006; Kostant and Kumar 1986; Molev
and Sagan 1999; Okun’kov and Ol’shanskii 1997] for various forms of the latter
formula). This general form was first given by T. Santiago and we essentially
reproduce the calculations of [Santiago 2006] in our language. A full version is
also obtained by S. Robinson [2002] by different methods.

Our adaption of the general Schubert calculus to the equivariant case is built
upon factorial Schur functions used by L. C. Mihalcea [2006; 2008] to describe the
equivariant quantum cohomology ring of grassmannians (see [Arabia 1989; Billey
1999; Lascoux 2003], for earlier related work on double Schubert polynomials and
complete flag varieties). We develop the theory of factorial Schur functions in such
a way that specialization of our formalism directly gives the Goresky—Kottwitz—
MacPherson description of equivariant cohomology coming from localization (see
also [Knutson and Tao 2003; Arabia 1989; Kostant and Kumar 1986]), and the
theory of L. C. Mihalcea [2006; 2008]. It should be pointed out that our equi-
variant Giambelli formula is a generalization of an unshifted version of that of
[Mihalcea 2008], that is, it uses only generalized factorial powers and not their
shifted counterparts. A different, but similar, equivariant Giambelli formula is
given in [Lakshmibai et al. 2006]. All versions specialize to the classical Gi-
ambelli formula [Fulton 1998; 1997]. Fulton [2007, Lecture 7] explains how the
equivariant Giambelli formula for grassmannians amounts to a degeneracy formula
[Kempf and Laksov 1974] in algebraic geometry.

1. Exterior powers and residues

In this section we interpret the main results of [Laksov and Thorup 2009] in terms
of factorial Schur functions. Our general version of equivariant Schubert calculus
is the general Schubert calculus interpreted using polynomials of the form

(T —=y1)--- (T —y)

for elements y;, yz, ... in A. These polynomials form the building blocks of the
approach to equivariant quantum Schubert calculus by Mihalcea. To facilitate the
understanding of the correspondence between our theory and Mihalcea’s we use the
notation of [Macdonald 1995, I §3 Example 20], which is also used in [Mihalcea
2008].

Notation 1.1. All rings in the following will be commutative with a unit. Let A
be such a ring. All exterior powers and tensor products will be taken with respect
to A. We denote by A[T] and A[T1, ..., T;] the polynomial rings over A in 1,
respectively /, independent variables. The symmetric functions in A[T, ..., T;]
we denote by A[Ty, ..., T;]¥™. We identify the tensor product ®IA A[T] with
A[Ty, ..., T;] and consider ®IA A[T] as a module over A[T}, ..., T;]*™ via this
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identification. The starting point of our interpretation of Schubert calculus is the
easily verified observation that the A[T1, ..., T;]*¥™-module structure on the tensor
product ®ZA A[T] induces an A[Tj, ..., T;]¥™-module structure on the exterior
power /\ZA A[T] via the canonical surjection ®lA A[T]— /\IA A[T]; [Laksov and
Thorup 2009, Section 1].

Lete;=---+b, T +b T 4o by T fori=1,...,1
be a collection of Laurent series with coefficients b; ; in a ring. We write, as in
[Laksov and Thorup 2009, 0.3],

bi,—1 by, -+ b1y

by 1 by n -+ bay
Res(ey, ..., e) :=det(b; ;) = . .
bi,—1 b2 -+ by
Let yi, y2, ... be elements in A and write

(T|y) =(T —y))---(T—y) for i=0,1,....

The polynomials (7'|y)°, (T|y)!, ... are called generalized factorial powers and
form a basis for the A-module A[T]. Let Q(T) = (T —Ty) --- (T — T;), and let
b:by>--->b; >0 be apartition. We write

sp(T1 ..., Tily) =Res((T[y)"" =1/ Q(T), ..., (TIy)" /Q(T)).

The polynomials s, (77, ..., T;|y) we refer to as factorial Schur functions; [Mac-
donald 1995, T §3 Example 20].

We now rewrite the Main result 0.5 of [Laksov and Thorup 2009] in the basis
(T1y)°, (T1y)', ... of A[T].

Theorem 1.2. Let Q(T) = (T — T1)--- (T —T;). For every collection fi, ..., fi
of polynomials in A[T] and for every partition b : by > --- > b; > 0 we have:

(1) (Poincaré duality) The A[Ty, ..., T;]¥™-module /\{4 A[T] is free of rank one
with generator (T |y) = ' A - A (T|y)"

(2) (The determinantal formula)

fin-Afi=Res(f1/Q,.... i/ OUTIY) ' A A(TIY)").

