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Preface

Givena Lie group G acting on a space X, the equivariant cohomology
ring HZX packages information about the interaction between the
topology of X and the representation theory of G. On one hand, it
provides a way of exploiting the symmetry of X, as manifested by the
G-action, to understand H*X; on the other hand, appropriate choices
of X are useful in studying representations of G.

Defined by A. Borel in his 1958-9 seminar on transformation
groups, equivariant cohomology arose in the context of a problem of
interest to topologists: given some cohomological information about
X, what can be said about the group actions X admits? Must there
be fixed points? How many? By constructing an auxiliary space,
Borel built a framework for answering these questions in special situ-
ations, e.g., when G is a torus and X is a compact manifold satisfying
a technical hypothesis (now known as equivariant formality).

It took several decades for ideas of equivariant cohomology to
enter mainstream algebraic geometry. By 2000, though, localiza-
tion had become a standard technique in Gromov-Witten theory and
applications to enumerative geometry. Equivariant methods were
also used in producing degeneracy locus formulas and in proving
Littlewood-Richardson rules in Schubert calculus.

One reason for the lag may be the role of infinite-dimensional
spaces. Indeed, Borel’s construction produces a certain fiber bundle
over the classifying space BG, with fiber X. Classifying spaces are
almost always infinite-dimensional, so they are certainly not alge-
braic varieties. However, for the groups appearing most frequently
in applications to algebraic geometry—linear algebraic groups, and
especially torus groups—these spaces can be “approximated” by fa-
miliar finite-dimensional varieties. Such approximation spaces were
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introduced by Totaro in the late 1990s, building on ideas of Bogo-
molov, and they were incorporated into a theory of equivariant Chow
groups by Edidin and Graham. The same ideas work equally well
for cohomology, and in fact, some of the foundational notions are
simpler for cohomology than for Chow groups.

Our aim in this text is to introduce the main ideas of equivariant
cohomology to an audience with a general background in algebraic
geometry. We therefore avoid using infinite-dimensional spaces in
any essential way, relying instead on finite-dimensional approxima-
tions. A recurring theme is that studying the equivariant geometry of
X is essentially the same as studying fiber bundles with fiber X. The
fiber bundle point of view has a long tradition in algebraic geometry,
and by emphasizing this, we hope that newcomers to equivariant
cohomology will find that many of the constructions are already
familiar.

In our choice of topics, we were guided by a desire to keep preg-
uisites minimal. Apart from a “Leray-Hirsch” type lemma, and a
tew basic facts about Chern classes and cohomology classes of sub-
varieties, all that we need is standard material from first courses in
algebraic topology and algebraic geometry. Projective spaces and
Grassmannians are usually familiar to beginners, and they suffice
to illustrate a broad range of equivariant phenomena. Toric varieties
and homogeneous spaces are natural next steps, and here one already
encounters the frontiers of current research.

On the other hand, this introductory text is not an all-inclusive ref-
erence, and we have left out many exciting topics, inevitably includ-
ing ones which some researchers (even ourselves!) might consider
essential. Readers will have to look elsewhere for the construction
of equivariant cohomology via differential forms; for a detailed dis-
cussion of the moment map and the symplectic point of view; for
applications to the cohomology of finite or discrete groups; and for
equivariant K-theory and more exotic cohomology theories. Part of
our aim is to prepare and encourage readers to explore the many
excellent sources for learning about such things.
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The book grew out of lectures, and we have tried to blend some
of the organic character of a series of lectures with the logical organi-
zation of a textbook. The first six chapters cover the basics, including
a simple version of the localization theorem and an illustration of its
application to the space of conics. This material is important for most
users of equivariant cohomology. Refinements of the localization the-
orem, including the “GKM” description of equivariant cohomology,
are given in Chapter 7. Here we employ some more technical argu-
ments, and for the most part the results are not logically required
elsewhere in the book.

The remainder of the text consists of examples and applications—
to toric varieties, Grassmannians, flag varieties, and general homo-
geneous spaces.

Grassmannians and flag varieties are fascinating objects of study
in their own right, and we give an account of their combinatorial
structure and equivariant geometry in Chapters 9 and 10. These
spaces also form part of the link between equivariant cohomology
and degeneracy locus formulas: in a precise way, a formula for the
cohomology class of a degeneracy locus is equivalent to one for the
equivariant class of a certain Schubert variety. This connection moti-
vated much of our perspective, and it is the subject of Chapter 11.

Projective spaces, Grassmannians, and ﬂag varieties are examples
of homogeneous spaces for the general linear group. Other classical
groups—the symplectic and orthogonal groups—appear in a similar
way, and their corresponding flag varieties are related to refined de-
generacy locus problems. The problem of extending what is known
tor GL, (“type A”) to the other classical types has received much
attention over the last few decades. For a complete telling of this
story, putting all classical groups on equal footing, we must refer
elsewhere. Chapters 13 and 14 provide a sample, describing the
equivariant cohomology of symplectic flag varieties (“type C”).

The type C degeneracy locus formulas require a new coefficient
ring, and this raises a question: where is the analogous coefficient
ring in type A? The answer has become clear only in very recent work,
involving a certain infinite-dimensional Grassmannian. (As usual,
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and in keeping with our general theme, it can also be understood
via appropriate finite-dimensional approximations.) To provide a
bridge between type A and type C, this is discussed rather briefly in
Chapter 12.

Once one understands something about flag varieties for sym-
plectic and orthogonal groups, it is natural to ask about general
homogeneous spaces. These spaces play a key role in the story of
equivariant cohomology, too: thanks to a theorem of Borel, if G is a
reductive group with Borel subgroup B and maximal torus T, then
the G-equivariant cohomology of any space on which G acts is re-
lated to its T-equivariant cohomology through the flag variety G/B.
This is explained in Chapter 15, and further developed in Chapter 16.

There are several possible approaches to defining equivariant ho-
mology. One which is well-suited to our theme of finite-dimensional
approximation is presented in Chapter 17, based on ideas of Edidin,
Graham, and Totaro. Equivariant Segre classes appear naturally in
this context, as do the equivariant multiplicities introduced by Ross-
mann and Brion.

In Chapters 18 and 19, we conclude with a study of Schubert
varieties in homogeneous spaces. Highlights include a formula for
the restriction of a Schubert class to a fixed point (due to Andersen-
Jantzen-Soergel and Billey), a criterion for a Schubert variety to be
nonsingular at a fixed point (following Kumar and Brion), and some
formulas for multiplying equivariant Schubert classes, along with a
theorem of Graham which asserts that such products always expand
positively, in a suitable sense.

Each chapter ends with a “Notes” section, providing some limited
historical and mathematical context, as well as references for material
in the text. We have also included hints for many of the exercises,
and complete solutions in a few cases.

Appendix A is a brief summary of basic results from algebraic
topology which we need in the text; much of this material is essential,
and we advise the reader to review it before embarking on the main
text. The other appendices may be perused as needed.
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Early drafts of what became this book began with WF’s Eilenberg
Lectures at Columbia University in 2007, and DA’s notes have been
available online since then. In the meantime, both authors have given
lectures augmenting and improving on these notes—in courses at the
University of Michigan, the University of Washington, and the Ohio
State University, and in lecture series at the Institute for Advanced
Study in Princeton in 2007, at IMPANGA in Bedlewo in 2010, and
at IMPA in Rio de Janeiro in 2014. We heartily thank the many
students, friends, and colleagues who attended these lectures and
gave feedback on the notes. Special thanks go to P. Achinger, I. Cavey,
J. de Jong, D. Genlik, O. Lorscheid, D. Speyer, and A. Zinger for their
detailed comments, and to M. Brion, D. Edidin, W. Graham, and
B. Totaro for their influence on our understanding of the subject.






CHAPTER 1

Preview

Before beginning in earnest, we offer a taste of the themes and
topics this book will explore. Although we give some definitions
and sketches of arguments here, the reader should rest assured that
later chapters will provide more detail.

1. The Borel construction

Suppose a Lie group G acts on a space X (on the left). The
standard definition of the G-equivariant cohomology of X, written
H{ X, goes like this. Find a contractible space EG with G acting freely
(on the right), and form the quotient

EG x° X := (EG x X)/(e - g,%) ~ (e, g - X).

Then define
H.X := H'(EG x° X).

The idea behind this definition is to have HéX = H!(G\X) when the
action on X is free; replacing X by EG X X leaves the homotopy type
unchanged, but produces a free action, with quotient EG xC X. This
construction first appeared (unnamed) in Borel’s 1958-9 seminar on
transformation groups, so the space EG x© X is often called the Borel
construction.

The space BG := EG/G is a classifying space for G and it, along
with the quotient map EG — BG, is universal in an appropriate
category, so this definition is independent of choices. We will not
need this general topological machinery, though.

The case when X is a point is important. Here we are looking at

Ac = HL(pt) = H'BG.
1
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Since BG usually has nontrivial cohomology, H:.(pt) # Z in general!
This is an essential feature of equivariant cohomology.

ExampLE 1.1. For the multiplicative group G = C*, we can take
EG = C* \ {0}. Certainly G acts freely, and it is a pleasant exercise
to prove this space is contractible.! The quotient is BG = CP*. This
lets us compute our first equivariant cohomology ring:

Ac = H.(pt) = H'CP*® = Z[t],

where t is the Chern class of the tautological line bundle on CP*.

For the circle group G = S!, regarded as the unit complex num-
bers, we can use EG = 5%, regarded as the unit sphere in C*. This is
contractible, since C* \ {0} retracts onto it, and we obtain the same
quotient space BG = CP* as for C*. Alternatively, we could use the
same space EG = C*® \ {0}, since the subgroup G = S! C C* acts
freely here. Either way, we obtain

Agt = A = Z[1].

This is an instance of a general phenomenon: cohomology for a
complex group is the same as for a maximal compact subgroup.

ExampLE 1.2. Elaborating on the previous example, for the torus
T = (C*)" we can take ET = (C* \ {0})" to get BT = (CP*)". We find

AT = Z[tll sy tn]/

where t; comes from the tautological bundle on the ith factor of (P*)".
As before, we get the same result for the compact torus (S!)" € (C*)".

Early applications of equivariant cohomology were topological,
focusing on questions about how the cohomology of a space con-
strains the group actions it admits. Algebraic geometers were slower
to realize its utility, perhaps because the spaces EG x© X are gener-
ally infinite-dimensional (as we’ve already seen). However, some of
the core ideas of equivariant cohomology had been used in algebraic
geometry for quite a while. The space EG x© X is a fiber bundle over
the classifying space BG, with fiber X, and the study of such bundles
goes back at least to Ehresmann in the 1940’s. In algebraic geometry,
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fiber bundle constructions are familiar and ubiquitous—we are used
to going from a vector space to a vector bundle, projective space to
projective bundle, or Grassmannian to Grassmann bundle. A key
theme for us is that equivariant cohomology is intimately linked to
the study of general fiber bundles.

In fact, we will work with an alternative (but equivalent) definition
of H;, which stays within the realm of finite-dimensional spaces. This
involves using “approximations” E,, to EG, and each E,, x° X will be
a finite-dimensional algebraic manifold whenever X is. (A technical
assumption on G or X may be necessary, to guarantee algebraicity
of the quotient, but it will be automatic in most applications.) For
instance, we'll use E,, = C" \ 0 — B,, = P" 1 to approximate BC*.
In the next chapter, we’ll prove lemmas that show this leads to a
well-defined theory.

As we'll see, equivariant cohomology shares many familiar prop-
erties with ordinary (singular) cohomology: it is functorial (con-
travariant for equivariant maps), has Chern classes (for equivariant
vector bundles), and fundamental classes (for invariant subvarieties
of a nonsingular variety). Most of these properties are verified by do-
ing the analogous construction for ordinary cohomology on EG x© X
(or an approximation).

2. Fiber bundles

The Borel construction produces a certain fiber bundle from the
action of G on X: the fiber is X, and the base is BG (or an approxi-
mation). It is helpful to think of the diagram

X — S ExSX

Lo

pt——— B

with the vertical arrow on the right coming from the projection on
the first factor. Pullback along the horizontal arrows—i.e., restriction
to a fiber—defines a forgetful homomorphism H:. X — H*X, from
equivariant to ordinary cohomology. Pullback along the vertical
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arrows gives homomorphisms
Z=H'(pt) > H'X and Ag=H;(pt) = H X.

The first of these is trivial, but the second endows H X with the richer
structure of a Ag-algebra, at least when this ring is commutative. In
some cases, this structure is rich enough to determine X itself! (For
example, this happens when X is a toric manifold.)

ExampLE 2.1. The standard action of T = (C*)" on C" (by scaling
coordinates) defines an action on P"~! = P(C"), giving the universal
quotient line bundle £(1) an equivariant structure. Writing C =
clT (0(1)) for its equivariant Chern class in H%P”‘l, we have

HyP" ™ = AlCl/] @+ t).
i=1

We will work this out in detail soon; it follows easily from the general
formula for the cohomology of a projective bundle. Note thatsending
ti — 0 for all i defines a surjection H}Pn‘1 — H'P*1 = 7[C]/ (Zn),
where C = ¢1(€(1)) is the ordinary Chern class.

3. The localization package

The possibility of carrying out global computations using only
local information at fixed points provides one of the most powerful
applications of equivariant cohomology. This worksbestwhen G = T
is a torus. Two notions underwrite this technique. The first is that
equivariant cohomology should determine ordinary cohomology: in good
situations,

H}X — H*X is surjective, with kernel generated by
the kernel of At — Z.

The second notion is that equivariant cohomology should be determined
by fixed points: in good situations, for 1: XT < X,

Hi X 5 H: X7 is injective, and becomes an isomor-

phism after inverting enough elements of Ar.

We will also see theorems characterizing the image of ("
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Both of these are desired properties, but they can certainly fail
for a given action of T on X. (For example, if X has no fixed points,
it will be difficult for the second notion to hold; if X = T, acting
on itself by translation, then both properties fail. A useful exercise
is to look for other examples where one or both of these properties
fails.) In plenty of common situations, though, both do hold true: for
example, whenever X is a nonsingular projective variety with finitely
many fixed points. Theorems about when these properties hold form
the core of the localization package.

Another component of this package is an integration formula which
computes the pushforward along a proper map of nonsingular va-
rieties, f: X — Y, via restriction to fixed points. In the especially
useful case of p: X — pt, with X7 finite, this takes the form

aly
a:= p.a) = —,
/X p-(a) p; T
where the right-hand side is a finite sum of elements of the fraction
field of Ar—that is, rational functions in the variables ¢;.

All of this package consists of essentially equivariant phenom-
ena: for any space X with nontrivial cohomology and finitely many
fixed points, you could never have an injection H*X — H*XT, by de-
gree! Similarly, the right-hand side of the integration formula is only
defined equivariantly, since the denominators are positive-degree
elements of H7(pt).

Localization fits into the fiber bundle picture via sections: in terms
of the previous diagram, we have

with the inclusion ¢, : {p} < X of a fixed point inducing a section of
the fiber bundle E x¢ X — B. Pulling back along this section gives
the restriction homomorphism b Ho X — Hé(p) = Ag.
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4. Schubert calculus and Schubert polynomials

Our two main thematic strands—fiber bundles and localization—
braid together nicely in modern Schubert calculus. Here X is a pro-
jective homogeneous space, for example, P*1, Gr(d,C"), FI(C"), or
more generally, G/P for a reductive group G and parabolic subgroup
P. The cohomology ring has a basis of Schubert classes [ ], where
), € XisaSchubert variety, defined by certain incidence conditions.
These subvarieties are invariant for the action of a torus, and in fact
their equivariant classes o, = [Qy]" form a Ar-basis for HX. (The
set W indexing the Schubert basis is a quotient of the Weyl group of
G. For G = GL,, this is the symmetric group S,.)

A central problem is to understand these classes o,. In particular,
one would like expressions for them as polynomials in ring gener-
ators for Hi}X ; formulas for their restrictions to fixed points; and
combinatorial rules for their multiplication. The last of these is a
long-standing open problem: one can write

—_ § w
Gu * GU - CMU Gw,
w

for some homogeneous polynomials c¢%, in At = Z[ty, ..., t,]. What
are these polynomials?

The structure constants cj}, satisfy a positivity property: when
written in appropriate variables, these polynomials have nonnega-
tive coefficients. (When there is no torus, the structure constants are
nonnegative integers, by an application of Kleiman-Bertini transver-
sality.) The problem is to find a combinatorial formula for c;;, man-
ifesting this positivity. Good answers are known for some spaces—
Grassmannians, cominuscule varieties, 3-step flag varieties—buteven
the non-equivariant question remains open in most cases, despite
much recent progress. A key theme in recent advances is that equi-
variant techniques aid in proving non-equivariant theorems.

One can say more about the other problems. There is an elegant
formula for restricting o, to a fixed point p,, expressed as a sum
over certain reduced words in the Weyl group. And there are good
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formulas for representing 0, as a polynomial in Chern classes, at
least in classical types.

We will focus on “type A”, and in particular the complete flag
variety FI(C"). For each permutation w € S,, there are Schubert
classes [Q,] € H*FI(C") and [Q,]" € HZFI(C"). In 1982, Lascoux
and Schiitzenberger defined and initiated the study of Schubert poly-
nomials Sy, (x) € Z[x1, ..., x,], which are homogeneous polynomials
mapping to [, ] under a ring presentation Z[x] - H*FI(C").

There are also double Schubert polynomials

Sw(x;y) €Z[x1, . -, Xn, Y1, -+, Ynl,

and it was later proved that these map to [Qy]" in HZFI(C") =
Z[x,y]/1. Since H}FI(C") is a quotient of a polynomial ring, there
are necessarily many choices for polynomials representing [Qy]7,
but it is generally agreed that S, (x; y) are the best ones. They have
many wonderful combinatorial and geometric properties, and we
will study them in detail later.

Briefly, here is a different way the polynomials S, (x; y) arise,
which would have been familiar to mathematicians working over
100 years earlier. We will place rank conditions on n X n matrices,
and compute the degree of the corresponding variety defined by
the vanishing of certain minors. This sort of problem was studied
by 19th century geometers, especially Cayley, Salmon, Roberts, and
Giambelli. For a permutation w € S,, consider the (transposed)
permutation matrix A}, having 1’sin the w(i)th column of the ith row
(position (i, w(i))) and 0’s elsewhere. For example, the permutation
w = 2 3 1 has matrix

010
Al =001
100
Let A[p, q] denote the upper-left p X g submatrix of any matrix A,

and define

QM%AGMWJ&MMJDS&MM%ﬂHMMMSpﬂﬁnk
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This is an irreducible subvariety of M, , = A”z, of codimension
t(w) = {i < jlw(i) > w(j)}. Itis invariant for an action of T =
(C)" x (C*)" which scales rows and columns: viewing each factor of

1

T as diagonal matrices, (u,v) - A = uAv~". This means there is a

class
[Dw]” € HyMyuy = Ar =Z[x1, ..., X, Y1, -+, Ynl,

homogeneous of degree {(w) in the variables. (Since M, , is con-
tractible, its equivariant cohomology is that of a point.)