(3) (The equivariant Giambelli-Gatto formula)

(TN AT =s5p(T1, ..., THAT Y)Y T A A(T])0).
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Proof. Since we clearly have (T]y)/ "' A--- A(T]y)? = T"1 A+ ATO the first
and second assertion are equivalent to the first and second assertions of [Laksov
and Thorup 2009, 0.5].

Assertion (3) is a particular case of assertion (2). O

Notation 1.3. For every collection fi, ..., f; of elements in A[T] we write

AT -+ fAi(T)
(fitp))=| :

b

filhy) -+ fi(Th)
and we let A = H]§i<j§l(Ti -T)) = det(T;*"). The polynomial det(f;(7;)) is

divisible by A because it is alternating in 71, ..., 7.

Proposition 1.4. Let Q(T) = (T — Ty) --- (T — T;). For every collection of poly-
nomials f1, ..., fiin A[T] we have

Res(f1/Q, ..., fi/ Q) = det(fi(T))/A.

In particular, for every partition b : by > - -- > b; > 0 we have

sp(T1, ..., Tily) =Res((T 1)1/, ..., (T1y)"/0)
= det((T;1y)" ")/ det((T;1y) ™). (1)

Proof. Both sides of the first equality of the proposition are multilinear and alter-
natingin fi, ..., f;. Hence it suffices to prove the equality when f; = 7"/~ with
hy>--->h;. An easy calculation (see [Laksov and Thorup 2009, 0.6]) shows that
we then have an equality Res(fi/Q, ..., fi/Q) = sn,,..n,(T1, ..., T;), where the
polynomials si, 5, (T1, ..., T}) = (Sh,—i+;), With s; the i-th complete symmetric
function in Ty, ..., T;, are the ordinary Schur functions (see [Macdonald 1995, 1
§3], for example). However, by the Jacobi—Trudi formula (see [Macdonald 1995, I

.....

The following result indicates a different approach to the determinantal formula
from that presented in [Laksov and Thorup 2009].

Proposition 1.5. There is an isomorphism of A[T, ..., T¥™-modules
o™ NLAT]— ATy, ..., TIIY™
determined by mapping fi A --- A f; to det(f;(T}))/A.

Proof. The existence of the homomorphism follows since det(f;(7;))/A is multi-
linear and alternating in f1, ..., f;.

To prove that the homomorphism is A[T7, ..., T;]*¥™-linear it suffices to prove
that the homomorphism o : ®{4 A[T] — A[Ty, ..., T;}]*™ determined by o (f1 ®
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® f)= det(f, (T ))/Ais A[Ty, ..., T;]*Y™-linear. We first note that we have an
equallty a((T b h’)f1 (Ty) - - f;(Tl)) = det(Th’ fi(T}))/A. Fix a permutation
7 of [1, []. The contribution to det(T fi(T}))) from the elements inrows 1,...,!
and the corresponding columns z (1), ..., 7 (l) isT T(l) T(l) fi(Trqy) - fl(T,(z))
Let f be the sum of the elements TT 1" TT(Z) taken over all the different [-
tuples (kp, ..., k;) that are permutations of (%1, ..., /;). Then the contribution
to o (f(fi(T) ® --- ® fi(T7))) from the elements in rows 1,...,/ and corre-
sponding columns 7 (1), ..., t(l) isequal to ffi(T;(1)) - - - fi(T%()). Consequently
we have o (f(fi ® --- ® f;)) = fdet(f;(T;))/A. The homomorphism ¢®™ is

A[Ty, ..., T;}]®™-linear since all symmetric functions are linear combinations of
polynomials of the form f.

It follows from Theorem 1.2(1) that /\IA A[T]is afree A[Ty, ..., T;]¥™-module
of rank one with generator (T'|y)'~' A--- A (T|y)°. Since this generator maps to
1 by 6™ and 6™ is an A[T}, ..., T;]*™-module homomorphism it follows that
o™ is an isomorphism. O

2. Strings, partitions and factorial Schur functions

In this section we give the main properties of factorial Schur functions. This will
provide us with the natural foundation for the treatment of the generalization of the
description of equivariant cohomology given by Goresky—Kottwitz—MacPherson
(see also [Knutson and Tao 2003; Arabia 1989; Kostant and Kumar 1986]) and
of the theory of Mihalcea, both mentioned above. To facilitate the understanding
of the correspondence between the theories we have conformed to the notation of
[Knutson and Tao 2003] as much as possible.