TueorREM. This class equals the Lascoux-Schiitzenberger double Schu-
bert polynomial: [Dy,]T = Sy(x; ).

This theorem is one piece of evidence of the naturality of Schubert
polynomials, as well as the advantage of working equivariantly: there
are no relations in the polynomial ring H;. M, ,, so no choices.

ExamrLe. The locus D331 is defined by two equations, a11 = a1 =
0. Each coordinate a;; comes with T-weight x; — y;, so Bézout’s
theorem imphes S231(x; y) = (x1 - yl)(xz - yl).

Notes

In addition to the original construction, many of the core ideas of equi-
variant cohomology appear in Borel’s seminar on transformation groups
[Bor60]. This includes the fiber bundle and localization perspective, as well
as the idea of approximating by finite dimensional spaces. (They used CW
complexes, not algebraic varieties.) In modern language, the Borel con-
struction can be regarded as a “homotopy quotient” of X by G, since it is
the homotopy colimit of a diagram G X X =3 X. Alternatively, one can view
H{X as the cohomology of the quotient stack [G\X]. See [Beh04] for an
introduction to the stack perspective.

Much of the current work on equivariant cohomology in algebraic ge-
ometry has roots in the story of modern Schubert calculus. Recent break-
throughs in the structure constant problem begin with Knutson and Tao’s
puzzle rule for Grassmannians [KnTao03], which we will see in Chap-
ter 9. Since then, formulas for two-step flag varieties have been found
[Co09, Bucl5, BKPT16], as well as very recent formulas for two- and three-
step flags [KnZ]J20]. There are also some rules for classical Schubert calculus
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on certain spaces G /P for groups G other than GL,,. Pragacz showed that a
formula of Stembridge computes the structure constants of the Lagrangian
Grassmannian [Pra91], and more generally, Thomas and Yong have found
type-uniform formulas for all cominuscule flag varieties [ThYo09].

The restriction formula for equivariant Schubert classes at fixed points is
due to Andersen-Jantzen-Soergel [AJS94] and Billey [Bi99]; we will prove it
in Chapter 18. The relationship between double Schubert polynomials and
equivariant classes was established in the 1990’s [Ful92, KnMi05, FeRi03].

Hints for exercises

1A solution can be found in [Hat02, Ex. 1B.3]. See, e.g., [MilSta74, §14] for the
computation of H*CP>.






CHAPTER 2

Defining equivariant cohomology

We will introduce our definition of equivariant cohomology using
finite-dimensional algebraic varieties, constructing a contravariant
functor from spaces with G-action to rings, and compute several
examples of Ag from this definition. First we need some basic facts
about principal bundles, which predate equivariant cohomology and
to some extent motivated its original construction.

Throughout this book, G is a Lie group. Usually—though not
always—it will be a complex linear algebraic group.

1. Principal bundles

Before discussing the general setup, here is a special case which
may be familiar. Suppose E is a complex vector bundle of rank n on
a space Y, so it is trivialized by some open cover U,. The transition
functions (from U, N Ug to GL,) can be used to construct a principal
GL,-bundle. Explicitly, let

p:Fr(E) =Y

be the frame bundle of E, whose fiber over y € Y is the set of all ordered
bases (v1,...,v,) of E,. (This is also known as the Stiefel manifold of
E.) There is a natural right action of GL,, on Fr(E), by

n

(v1,...,04) g =(w1,...,wy) wWherew; = Zgij vi,
i=1

and over an open set U C Y where E is trivial, the isomorphism

~

Elu s U xCn

N7

u
11
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gives rise to

~

Fr(Ely) = p~1(U) > UxGL,
\ ) /

so Fr(E)/GL, = Y. This bundle p: Fr(E) — Y, together with its
GL,, action, is called the associated principal bundle to the vector bun-

dle E. One can recover E from its associated principal bundle, via
isomorphisms

Fr(E) x¢t» c* —= E ;
l l (01,...,vn)><(21,...,zn)|—>Zzivi.
i=1
Fr(E) Xt pt —— Y,
Here we are using the balanced product notation introduced in Chap-

ter 1 when describing the Borel construction: in general, if G acts on
the right on a space X, and on the left on a space Y, then

X%y

is the quotient of X X Y by the relation (x - g, y) ~ (x, g - y).

The associated bundle can be used to construct other bundles.
Multi-linear constructions on the standard GL,-representation C"
lead to analogous ones on E. For instance, one has

Fr(E) x¢L» (C")Y = EY,
Fr(E) xC ATC" = AYE,
Fr(E) xCL» Symd Cc" = Symd E.
Using the (left) action of GL, on projective space P"~! = P(C"), the

Grassmannian Gr(d,C"), or flag variety FI(C"), one obtains projec-
tive bundles, Grassmann bundles, and flag bundles:

Fr(E) X%t P(C") = P(E),
Fr(E) X% Gr(d,C") = Gr(d, E),
Fr(E) X%t FI(C") = FI(E).
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In fact, any space X with a left GL,-action produces a bundle
Fr(E) xCl" X —» Y

which is locally trivial with fiber X. Special cases of this construction
will give us Hckan(X)' at least if H(Fr(E)) = 0 for i < k. Often it is
simpler and more natural to study bundles in general, keeping in
mind that this special case recovers equivariant cohomology.

Exercise 1.1. For d < n, let Fr(d,E) — Y be the bundle whose

tiber over y is
{(01, e, 04) | v1, ..., 04 are linearly independent in the fiber Ey}.

There is a right GL4-action, as before. Show that Fr(d, E) x4 C? is
naturally identified with the tautological rank d subbundle S C Eg;
on the Grassmann bundle 7t: Gr(d,E) — Y, where Eg, = *E is the
pullback vector bundle.!

Exercise 1.2. Note that Fr(d, E) is an open subspace of the Hom
bundle Hom(C%, E), where C‘; = Y x C? is the trivial bundle. Use
a similar open subset of Hom(E, C’;‘d) to construct the tautological
rank n — d quotient bundle Eg; - Q = Eg,/S on Gr(d, E).

Generally, for a Lie group G, a (right) principal G-bundle is
p:E—B,

where G acts freely on E (on the right) and the map p is isomor-
phic to the quotient map E — E/G. We will always assume such
bundles are locally trivial, so that B is covered by open sets U, with
G-equivariant isomorphisms p~!U = U x G, where G acts on U X G
by right multiplication on itself.

Exercise 1.3. With G acting by right multiplication on itself, triv-
ially on a space B, and on the left on a space X, show that there is a
canonical isomorphism

BxG)x® X =B xX.
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Exercise 1.4. Suppose G acts on the right on E and on the left on
X, and H acts on the right on X and on the left on Y, compatibly so
that
g (x-m)=(g-x)-h
forall g € G, x € X, and h € H. Show that there is a canonical
isomorphism

(ExC X)xy = Ex® (X x v).

RemaRrk. If one restricts to a category of paracompact and Haus-
dorff spaces, there is a universal principal G-bundle EG — BG, with the
property that any principal bundle E — B comes from the universal
one by a pullback

E —— EG

I

B — BG
for some map B — BG, uniquely defined up to homotopy. The base
BG of such a bundle is called a classifying space for G. In fact, a
principal bundle E — B is universal if and only if E is contractible.

The conditions paracompact and Hausdorff guarantee that par-
titions of unity exist, which is what is needed to construct the clas-
sifying map B — BG. Any complex algebraic variety has these
properties. On the other hand, for most groups G, there is no (finite-
dimensional) algebraic variety E which is contractible and admits a
free G-action, so the classifying space BG cannot be represented by
any algebraic variety. See Appendix E for an algebraic approach to
this universal property.

We will not need the universal construction in our approach to
equivariant cohomology. Instead, we construct finite-dimensional
algebraic varieties which “approximate” EG — BG, and sulffice to
compute cohomology in any finite degree.

2. Definitions

The equivariant cohomology groups Hé will be contravariant
functors for G-equivariant maps f: X — Y, and H, X = . H éX
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will be a ring. To define H éX in any range i < N (with N a positive
integer or infinity), it suffices to find a principal G-bundle E — B
with H'E = 0 for i < N. (That is, E is path-connected and H'E = 0
for 0 < i < N.) Then we set

HLX = H'(E x° X) for i<N.

To use this definition, we must show it is independent of choices, and
we must also find spaces E with N arbitrarily large.

For any G which embeds as a closed subgroup of GL,, we have
an answer to the second point:

LemmMma 2.1. Let G be any complex linear algebraic group, and N > 0 an
integer. There are nonsingular finite-dimensional algebraic varieties E and
B, with H'E = 0 for i < N, and G acting freely on Eso that E — B = E/G
is a principal G-bundle which is locally trivial in the complex topology.

In §4 we will give an explicit construction of E making the proof
of the lemma clear. Let us grant this for now, and check that the
definition does not depend on the choice of E.

ProrosiTion 2.2. IfE — B and E' — B’ are principal G-bundles with
H'E = H'E’ = 0 for i < N, then there are canonical isomorphisms
HY(E xC X) = H(E’ x© X)
forall i < N, and these are compatible with cup products in this range.
Proor. Consider the productspace EXE’, with the diagonal action

of G,so(e,e’)- g =(e-g,e - g). The projections are equivariant and
give a commuting diagram

EXX ——EXE XX — E'xX
ExC X ¢+— (ExE)x¢ X — B’ xC X.

The horizontal maps to the left are locally trivial bundles with fiber
E’, and those to the right are locally trivial with fiber E. A special
case of the Leray-Hirsch theorem (see Appendix A, §4) says that such
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bundle maps determine isomorphisms
H(EX® X) - H((EXE') x¢ X) «— H'(E' x° X)
for i < N. Since these come from ring homomorphisms
H*(E X% X) -» H'((E xE') x® X) « H*(E’ x° X),
they respect cup products. m|

Exercise2.3. Verity that for a third principal bundle E” — B” such
that H'E” = 0 for i < N, the canonical isomorphisms are compatible:
there is a commuting triangle

~

H{(E x© X) s HY(E’ x© X)
H{(E” x© X)
fori < N.2

Exercise 2.4. With E and E’ as above, suppose there is a G-
equivariant continuous map ¢: E" — E, so p(e’ - g) = ¢(e’) - g for all
e’ € E’, ¢ € G. This defines a continuous map E’ xC X - ExC X,
and a pullback homomorphism H'(E X X) — H'(E’ x® X). Show
that this is the same as the canonical isomorphism given above when
i<N3

Any G-equivariant continuous map f: X — Y determines a con-
tinuous map E X® X — E X® Y, by [e,x] — [e, f(x)], so we get
homomorphisms

f*HLY - HLX.
In particular, from the projection X — pt, we obtain a ring homo-
morphism
Ag = Hi(pt) = H:X,
making H&X a graded-commutative Ag-algebra. (If A%dd is nonzero,
then one needs to use the convention that for a € Aé and b € HZX,
one has b -a = (=1)P7a - b.) So we have constructed a contravariant
functor
H¢: (G-spaces) — (Ag-algebras).
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In Chapter 3, §2, we will construct more general pullbacks, allowing
the group to vary as well.

Exercise 2.5. Check that the isomorphisms verifying indepen-
dence of the choice of E are functorial: given an equivariant map
X — Y, and spaces E and E’ with H'E = H'E’ = 0 for i < N, show
that the diagram

H(EX®Y) — HI(E' x°Y)

! !

H{E x¢ X) —= H{(E’ x© X)

commutes.

As a simple and fundamental example, consider G = C*. This
acts freely on E,, = C" \ 0, by (z1,...,2zm) - s = (z15,...,2ms). The
quotientis B, = P"-1. Since ﬁiEm = HIS?m=1 =0 fori < 2m — 1, any
space X with a C*-action has

HLX =H'(C"\0)x“ X)  fori<2m-1.
In particular, for the range i < 2m — 1 one has

Z if i is even;

H{.(pt) = H'(P" ™) =
op) = HC ){0 if i is odd.

Each H*(P"!)is a truncated polynomial ring isomorphic to Z[#]/(t™),
so H{..(pt) is a polynomial ring:

Ao = Z][t], for t a variable of degree 2.

There are two possibilities for ¢, differing by a sign. In fact, there is a
canonical choice of sign, as we will see in the next section.

For G = (C*)", one can take E,, = (C" \ 0)", s0 B,, = (P"~1)" and
A =2Z|t, ..., ty].

In these examples one already sees a key feature of our definition
of equivariant cohomology: it takes place within the world of finite-
dimensional varieties.
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ProprosiTioN 2.6. Let G be a complex linear algebraic group acting
algebraically on a variety X. For any integer N > 0, there is a nonsingular
algebraic variety E so that HéX = Hi(E xG X) for i < N, where E x6 X
is a complex analytic space, nonsingular whenever X is.

Proor. Quite generally, suppose Z is a complex analytic space,
and Y — Zis a continous map of topological spaces which is a locally
trivial fiber bundle. If the fibers F are complex analytic spaces, and
the transition functions are holomorphic maps @.p: Uy N Ug — G
for some complex subgroup G € Aut(F) of holomorphic automor-
phisms, then Y inherits a canonical complex analytic structure by
glueing. If both Z and F are complex manifolds, sois Y.

The proposition is the special case where Y = EX® X and Z = B,
where E — B is chosen as in Lemma 2.1. |

3. Chern classes and fundamental classes

A G-equivariant vector bundle on X is a vector bundle E — X with
G acting linearly on fibers, so that the projection is equivariant. (That
is, Gactson E, and for all ¢ € G and x € X, and e € E,, the map
e — g - e is alinear map of vector spaces Ey — Eg¢.x.) An equivariant
vector bundle produces an ordinary vector bundle EX® E — EX° X.
Choosing E so that H'E = 0 for i < 2k, we take the Chern classes of
this bundle on E x© X to define the equivariant Chern classes of E:

cl(E) := cx(E X E) in  H¥X =H*Ex° X).

Similarly, a G-invariant subvariety V of codimension d in a non-
singular variety X determines a subvariety E X® V C E x¢ X of
codimension d, and therefore an equivariant fundamental class

[V]C = [ExC V] in  HYX=H*EXx" X).

(Here we assume G is a complex linear algebraic group and E is a
nonsingular algebraic variety. Then Proposition 2.6 says that E X© V
is a complex analytic subvariety of the complex manifold E x° X.)
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Exercise 3.1. Using arguments from before, show that these defi-
nitions are independent of choices.* More precisely,

cx(E X6 E) — (B’ xC E) under H?*(E x¢ X) —» H*(E’ xC X),
when HE = HE =0fori < 2k; and
[ExC V] [E' x© V] under H*(E x© X) — H*(E’ x© X),
when H'E = H'E’ = 0 for i < 2d.

Exercise 3.2. Show that multilinear constructions on vector bun-
dles are preserved by the Borel construction. For instance, if E and F
are G-equivariant vector bundles on X, verify that

ExC(E@F) = (Ex"E)® (Ex° F)

as vector bundles on E X¢ X, where E — B is a principal G-bundle.
Do the same for tensor products E ® F, /\k E, and Symk E.

The basic properties of equivariant Chern classes and fundamen-
tal classes follow directly from the corresponding properties of ordi-
nary classes on approximation spaces; details and references can be
found in Appendix A, §3 and §5. For instance, one has the following;:

e For equivariant line bundles L and M, equivariant Chern
classes are additive: clc(L QM) = clc(L) + clc(M).

e When 0 —- E’ - E — E” — 0 is an equivariant short exact
sequence, there is a Whitney formula c(E) = ¢®(E’) - c¢(E").

e If E hasrank e on anonsingular variety X, and s is an equivari-
ant section, then Z(s) € X is an invariant subvariety of codi-
mension at most e. If codim(Z(s)) = e, then [Z(s)]® = cS(E)
in H¥X.

e If G is connected, and two invariant subvarieties V and W of a
nonsingular variety X intersect properly, with V-W = ' m; Z;
as cycles, then [V]° - [W]¢ = ¥ m;[Z;]° in H{X. In particular,
if VAW =0, then [V]¢ - [W]® = 0.
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(In the last item, connectedness of G is needed to guarantee that each
Z; is also G-invariant.)

As usual, the basic case X = pt offers plenty to study. Here a
G-equivariant vector bundle is just a representation of G, so each
representation V of G has Chern classes CZ.G(V) € Héi(pt) = Azci.

ExampLE 3.3. For each integer a4, C* has the 1-dimensional repre-
sentation C,;, where C* acts on Cby z - v = zv. So C; is the standard
representation. In Exercise 1.1, we saw that

(C"\0)xC C, — 0(-1)

l |

(C™ N\ 0) x© pt —— P71,

so E x© C; gets identified with the tautological bundle ¢(~1) on B.
Taking t = C?(Cl) = c1(0(-1)) as a generator for Ac- = Z[t], we see
Ac- isa polynomial ring generated by the Chern class

of the standard representation.

More generally, since C, ® C, = C,;, we have cic* (C,) = at. One can
also see this from an identification E x* C, = &(-a).

ExampLE 3.4. Consider T = (C*)" actingon C" = V by the standard
action scaling coordinates. For 1 < i < n, we have one-dimensional
representations C;,, where z - v = z;v. Then

cl(V)=ei(tr,...,t,) in Ar=2Z[H,..., t],

where t; = ¢](Cy,) and ¢; is the elementary symmetric polynomial.
Using E = (C" \ 0)" and B, = (P"""!)", the class t; is identified with
the Chern class of the tautological bundle from the ith factor of B,,.

ExampLE 3.5. In the equivariant setting, it is harder to move G-
invariant subvarieties so that they intersect properly. For example,
consider G = C* acting on C in the standard way. Then the only
invariant subvarieties are {0} and C. In ordinary cohomology, one
could move 0 to 1 to see [0]*> = [0] - [1] = [{0} N {1}] = 0, but this is
not possible equivariantly. Indeed, ([0]7)? = t2 # 0 in HE.(©).
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4. The general linear group

Now we will consider G = GL(V), for an n-dimensional vector
space V. This has its standard representation on V itself, so there are
Chern classes cl.G(V) € Héi(pt) = Aéi . Our main calculation is this:

ProrosiTioN 4.1. We have
Ag =7Z[cy, ..., cn]
where ¢; = cF(V).