Notation 2.1. Denote by {Olo} all strings A : A1A> ... consisting of zeros and
ones with exactly / zeros. We consider { Olo} as a lattice with inequality A’ > A if

i 1/1’ > le/ll- forj=1,2,....

An inversion in A is a pair (i, j) with i < j such that 1 = 4; > 1; = 0. Denote
by inv(1) the inversions in A and write /(1) = |inv(4)].

We introduce a similar terminology and notation for partitions. Let {olo } o CON-
sist of all partitions b : by > --- > b; > 0. We consider { }9, as a lattice with in-
equalityb’zbwhenb; >b;fori=1,...,l. Toeachpartitionb:b;>--->b; >0 we
associate a strictly decreasing sequence a; > --->a; >0, wherea; =b; +1—j+1
for j=1,...,1

An inversion in b is a pair (i,a;) such that i <a; andi & {a;41,...,a;}. We
denote the inversions in b by inv(b) and write [(b) = |inv(b)|. Clearly /(D) =
25:1 bi.

Let 0 < a(d); < --- < a(l); be the positions where the zeros appear in 4 :
Mla... for 2 in {7}, thatis Aq, =0 fori =1,...,I. We obtain a partition
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b(2) : b(A); > --- > b(A); > 0in {010}@, with a(l); = b(A); +1 — j + 1 for
j=1,...,1,and

b(A); = {the number of ones to the left of zero number / — i + 1 in the string A}.

Example. Take / = 5. Consider the sequence A =01001010111.... Then
the sequence a(4) is equal to 13468, and the sequence (1) to 32110. More
geometrically, one can record the sequence 4 by a planar path, read from southwest
to northeast, starting from (0, 0), and ending on the line y = /, by making zeros
correspond to vertical steps and ones to horizontal steps. Then b(4) is the partition
whose boundary is traced by A.

1 1 1
10
10
0
110

0

It is clear that inv(1) = inv b(4) and thus /(1) = Zﬁzl b(L); =1(b(1)).

From a partition b : by > --- > b; > 0 we obtain, conversely, a string 1(b) :
A(b)1A(b)z ... in {7} defined by A(b),, =0 fori=1,...,[, the remaining A(b);
being one.

Lemma 2.2. There is a length preserving bijection of lattices between partitions
{7}y and {7} that maps b to 4(b), and 1 10 b(2).

Proof. It is obvious from the definitions that the map described in the lemma gives
a bijection between { Olo } o and { Olo }, and we observed above that the map preserves
length.

That the map is a homomorphism of lattices follows since b(1); and b(1'); are
the number of ones to the left of zero number / —i + 1 in 4, respectively 4. O

Lemma 2.3. Letr A, )/ be strings in {Olo }, and let b, b’ be the corresponding parti-
tions in {7 },,.-

(1) When A and A’ differ only in the i-th and j-th positions and (i, j) € inv(1),
then j =a(l), andi = a(1'), for some p and q, and the remaining elements
in the sequences a(1), > --- > a(A); and a(X)1 > --- > a(1); are the same.

(2) When b and b are such that the sequences a; < --- < aj and a; < --- < a]
differ only where j =a, and i = a, withi < j, then the strings A(b) and A(b")
differ only in the positions i and j, and (i, j) € inv(1(b)).
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Proof. Assertion (1) follows since the zeros in 4 are in the same positions as the
zeros in A’ except in positions i and j where 4; =0 and 1} = 0.

Similarly assertion (2) follows since the zeros in A(b) and A(d’) are in the same
positions except zero number j in A(b) and zero number i in A(b"). O

In the next two results we give the main properties of factorial Schur functions.

Theorem 2.4 (Vanishing Theorem; see also [Molev and Sagan 1999]). For every
partition b : by > --- > b; > 0 we have:

D) s6pytts -5 Vo1 1Y) = T jyeimviny Vi — ¥i)-
(2) Leth : hy = ---> h; > 0 be a partition that is not greater than or equal to b.
Then sb(y/’lri-la cees Y+l |)7) =0.

Proof. We may assume that A is the polynomial ring Z[yy, y», . . . ] in the variables
Y1, y2 . .. because, once the theorem is proved in this case, we can, for general A,
specialize the variables yj, y;, ... to any sequence of elements in A.