In other words,

AcL(v) is a polynomial ring generated by the Chern
classes of the standard representation.

To prove this, we will use E,, = Emb(V, C™), the space of linear
embeddings V < C", for m > n. Choosing a basis, so V = C", one
identifies E,, with Mj, ,, the space of full-rank m X n matrices. Let
Q,-1 = Hom(V, C™) \ E,;; choosing a basis identifies Q0,1 € M,
with the locus of m X n matrices of rank at most n — 1. A standard
exercise in algebraic geometry computes its dimension.

Exercise 4.2. Consider the locus Q, € M, , of matrices of rank at
most 7. Show this is irreducible of codimension (m — r)(n — r).>

Lemma 4.3. We have H'E,,, = 0 for i < 2(m — n).

Proor. From the long exact sequence in cohomology, we have
ﬁiEm = H* (Hom(V,C™),E,) = Homn-i-1Qn_1. By the exercise,
Q1 has (real) dimension 2mn —2(m —n+1). Wheni < 2(m —n), we
have2mn —i—1 > 2mn —2(m —n + 1), so this Borel-Moore homology
group vanishes. O

(For an alternative way of proving the lemma, see Appendix A, §7.)

We also need a coarse description of the cohomology of the Grass-
mannian, which says it is generated by Chern classes, with no rela-
tions in small degree.

Lemma 4.4. We have
H*Gr(n,C") = Z[c1(S), ..., cn(S)]/(Ry—n+1,---,Rm),
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where Ry is a relation of degree k.

The lemma can be found in standard algebraic topology texts, and it
also follows from computations we will do later (Chapter 4, §5).

Now we can prove Proposition 4.1. Observe that B,, = E,,/G =
Gr(n,C™), where G acts on Emb(V,C™) by (¢ - g)(v) = ¢(g - v).
By Exercise 1.1, E,, — By, is the frame bundle Fr(S) — Gr(n,C™)
associated to the tautological S € C[ , and so the vector bundle
E,, X© V identifies with the tautological bundle S itself. (The map
is by (¢, v) = (¢, ¢(v)).) Thus c7(V) is identified with ¢;(S). The

proposition now follows from Lemma 4.4. ]

5. Some other groups

Any closed subgroup G € GL(V) acts freely on E,, = Emb(V, C™),
so we can use these same approximation spaces for such G. (For
computations, it is sometimes useful to use other choices.) Let us see
how far we can get using this explicit construction.

Exercisg 5.1. Consider G = SL(V) € GL(V) as the subgroup
preserving the determinant A" V — C. Show that

Asrvy =Z[c1, ..., cul/(c1) =Z[ca, ..., cnl,

where ¢; = CZ.G(V). (Note that A" V is the trivial representation, so
cS(V) = cB(A" V) = 08

For now, let us fix a basis, so V = C". Our main example going
forward willbe T = (C*)", and we have already seen two possibilities
for constructing its equivariant cohomology. Using T = (GL1)", we
get

E.=(C"\0)"= {A € My, » | no column is Zero},
with B,, = (P~ 1),

On the other hand, from embedding T C GL, as diagonal matri-

ces, we have

En =M, , = {A € M, , | columns are linearly independent}.
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Using this choice, we get

o V € C" of dimension n,
ez | )

with a decomposition V =L1 & ---® L,

by sending a matrix to the tuple (L1, ...,L,), with L; the span of the
ith column. Call this space the “split Grassmannian” Gr*P!i*(n, C™);
it comes with tautological line bundles Ly, ...,L,, whose classes
t; = c1(L;) generate the cohomology ring.

There is a projection map 1: Gr*Pit(n, C™) — Gr(n,C™) sending
(Li,...,Ly)toV=L1&---®L, CC".

Exercise 5.2. Taking m sufficiently large, show that the corre-
sponding pullback map on cohomology gives

Acr, =Z[c1,...,cnl > Z[t, ..., th] = AT,

defined by ¢; — e;i(t1,...,ts), so Agr, embeds in Ar as the ring of
symmetric polynomials.7

Remark. The inclusion Ay, <= Ar is a manifestation of the split-
ting principle: given a vector bundle E on a space X, one can find a
map f: X’ — X such that f*E splits into a direct sum of line bun-
dles on X’, and the pullback homomorphism f*: H*X — H*X' is
injective. For any d < n = 1k E, there is a “split Grassmann” bundle
GrPlit(d, E) — X, constructed as before by taking a quotient of the
frame bundle, so

Fr(E) xCt GrPlit(d, C") = GrPliY(d, E).

Taking d = n = rkE and X’ = Gr¥(n, E), the pullback of E from X
to X’ splits, and the cohomology of X embeds into that of X".

Using functorial pullbacks in equivariant cohomology, exactly
the same construction establishes the analogous equivariant splitting
principle: for a G-equivariant vector bundle E — X, there is an
equivariant map f: X’ — X such that fE splits into equivariant line
bundles, and such that f*: H.X — HZ X" is injective.
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In between the torus and GL,, there is the Borel group B of upper-
triangular matrices. Using E,, = M,, , again, we have

o V € C" of dimension n,
S |

with a filtration Vi, c Vo, Cc---CcV, =V
=FI(1,2,...,n;C™),

the partial flag variety parametrizing chains V4 c --- c V,, € C™,
with dimV; = i. (The projection E,, — B, sends a matrix to the
flag where V; is the span of the first i columns.) This comes with a
tautological flag of bundles S; C --- C S, € C. The flag variety sits
between GrP(n, C™) and Gr(n, C™), with maps

GrPlit(n, C"™) — FI(1,...,n;C™) — Gr(n,C™),

sending (L1, ..., L,) to the flagwith V; = L1 ®--- ® L;, and projecting
aflagVeto V=V, cC"

Exercise 5.3. Show that GrPlit(n, C™) is a locally trivial affine
bundle, so the pullback map induces an isomorphism Ag — Ar.

The isomomorphism in this exercise is part of a general phenom-
enon, as we will see in the next chapter, since the inclusion T < B
is a deformation retract. On the other hand, one can also compute
directly that H*FI(1,...,n;C™) is generated by the Chern classes
ti = c1(S;/Si-1), with relations in degrees 2(m —n +1),...,2m, so
that Ag = Z[t1, ..., ty].

Exercise 5.4. Let x;: B — C* be the character which picks out the
ith diagonal entry of a matrix in B, and let C,, be the corresponding
representation. Show that #; = ¢?(Cy,).

For other groups, the rings Ag can be much more complicated.
For instance, the answer for PGL,, is not completely known!

In the case of the symplectic group G = Spy, € GL,, with its
standard representation V = C?", there is a simple answer:

Asp,, = Z[ca,c4,...,Con], Where co = Cgk(V),

so here again Ag is generated by the Chern classes of the standard
representation.
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Here is the easy half of this computation. Using E,;, = an,n/ we
find
o V € C™ has dimension 2n, and

w is a symplectic form on V

Using the projection to Mfmz” /GL2y, = Gr(2n,C™), one can pull back
the tautological bundle S. On B, this pullback bundle acquires a
tautological symplectic form, identifying it with its dual. Whenever
i is odd, then, 2¢; > 0 under the map Agr,, — Asp,,. (This comes
from the general fact that ¢;(E) + (=1)'c;(EY) = 0 for any bundle E.)
To complete the argument, one must show that H*B,, has no torsion,
and that Agr,, — Asp,, is surjective. See Chapter 15, Example 5.2.

Similar arguments show that Agr, — Aso, sends 2c; to 0 for i
odd, but in this case it is not true that c; + 0 (there is 2-torsion on
Aso,), and the map is not surjective in general.

Exercise 5.5. Show that Az/z = Z[t]/(2t), where t is a class in
degree 2. For the additive group Z, show that Az = Z[t]/(t?), where
t has degree 1.8

Remark. For a finite group G, there is another construction, which
gives rise to an explicit cochain complex computing A = HZ(pt). Let
C* = C*(G, Z) be the complex with

C' = {functions ¢: G — Z}
and for ¢ € C' define the differential dp € C'*! by
dp(go,---,81) = ¢(81,---, &)

i-1
+ Z(—l)]H(P(gl, 181, 8j8j+1s -+ &i)
j=0
+ (1" (g0, - -+, gi-1)-
Then Hé(pt) is the cohomology H*(C®) of this complex. One way
to prove this goes through the Milnor construction for the universal
principal bundle EG — BG.
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In the context of group theory, HZ.(pt) = H'BG = H*(G,2) is
known as the group cohomology of G with coefficients in the trivial
G-module Z.

6. Projective space

Let G be any group acting linearly on an n-dimensional vector
space V. Then G also acts on the projective space P(V), as well as the
tautological subbundle £(-1) and its dual (1). Let C = cf (0(1)) be
the Chern class in H éP(V).

ProrosiTiON 6.1. We have
HEP(V) = Ag[T/(C" + 1"+ + ),
where ¢; = cZ.G(V) are the Chern classes of the given representation.
Proor. This is a special case of the general formula computing the

cohomology of a projective bundle in terms of that of the base. In
our circumstance, the relevant identification is

EXCP(V) == P(E X V)
! !
B ——B,

compatibly with identifications of ¢(1). Thus C is the hyperplane
class for the projective bundle, and cl.G(V) = ¢;(ExC V) are the Chern
classes of this vector bundle on B. O

ExamrLe 6.2. For G = GL(V), we have
HZP(V) =Z[c1, ..., cul[C]/(C" + 10"+ + cp).

For T = (C*)" acting on V via the standard action, we have
n
H;B(V) = Zlh, . tallC)/ ] €+ ).
i=1

(This comes from the computation cz.T(V) =ei(t1,...,tn).)
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Notes

Our definition of equivariant cohomology, using approximations by
alebgraic varieties, is modelled on the analogous construction for Chow
groups. This technique was pioneered by Totaro [Tot99] and further de-
veloped by Edidin and Graham, who defined equivariant Chow groups
[EdGr98].

Algebraic versions of Lemma 2.1 appear in Totaro’s construction of the
Chow ring of a classifying space; see [Tot99, Remark 1.4] or [Tot14, §2].
In algebraic geometry, the method of proving Proposition 2.2 (establish-
ing independence of choice of approximation) was used by mathemati-
cians studying invariant theory; see especially Bogomolov’s definition of
the Brauer group [Bog87, §3]. In topology, this argument goes back to
Borel’s foundational papers; see [Bor53, §18].

An alternative argument for Proposition 2.6 showing that the quotient
Ex® X = (Ex X)/G is a complex analytic space can be given using a general
statement about analytic structures on quotients, proved by Cartan [Car57]
and generalized by Holmann [Hol60].

Even when X is a nonsingular variety, the space E x® X may not exist as
a scheme (although it is always an algebraic space). Some general criteria
guaranteeing that it does exist are given by Edidin and Graham [EdGr98,
Proposition 23]. Sufficient conditions include: X is quasi-projective, with
a linearized G-action; or G is a special group such as GL,, SL,, a torus, or
products of such groups.

We will work out the cohomology rings of Grassmannians and flag vari-
eties in Chapter 4. Alternative arguments for the computation in Lemma 4.4
can be found in many algebraic topology texts; for example, the book by
Dold [Do80, Proposition 12.17].

Using coefficients in a field, there are classical computations of H*BG by
Borel [Bor53]. Some computations of integral cohomology for orthogonal
groups were done by Brown and Feshbach [Bro82, Fes83].

In many other cases, the integral cohomology (or Chow) rings of BG are
either unknown, or were computed rather recently. The Chow ring for SO,
was computed by Field in her 2000 Ph. D. thesis [Fie12]. Computations for
PGL,, with p prime, were done in both cohomology and Chow rings by
Vistoli, whose paper also serves as a good survey for other work on the
subject [Vis07].
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The “Milnor construction” for BG was given in [Mi56]; see also [Hus75,
§4.11].

Hints for exercises

IFor the fiber over y € Y, the map to the tautological bundle of Gr(d, E,) is
simply (v1,...,04) X (21,...,24) ¥ (span{vy, ..., vq}, 2, Zivi).

2Use the triple product E x E’ x E”.

3The equivariant map ¢ induces a section of the projection (E x E’) x® X —
E’ xC X.

“For Chern classes, this just uses the pullback of the vector bundle E to E x E'.
For classes of subvarieties, one needs the smooth pullback property; see Appendix
A, Proposition 3.2.

Use a Grassmannian correspondence to parametrize the kernel of such a ma-
trix. See [Har92, Proposition 12.2].

®Use the same E,;, and identify E,/SL(V) — E,,/GL(V) with the variety
Iso(A" S,C) over Gr(n,C™), parametrizing subspace V' C C" together with an
isomorphism A"V — C. Explicitly, this is the variety cut by Pliicker equa-
tions in A" C™ \ 0. It is also the complement of the 0-section in the line bundle
Hom(A"S,C) = A" SY. Then one can use the following general fact, which is an
easy application of the Gysin sequence: for a vector bundle E of rank r on X, if the

homomorphism
g2y B iy

is injective, then H/(E\ 0) = (H'X)/(c,(E) - H'=?"X). See [MilSta74, Theorem 12.2].
Usew'S=L1®---dL,.

8For 7/27Z, use E,, = S™, so B,, = RP". For Z, use E = R, which is already
contractible, with B = S1.



CHAPTER 3
Basic properties

In this chapter we will develop the basic properties of equivari-
ant cohomology. Some are the expected analogues from ordinary
cohomology, such as functoriality, homotopy-invariance, and Mayer-
Vietoris sequences. Some are more intrinsically equivariant, as in
computations for free or trivial actions. We'll begin with a detailed
study of tori, where functoriality can be seen explicitly.

1. Tori

A torus T is a group which is isomorphic to (C*)", so we already
know At =Z[ty, ..., t,]—for example, by using E,, = (C" \ 0)" and
B,, = (P"1)". We want an intrinsic description, though, without
choosing the isomorphism T = (C*)".

Let M be the group of characters of T,

M = Homgyg g (T, C).

The group operation is written additively: (x1 + x2)(z) = x1(z)x2(2).
Each y € M determines an equivariant line bundle on a point, de-
noted C,, by the action z - v = x(z)v for z € T and v € C. This
correspondence is compatible with the group structure on M: we
have Cy, 4, = C;, ® C,,, so we get a group homomorphism

M — A7 =Hi(pt),  x— cf(Cy).

In fact, this is an isomorphism, as one can easily check by choosing a
basis, so that T = (C*)" and M = Z". We therefore have a canonical
isomorphism
Sym* M ;) AT.
29
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Examrire 1.1. Consider T = {(z1,...,z4) € (C)"| []zi = 1}, so
there are exact sequences

1-T->(C)Y)y'>C" >1 and 0-5Z—->7"-> M —0,

realizing M = Z"/Z-(1,...,1). (This T can be viewed as the diagonal
torus in SL,,.)

ExawmrLg 1.2. Consider T = (C*)" /C*, with exact sequences
1-C->C)">T—>1 and 0->-M—-2"—>Z—-0,
where C* — (C*)" is the diagonal (z, ..., z), and

Zai:()}.

(This T is the image of the diagonal torus in PGL, = GL,/C".)

M = {(al,...,an)GZ”

In both of these examples, M = Z"~!, but not canonically!

In fact, we will see that the isomorphism Sym* M = Ar is natural
for homomorphisms of tori ¢: T — T’. Such a homomorphism cor-
responds to a homomorphism M" — M of character groups. (Given
@, one gets M’ — M by pulling back homomorphisms. Conversely,
there is a canonical isomorphism T = Spec C[M], so a group alge-
bra homomorphism C[M’] — C[M] determines a homomorphism
of tori ¢: T — T’.) Thus a homomorphism of tori gives a ring
homomorphism

Sym"M’ — Sym" M.
On the other hand, we will construct ring homomorphisms Ag: —
Ag associated to any group homomorphism ¢: G — G’. For tori,
these two maps are compatible:

Sym* M' ;> ATf

L

Sym'M —— Ar.
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2. Functoriality

We have already seen that for a fixed group G acting on spaces
X and X’, with an equivariant map f: X — X’, there is a pullback
homomorphism f*: H. X" — HX. In fact, equivariant cohomology
is functorial in the group, as well. Here is the general setup. Let
@: G — G’ be a continuous homomorphism of groups. Suppose
G acts on X and G’ acts on X’. A continuous map f: X — X' is
equivariant with respect to ¢ if

f(g-x)=¢p(g)- f(x)

forall g € G and x € X. Given such a map, we have a pullback
homomorphism (of rings)

fHLX — HLX.

(This depends on ¢ as well, but we suppress that in the notation.) In
particular, a group homomorphism G — G’ determines a ring map
AG’ i AG.

To construct these pullbacks, take principal bundles E — B for G
and E’ — B’ for G’. Then G actsonEXE’by (e,e’)-g = (e-g,¢"-9(g)).
This action is free, and the projection to E’ is equivariant (with respect
to ¢). Thus there are maps

EXE)x X - (ExE)x® X' - FE x% X,

where G acts on X’ via ¢ in the middle space. If H'E = H'E’ = 0 for
i < N, then H.X = H'((E x E') x© X) for i < N, and the pullback
via (B x B’) x® X — B’ x& X’ produces the desired homomorphism
HL X — HLX.

Exercise 2.1. Check that the result of this construction is indepen-
dent of choices of E and E'.

If there is an equivariant map E — E’ (with respect to ¢), check
that pullback via E x® X — E’ x& X’ agrees with the one we con-
structed.!

Exercise 2.2. For G = G’ = C*, consider ¢(z) = z%, some a € Z.
Using E = C" \ 0, find an equivariant map E — E (with respect to
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®).2 Show that the corresponding endomorphism of Ac: = Z[¢] is
given by t — at.

If E — X’ is a G’-equivariant vector bundle, it acquires a G-
equivariant structure via ¢, and the pullback E = f*E’ is a G-
equivariant vector bundle on X. Under the corresponding homo-

morphism H é’f X'"—-H ék X, we have

S (E') > cC(E).
That is, equivariant Chern classes commute with pullback.
Since the isomorphism Sym® M — Ar was constructed by send-
ing x € M to clT (L(x)), functoriality of equivariant Chern classes

establishes the naturality claimed at the end of the last section, in
diagram (*).

Exercise 2.3. Suppose ¢: (C*)" — (C*)" is given by

n n
a1 air
| | Zi PR | | Zi ,

i=1 i=1

(le---lzi”l)|—>

for some n X r integer matrix A = (a;;). (So A gives a linear map
Z" — 7Z".) Show that the homomorphism

Z[Ss1,...,8/] = A(@»)r - A(@)n =2Z[t,..., ty]

sends s; to X/, ajjt;. By choosing bases so that T = (C*)" and
T" = (C*)", this gives an alternative argument for the naturality of the
isomorphism Ar = Sym™ M.