(1) The (p, q)-th entry in ((T;|y)? =) is (T, |y)ert=7 = [T (1, — yi). I

p <q wehave b, +1—q+1=<b,+1— p, and thus (lebq+l_q+1)bp+l*p =0.

_ byt
When p =g we have (T|yp,11-p41)" ™7 =127 (b, 41— p+1 — i) Con-

sequently the matrix (T'|yp;+/— j+1)b" +=i is lower triangular, and it follows from
what we just saw and from Notation 2.1 that the product of the diagonal elements
divided by H15i <j§l(yb,-+l—i+1 - )’b,+l—j+1) is H(i,j)einv(l(b)) ;= yi)-
(2) By assumption &, < b, for some p and thus h, +1—p+1<b,+1—p+1.
Then, fori < pand p < jwehave hj+1—-j+1<h,+l—-p+1<b,+
I —p+1<b+1—i+1. Consequently (T|ys4i—j+1)**~" =0. Thus the
(p x (I = p+1))-matrix in the upper right corner of ((leth,jH)bi”_") is zero,
and thus det((T |y, +1—j+1)" ") = 0. Since [T, ; j< (b +1—i+1 = Yoj41—j11) i
not a zero divisor in Z[yy, y2, ... ] we have sy (Vn, 415 - - - » Yn+11y) = 0. Il
The next result will be used in Section 3 to describe equivariant Schubert calcu-
lus as presented above. It will imply the main properties of Schubert classes gener-
alizing the description Goresky—Kottwitz—MacPherson in the notation of [Knutson
and Tao 2003]. We stress that the methods used to prove parts (2) and (3) of the
next result are similar to those used by Knutson and Tao to prove corresponding
results for Schubert classes (proof of Lemma 1 in Section 2.1 and of Proposition 1
in Section 2.4). We could have chosen the opposite approach and used the results of
Knutson and Tao to obtain information on factorial Schur functions. It is however,
more in the spirit of this work to focus on the properties of factorial Schur functions.

Theorem 2.5. Let A = Z[y1, Y2, ...] be the polynomial ring in the independent
variables y1, y2, ..., and let g € A[Ty, ..., T;]¥™. Moreover, let {Olo}k be the
subset of{olo}gJ consisting of partitions h : hy > --- > h; > 0 with h; <k.
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(1) g satisfies the GKM (Goresky—Kottwitz—MacPherson) condition. That is:
When b and b’ are partitions in {010}9, such that the sequences by +1 <
- <by+land by +1 < --- < by +1 differ only where the first sequence is
equal to j and the second is equal to i with i # j, then g(Yp,+1, - - - Yb,+1) —
8Vby+15 - - -5 Yp,41) Is divisible by y; — y;.
2) Letg= Zhe&b znsp (T, ..., Tily) with z;, € A and with $ C {olo}k, and assume

that g(yn,+15 - - - » Yn,+1) = O for all partitions h in {Olo}k Then zj, =0 for all
hed.

(3) For a given partition b, conditions (1) and (2) of Theorem 2.4 characterize the
homogeneous symmetric functions. More precisely and more generally:

We have equality §(yeysts -+ -+ Yert1) = $5Oertis -+ -> Yo 1) for all ¢ €
{Olo } , When the following three conditions are fulfilled:

(a) For every partition b {olo}k we have an equality §(Yp,+15 - - - » Yb+1) =
Hlfi<j§inv(b) (yj — i)
(b) g(Yh 415 ---» Yn+1) = 0 for all partitions h € {Olo}k that are not greater
than or equal to b
(c) For all c in {Olo}k we have that §(Ye,+15 - - - Ye+1) IS homogeneous in
Vi, Y2, ... of degree (D).
Proof. Assertion (1) is clear since g is symmetric in 71, ..., T;.

To prove assertion (2) we assume that some zj, is non-zero and choose » min-
imal such that z;, # 0. If z;, # 0 we must then have b, < h, for some p. It
follows from Theorem 2.4(2) that s,(ys,41, - - ., Yp+1]ly) = 0. Consequently we
have that g(yp, 41, - - -, Yp+1) 18 equal to the sum zhej S (Vby+1s -+ -5 Yo411Y) =
ZbSh (Yby+15 - - - » Yiy+11y) which is non-zero by Theorem 2.4(1). This contradicts
the assumption of (2) and thus proves that z;, =0 for all h € $.

We now prove assertion (3). Let g satisfy the conditions (i)—(iii) for some b.
Assume that g(yp, 41, - -, Yn+1) is not equal to sp(yh, 41, - - - » Y, +1]y) for some

h e {7}, and let ¢ be a minimal element in { %}, with the property that

(g —Sb(Tl, ceey Tlly))(yCrHa .. 9ycl+1) 7+_0

Then ¢ > b; otherwise it follows from assumption (ii) and from Theorem 2.4(2)
that §(Ve, 415 - - -» Yeo+1) = 0=55(Ve,+15 - - - » Yo+11y). Moreover c is strictly bigger
than b, since (g —sp(T1, ..., 111¥)) Vb, +15 - - - » Yb,+1) = 0 by assumption (i) and by
Theorem 2.4(1). In particular, I(c) > [(b). But from the GKM condition 2.5(1) it
follows that [T cinv(e) (v — ¥1) divides (¢ = sp(Ti, ... THY) Gt - - -+ Yars1)-
This is impossible since (g — sp(T1, - .., T1|¥))(Ye,+15 - - - » Ye+1) 18 homogeneous
of degree /(b) in y1, y7, . .. by assumption (iii) of (3). We have thus a contradiction

showing that there is an equality &(ve,+1s - - -» Yer+1) = S5 (Ver 15 - - -» Yer11y) for
all c e {olo } o and we have proved assertion (3). O
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3. Factorial Schur functions and Schubert classes

In this section we present the generalization of the Goresky—Kottwitz—MacPherson
description of equivariant cohomology alluded to several times above. We also
give the precise correspondence between this formalism and the general Schubert
calculus interpreted via factorial Schur functions.

Notation 3.1. Let A=Z7][yy, y2, ... ] be the polynomial ring in the variables yy, y;,

. over Z. We denote by Hle{”f} A all lists o = (a|1) of elements in A. This is a
ring with componentwise multiplication, and the unit is the list with 1|4 = 14 for
all 2. We consider [, [} A as an A-algebra mapping a € A to the list @, with
04|A = a for all 4, and we define an A-algebra homomorphism

o AT, ..., T]Y™ — H A
re(F)

by o®M(f (T, ..., T))) = ay where ar|A = f (Vo) +is - - - » Yo(iy+1)-
For each partition b : by > --- > b; > 0 in {olo}@ and for each string A: 114, . ..
in {7} we write

Sp=0“"(sp(T1, ..., Tily)) and S; = Sp().

Definition 3.2. Anelement a €[], (=) A is called a class if the polynomials a|1
for all 1 € { } have bounded total degree in the variables yi, ys, ... and if it
satisfies the GKM (Goresky—Kottwitz—MacPherson) condition, that is:

If A,/ in {7} differ in the positions i and j only, the element a|A — a2’ is
divisible by y; — y;

It is clear that the classes in [ [, (=1 A form an A-algebra with coordinatewise
addition and multiplication. We denote this algebra by H (/).

Aclassa e Hie{ ) A is a Schubert class corresponding to 4 in { olo } if it satisfies
the following three conditions:

1) ald= H(i,j)einv(/l)(yj = i)
(2) If a|A" #0 then A’ > A.
(3) Forall u e {Olo} the element « | 4 is homogeneous of degree [(4) in yy, y2, .. ..

The ring H (/) can be thought of as the formal generalized analog of the localized
equivariant cohomology of the infinite grassmannian described in the introduction,
with one torus fixed point for each partition. In the following result we give the
exact connection between classes and symmetric polynomials. Observe that the
proof of assertion (2) is modelled after the proof of Proposition 1 in [Knutson and
Tao 2003].

Proposition 3.3. Let A =Z[y, y2, .. .| be the polynomial ring in the independent
variables y1, v, ... over Z. Then:
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(1) The image of the homomorphism o : A[Ty, ..., T;]¥™ — H;Le{o]o} A con-
sists of classes, that is, 01" induces an A-algebra homomorphism

o ATy, ..., TI1"™ — H().

Moreover, the images Sp = o (sp(T1, ..., T;1|y)) of the factorial Schur func-
tions are Schubert classes corresponding to A(b), for each partition b : by >
---zb,inn{c’f}@.

(2) Let a be a class. Then o is a linear combination, with coefficients in A, of the

Schubert classes S, = o (sp(T1, ..., Ti|y)) for partitions b : by > --- > b; >0
in {Olo }g). In particular o is surjective.

If all the elements o|A are in Z|y,, ..., y,]| for some n, the coefficients are
inZlyi, ..., yul,and if 6% (sp(Ty, ..., T1|y)) has a non-zero coefficient then
be{T}, withk=n—1.