Exercise 2.4. If E — B is a principal G-bundle, and E" — B’ is
a principal bundle for G’, show that E X E’ — B X B’ is a principal
bundle for G X G’. If Ag or Ag is free over Z, deduce that the natural
map Ag ® Ag — Agxc is an isomorphism.

3. Invariance

When themaps f: X — X"and ¢: G — G’ induce isomorphisms
on ordinary cohomology, the same is true for equivariant cohomol-
ogy. To prove this, we can break the problem into simple steps.
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Proposition 3.1. Let f: X — X’ be G-equivariant, and suppose
f*: H'X’ — H'X is an isomorphism for i < N. Then f*: H.X’ — HLX
is an isomorphism for i < N.

Proor. Take a principal G-bundle E — B with H'E = 0 fori < N.
Then the map E x® X — E x® X’ induces isomorphisms

HI(E x® X’) - HY(E x° X)

for i < N, by a general fact about fiber bundles. Indeed, we have

E xC X sy E xS X/

N7

B

with fiber maps X — X’, so the claim is an instance of Lemma 4.3 of
Appendix A. m|

Cororrary 3.2. If ¢: G — G’ is a continuous homomorphism such
that H'G' — H'G is an isomorphism for i < N, then for any principal
G-bundle E — B, the map H'(E x® G’) — H'E is an isomorphism for
i <N.

In particular, if H'E = 0 for i < N then also H'(E xS G’) = 0 for
i <N.

Putting these together, we get the claimed invariance for equivari-

ant cohomology.

Tueorem 3.3. Suppose f: X — X' is equivariant with respect to
¢: G — G', and H'G' — H'G and H'X' — H'X are isomorphisms
fori < N. Then H., X" — H_X is an isomorphism for i < N.

Proor. Take a principal G-bundle E — B so that H'E = 0 for
i < N. By the Corollary, E' = E x® G’ works as an approximation
space for G/, that is, H "B’ =0 for i < N. Now we have

HL X = H((Ex®G)x% X') = H(E xS X') = HLX’,
and we can apply the Proposition. m|

We will often encounter situations where the maps are homotopy
equivalences, so N can be taken to be oo.
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CoroLrary 3.4. If p: G — G’ and f: X — X’ are (weak) homotopy
equivalences, then H?,, X" = HEX.

(In fact, one can use the Whitehead theorem and the Hurewicz
isomorphism to show E’ X6 X’ and E x© X are weakly homotopy
equivalent, but we do not need this.)

ExamrLE 3.5. The inclusion of the diagonal torus T = (C*)" in
upper-triangular matrices B € GL, is a deformation retract, since
B/T = AN (where N = (})). This gives a general reason for the
identification AT = Ag, which we have already observed.

ExampLe 3.6. A unipotent group is a closed subgroup U of the
unitriangular matrices in GL, (meaning the diagonal entries are 1).
Any such group is isomorphic to affine space, so it is contractible,
and Ay = Z.

More generally, any linear algebraic group G has a maximal nor-
mal unipotent subgroup, the unipotent radical R, (G), with reductive
quotient G™9, so there is an exact sequence

15 Ry(G) = G 5 gred 5 1.

Such a sequence makes ¢ a locally trivial fiber bundle with fibers
isomorphic to R,(G), so ¢ is a homotopy equivalence and we see
AG = Agrea. Comparing with the previous example, U = R, (B) is the
group of unitriangular matrices, with T = B/U.

ExamrLE 3.7. Let P € GL, be the subgroup stabilizing the sub-
space spanned by the first d basis vectors ey, . .., e4, so

* | *

O+

P =

in block form. The unipotent radical and reductive quotient are

L] and Pred = =10
01 0=

s0 Ap = AGLyxGL,_4 = Z[c1, ..., ¢a,¢), -, €4l

Ry(P) = = GLy X GLy-g4,
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4. Free and trivial actions
Proposition 4.1. Suppose G acts freely on X, so that X — G\X is a
locally trivial principal bundle. Then HéX = H(G\X) for all i.

Proor. Take E with H'E = 0 for i < N, and consider the diagram
ExX —— X

l |

Ex¢ X — G\X,

where the horizontal arrows are locally trivial with fiber E. By an
application of the Leray-Hirsch theorem, H'(G\X) — H{(E x° X) =
H éX for i < N. (See Corollary 4.2 of Appendix A.) m|

ProrosiTioN 4.2. Suppose G acts trivially on X, and E — B is a
principal G-bundle with H'E = 0 for i < N. Then

HLX = H'(B X X)

fori < N.
When N = oo and the Kiinneth theorem applies—for instance, when
Ag is free over Z, or when A‘édd = HoddX =0, we have

H:X=Ac®H'X
as Ag-algebras.

Proor. There is a canonical homeomorphism E xCX - BxX,
by [e, x] — (b, x), where ¢ — b under E — B. O

ExamrLE 4.3. If H C G is a closed subgroup, acting on X (on the
left), then G acts on G xH X and there is a canonical isomorphism

HL(G x" X) = H,;X,
natural with respect to H-equivariant maps X — Y. In particular,
taking X = pt, we have
H:(G/H) = Hj;(pt) = An.
To see this, use the isomorphism E xCG G xH X = E xH X from Exer-
cise 1.4 of Chapter 2.
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ExampLE 4.4. In the situation of the previous example, if G acts
on X extending the action of H, then there is a G-equivariant isomor-
phism

GxH X5 G/HxX,
with G acting on G X! X via left multiplication, and diagonally on
G/H x X. (The map is given by [g, x] = (¢H, g - x).) So

H’(‘;(G/H X X) = HI*{X
in this case.

Exercise 4.5. Projective space P"~! can be realized as the homo-
geneous space G/P, where G = GL, and P is the subgroup of block
upper-triangular matrices stabilizing the coordinate line spanned by
the first standard basis vector eq; that is, invertible matrices of the
form

In Example 6.2 of Chapter 2, we saw
HEP" ™ = Ag[C/(C" + 1"+ + cp).
On the other hand,
H-(G/P) = Ap

= AC*XGLn_l
’ ’
=Z[t,c}, ..., c;4]

Find an explicit ring isomorphism between these two rings.>

5. Exact sequences

If U and V are G-invariant open subsets of X, there is a natural
long exact Mayer-Vietoris sequence

-+ = HE(UUV) —» HEUSHLV — HE(UNV) —» HE UWY) - -+,

which can be useful for computations.
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There are also exact sequences for triples of G-invariant subspaces
Z C Y C X. One defines H5(X, Y) in the usual way, by choosing E
so that H'E = 0 forall i < N , and setting

HE(X,Y) = HYE X X,Ex®Y)
for k < N. Then
o= HE(X,Y) = HE(X, Z) — HE(Y, Z) — HEH(X, Y) — -

is exact.

Exercisk 5.1. Let C* act on P! by z - [a,b] = [a,zb], fixing the
points 0 = [1,0] and o = [0,1]. Let X be the nodal curve obtained
by identifying 0 ~ oo, with the induced C*-action. Show that

HLX = Acla]/(e?, ta),

for a class « in H., X, where Ac. = Z[t].2

6. Gysin homomorphisms

Consider a linear algebraic (or complex Lie) group G acting on a
nonsingular varieties X and Y. For a G-equivariant proper morphism
f: X — Y, there is an equivariant Gysin homomorphism

for HLX — HE?y,

where d = dimY — dim X. These are constructed, as usual, from
the ordinary Gysin homomorphism for E xC X — ExC Y, where E
is a finite-dimensional nonsingular variety. (See §6 of Appendix A
for the construction and properties. Our conditions on G, X, Y,
and f mean that this is a proper map of complex manifolds, with
d =dimE x® Y — dimE x° X.)

Exercise 6.1. Check that this definition is compatible for different
choices of E. Thatis, if E — B and E’ — B’ are principal G-bundles
with H'E = H'E’ for i < N, then the maps E x® X —» ExCY
and E' X¢ X — E’ x® Y determine the same Gysin homomorphism
HéX - HéY forany i < N.°
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Basic examples which we will often use are the inclusion of a
G-invariant nonsingular subvariety, t: X < Y, and the projection of
a complete nonsingular variety to a point, p: X — pt.

Here are some key properties of equivariant Gysin homomor-
phisms. They all follow directly from the analogous properties of
ordinary Gysin maps, applied to approximation spaces. Here all
varieties are assumed to be nonsingular unless otherwise indicated.

(1) (Functoriality) For proper G-equivariant maps X i) y S Z,
we have (g o f). = g« fo.

(2) (Projection formula) For b € H_.Y and a € H_ X, we have
f(f*b-a)="b- fa.

As particular case, considering b € Ag mapping to H_Y, the

projection formula says that f. is a homomorphism of Ag-modules.

(3) (Naturality) For a fiber square of equivariant maps

x5 x
v,
y Sy,
with f (and f’) proper, and dim Y —dim X = dim Y’ —~dim X’,
we have ¢g* f. = f/(g')".
As with the corresponding property for ordinary Gysin maps, our
convention is that the dimension condition is automatically satisfied

whenever X’ = () in the fiber square. So ¢* f. = 0 whenever the images
of g and f are disjoint.

(4) (Self-intersection) If 1: X < Y is an equivariant closed em-
bedding with normal bundle N of rank d, then we have
r*t.(a) = cS(N)-aforany a € H.X.

The equivariant embedding gives an inclusion of equivariant vec-
tor bundles Tx < (*Ty, so itinduces a canonical G-equivariant struc-
tureon N = *Ty /Tx.
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(5) (Finite cover) If f: X — Y is a proper equivariant map, V C
X is a G-invariant irreducible subvariety (possibly singular),
and W = f(V) C Y, then

) - 0 otherwise.

Equivariant Gysin maps are compatible with change-of-groups
homomorphisms. Suppose f: X — Y is a proper G-equivariant
morphism of nonsingular varieties, so it has a Gysin map. A group
homomorphism ¢: G" — G determines actions of G’ on X and Y, for
which f is also equivariant, and the corresponding diagram

H X — H, X
Vool
HLY —— HLY

commutes. In particular, taking G’ to be the trivial group, ordinary
Gysin homomorphisms are compatible with equivariant ones. (This
is proved by applying the non-equivariant version of the naturality
property to a diagram

E' x¢ X — ExS X
ExSY — S ExCY

of approximation spaces.)

ExampLE 6.2. Let a torus T act on C2 by characters x1 and x»,
inducing an action on P!. (So z - [a,b] = [x1(2)a, x2(z)b].) Then
0 = [1,0] and co = [0, 1] are fixed points. Setting x = x2 — x1, the
tangent space ToP! has weight x, since

z-[1,b] = [x1(2), x2(2)b] = [1, x(2)b].

Similarly, ToP! has weight —x. Writing t and (« for the inclusions
of 0 and oo, and C = clT(ﬁ(l)), we have

pe=-x1=x-x2 and (C=—-x2=-x— X1
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Since (19)«(1) = [0]T and (1e0)«(1) = [00]T, the self-intersection formula
says
G017 =x and  iifeo]” = 1.
Naturality says
yleo]” = 0] =0
(since {0} N {oo} = 0). Putting these together, we see
[0]"=C+x2 and [eo]' =C+ 13

: 21
mHTP .

Remark. We have pullbacks with respect to ¢: G — G’ and
f: X = X', so f": H.,X" — H{ X, as well as Gysin pushforwards
for G = G’. Under what conditions is there a functorial Gysin push-
forward associated to a map f which is equivariant with respect to
@?

For example, when X = X’ = ptand ¢ : B < GL,, is the inclusion,
one has

Ap =Z[t1,...,ta] = AcL, = Z[c1, ..., cnl

given by f +— dy (f), where dy,, is the divided difference operator
for the longest element w, € S,. (In Chapter 10, we will see these
operators in a different context.)

7. Poincaré duality

Suppose f: X — Y is a fiber bundle, with f proper and X, Y,
and the fiber F being oriented manifolds. If {a;} are classes in H*X
restricting to a basis of H*F, so they form a basis for H*X over H*Y
by Leray-Hirsch, then there is a unique Poincaré dual basis {b;} such
that

f*(lli : b]') = 51']'
inA=H"Y.

Exercise 7.1. Prove this, using ordinary Poincaré duality and the
graded Nakayama lemma. Note that demanding f.(a; - b;) = 0 for
i # ] is a stronger requirement than in the case where Y is a point,
because here H*Y may be nonzero in positive degree.
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For such dual bases {a;} and {b;}, any class c € H*X is expressed
uniquely as
c = Zf*(c . bi)lli,
with coefficients f.(c - b;) € H*Y. Furthermore, there is a relative
Kiinneth decomposition of the diagonal in this context.

ProrosiTioN 7.2. Assume X, Y, and F are complex manifolds. Then
for 6: X — X xy X, we have

6*(1) = Z b,‘ X a;

in H'(X xy X).
Further assuming HO44F = 0, we have

&(ak):Zcf.‘jaixaj = bi'bj:chjbk
i,j k
for certain coefficients ci.‘]. € H*Y.

That is, the same coefficients express both the Kiinneth decompo-
sition of 6.(ax) in H*(X Xy X) and the expansion of the cup product
bi - bj in H*X. The proof is a straightforward calculation, using the
fact that {a; X b;} and {b; X a;} are Poincaré dual bases for H*(X xy X)
over H'Y, as are {a; X a;} and {b; X b;}.

Consider the case where X = Ex® Fand Y = B, for G acting on F
and E — B a principal G-bundle with H'E = 0 for k < 2dimg F. In
this setting, the proposition applies to Poincaré dual bases {a;} and
{bi} for H_F over Ac.

More generally, suppose f: X — Y isa G-equivariant fiber bundle
with fiber F, and elements {a;} in HZ. X restricting to a basis for H*F.
Then the a; form a basis for H X over H.Y, there is a unique Poincaré
dual basis {b;}, and the proposition holds for these bases. (Apply it
to the fiber bundle E x¢ X — E x© Y, also with fiber F.)

Exercise 7.3. If HO4F £ 0, the coefficients for the Kiinneth de-
composition and those in the cup product are equal up to sign. Show
that

(X(LZHZZCZ-EIZ'XEI]' = bi-ijde-{]-bk
ij k
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where df.‘]. = (_1)deg(bi)deg(aj) Cf]

Hints for exercises
1 As before, use a section of E X E’ — E.

2The induced map on B = P"~! will pull back the line bundle &(1) to &(a). If
a < 0, such a map cannot be holomorphic! In this case,

1 1
(x1, .., xm) > x| (E_”"“' q)

1 m

works, where X; is complex conjugation and ||x|| is the hermitian norm.

3Use ¢; c;+tc;_, fori <m,cy > tc,_;,and C > —t. In fact, this comes
from identifying t = c¢¥(0(-1)), ¢ = ¢¢(C"/0(-1)), and using the Whitney sum
relations.

4Replace C* by S! without changing cohomology; then use the Mayer-Vietoris
sequence on a contractible open neighborhood U of the node, with V being the
complement of the node.

Use the naturality property of Gysin maps: with respect to a fiber square

(ExE)xC¢ X i} (ExXE)xCY
I I
Ex® X 4} ExCY
one has 7" f, = f/(n’)".



CHAPTER 4

Grassmannians and flag varieties

Our goal in this chapter is to compute and study the equivariant
cohomology rings H. X, where X is a variety of partial flags in a
vector space V, and G is a group acting linearly on V. We will also
see some first examples of equivariant Poincaré duality.

1. Schur polynomials

For each partition A = (A; > --- > Ay > 0), there is a Schur
polynomial s, in variables x1,x2,...,x,. There are many ways to
define these polynomials; we will review three equivalent definitions.

Bialternants. Schur functions were first studied by Cauchy, who con-
sidered ratios of two determinants:
‘ x;\ﬁ"—j

S/\(xll---/xn) = i
xl. J

1<i,j<n

Here we assume n = d, which can always be achieved by appending
0’s to either A or x. Since both the numerator and denominator
are alternating functions of the x variables, the ratio is symmetric.
Furthermore, both numerator and denominator vanish when x; =
x;j for any pair i # j; since the denominator is the Vandermonde
determinant ]—[i<]-(x,- — xj), it must divide the numerator, and the
ratio is a polynomial.

Young tableaux. We identify a partition A with its Young diagram—

a left-justified collection of boxes with A; boxes in the ith row. A

semistandard Young tableau (SSYT) of shape A is a filling 7 of the

boxes of A with postive integers, so that entries weakly increase along
43
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rows, and strictly increase down columns. To such a tableau, one
assigns a monomial weight x7 = [T j)er x7,j)- For instance, with
A = (51 4/ 3/ 1)/

1[1]2]2]3]
the SSYT i i g 3 has weight x7 = x% x% xg xi xé.
5

A combinatorial definition of Schur functions says

S)\(xll---lxn) = Z xTI

T eSSYT(A)

the sum over all SSYT 7 of shape A with entries in {1,...,n}. From
this definition it is obvious that a Schur polynomial has nonnegative
cofficients when written in terms of monomials in x (although it is
less obvious that it is symmetric).

Jacobi-Trudi determinant.  Let ex = ex(x1, ..., x,) be the elementary
symmetric polynomial, and hy = hi(x1, ..., x,) the complete homo-
geneous symmetric polynomial. (That is, e; is the sum of all square-
free monomials of degree k, and hy is the sum of all monomials of
degree k.) The Jacobi-Trudi formula expresses a Schur polynomial as
a determinant:

1) SA = |h/\i+f‘i|1si,jsd'

There is a dual formulation (also known as the Négelsbach-Kostka
formula):

(2) Sy = ‘e)\;+j-i|1si/jgd, ,

where A" = (A} > --- > A/, > 0) is the conjugate partition, that is, the
partition whose diagram is the transpose of that of A. For example,
if A =(5,4,3,1) then A" = (4,3,3,2,1). Note that (') = A, and A] is
the number of nonzero parts of A.

Both determinants are unchanged if one appends 0’s to the parti-
tion A, since eg = hp =1,and e, = hy =0 for k < 0.

Basic results in algebraic combinatorics demonstrate the equiva-
lence of these three definitions.
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When manipulating Chern class formulas, the Jacobi-Trudi de-
terminantal expression will often be the most useful version of the
Schur polynomial. We will introduce notation based on this.

DerintTioN 1.1. Given a series ¢ = 1+ ¢1 + c2 + - -+ and a partition
A, the Schur determinant A,(c) is defined as

Ax(c) = |C/\i+f—i|1si,jsd ¢

where A has at most d parts.