Proof. 1t is clear that for g € A[T}, ..., T;]*™ the elements ¢°1"(g)|A are of total

degree at most equal to the total degree of g plus the total degree of the coefficients.
Moreover, it follows from Theorem 2.5(1) that o°1"(g) satisfies the GKM condi-
tion. Hence 0°1"(g) is a class. That Sj, is a Schubert class follows from Theorem
2.4. Thus we have proved assertion (1).

We next prove assertion (2). Let o be a non-zero class. Let x4 be minimal
in the support of a, that is, ¢ is minimal such that a|u # 0. It follows from
the GKM condition that a|u is a multiple £ of H(i’ J)einv( ﬂ)(y ;i — yi). Moreover,
if a|u is in Z[yy, ..., y,] we must have b(u); + 1 < n, that is, u € {olo}k and
BeZly1, ...,y Theorem 2.4(1) implies that a|u = Bo M (sp (T1 . . ., T11y)) |1
and Theorem 2.4(2) that u is not in the support of o — o (s, (T1, .. ., Tily))
and that no element smaller than u is in the support. Continuing this process
we can successively reduce the support upwards. By the definition of a class the
total degrees of a|A for all 1 € {Olo} are bounded. Thus the process must end.

Moreover, in the process we have that if a|A € Z[y, ..., y,] forall 1 € {OZO} then
the coefficients § are in Z[yi, ..., y,] and the u involved are in {7’} . Hence
assertion (2) holds. O

The correspondence between the equivariant Schubert calculus of Section 1 and
the generalization of the Goresky—Kottwitz—MacPherson description mentioned
above (see also [Knutson and Tao 2003], [Arabia 1989] and [Kostant and Kumar
1986]) is given by the following results.

Theorem 3.4. (1) The homomorphism o : A[T\, ..., T}1*™ — H(l) of Proposi-
tion 3.3 is an A-algebra isomorphism.

(2) The Schubert classes S, for A € {Olo } form a basis for the A-module of classes.
(3) S; is the unique Schubert class belonging to 1.
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Proof. Let g € A[Ty,..., Tj1¥™. The elements (T|y)" =1 A ... A (T|y) for
all partitions &y > --- > h; > 0 form a basis for /\IA A[T]. In particular, it
follows from Proposition 1.5 that g is the image by ¢*¥™ of a unique element
D hes ((T|y)n =V Ao A(T]y)™) with z;, € A, and where the sum is over a
finite set of partitions in {Olo } Hence it follows from Theorem 1.2(1) and (3) that
8= pey 2nsn(T1, ..., Tily) and that the elements s, (71, . .., T;|y) for b € {Olo}@

form an A-basis for A[Ty, ..., T;]¥™. If ¢%"(g) = O it follows from Theorem
2.5(2) that z;, = 0 for all & € $. Thus ¢°1" is injective. The A-algebra homomor-
phism ¢ %" maps A[T1, ..., T;]*™ onto classes by Proposition 3.3(2). Thus we

have proved assertion (1).
Since we just proved that the classes s,(7T1, ..., T;|y) for b in {Olo}g, form a
basis for A[T, ..., T;]¥¥™ assertion (2) follows from (1) and the definition of ;.
Assertion (3) follows easily from Theorem 2.5(3) and the definition of S;. [

Corollary 3.5. Consider H(l) as an A[Th, ..., T;1%¥™-module via . Then the
composite homomorphism

oo™ NLA[T]— H()
determined by mapping
(T A AT =5 (T, TIDWT ) TIA AT 0 Sie),

for each partition b : by > --- > by > 0, is an isomorphism of A[Ti, ..., T;]?™-
modules.

Proof. The proposition immediately follows from Proposition 1.5 and from asser-
tion (1) of the theorem. O