Examprg 1.2. Let ¢ = c(E) be the total Chern class of a vector
bundle. Then Ag)(c) = ck(E) is the kth Chern class, and Agx)(c) =
sk(EY) is the kth Segre class of E".

More generally, taking ¢ = c(E — F) to be the total Chern class of
a virtual bundle, we have

3) Ar(c(E = F)) = Ay(c(FY - EY)).

To see this, write iy = cx(E—F) and ex = cx(EY —E) = (-1)kcx(F —E).
These satisfy the same basic relation as the complete homogeneous
and elementary symmetric functions, namely

(Z I uk) (Z(—l)k ex uk) = 1.

k>0 k>0
So the identity (3) follows from the Jacobi-Trudi formula and its dual
(D-2).

Generally, when E is a vector bundle with Chern roots x1, ..., xy,

A (c(E)) = sy (x1,...,xp).

(The switch between A and A’ can be avoided by using Segre classes
in the Schur determinant, since A (s(EY)) = sa(x1,...,x,).)

A fundamental fact about symmetric functions is that the Schur
polynomials s form an additive basis for the ring of symmetric poly-
nomialsin x1, ..., x,, as A ranges over partitions with at most n parts.

(By taking an appropriate graded limit as n — oo, one can suppress
the dependence on the number of variables.) A recurring theme in
algebraic geometry, combinatorics, and representation theory is that
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the Schur basis is often the most natural one to use when expanding
a given symmetric polynomial.

ExampLE 1.3. Griffiths asked which polynomials in Chern classes
are positive for all ample vector bundles. That is, for which polyno-
mials P = P(cy, ..., cxn), homogeneous of (weighted) degree 1, does
one have /X P > 0 whenever one evaluates c, = c,(E) for an ample
vector bundle E on an n-dimensional variety X?

Bloch showed that the Chern classes cy, . . ., ¢, are positive in this
sense. Griffiths gave other examples, e.g.,

c1 C2 (3
c% —cy, |1 1 ¢, etc
0 1 C1

The complete answer was given by Fulton and Lazarsfeld: Write
P = a)yA)(c), where A)(c) is as above, and a, is an integer. Then P
is positive if and only if a, > O for all A (and at least one a, > 0). For
example, ¢2 — 2c2 = Aq,1) — A() is not positive.

ExampLE 1.4. For each partition A = (A; > --- > A, > 0), there
is an irreducible polynomial representation V, of G = GL(V) =
GL,C. These are called Schur modules, and they interpolate between
Symk C"—the case A = (k,0,...,0), a single row with k boxes—and
/\k C",where A =(1,...,1,0,...,0), a single column with k boxes.

Considering V) as a G-equivariant vector bundle on a point, there
are classes

cf(VA) € Ag =Zcy,...,cul,
for 1 < r < dim V,. Restricting to the diagonal torus T = (C*)" € G
gives an inclusion Ag — Ar, sending cx +— ex(t1,...,t,), and one
obtains a symmetric function c!(V,). Thus one has an expression
(4) c/(Va)= ) ay sy,
il

the sum over partitions p of size r having at most n parts. By the
Jacobi-Trudi formula, we have s, = s,(t1,...,t;) = cy;+]-_i|1 N

SZJSnf
(Here p1 < m, so ' has at most m parts.)
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Semistandard tableaux arise naturally here, as well: they index
the T-weights of the representation V), so the total Chern class can
be expressed as

c“(Vy) = n

TeSSYT(A)

1+ Z t,') .
€T
So the expansion (4) can be computed explicitly in any given case.

A remarkable fact, observed by Pragacz, is that the integers a'

r,A
are nonnegative. The proof! of this combinatorial statement involves
deep theorems in algebraic geometry! Lascoux gave positive formu-
las for cG(A\* V) and c© (Sym2 V). Beyond these cases, however, few

explicit general formulas for these polynomials are known.

2. Flag bundles

Let V be a vector bundle of rank n on a variety Y, and fix an
integer 0 < d < n. We have the Grassmann bundle

Gr(d,V)—>Y

representing the functor which assigns to a morphism f: Z — Y the
set of rank-d subbundles S C V7 := f*V. (By subbundle, we mean that
the inclusion is locally split, so Vz/S is also a vector bundle; this is a
stronger requirement than asking that S be a locally free subsheaf.)
We saw a construction of Gr(d, V) using the frame bundle of V in
Chapter 2, §1. Here we construct it as a scheme using local data.

For a split vector bundle V = A @ B, with A of rank d and B of
rank e = n — d, there is an open subset U C Gr(d, V), defined by the
additional condition that the composition

S—>V-»A

be anisomorphism. Thereisanatural identification U = Hom(A, B),
making U a vector bundle over Y, by

ScV)»(A=S—V -»B).

The inverse morphism sends a local section ¢ € Hom(A, B) to its
graphT'y, C A& B.
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Since any vector bundle V splits locally on Y, these open sets U
give an affine covering of Gr = Gr(d, V), constructing it as a scheme.
It also shows that the projection p: Gr — Y is smooth of relative
dimension d(n — d) = rk Hom(A, B).

The functorial description equips Gr(d, V) with a tautological
subbundle S C Vg, = p*V, as well as a quotient bundle Q = Vg,/S,
so there is a universal sequence

0->S—>Vgr—>Q—0
on Gr(d, V). The relative tangent bundle is
TGy/y = Hom(S, Q),

as one sees from the local description of the open sets U.
There are several dualities among Grassmannians. Fore =n—d,
there is a canonical isomorphism

Gr(d,V) =Gr(e, V),

by sending a subspace S c V to the subspace (V/S)¥ € VV. Often it
is also useful to consider the Grassmannian of quotients,

Gr(d,V)=Gr(V,e) ={V » Q}/=,

where two rank e quotients of V are identified if there is an isomor-
phism Q = Q’ commuting with the projection from V.

Examrre 2.1. Ford =0ord = n,one has Gr(d, V) =Y.

For d = 1, one has the projective bundle P(V) = Gr(1, V), and
the dual projective bundle P¥(V) = Gr(V, 1). The first has tautolog-
ical subbundle S = £(-1), and the second has tautological quotient
bundle Q = 0/(1).

In general, sending S € V to AYS € A?V defines the Pliicker
embedding

Gr(d, V) < s P(A? V)

N

Y,
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a closed embedding locally defined by the Pliicker relations, so p is
projective.

More generally, given a sequenced = (0 < dy <--- < d, < n), we
have a partial flag bundle

Fid, V)5 Y,
parametrizing flags S1 C --- C S, C Vz forany f: Z — Y, where the
rank of S; is d;.
A partial flag bundle can be constructed inductively as a sequence
of Grassmann bundles, in r! ways. For instance, if one starts by

choosing S1, so Gr(d;, V) — Y has a tautological bundle S; C Vg, of
rank di, one obtains a factorization

Fl(d2 - dl/ R d?’ - dl/ VGI'/Sl) — Gr(dll V)

H |

Fi(dy,...,d,, V) S Y.

Alternatively, for any 1 < s < r, one can start by choosing the sub-
space S5, and obtain a factorization

Fl(d1,... S5— 1,8 )XGr Fl(ds+1 ds,VGr/Ss)

\
o

A partial flag bundle is equipped with tautological subbundles

\

FI(dy,...,d,, V) Gr(ds, V)

/

and quotient bundles,
81C"'CS;’CVF]—»Q1—»---—»QW

just as for Grassmannians. Also as before, these are identified with
quotient flag bundles

Fl(dl,. . .,dr, V) = Fl(V,el, .. .,e;f),

wheren > e > --- > ¢, > 0and ¢; = n — d;. These are related in the
evident way, by sending S; c VtoV —» Q; =V /S;.
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The complete flag bundle is the case FI(V) = FI(1,...,n - 1,V).
One choice of the inductive construction realizes this as a tower of
projective bundles,

Y —P(V)—PV/Sy) - «—P(V/S,_5) = FI(V).

3. Projective space

For G acting linearly on an n-dimensional vector space V, we have
already seen a computation

HEP(V) = A[C/(C" + a1l + -+ cn),

where C = cf(ﬁ(l)) and ¢; = CZ.G(V). (This was done in Chapter 2,
§6.) This was a special case of the general formula for cohomology of
a projective bundle P(V) — Y, using the Leray-Hirsch theorem and
the fact that 1, , ..., ("' form a basis for H*P(V) over H*Y.

The relations come from the Whitney formula for the exact se-

quence
0—-0(-1)>V->0Q-0,
SO o(v)
Gy C T4+ +oey
R T A T

and c$(Q) = 0.
Before moving on to other flag varieties (and bundles), it is worth
investigating a second basis and presentation suggested by symme-

try. Theclasses 1, clc Q),..., cf_l(Q) also form a basis for H*P(V') over
H*Y, since CE(Q) restricts to C¥ on fibers. What are the relations?

Prorosition 3.1. We have

HEP(V) = AG[El/ R En—l]/(SZI 4 Sn)/
where &; maps to cl.G(Q) and sy is the degree k term in the expansion of

l+ci+ca+---+cy
T+&+&++ &

Proor. Let R be the algebra on the right-hand side. Thereisa well-
defined homomorphism R — HZP(V), since s; maps to ckG(V -Q) =
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cf(ﬁ(—l)), which vanishes for k > 1. Since the classes CE(Q) form a
basis for the free Ag-module H P(V), the sequence

0—>I1I—->R—>HPV)—0

splits, and it suffices to show that the classes 1, &1, ..., -1 span R
as a Ag-module. By the graded Nakayama lemma, it is enough to
do this modulo A/, i.e., after setting cx = C]E;(V) = 0 for k > 0. This
case is a basic fact about symmetric functions, stated in the exercise
below. |

Exercise 3.2. Let A be an associative ring, with commuting in-
determinates e1,...,e4, for some 0 < d < n. For k > 0, let hy be
defined inductively by the relation hy — hx_1e1 + -+ + (=Dker = 0,
using the conventions ey = hp = 1 and e = 0 for k > d. Show that
hy lies in the two-sided ideal (h,_441,...,hy) € Aleq, ..., e4] for all
k > n—d. Taking d = n —1, conclude that the elements 1, e, ..., €,-1
span Aleq, ..., ex—1]/(h2, ..., hy) asa A-module.?

The same argument leads to presentations for equivariant projec-
tive bundles.

Exercise 3.3. Suppose V — Y is a G-equivariant vector bundle of
rank 7, so G acts equivariantly on the projective bundle P(V) — Y,
with universal line bundle (1) and quotient bundle Q = V /&/(-1).
Show that

HEB(V) = (HEYVICI/(C" + el -+ cp)
= HgY)&E1, ..., En1l/(s2,. .., 5n),

where C maps to cf(ﬁ(l)), &i maps to CIG(Q), Cr = CE(V), and sy is
defined as in Proposition 3.1.

4. Complete flags

A partial flag variety FI(d,V) = Fl(dy,...,d,, V) has quotient
bundles A; = S;/S;_1 of rank a; = d; — d;_1. (By convention, dyp = 0
and d,4+1 = n,s0 Sp = 0 and S,41 = V.) Equivalently, these bundles
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are A; = ker(Q;-1 — Q;) = ker(V/Si-1 — V/S}), so a; = ej_1 — e;.
From the Whitney formula, we have

r+1
) vy =] | @,

i=1
We will see that HLF I(d, V) is generated by the Chern classes of A;,
with relations coming from (5).

The first step is to compute the cohomology of the complete flag

variety FI(V). Here the A; are line bundles, with x; = clc (A)).

Proposrrion 4.1. We have
HZ“,FZ(V) = AG[‘xll R xn]/(ei(x) - Ci)izl ..... nrs
where ¢; = cl.G(V). A basis over A is given by

{x{" a0 < my < -},

so HLFI(V) has rank n! as a Ag-module.

The presentation is symmetric in the variables x1, ..., x,, so any
permutation of them gives another basis.

Proor. Let R be the algebra on the right-hand side. The basis for
H{FI(V) comes directly from writing FI(V') as a tower of projective
bundles. The relations hold by the Whitney formula (5), so we have a
homomorphism R — H{FI(V). As for projective space, it suffices to
show the monomials x|"' - - - x;"" span R as a Ag-module; by graded
Nakayama, this reduces to showing the same monomials span the
Z-module A = Z[x1, ..., x,]/(e1(x), ..., en(x)).

To see this, observe that in A[u] we have [];_;(1 — x;u) = 1, so for
any 1 < ¢ < n, the polynomial

n

t
S e, . xut = ]:11 1 —1x1-u - [Ta-xmw

k>0 i=0+1

has degree n — €. It follows that h,_¢1(x1, ..., x¢) = 0, which gives

a relation expressing x" {*! in terms of the given monomials b
P g Xy g y

induction on ¢. m|
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Asin §3, the same argument leads to presentations for equivariant
flag bundles. For a G-equivariant vector bundle V' — Y, we have G
acting equivariantly on the associated flag bundle FI(V) — Y, with
equivariant tautological line bundles A; = S;/S;_1. Then

HCFWV) = (HEY)[x1, ..., xa0]/(ei(x) = ¢i)i=,...n,

where x; maps to clc(A,-) and ¢; = cl.G(V).

5. Grassmannians and partial flag varieties
Consider a G-equivariant vector bundle V' of rank n on Y. The
Grassmann bundle can be factored as
FI(V)
SN
Y < 5 Gr(d, V),

where both p and g are towers of projective bundles. We will

use this to compute H.Gr(d, V). Since a partial flag bundle is a
tower of Grassmann bundles, this will also lead to a computation of
HZFI(d, V).

Let X = Gr(d, V), with tautological sequence

0->S—>Vx—>Q—0,
so A1 = Shasrank d,and A, = Qhasranke =n —d.

ProrosiTiON 5.1. We have
HX = (HLY)[er, ..., ¢a,C1, ..., Cel/(c- € =cC(V))
= H;Y)[c1, ..., cal/(Ser1, - -+, 5n)
= (HEY)e, .- cel/(Savt, -+, Sn),

under the evaluations ¢ — cC(S) and ¢ — c©(Q). The elements s, are
defined by

s=c(V)/ce=1+ (clc(V) -c1)+ (czc(V) - clc(V)cl + c% —-cy) 4+,

and the elements s, are defined similarly, by s = c©(V)/c.
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A basis over H(.Y is given by monomials

d
c].G(SV)’”f, with Zm]' <e.

=1

]

(There are () such monomials.) Another basis is given by Schur determi-

nants
d

Ar(c©(SY)) forA C €,
ie,d>A>--->A,>0.
Similarly, there are bases of monomials

e

l—l c]G(Q)’”f, with Z mj<d,

=1

and of Schur determinants

A(c(Q))  for A C d,

ie,e>A>--->2A;20.

As before, we will only discuss the case where Y is a point, so
X =Gr(d,V)and H.Y = Ag. The general case is no different.

In the proof, we show that monomials in c](,;(S), and determinants
Ax(c©(S)), form bases. (Replacing S by S¥ only changes the sign, but
it ensures these classes are positive.) The argument for Q is similar.

Proor. The cases d = 1 and ¢ = 1 have been done, since these are
projective spaces. In general, one knows the relations hold, because
cG(V = Q) = c5(S) vanishes for m > d, and c§(V - S) = c$(Q)
vanishes for m > e. So, as before, we have a homomorphism from
each algebra on the right-hand side to H:- X.

Now we use a trick that goes back to Grothendieck. Consider the
two-step flag variety

X =Fid,d+1,V)

S

X' =Gr(d+1,V).
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By descending induction on d, with the base case e = 1, we may
assume we know the presentation for X’. Let S = S, be the tautolog-
ical bundle on X, and S;4 the tautological on X’, so on X we have
Sq C Sg41. (We suppress notation for pullbacks.) Let a; = CZG(Sd),
bi = cS(Sas1), and x = ¢¥(Sg11/Sq). In H(*gi, we have

(6) bij=a;+xa;q forl<i<d+1,

coming from the relation c®(S441) = ¢©(Sy)(1 + x).

Since X = PY(S4+1) = Gr(d, S441) — X’ is an equivariant pro-
jective bundle, with x = cf (0(1)), we see that H*G)z is free over
HE X', with basis {1,x,...,x%}. By the inductive assumption, HZ X’
is spanned over Ag by monomials in b;’s, so we conclude that H*G)A(’
is spanned over Ag by monomials in 4;’s and x, using (6).

On the other hand, X = P(V/S;) — X, with x = clc(ﬁ(—l)), SO

e—1

Hé)? is free over H:X with basis 1, x, ..., x"", and relation

x® — cf(V/Sd)xe_1 +o 4 (=1)°cS(V/Sy) =0.

Each cl.G(V /S4) lies in the subalgebra A C H{X generated over Ag
by ai, ..., a4, so each element of H’é)z can be expressed uniquely as
Zf;é a;x!, for some a; € A. Tt follows that HLX = A, s0 the map

A/ :AG[Cll---ch]/(SfH-l/---ISn) _)HE;X/ Ci — 4aj,

is surjective, and this surjection splits. (The Ag-module H X is pro-
jective, since it embeds as a direct summand in the free Ag-module
H{X.)

As an aside, the above arguments show

rkAGHgfi:(d+1)-r1<AGH;;X':(d+1)-(dzl)

and ;
) 1 Lo d+1 n\_(n
thag HoX = 2 thag HoX = = (d + 1) ) (d)
To conclude the proof, it suffices to show that the algebra A’ is

d
spanned over Ag by the (Z) elements A, (c), for A C e. Since
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these elements belong to A, it will follow that the split surjection
A’ — A is an isomorphism.

Using graded Nakayama, it is enough to show that these elements
span in the case where G is trivial, so Ag = Z, and we will assume
this for the rest of the argument. As shown in Exercise 5.2, the set
{Ax(c)| A1 < d} is abasis for the polynomial ring Z[c;, . . ., c4], so we
just need to see that A, (c) maps to zero in A’ whenever A has more
than e nonzero parts.

For this, we use the duality formula (Eq. (3) from §1) to write
Aj(c) = Ay (c’), where ¢’ is defined inductively by relations

/ —_—

k
Cp—CrqC1+ -+ (=1)fcx =0

for k > 1. Note that ¢; = (=1)k s, and by Exercise 3.2, ¢; lies in the
ideal (s¢41,...,8y) for all k > e. We can write

A Ca

Ap(c)y=1 : c;\; ,

so if A} > e, each entry in the top row maps to zero in A’, and hence
Aj/(c’) also maps to zero in A’.
Finally, using Exercise 5.2 again, the monomials ¢ can be ordered

so that ¢y, - - - ¢y, is the leading term of A,(c), and it follows that the
Mgy

monomials c{” Ll

with 3, m; < e map to another basis of A’. O

Exercise 5.2. Find a monomial order on ¢c™ = c{” to.s CZ” so that the
diagonaltermc,, - - - c;, is the smallest term in A, (c), for any partition
Aand any d, e. Use this to conclude that the determinants A, (c) (with
no restrictions on A) form a basis for the polynomial ring in infinitely
many variables A[cy, 2, . ..], where A is an associative ring, and that
the kernel of the projection Alcy, c2,...] = Alcy, ..., cq] (sending c;
to0ifi > d)hasbasis {A,(c)| A1 > d}. Conclude that{A,(c)| A1 < d}

is a basis for A[cy, ..., c4]3
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ExampLE 5.3. Consider G = GL(V) acting on X = Gr(d, V), so
X = G/P, where

* | *
0=

is block upper-triangular, with diagonal blocks of size d and e; in

pP=

other words, it is the stabilizer of the subspace E C V spanned by the
tirst d standard basis vectors. So we have two kinds of presentations:
on one hand, Proposition 5.1 says that

HLX = H.Gr(d, V)
= AglcT(S), .., ¢f(8),c7 (), ..., (@I,

where [ is the ideal generated by the relations c®(S) - c¢(Q) = c©(V);
on the other hand, we have

HEX = H*G(G/P) = Ap = Z[al, o, a4, bl, . .,be],

using Examples 3.7 and 4.3 from Chapter 3.

The isomorphism between these rings can be written quite simply,
by a; — cl.G(S) and b; — cf(Q). We also have H.X = Ap as a Ag-
algebra via an inclusion

AG ZZ[Cl,...,Cn] ;)Ap[al,...,ad,bl,...,be].

Associated to p: X — pt, there is the Gysin pushforward homo-
morphism H.X — Ag. Under these isomorphisms, this becomes a
Z[c]-module homomorphism Z[a, b] — Z[c] which drops degree by
de. (What is an explicit formula?)

Finally, we can deduce presentations and bases for partial flag
varieties. To take advantage of inductive structure—a partial flag
variety is an iterated Grassmann bundle—it helps to state the theorem
for equivariant flag bundles. (As we already seen several times, there
is no additional work needed.)

Cororrary 5.4. Let V. — Y be a G-equivariant vector bundle, with
associated partial flag bundle X = FI(d, V') — Y, and tautological bundles
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S1c---CS, cV. Setting A; = S;i/Si—1, we have

r+1

[ [e@n=ccw)

i=1

HLX = (HLY)[cS(A)]/

7

where the generators c]G(Ai) runover1 <i<r+landl <j<d;—d.
There is a basis of products of Schur determinants,

r . di
{]_[ A /\(i)(CG(SZ\./))} , for A ¢ dis1 —di.
i=1

Proor. Factor X — Y as
X = Fl(dll . -Idr—ll Sr) - Gr(d, V) - Y/

and use induction on r together with our calculation for Grassman-
nians. O

Exercise 5.5. Prove the dual version of the theorem: the products
ei

.
n Ay(z‘)(CG(Q,‘)), for y(i) C ei — €41,
i=1

form a basis for H_FI(d, V) as a module over H_Y.

Remark. The Ag-module HZ.FI(d, V) has rank

. _ dig) _  nl _ n
w15 5., )

peeer Grl

wherea; =tk A; =d; —d;_1.

6. Poincaré dual bases

The bases we have computed for Grassmann bundles are Poincaré
dual, in the sense of Chapter 3, §7. Given a partition A in the d x e
rectangle, its complement in the e X d rectangle is the conjugate to
(e = Ag,...,e — Ay). For example, if A = (5,3,2,2,2) in the 5x 6
rectangle, then u = (5,4, 4, 3,0, 0) is its complement.

Tueorem 6.1. Let V be a G-equivariant vector bundle of rank n on Y,
with Grassmann bundle p: X = Gr(d, V) — Y. The bases {A,(c®(Q))}
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e

and {A,(cC(SY))} are Poincaré dual, where

e d
AC d and pucC e

are complementary partitions.

Proor. By Chapter 3, Proposition 7.2, the assertion is equivalent
to the formula
@ = > AE(@) x A(cC(sY)),

A,u complementary
where 6(X) C X Xy X is the diagonal, so [6(X)]° = 6.(1).

On X Xy X, we have the universal bundles Q) and S® pulled
back from the first and second factors, respectively. Writing V' also
for the pullback of this vector bundle to X Xy X, we have s@ cv
and V -» QW, and the diagonal is the locus in X Xy X where the
composition S@ — QM) vanishes. The class of 5(X) is therefore the
top Chern class of the corresponding Hom bundle:

[6(1° = ¢§,((5?)Y @ QD).

There are several ways to show this is equal to the right-hand
side. One way is to appeal to the splitting principle and argue using
Chern roots y1, ...,y of (S@)Y and x4, ..., x. of Q). Formula (7) is
then equivalent to the symmetric function identity

e d
(8) n]_[(xi+yj) = Z sp(xr, ..o Xe) sy, Ya),

i=1 j=1 A, complementary

which follows from a well-known “Cauchy identity” for Schur func-
tions. O

ExampLE 6.2. When d = 1, the theorem says that the bases
{1,c5@),...,cS,@} and {C",...,01)
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are Poincaré dual, where as usual C = cf (0(1)). We can see this
directly, using the relation C" + clc(V)C”_1 +---+c5(V)=0. We can
write

C'cj(Q) = Cef(V =8) = Cef (V) + T el (V) + -+ Y.

By the projection formula, we have
p-(Cici(V)) = p(P)ei(V),
so this is 0 if k < n — 1. On the other hand, for k > 0, we can use
crlvk - cf(VV _ QY-
=c, 14Q-V)
= ey Qg (=V) + ey H(Q) e (V) + -,
so p.(C"1kcG (V) = c,?(—V) - ¢$(V). Putting these calculations
together, we see
pu(C1eC(@) = 5 (V) + G-V S L (V)4 cS (V)
= Czﬁj—n+1(v -V)

1 iti+j=n-1,

0 otherwise.

7. Bases and duality from subvarieties

When looking at H;. X, we have not yet seen “geometric” classes
coming from invariant subvarieties. Indeed, for G = GL(V) acting
on X = FI(d, V), there are no invariant subvarieties, except X itself!
For other group actions, we will often have invariant subvarieties, so
we can compare their classes with bases we have already seen.

The first tool is an equivariant cell-decomposition lemma.

ProrosiTioN 7.1. Suppose G acts on a nonsingular variety X, and there
are G-invariant closed algebraic subsets

Q)CXOCXlC"'CXm:X,
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such that each X, \ Xp-1 = [1; Up,; is a disjoint union of finitely many
irreducible nonsingular subvarieties with HZ U, j = Ag. Let V, j = Up,j.
The classes [Vy,;1° form a basis for H{ X over Ag.

Proor. This follows by applying the fibered cell decomposition
lemma, Proposition 3.4 of Appendix A, to the bundle Ex6X - B. O

A common case where the proposition holds is when all U, ; are
affine spaces C"(#+J),

ExampLE 7.2. Consider the Borel subgroup B ¢ GL(V) of upper-
triangular matrices acting on X = P(V). This subgroup fixes a flag E,,
OCcEycC:---CEy1=V,withdimE; =i+ 1. (In the standard basis,
E; = span{eq, ..., ei+1}.) The B-invariant subvarieties are X; = P(E;),
with dim X; = i. We have X; \ X;_1 = C!, so the classes

1= [Xn_l]B, [Xn—Z]B/ ey [XU]B

form a basis for H;P(V') over Ap.

When two bases come from sufficiently transverse invariant sub-
varieties, they are Poincaré dual.

ProposiTioN 7.3. Suppose {X;} and {Y} are closed G-invariant subva-
rieties of X giving two Ag-bases for HL.X. If X; NY; = {pt} transversally,
and X; N'Yj = O whenever i # j and codim Y; > dim X;, then [X;] and
[Y;1€ define Poincaré dual bases.

Proor. The assumptions imply [X;]° - [Y;]® = [pt]®, so we have
p+([Xi]¢ - [Yi]®) = 1, and they also imply [X;] - [Y]-]G = 0 whenever
i # j and codimY; > dim X;, so that p+([X;]C - [Y]-]G) = 0 in this
case. In the remaining case, when codim Y; < dim X;, we have
p-([Xi]° - [Y;]°) = 0 automatically, since it lies in degree

2 codim X; + 2 codim Yj -2dimX <0,

and Ag is zero in negative degrees. |

To see geometric Poincaré dual bases in P(V), we need to reduce
the group further, to a torus.
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ExampLE 7.4. Let T act on an n-dimensional vector space V by
characters x1,..., xn,50 V. =L1 @ ---®L,. Consider flags

Ee:L1CLi®Lyc---CV,

writing E; = L1 @ - - ® Li41 as before, as well as

E*:L,cL,®L,.1Cc---CV,

with0=E" c E"1c...c E0= V,so E has dimension 7 — i.

Let X; = P(E;) as before, so dim X; = i and the classes [X;]T form
as basis. Then Y; = P(E ") has codim Y; = i, and the classes [Y;]” are
the Poincaré dual basis. Indeed, one sees

Xi={[*...,%0,...,0]} andY;={[0,...,0,%...,%]},
N—— ——

i+1 j
SO
{[0,...,0,1,0,...,01} = {pix1} ifi=j;
0,...,0,%,...,%0,...,0 if 1 <1
XinY; = {[ ¥ 1} ifj <i
i+1-j
{l0,...,0]} =0 if j > i.
It is easy to compute the classes x; = [Xi]|T and y; = [Y¢]! in
HiP(V) = Ar[C]/TI(C + xi). Since Yy = {a; = --- = a = 0} is the

zeroes of a map
O-1)>V/EF=Li® - &L,
we have

k
vk = (@)@ V/EN) = | |+ i),
i=1

by basic properties of Chern classes (Chapter 2, §3, and Appendix A,
§5). Similarly, X} is the zeroes of

O(-1) > V/Ex =L ® - @ Ly,
SO

xx = (@@ V/E) = | | €+ x).

i=k+2
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Furthermore, foreach k =1, ...,n, we have
pr=10,...,0,1,0,...] = {a; =0 fori # k},

SO
[pel™ = [ |+ x.
i#k
Putting this together, we can see the Poincaré dual bases algebraically:

p«(xi - y;) = 0if j < iby degree;

n
p«(x;i - yj) = 0if j > i by the relation l—I(C + xi) =0;
i=1
p+(xk - yi) = 1 since xg - yx = l—l (C+xi) = [pra]”
i#k+1
The classes x; and y; are simple examples of Schubert bases in
equivariant cohomology—they are defined by incidence conditions
on geometric figures. (In this case, the condition is that a line be
contained in a subspace.) A major goal of equivariant Schubert calculus
is to compute the multiplication of elements in such a basis.

Exercise 7.5. With yx as above, show that

Vi V=Yt ), i ks

j<k<i+j

Ci'cj = Z ﬁ()(ps — Xpstj+l-s)

1<p1<---<p,<i s=1

where

andr =i+ j—k*

With a moment’s thought, one can see from the formula that the
structure constants cﬁ.‘]. have an interesting positivity feature: each cﬁ.‘].
is a nonnegative sum of monomials in x, — x3, with a < b. That s,

¢l € Zsolx1 = X2, X2 = X3+ -+ Xn1 = X
For example, one computes

y2 = (C+ x)([C+x1) = [C+ x)(C+x2) + (C+x1)
=12+ (X1 - x2) v1-
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A similar computation shows y1 - ¥, = yp+1 + (X1 — Xp+1) Yp, Which
is a simple instance of an equivariant Pieri rule.

An interesting challenge is to find a formula for cf.‘]. which makes
both the positivity and the symmetry cf.‘]. = c;?l. evident.

This positivity feature is common to Schubert bases in all homo-
geneous spaces G/P by a theorem of Graham (see Chapter 19, §3),
although no such explicit rule for the structure constants is known in
this generality.

Notes

Pragacz’s theorem on the nonnegativity of the coefficients af/ 4 of (4)
applies more generally to the coefficient a f ) in the expansion of any Schur
functor of V:

SV(CT(VA)) = Z ”’K,A Su-
u
See [Pra96, Corollary 7.2], and also [Laz04, Example 8.3.13]. In the cases A =
(k,0,...,000orA=(1,...,1,0,...,0), Lascoux’s formulas for the coefficients
afl ) are in [Las78] (see also [Mac95, §1.3, Ex. 10 and 8§14, Ex. 5]). Very
recently, a version of this problem has found applications in other parts of
combinatorics [BBT18].

The Schur polynomial identity (8), used in our proof of the Poincaré
duality theorem for Grassmann bundles, can be found in [Mac95, §1.4,
Ex. 5].

The rule for the structure constants ci.‘j in H}]P”‘l is the simplest closed
formula we know. Other formulas, including ones for the structure con-

stants for weighted projective spaces, can be found in [BFR09, Tym08c].

Hints for exercises

1Given an ample vector bundle E, the Schur power S*E is also ample, so by
the Bloch-Giesker theorem [BIGi71], the Chern class c,(S*E) is a Griffiths-positive
polynomialin E; now it follows from [FulLaz83, Theorem 1] that it is Schur-positive.
Applying this to the situation where E is the ample bundle L_;, & --- ® L_;, on the
approximation space B,, T = (P"1)" yields the positivity.

2Use the relation (¥ so(—=1) ) (1 + equ + -+ + equ) = 1.
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3Use graded lexicographic order, i.e., for two monomials of the same degree,
define ¢™ < ¢" if the smallest i so that m; # n; has m; < n;.

4Show that cifj = ci,‘_‘lll]. + (xi — Xk+1)Ci'(_1’]- fori <j<j<i+j-2, and use

induction on i.






CHAPTER 5

Localization I

The possibility of restricting attention to fixed points is a key
feature of equivariant cohomology. The technique works best when
the group is a torus T, and we will see some examples indicating
why. There are three basic pieces of the localization package:

(1) the main localization theorem, which says when the restriction
homomorphism ¢*: H}X — H;XT is injective, or an isomor-
phism after inverting elements of Ar;

(2) the integration formula, which computes a Gysin homomor-
phism f.: H7. X — H;Y in terms of a corresponding map on
fixed loci; and

(3) The image theorem, describing the image of (* as a subring of
H}XT defined by divisibility conditions.

We will return to the third component in Chapter 7, and focus on
the first two pieces here.

1. The main localization theorem (first approach)
The main theorem says the restriction homomorphism
%, % + ~ 1
1"t Hr X - H; X

becomes an isomorphism after inverting classes in A7 = Sym" M,
coming from characters y € M. This is true for any algebraic variety
X, as we will see later. A very simple proof can be given for non-
singular varieties, though, so we consider that case first. The main
idea is to prove this statement about restriction to the fixed locus by
considering the Gysin pushforward from the fixed locus.

67
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ExampiE 1.1. Let T act on P(V) = P! by characters xi,..., Xu.
We have computed

HyP"™ = Ar[c)/] [+ x0),

where C = clT (0(1)). If the characters xi,..., xn are distinct, the
fixed points are the coordinate lines p; = [0,...,0,1,0,...,0], for
i =1,...,n. The tangent spaces are

T, P""' = Hom(L;, V/L;) = @ LY ®Lj,
J#
where L; is the coordinate line, isomorphic to C,, asa T-representation.
In coordinates, one sees this by computing

z- [all .. ‘Iai—ll 1,ﬂ1‘+1, .. -/an] = [Xl(z) ﬂl, o IXi(Z)I e IXH(Z) an]

_x@@) Xn(2)
= [Xi(z)al,..., IRy Xi(z)an]'

So C,];_l(TpiPn_l) = qu&i()(j - Xi)-

The self-intersection formula then says (1p,)*(tp, ). is multiplication
by [1] ]-#( Xj — Xi)- One can also see this directly. The Gysin pushfor-
ward (). : Hp(pi) — H}IE””‘1 sends 1to [p;]" = [14(C+xj), and the
restriction of the tautological bundle is &(-1)|,, = L;, so C restricts to

T(TVY — _ .
€1 (Li ) = —Xi-

Exercise 1.2. Using the basis {1, C, ..., "1} for H}P“‘l and the
standard basis for A®", compute the matrix of the restriction homo-
momorphism

Cr HRPY — H(PrHT 2 A8

Compute its determinant, and conclude that the map is injective.!

Exercisk 1.3. If the characters x4, ..., x» are not distinct, the fixed
locus (P""1)T has positive-dimensional components. Identify the
fixed locus, and show that the restriction homomorphism is still
injective.

The slice theorem provides a useful tool for linearizing group
actions near fixed points or orbits: For any reductive (or compact)
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group G acting on X, there is an invariant neighborhood of p in X
which is equivariantly isomorphic to an invariant neighborhood of 0
in T, X. More generally, we have the following:

THEOREM 1.4 (SLICE THEOREM). Let X be a nonsingular complex aleg-
braic variety.

(1) Suppose K is a compact Lie group acting on X, with an orbit O =
K- x € X. Then there is a K-invariant open neighborhood U C X
of O which is equivariantly isomorphic to an open neighborhood of
the zero section in the normal bundle No x.

(2) Suppose X is affine, and G is a reductive group acting on X, with
a closed orbit O = G - x. Then there is a G-equivariant étale
neighborhood U — X of O which is equivariantly isomorphic
to an étale neighborhood of the zero section of the normal bundle

No/x-

The first statement, for compact groups, is easily proved: by
averaging any hermitian metric over K, one can find a K-invariant
hermitian metric on X. A tubular neighborhood of the orbit K - x
with respect to this metric provides the desired K-invariant open
neighborhood. References with more details can be found in the
Notes.

Often we will assume that T acts with finitely many fixed points.
This has a characterization in terms of tangent spaces. A fixed point
p € X7 is isolated if it is a connected component of X7 .

Lemma 1.5. Let G be a connected reductive linear algebraic group (or
compact connected Lie group) acting on a nonsingular algebraic variety X,
with a fixed point p € X©. The point p is isolated if and only if the trivial
representation does not occur in T, X.

Proor. By the slice theorem, we can reduce to the case where
X =V is a representation of G, and p = 0 is the origin. In this
case, the lemma is immediate, since for any representation V of a
connected group, the origin 0 € V is an isolated fixed point if and
only if V' contains no copy of the trivial representation. O
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The reductive (or compact) hypothesis is necessary.

ExampLE 1.6. Let the additive group G = C act on C? by the matrix
[44], inducing an action on PL. The point p = [1,0] is the unique
fixed point, but the representation on T,P! is trivial.