4. Pieri’s formula

Let A be an arbitrary ring. From the action of A[T}, ..., T;]%™ on /\{4 A[T] we
obtain that the product spT" A - A TM, where s;, is the h-th complete sym-
metric function in Ty, ..., T; and h; > --- > h; > 0 is a partition, can be ex-
pressed as a linear combination of elements T/! A --- A T/ with coefficients in
AlTy, ..., T;]¥™, where j; > --- > j; > 0 is a partition such that j; +--- 4 j; =
hi+---+h;+h. After suitable cancellations the resulting formula is called Pieri’s
formula. In Sections 1 and 2 we have seen how the multiplication can be expressed
in terms of factorial Schur functions. Here we shall give the explicit calculations of
510..0(T1 .., TV (T )" A« - -A(T|y)") in Ay A[T]and perform the necessary
simplifications to obtain the equivariant Pieri formula.
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Using the isomorphism in Corollary 3.5 the calculations and the resulting for-
mulas can be translated into the algebra H (/). There we obtain an explicit ex-
pression for the coordinatewise product suo. o5, (71, ..., T;|y) as linear combina-
tions of elements s;,,_;, (T, ..., T;|y) with coefficients in A[T7, ..., T;]¥™ where
i1+---+1i=by+---+ by + h, the coefficients are those of [Knutson and Tao
2003]. After the appropriate cancellations of terms we obtain the Pieri formula in
H (I). The results are direct translations of those in /\i‘ A[T] and we therefore do
not repeat them.

Similar calculations to those performed in this section were first made by San-
tiago in [Santiago 2006] (see also [Gatto and Santiago 2009; Laksov and Thorup
2009]). The formula specializes to those of [Mihalcea 2006; 2008]. A different
approach to Pieri’s formula can be found in [Robinson 2002].

To make the expressions of the calculations more transparent we simplify the
notation somewhat.

For independent variables 71, ..., T; over A we denote by

sp =sp(Th, ..., Tp)

the h-th complete symmetric functionin T, . .., T, and by s, (v, ..., ¥) its value
at yi, ¥2, ..., y; € A. Similarly, for elements y;, y, ... in A and for any 4 and m
we denote by

(Vi Ym)

the value at y, ..., y, of the A-th elementary symmetric function in m variables.
We write

gn=TI)" =T =y (T =y
and let
Sn0--0(T'1y) = sno-.0(T1, - .., Tily)
=Res((T|)"*'71/Q(1), (T1y)'?/ QD). .. (T1y)°/Q(T))
be the h-th factorial Schur function where h > 0> - > 0is in {7 },,.

Lemma 4.1. We have
h
-t A2 A Ago= D (=D sp_jc; (s s yrpr—1)(81-1 A+ A go),
=0

where ¢;(y1, ..., Yht+i—1) IS the j-th elementary symmetric function in the vari-
ables yi, ..., Yh+i—1. Moreover,

h

s10-0(T1¥) = D (=D sn_jc; 3, - Ynyi1).
j=0
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Proof. We develop gn+i—1, &1—2, - - - , o in powers of the variable T and obtain
Ehtl-1NgI2 N Ngo

h+1—1 X .
= (X IO )T AT A AT,
=0

j
Theorem 1.2(3) implies that T/ 1=/ AT!IZ2 A ATO = Sh—j (T=TA--ATO).
Thus
h+1—1

Shri—t AgIca A Ago= 2 (=D sp_jej iy oy yh—)(TE A AT,
j=0

which gives the first part of the lemma since s, ; = 0 for j > k, as required.

To obtain the last part of the lemma it suffices to compare the first equation of
the lemma with the equation gy ;1 A g2 A+ -Ago=5h0..0(T|¥)(g1—1 A---A&0)
of Theorem 1.2(3). O

Lemma 4.2. We have Y
Thgi = zsh—j Dit1s-e-s Vit j+1)8itj-
i=0

Proof. We prove the equation by induction on 4. It holds trivially for 4 =0. Assume
it holds for 4 > 0. From T'g; = g;+1 + yi+1&; and the induction hypothesis we get

h

h+1
T i =3 s Oikts - oo Vit j+1) Qi jtt + Vit j+18i+))
i=0
htl h
= D Shti—j Yikts oo 5 Vi )it + 20 Sh—j Vi1 -+ s Vit jr1) Vit j+18i+j
Jj=1 j=0
=S50(YVit1s s Yitht1)&ith+1
h
+ D Shr1—j Oitts oo s Vi) FSh—j ik 1o o5 Vit jr 1) Vit j)&it)
=
+ 50 (Vit1)Vi+18i
h
= Githt1+ 2 Shti—j ikt -« s Vit j+1)8i+j + Sh1(Vit1)8i
i=
1
= Shpl—j Gitls oo Vi j+1)8it - 0
i=0
Lemma 4.3. Let ji, ..., ji, hi, ..., h, h be non-negative integers with ji +-- -+
Ji < h. Then