When G = T isatorus and dim X = n, the lemma says that p € XT
is isolated if and only if ¢! (T, X) # 0. This formulation is particular
to tori, and is not true for other reductive groups.

ExampLE 1.7. Consider G = SL, = X acting on itself by conju-
gation. The fixed points are the center of G, so there are finitely
many; in particular, the identity element e € G is isolated. The action
of G on T,G = sl, is the adjoint representation. Restricting this to
the diagonal torus T C SL, one sees an (n — 1)-dimensional space
of weight zero, namely t C sl,, so c;rop(TeG) = 0. Since this is the
image of cgp (T, G) under the injective map Ag — Ar, it follows that

cgp(TeG) =0, as well.

We can now state our first localization theorem.

THeOREM 1.8 (LocALIZATION THEOREM, FINITE FIXED LOCUS). Consider
a d-dimensional nonsingular variety X with finitely many fixed points. Let

c=|]clmx)en,
peXT
and let S C A be a multiplicative set containing c (which is nonzero, since
all fixed points are isolated). Assume there are m < #XT classes in H}.X
restricting to a basis of H*X.
Then m = #XT, the homomorphisms

ST Char®
STHIX =5 ST HIXT  and  STUHGXT 25 STUHRX
are isomorphisms, and *: H;. X — H: X7 is injective.
Most of hypotheses can be omitted, and we will see a stronger
form of the localization theorem in Chapter 7. However, this simple
version suffices for all the examples we will study, and it has the

advantage of being very easy to prove. The main idea is to use the
Gysin pushforward, as we saw for projective space.
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Proor. Let us temporarily write n = #XT so we have
A®" = HiXT 5 Hy X 5 HyXT = A%

By basic properties of Gysin maps, the composition t*ot,: A®" — A®"
is diagonal, and on the summand corresponding to p € X7 it is
multiplication by cg(Tp X). So det(1*t.) = ¢, and the cokernel of (* is
annihilated by c. In particular, ST H; X — S~ H:XT is surjective.
The assumption that m elements restrict to a basis of H*X means
that H7 X is a free A-module of rank m (by Leray-Hirsch or graded
Nakayama). Since A is noetherian, we conclude that m = n and
S'H;X — ST'H;XT is an isomorphism. Injectivity of ¢* follows
from the fact that H} X is free over the domain A. |

ExamprLE 1.9. When T acts on V = C" by distinct characters
X1,-- -, Xn, the localization theorem for X = P(V) = P* ! is simply
the Chinese Remainder Theorem. Indeed, with

A =STIHP"™ = (STA)C/(TTIEC + x1),
the localization theorem says that the homomorphism

A— A/(C+x1) X XA/(C+ xn)

is an isomorphism. Algebraically, this is true because the ideals
(C + xi) are pairwise comaximal.

ExampLE 1.10. Again suppose T acts on V' = C" by distinct char-
acters x1,..., Xn- Then X = Gr(d, V) has finitely many fixed points,
corresponding to coordinate subspaces:

XT={pr|I={i1<-<igy {1,...,n}},
where p; = [Ej] is the subspace E; = {e;,, ..., e;,) = (ei|i € I).

Indeed, each tangent space

Ty, X = Hom(E;, V/Ep) = (P L} ® L;
i€l
jel
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has weights x; — xi, for i € I and j ¢ I, which are all nonzero. We see

Clop(Tp X) = l_[()(j - Xi)-
i€l
jel
There are () fixed points, and we know bases of H; X with (})
elements, restricting to bases of H*X. So H;X < H; X! = A%,
An explicit coordinate description of this action is as follows.
Givenasubset ], let ] = {1,...,n} \ I be the complement, so V /Ej =
E; and there is a decomposition V = E; @ E;. As in Chapter 4, §2,
corresponding to this decomposition there is an open neighborhood
U = Hom(Ey, Ej) of p;. For instance, let us take n = 6, d = 3, and
I = {2,4,5}, and the standard action of T = (C*)® on V = C®. The
induced action on U can be represented in matrix form as

e [ Z1% Z1* Z1* ] i—;* i—}l* i—;* ]
100 z2 0 O 1 0 O
;. * ok || Zgd Zgw Z3x | ;—2* i—ix— i—;x—
010 0 z4 O 0 1 0
0 01 0 0 =z 0 0 1
|+ %] | Ze* Ze* Ze* | | i—z* i—i* i—g*

This description makes the tangent weights visible.

With only a little more care, we can relax the hypothesis that
the fixed locus be finite. We still assume that X is nonsingular.
A basic fact is that XT is always nonsingular. In fact, this is true
more generally of fixed loci for actions by diagonalizable groups, i.e.,
G = (C")" x A for some finite abelian group A:

LemMma 1.11. When a diagonalizable group G acts on a nonsingular
variety X, the fixed locus X© is nonsingular.

(In topology, this can be deduced easily from the slice theorem, and
it holds more generally for the action of any compact group G. A
stronger version of this lemma in algebraic geometry was proved by
Iversen.)
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We will need another lemma about the characters of the torus
acting on the normal bundle to a fixed component.

Lemma 1.12. Let X be a nonsingular variety, and let Z € X' be a
connected component of the fixed locus, of codimension d in X. Write
N = Ny/x for its normal bundle, an equivariant vector bundle of rank d
on Z. Then there are nonzero characters x1, ..., Xa so that for any point
p € Z, the fiber N, = T, X /T,Z has T acting by these weights. The action
of T on T, Z is trivial.

Proor. Use the slice theorem to find a neighborhood U C X of
p which is equivariantly isomorphic to a neighborhood of 0 in T, X.
Then Z N U maps to an open subset of the 0-weight space of T, X
(where T acts trivially), since this is T,Z C T, X. It follows that the
characters on N, =T,X / TyZ are all nonzero. Since Z is connected,
these characters are the same for any other point q € Z. O

For any connected component Z C X' of codimension d, the
self-intersection formula says that the composition

HAZ 5 HIX 5 HLZ

is multiplication by the top Chernclass ¢ (Nz,x). InH;Z = A®zH*Z,
this class can be written as

d
cI(Nz;x)=x1+ - xa+ Z ag-ici,

i=1
for some classes a; € A% and ¢; € H¥Z, where x1, ..., x4 are the
characters of T on the normal bundle, as in the previous lemma.
Since H*Z is a finite-dimensional ring, the elements c; are nilpotent,
SO cg(N 7/x) becomes invertible in S _1H;Z, for any multiplicative set
S containing x1--- xa.

With these observations, the proof of the following goes just as in

the case where X is finite.

THeorREM 1.13 (LocALizATION THEOREM, NONSINGULAR VARIETIES).
Let X be a nonsingular variety, and S C A a multiplicative set containing
all nonzero characters appearing in Ty X, forall p € XT. Write XT = [[ Z,
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as a union of connected components. Assume there are m elements of H; X
restricting to a basis of H*X, with m < ., tk H*Z,.
Then m = ), tk H*Z,,, the homomorphisms

S S
STHLX =5 STUHEXT  and  STUHLXT 255 STUHLX
are isomorphisms, and *: H3.X — H:XT is injective.

Exercise 1.14. Prove Theorem 1.13, using the Gysin homomor-
phism as before.

Exercise 1.15. Consider T acting on X = P? by characters 0, x, x.
What is XT? Work out the weights on each tangent space.

Exercise 1.16. Suppose the T-action on V decomposes as V =
EB?; Vi, where V; is the Xi-isotypic component, and x1,..., Xm are
distinct. Say dim V; = n;. Show that X = Gr(d, V) has fixed locus

XT = ]_[ Gr(dy, Vi) X - -+ X Gr(dm, V).

di1+-+dy,=d
0<d;<n;

Note that tk H*X = () = X 1, (Zj) =1k H*XT. The normal bundle
to a component Zq = Gr(dy, V1) X -+ - X Gr(dp, Vi) is

Na = (D) Hom(S;, Q)).
j#i
What are the characters of T acting on the restriction of Ngq to a fixed
point??

2. Integration formula

From now on, we will assume that S C A is a multiplicative set
such that the maps

S e
STHLXT 28 s X 25 s T

are isomorphisms. (We have proved this in the case where X is
nonsingular, with H3X free over A of rank equal to that of H *XT. In
fact, S711* is an isomorphism for any X, for a suitable S, as we will
see in Chapter 7.)
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Consider a proper T-equivariant map of nonsingular varieties
f: X — Y. For each connected component P C X, f(P)is contained
in a unique connected component Q C Y7; let fp: P — Q be the
restriction of f. For any class u € H}X, we will write ulp € HLP
for the restriction of this class to P, and similarly for the restriction
classes in H3.Y to Q.

Being components of the fixed locus for actions on nonsingular
varieties, both P and Q are nonsingular, and the map fp is proper, so
both vertical maps in the diagram

P——X

Rl s

Q—>Y

have associated Gysin homomorphisms. Our goal is to compute f.
in terms of (fp).. More precisely, we compute the restrictions f.(u)|o,
forany u € Hp X.

TreorREM 2.1 (INTEGRATION FORMULA). For any u € HyX and any
connected component Q C YT, we have

* TN . ulp
flwlg = ¢;0,(Ngyv) Pf%cQ(fp) (Ctop(NP/X))

In general, the formula takes place in the image of A H*Q = H;.Q
in S~'H: Q=S5 'A® H*Q. When H*Q is free over H*(pt)—for exam-
ple, if Q is a point, or if one uses field coefficients for cohomology—
the homomorphism A ® H'Q — S™'A ® H*Q is injective, and the
formula holds in H;,Q = A ® H*Q. This will be the case in all our
applications.

Proor. Since the Gysin map S~'i,: STTHZXT — S™'H:X is an
isomorphism, it suffices to prove the formula for u = (ip).(z), for
some component P C XT and z € H;P. By functoriality and the
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self-intersection formula, the left-hand side is
(6 0 o0 (t2))(2) = (6 (tQ)(f0))(2)
{ ro(No) - (fe)(z) if f(P) € Q;
0

otherwise.

On the right-hand side, using the same properties of Gysin maps,
we have

ulp = (tp o (tr):)(2) = ¢, (Npyx) - 2,
and u|ps = 0 for P’ # P. So the sum on this side reduces to the single
term

ctTop(Np/ )z

agreeing with the left-hand side. m|

clop(Noyy) - (fp)e ( ) = cf,,(Noyy) - (fe)i(2),

ExampLE 2.2. When Y is a point, we get an integration formula for

pu(u) =Y (pp). ($)

top(NP/X)

p: X — pt:

where (pp).: H;P — A is integration over P.

ExampLE 2.3. Suppose X and Y have finitely many fixed points,
and f: X — Y is a smooth morphism with relative tangent bundle
Tx/y. For each q € YT we have

fw)ly = Z u—lp

pef-L(q)T top( X/Y|p)

since each f,, is an isomorphism.

When P = {p} is a point, the Chern class appearing in the corre-
sponding summand is cg(TpX) = x1(p) - xa(p), where d = dim X
and the x;(p) are the characters of T acting on the tangent space T, X.
Combining the two previous examples gives a particularly useful and
simple case:
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CoroLLARY 2.4. Let X be a d-dimensional nonsingular compact alge-
braic variety with finitely many fixed points. Then

ul
peu)= > (TZ 3

peXT €4

for any class u € H3 X.

ExampLE2.5. For T acting on P"~1 via distinct characters x1, . . ., Xn,
with C = clT(ﬁ(l)), we know

0 ifk<n-1,
p(C) =19
1 ifk=n-1,

by degree considerations in the first case, and by the classical fact
that n — 1 hyperplanes intersect in a point in the second case. On the
other hand, the integration formula computes this as

( Xz
P(C) anq&z()(] Xi)

Comparing the two yields a nontrivial algebraic identity!

ExampLE 2.6. Consider T = C* acting on P? by the characters
0,t,2t,s0z-[a,b,c] =[a,zb,z*c]. The fixed points are the usual co-
ordinate points p1, p2, p3. Foru € H;Pz, let u; = u|y,. The integration
formula says
(u) u2+£:u1—2u2+u3

2t2 —t2  2t2 2t2
This must be a class in A = Z[t], so the integration formula implies a
divisibility condition relating the restrictions to the three fixed points:
2+2 must divide the polynomial u1 — 2up + us.

When computing via localization, it is often convenient to rep-
resent the fixed points of X as the vertices of a graph, with edges
connecting vertices when the corresponding fixed points are con-
nected by a T-invariant curve. This graph is called the moment graph
of X, and we will see several examples in the next few chapters.
(Symplectic geometry explains the way these graphs are drawn; see
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34 0

12 X3+ X4— X1~ X2

FiGURE 1. The fixed points in X = Gr(2, C%), and the class
[Q]T restricted to H;XT.

the Notes in Chapter 7.) The image of a class under the restriction
H: X < H: X" is given by labelling the vertices of the moment graph
with characters.

ExampLE 2.7. We will compute the number of lines meeting four
general lines in P2. Let X = Gr(2, C*) be the space of lines on P?, with
an action of T induced by characters xi, ..., xa.

Fix the line {( corresponding to the subspace E1 = span{e;, e} C
C*, and consider the locus Q C X of lines ¢ meeting £y, i.e.,

Q-= {E C C*| dim(E N Eyp) > 1}.

This is defined by the condition that S — C*/E1, has rank at most
1, where S is the tautological bundle on X. In other words, the
determinant homomophism

A?S — N*(CH/En)
is zero. So Q) = Z(s) is the zeroes of a section of the line bundle
Hom(A*S, A*(C*/E12) = \*SY ® Cryips,

and [Q]7 is equal to its equivariant first Chern class. We will compute
its restriction to the fixed points pj.

We have clT(/\2 SV ® Crssx)lp; = —Xi — Xj + x3 + x4. The class
[Q] is shown as a labelled moment graph in Figure 1.
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To address the four-lines problem, first note that the assumption
that the given lines be general means that the intersection

Qe NQp, N Qe NQy, = {€] € meets (1, €5, £3, and L4}

is transverse and zero-dimensional, and we wish to compute the
number of points—that is,

/X Q0] [Q6] - [Q0] - [Q0],

where fx is the (non-equivariant) pushforward H*X — H*(pt) = Z.

Any line ¢’ in P3 can be translated to £y by an element ¢ € GLj4.
So

Qp={¢ltnt #0} =¢g7'Q,

and since GL4 is a connected group, we have [Q] = [Q] in H*X. So
it is equivalent to compute fx [Q]*.

By basic properties of Gysin homomorphisms (Chapter 3, §6),
/X [Q]* is equal to the image of p.(([Q]7)*) under H;(pt) — H*(pt).
The class is in degree 0, and H%(pt) = H%pt) = Z. So this non-
equivariant pushforward is the same as the equivariant one, and we
can compute it using the integration formula:

(x3+xa—x1-x2)*
(x3 — x1)(x3 = x2)(xa — x1)(xa — x2)
N (xa — x1)*
(x2 = x1)(x2 = x3)(xa — x1)(xa — x3)
+ (four more terms, one of which is zero).

p-((1QI")Y) =

This expression can be evaluated quickly by computer algebra, but
to carry out the calculation by hand, it is useful to employ another
simplification.

Letus write Q;; = {E | dim(ENE;;) > 1}, 50 Q = Q1. By the same
reasoning as before, we can compute with any four choices of ij; in
particular, we may choose them so that many terms in the integration
formula are zero. For example, the product [Q12]7 - [Qy3]T - [Q34]" -
[Q4]T has nonzero localizations at only two fixed points, p14 and p23.
(See Figure 2.) Using the integration formula for this product, one
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X3— X1 l! X2— X1 X2 = Xa /! X3 = Xa
X4= X2 X4—X3 X1- X3 Xl—XZ

[Qr2]T [Q5]T [Q§4]T [Q4]T

0
A; (03 - x1)(0cz = 20) 0z = 22)(xa — x)
T (- )0 - 1) - xs)(x - x2) V

0

FiGure 2. The product [le]T . [ng]T . [Qg4]T . [Q24]T in
H;Gr(2, C*), represented by its localizations at fixed points.

sees

/X[Q]4 = p([Q2]" - [Da3]" - [Q34]" - [Q24]")

(3= x)(2 = x1)(x2 — xa)(xs — x4)
~ (2= x1)(is = x1)(x2 — xa)(xs — xa)
(xa = x2)(xa — x3)(x1 — x3)(x1 — x2)
(x1 = x2)(xa — x2)(x1 — x3)(x4 — x3)
=1+1=2,

so there are two lines through the four given lines.

Exercise 2.8. How many lines in P* meet six general planes?

3. Equivariant formality

There are general criteria which imply the hypotheses of the lo-
calization theorems—in particular, freeness of H; X as a A-module.
As noted earlier, we will be able to verify these hypotheses directly
for our main examples and applications, so the results of this section
are not logically necessary. However, it is sometimes useful to know
when to expect the localization package to work, and the terminology
appears frequently in the literature.
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For a Lie group G acting on X, an integer m > 0, and a coefficient
ring R (usually Z or a field), consider the following condition:

(*) For 0 < i < m, H'X is finitely generated and free over R, and
there are elements x;; € H, éX that restrict to a basis for H'X.

The space X is called (cohomologically) equivariantly formal with respect
to the action of G and the coefficient ring R if it satisfies (+,, ) forall m >
0. The main reason for introducing this condition is the following
direct consequence of the Leray-Hirsch theorem (Appendix A, §4):

ProrosiTioN 3.1. Assume (*y,) holds for some m > 0.

(1) Every element of HY' X has a unique expression as ); i CijXij, for
some cjj € H"™'BG.

(2) If X is equivariantly formal, then H:. X is a free Ag-module with
basis {x;j}, and the forgetful homomorphism

HLX ®), R — H'X

is an isomorphism. In fact, for any G acting on X through a
homomorphism G" — G, the corresponding homomorphism

H:X ®aq Aer — Hi X
is an isomorphism.

We are most interested in the case where G = T is a torus. For
nonsingular complete varieties with finitely many fixed points, a
general theorem provides a cell decomposition.

Thaeorem 3.2 (Biarynicki-Birura). Suppose a torus T acts on a non-
singular complete variety X with finitely many fixed points. Then there is a
filtration by T-invariant closed subsets X = X;, 2 X-1 2 --- 2 X 2 0,
with X; \ Xj—1 = [[ Ujj and U;j = Al Moreover, the total number of cells
Ujj is equal to #XT.

This implies such varieties are always equivariantly formal, since
the classes of the invariant subvarieties U;; form bases for H; X and
H*X, over A and R, respectively.
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Cororrary 3.3. Let a torus T act on a nonsingular complete variety
X, with finitely many fixed points. Then X is equivariantly formal with
integral coefficients. In particular,

(1) HyX — H*X is surjective, with kernel generated by the kernel of
Ar — Z; and

(2) HiX — H:XT is injective, and becomes an isomorphism after
inverting finitely many characters in Ar.