E Sit—ji (Yh1+1, cees yh1+j1+1) e ‘Silfj,()’hﬂrl, ey )’h,+j1+l)
i1++i=h
= Sh—ji—m jy V15« o s Yhyb i s« oo Yhytls o oo s Yigtjy+1)-
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Proof. 1t is clear that all the monomials on the left-hand side of the equation of
the lemma appear in the right-hand side. Conversely, consider a monomial that
appears on the right-hand side with a contribution of degree k; from the variables

Yhi+1s -+« 5 Yhi+ji+1 fori = 1,...,[. Then k; +"'+k1 =/’l—j1 —~--—j1. Let
irv:=h—jo—---—ji—ky—---— k. Then i{ — j; = k1. Correspondingly we
define iz, ..., i; such that i, — j, =k, for p =1, ...,1. The monomial that we
consider will then be the product of monomials in Vhp+1s o Yhptjp+1 of degree
ip—Jjp=kpfor p=1,...,1, and thus appear on the left-hand side of the equation
in the lemma. 0

Proposition 4.4. Let hy, ..., h;, h be non-negative integers. Then

h
si@m A Ag) =D D

i=0 ji+--+ji=h—i
Si(Vhi41s s Yhytjils o oo Yitlo - o5 Vit jo+1) (8hyju N+ A &yt jy)-

Proof. By definition @ := spgn, A+ A gn, = Zi1+-~~+i1=h Tigp A---ATlgp,. Tt
follows from Lemma 4.2 that

i i
o= > D> D Si— i Oty Y1)
iv+-+i=h =0 =0
Sir— it V1o o Yt j4 1) @Ry A= A Bhytjy)-

Since s;,—j, (yth, <o vs Yhp+j,+1) = 0 when j, > i), we obtain
h
w = Z Z sil—j](yh]-i-l,"-,yh|+j1+1)“'
iv+4ij=h ji+-+j=0
Sij—ji ()’h,+1, sy )’h,+j1+1)(8h1+j1 ARRERAY th—j/)'
Exchanging the order of summation we obtain by Lemma 4.3

h

0= 2 Sheji—e— i (Vhi1s o s Yhijit1s o o5 V1o -+ o> Yyt ji+1)
Jit+i=0
(gh]-l-jl ARRRRA ghl-i-j]),
that immediately gives the equation of the proposition. g

Theorem 4.5 (Pieri’s formula). Let hy > --- > h; > 0 be a partition and let h be a
non-negative integer. Then

h
sngm A A= >

i=0 (j1,s J)EPN—i
si(yhl-i-la sy Yhytjitls o e e s Yiytls - o v s y/’l1+j1+1)(gh1+j1 AN /\gh[—i-jl):
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where $p,_; is the collection of all I-tuples (ji, ..., ji) such that ji+-- -+ ji=h—i
and j1+hy > hy > jo+hy>hy>---> ji+h; > h;. We also have

5p0--0(T|[Y)(&n A+ - N gny)

h h
=ZZ Z (=D e;3ns - o Ynri-1)

J=0i=0 (ji,.... ) EFn—i
Si(yh]-‘rl, cees yh|+j1+1s ceeny yh/+13 cees )’h1+j/+1)(gh|+j1 AR /\gh[-i-j[),

Proof. Let s;(gn,+j, A+ - -A&n +j;) be a term on the right-hand side of the equation of
Proposition 4.4. Assume that i, + j, > h,_1 forsome p. If hp+j,=hp 1+ j,-1
the term is zero. Assume, on the other hand, that j;_l =hp+jp—hp_1# jp-1,
and let j[/, :=hp_1+ jp—1 —h,. Then j;_l >0 and jl’J =hp_1—hp+j,—1>0.
Moreover we have j, |+ j, = jp—1+ jp, and j, # j, because j,_; # jp,—1. On
the right-hand side of the sum in Proposition 4.4 we thus have two terms

Si(. L) yhp,1+19 e 7yh[;7|+jp7]+15 y/’lp+19 .. -9yhp+jp+19 .. )
(o AN &hyoitjpr N Bhyptjp N o)
+si(..., Yhp_1+15 - - >)7hp,1+j1’771+13 Yhp+1s -5 Yhptjr41s - )

(. .. /\g/’lp—l'f/.[/,,] /\ghp""jl/; A - )

Since h,_1+j,—1=h)p +j1’, andh,+j,=h, —i—j}i1 and the s; are symmetric in
Yhi415 - - > Yiy+j1+1» these two terms cancel. In Proposition 4.4 there remain only
the terms in Pieri’s formula.

The last formula follows from the first and Lemma 4.1. U
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