Proor. With cells Ujj as in the Biatynicki-Birula decomposition,
the equivariant class [U_ij]T restricts to the nonequivariant class [U_ij],
so X is equivariantly formal. Injectivity of the restriction homomor-
phism comes from the diagram

HiX —— HiXT

! !

ST'H: X —— STIH:XT,

for a suitable multiplicative set S C A, where the vertical arrows are
injective since Hy X and H; X T are free over A, and the bottom arrow is
an isomorphism by the basic localization theorem (Theorem 1.8). O

Thus complete nonsingular varieties with finitely many fixed
points give a large class of examples where one sees the “two no-
tions” about equivariant cohomology described in Chapter 1.

Applying the general localization theorem to be proved in Chap-
ter 7, similar reasoning shows that if a T-variety X is equivariantly
formal, and H*XT is also free over R, then the restriction homomor-
phism (*: H» X — H:XT is injective.

Notes

Luna’s étale slice theorem is explained in [GIT, p. 198]. The topological
slice theorem is apparently due to Koszul [Ko53], and can be found in
Audin’s book [Aud04, Chapter I]. We learned Example 1.7 from Johan de
Jong.

Iversen’s theorem on the nonsingularity of the fixed locus (Lemma 1.11)
applies more generally for actions of linearly reductive groups, i.e., those
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for which all finite-dimensional respresentations are completely reducible;
in positive characteristic this amounts to considering diagonalizable groups
[Iv72]. Iversen also includes a formula for Euler characteristics which gives
tk H*X = #XT in the case when X has finitely many fixed points and no
odd-dimensional cohomology. Again, the novelty is mainly the algebraic
proof and the application to positive characteristic; as Iversen points out, in
topology it can be deduced from the Lefschetz trace formula.

The idea of proving localization theorems using Gysin pushforwards
can be traced to Quillen [Qn71a] and Quart [Qt79], who used similar tech-
niques in cobordism and K-theory, respectively.

The integration formula, especially in the finite fixed point case of Corol-
lary 2.4, is known by many names in the literature. Names commonly at-
tached to it include Atiyah-Bott (after their paper [AtBo84]), Berline-Vergne
([BeVer82]), Duistermaat-Heckman ([DuHe82]), and “stationary phase for-
mula” (especially in the physics literature).

Example 2.5 is one case of a family of identities due to Sylvester, and
rediscovered by many other mathematicians. A short review of the his-
tory, along with an elementary proof, can be found in [Bh99]. Many such
identities can be obtained by equivariant localization on other spaces.

The usage of the term “equivariantly formal” in the sense of §3 ap-
pears to originate in the seminal article of Goresky-Kottwitz-MacPherson
[GKM98]. In this paper (and in much of the literature stemming from it), an
equivariantly formal space is defined to be one for which the Serre spectral
sequence for the fibration EG x¢ X — BG,

pq _ . p+q
E}" = HP(BG; H'X) = H'X,

degenerates at the E; term. This condition was considered earlier by Borel
[Bor60, §XII.3-6].

Using coefficients in Q, nine sufficient conditions for equivariant for-
mality are given in [GKM98, Theorem 14.1], including the following.

- H*(X;Q) vanishes in odd degrees, and G is a connected linear
algebraic group or compact Lie group.

— X is a nonsingular projective variety, and G = T is a torus.

— X is a possibly singular projective algebraic variety, G = T is a
torus, and for all 4 > 0, H1(X; Q) is pure of weight g (in the sense
of mixed Hodge theory).
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The last condition includes all toric varieties. The use of field coefficients is
essential in all of these conditions.

A different notion of equivariant formality is used in rational homotopy
theory, where it involves an isomorphism between H*(X; Q) and a certain
differential graded algebra. In order to disambiguate the terminology, Franz
and Puppe propose to add the modifier “cohomological” to the equivariant
formality we consider. (They also point out that the abbreviation CEF also
stands for “cohomology extension of the fiber”, which nicely captures the
geometry.)

Biatynicki-Birula proved a stronger version of Theorem 3.2, where the
fixed locus XT may have positive-dimensional components [BB73]; see also
[Bri97b, §3.1].

Hints for exercises
Here is another way to prove injectivity. The composition
AEBn — H;(Pn_l)T L_*) H;Pn—l L_) H;(Pn_l)T — A@n

is diagonal. What is its determinant? (This shows the maps S'H;.(P"™ 1T —
ST'H:P"! — S71H:(P")T are isomorphisms, for an appropriate multiplicative
set S.)

The tangent bundle TX restricts to Zg4 as Hom(S, Q) = P ij Hom(S;, Q;), and
TZq4 accounts for the diagonal summands; this explains the computation of Ng.
The characters are x; — x; for i # j, appearing with multiplicity d;(n; — d;).

3The locus Q € Gr(2,C°) of lines meeting the plane P(Ejp3) is given by the
vanishing of A2S — A%(C5/E1p). Soits class is [Q]T = clT(/\2 SY ® Cyyrys)-



CHAPTER 6

Conics

The problem of determining the number of conics tangent to five
given conics is a famous example in intersection theory. In this
chapter, we work out the answer as a sample computation using
localization in equivariant cohomology.

1. Steiner’s problem

In 1848, Steiner asked for the number of conics which are tangent
to five fixed general conics. One approach is to compactify the space
of conics as the projective space of coefficients of an equation a X? +
bY2+cZ%+dXY +eYZ + fXZ = 0; that is, using P(V) = P?, where
V = Sym?>C3. For a given conic C, the set Zc of all C’ tangent
to C forms a sextic hypersurface in P(V). Steiner observed this by
examining the equations. It can also be seen geometrically by taking
C to be an ellipse, and drawing the pencil of circles tangent to a fixed
line at a fixed general point in the interior of C: one sees six circles
tangent to C in this pencil.

Naively, one might use [Z¢] = 6H to compute the desired number
as

[ 1z 1z 1Ze) 12c) - (2] = [ (em)f =777,
P(V) P5

by Bézout’s theorem. This gives the wrong answer, though: each
of the hypersurfaces Z¢, contains the Veronese surface S of double
lines, so the intersection Z¢, N Zc,NZc, N Zc, N Zc, is not transverse.

The correct answer, 3264, was first computed by de Jonquieres
in 1859, and Chasles in 1864. From a modern point of view, the
basic idea is to modify the moduli space by blowing up the Veronese
surface S C P(V'), working instead with the space of complete conics
¢ = BIsP(V).

85
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Exercise 1.1. Consider the simpler problem of conics tangent to
five general lines. Show that the set Z, C P(V) of conics tangent to a
given line is a quadric hypersurface. On the other hand, every such
Z¢ contains the Veronese surface S; show that the number of conics
tangent to five lines is 1.1

2. Cohomology of a blowup

We first consider the general setting of blowing up a nonsingular
variety along a nonsingular subvariety.

Let G be a linear algebraic group acting on a nonsingular variety
X, with S € X a nonsingular G-invariant subvariety. The blowup of
X along S, written X = Bls X, is equipped with a natural G-action. Let
d be the codimension of S in X, so the normal bundle N = Ng,x has
rank d, and the exceptional divisor E = P(N) — S is a P4~!-bundle.
These fit into a diagram

Ely X

e

S CZH X’
and j*0(E) = 0(-1) C p*N is the normal bundle to E in X. All these
maps and bundles are naturally G-equivariant.

ProrosiTioN 2.1. There is an isomorphism
d-1
k k=20c = 1k ¥
HEX @ (D HE?S S HEX,
=1

d-1
(a/ bl/ sy bd—l) = p*a + j* (Z Cg_lq*bf) s
=1

where C = c§(0(1)).
The product is determined by three formulas:
(1) p*(a)-p*(a’) = p*(a - a’);
(2) ju(b) - j(b") = =ju(b - D" - C); and
(3) p*(a) - .(b) = .(q"i"(a) - b).
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The inverse to the isomorphism of the proposition maps a class c
to(a, b1, ..., ba-1), witha = p.c and be = g.(cS_,_,(Q) - j*(c — p*p.c)).
Here Q is the quotient bundle on E = P(N), i.e., there is an exact
sequence 0 — O(-1) —» g*N — Q — 0 on E. There is also a split
exact sequence

0> HEX - HEX @ HEE — HES — 0,

where the first map is given by ¢ +— (p.c, j*c), and the second by
(a,b)— i*a - q*(cg_l(Q) - b).

The proofs of all these facts are exactly the same as in the non-
equivariant setting.

Another useful formula, whose proof is the same as in the non-
equivariant case, is the following equivariant analogue of a theorem
of Keel:

Prorosition 2.2 (KeeL). Suppose i*: H. X — H{S is surjective, with
kernel I. Choose lifts ay — cf(N),for k=1,...,d =1. Then

HX = (HGX)[E)/],
where the ideal | is generated by [E]-I and [E]? —a1[E]* 1 +- - -+ (=1)[S].

Exercise2.3. Consider vector bundles F C V on avariety Y. There
is a rational map
P(V) --» P(V/F)

of projective bundles, whose indeterminacy is resolved by

X = Blpp)P(V)

— 5

X = P(V) P(V /E).

Show that 7t identifies X = P(F’) — P(V/F), where F//F = 6(-1) C
V /F is the tautological bundle on P(V /F). Compute H*X using the
projective bundle formula.

Exercise 2.4. Let G = GL3 acton S = P? via its standard action on
€3, and on P° via the representation Sym?C3. Leti: S — P° be the
Veronese embedding, so it is G-equivariant. Then i*: H'P®> — H*S is
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surjective if one uses Q coefficients (but not Z coefficients). Compute
the Keel presentation of HEBISPS (with Q coefficients).

For our purposes, local information on tangent spaces will often
suffice. It follows from the definition of the blowup that there are
canonical isomorphisms Tx)? =T, Xforx € X\E=X\S. Similarly,
for x € E C X, there are exact sequences

05 TE—> T:X > L—0
and
0 - Hom(L,N/L) —» T,E - TsS — 0,
wheres = g(x) € S € X, N = Ng/x,and L = 0(-1)|x € (4°N)x = N;.
(So L € N; is the line corresponding to the point x € E = P(N).)
Now suppose G = T is a torus acting on X, with S € X a T-
invariant subvariety. The above isomorphisms and exact sequences

are T-equivariant, for a fixed point x. That is, there are isomorphisms
of T-modules

T X =TX
for x € XT N ET =XT\ ST, and
T,X=T,E®L
= Hom(L,Ns;/L)® TsS® L,

for x € ET mapping to s € ST. These observations lead to a criterion
for X to have finitely many fixed points.

ProposiTiON 2.5. Suppose XT is finite. Then X is finite if and only if
forall s € ST, the characters on N5 = Ng/x|s are distinct.

Proor. As we saw in Chapter 5, Lemma 1.5, a fixed point x is
isolated if and only if all characters at x are nonzero. There is nothing
to check for x € X \E = X \ S, since X" is finite. At a point
x € ET ¢ XT corresponding to a T-invariant line L C N of nonzero
weight y, the characters on T, X are

{characters of TsS} U {x} U {xi — x| xi is a character of Ns/L}.
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All the characters in the first two sets are nonzero; those of the third
are nonzero for any choice of L exactly when all characters of N; are
distinct. |

ExampiE 2.6. Consider X = A? with T acting by nonzero char-
acters x1, x2. Let S = {0} be the origin, and X = BlyA2. Take
x=[1,0] € E=P!, corresponding to the horizontal tangent line at 0,
thatis, L = (1) € C? = ToX. The weight on T E C T, X comes from
T.E = Hom(L, C%/L), so itis x2 — x1. The weights on T, X are there-
fore {x1, x2 — x1}. (This is also easy to see directly from coordinates
on X.)?

3. Complete conics

Given a nonsingular plane curve C C P2, the dual curve CV C
(P2)V = {£ C P?} is

C¥ ={t cP*|¢is tangent to C}.

If C is singular and irreducible, CV is defined to be the closure of the
locus of tangents to C atnonsingular points. When C is a nonsingular
conic in P, the dual curve CV is a nonsingular conic in (P?)".

Recall that P(V) = P® parametrizes degree two equations, where
V = Sym? C3. Taking the dual curve defines a rational map

P(V) > P(VY)
[C] = [C"].

In fact, this map is regular on P(V) \ S, the complement of the
Veronese surface of double lines: a reduced degenerate conic, the
union of two distinct lines C = ¢1 U {», maps to the double line
through points [¢1] and [£,] in (P?)".

The blowup ¢ = X = BlsP(V) resolves the indeterminacy of this
rational map:
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C = {( ,[CV])|C, CV are nonsingular comcs} CcP(V)xP(VY)

P(V) ——————————————————— > ]P(VV),

The space ¢ is a moduli space of complete conics. It parametrizes four
types of geometric figures in P2:

(1) nonsingular conics C;

(2) unions of two lines £1 U {3;

(3) lines with two marked points (¢ 3 p1, p2); and
(4) lines with one marked point (¢ > p).

Duality preserves types (1) and (4), and exchanges types (2) and (3).

For any point p € P2, there is a divisor £, C P(V) of conics
containing p; this is a hyperplane. Similarly, for any line £ C P?,
there is a divisor ®; € P(V') of conics tangent to ¢; this is a (singular)
quadric. The two are exchanged under duality: the rational map
P(V) --» P(VY) sends L, to @E;] and O, to ZE’K], where [p] C (P?)Y and
[€] € (P?) are the line and point corresponding to p and ¢, respectively.

Let 0, C ¢ and 1, C ¢ be the proper transforms of X, and
Oy, respectively. We will abuse notation by using the same symbols
for their (equivariant) cohomology classes. Non-equivariantly, these
classes are independent of p and ¢, so we may omit the subscripts.
One has 1.0 = X = H and 1.7 = © = 2H, where H is the hyperplane
class in H*P(V); similarly, p.c = ®" = 2HY and ¢.7 = £V = H" in
H2P(VVY).

The class of the proper transform Zc of Zc—the sextic hypersur-
face of conics tangent to C—is also independent of C, and in H*¢
there is a relation Z = 20 + 27. One can prove that for five general
conics Cy, ..., Cs, the corresponding subvarieties Zci C % do inter-
sect transversally, so the solution to Steiner’s problem is given by the
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integral

/(20+2”c)5:32(/05+5/04T+10/0372
4
(*) +10/02T3+5/GT4+/T5).

There are many ways to compute the numbers f o't We will do
this equivariantly, as an example of the localization techniques from
the previous chapter.

Let T = (C*)? act in the standard way on P?, with characters
t1, t2, t3. The induced actionon V = Sym2 C3 has characters

2t1, 2t, 2t3, t1 + tp, tr + t3, t1 + t3,
corresponding to the basis
X%, Y?, 7%, XY, YZ, XZ.

It is often useful to record this in a weight diagram:

XZ

XY XZ

YZ YZ ZZ

The tangent spaces to P(V) at X? and XY have weights
Tx2P(V): {tz +t3— 211, th — 1y, 2(tp — t1), t3 — t1, 2(t3 — tl)} and
TxyP(V): {2t —t1 —to, 1 — to, ta — 1, t3 — tp, t2 — t3}.
The others can be obtained from these by symmetry.
Products of tangent weights can be represented by arrows on the
weight diagram: each arrow represents a weight (considered as a

vector in the character lattice), and when several arrows are drawn
together, they are multiplied. An example is shown in Figure 1.
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) i

Ficure 1. CST(TXZP(V)) =4(tr— t1)2(t3 - t1)2(t2 +t3—211),
represented via arrows

The Veronese surface S C P(V) has fixed points X2, Y2, Z2. The
tangent space Tx2S has weights {t, — t1, t3 — t1}, from the standard
action of T on S = P2. So the normal weights to S at X? are

Ny : {tz +t3 —2t1, 2(tp — t1), 2(t3 — tl)}.

This is all we need in order to compute weights on ¢ = BIsP(V).

First, since the normal weights are distinct at each fixed point of
S, the fixed locus ¢ is finite, by Proposition 2.5. In fact, there are 6
fixed points in P(V), 3 of which lie in S. Each fiber of t: € — P(V)
over S is a P?, so there are 3 fixed points in ¢ mapping to each fixed
point in S. Thus we have

#6T = #P(V)\ S)T +3-#ST
=3+3-3=12.
On the other hand, from the blowup exact sequence
0—->HY%—->HPV)®oHE —- H'S -0,

we see H*¢ is free, of rank 6 + 9 — 3 = 12. (The exceptional E is a
P2-bundle over S = P?, so its cohomology has rank 3 - 3 = 9.) Using
the simple localization theorem, Theorem 1.8 of Chapter 5, we know
that

H7€ — H}%T.
(While not logically necessary for computing integrals, this allows us
to determine classes in H}%¢" from their localizations.)
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Ficure 2. The 12 fixed points in the space of complete
conics.

What are the fixed points of ¢? They map to fixed points in P(V),
so to points of the form XY or X>.

(1) Over XY, the projection 7 is an isomorphism, so the corre-
sponding fixed point is just a pair of lines.

(2) Over the double line X?, we need to add the data of one or
two points, and these points must be T-fixed.

Torus-fixed points and lines in P? can be represented as a triangle,
and T-fixed complete conics can be drawn on such a triangle. Here
is P2, together with the complete conics XY = 0and (X = 0, [0, 0, 1]).

[0,0,1] [0,1,0]

VA el

[1,0,0] XY (X,[0,0,1])

Figure 2 displays a diagram showing all 12 fixed points of &'
The tangent weights to ¢ at N are the same as those on TxyP(V):

I {23 —ti—ty, t1 —ty, tr — t1, t3 — 1y, £p — t3}.

Next we consider points in the exceptional divisor, in the fiber over
X? € S. As noted earlier, the normal weights to S at the point X? are
{t2+t3—2t1, 2(t2—t1), 2(t3—11)}, each corresponding to a T-invariant
line L C N and therefore a fixed point in ET. Taking L with character
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® e - @ ® e - @ o e - @

Ficure 3. Top Chern classes of T, % at three points.

2(t, — ;) corresponds to the point ", and we see weights
T._fE:{tz—tl, ts —t1 }
U{(ta+t3-2H)—2(ta—t), 2(ts —t1) = 2(ta — t1) }.

from LV®N /L

Including L (the normal space to E), we see weights

T—%¢:{th—t, t3—t, ts—t, 2(t5 — 1), 2(ta — t1) }.
: —_——
from E from L

Starting with L C N of character t, + t3 — 2t1, which corresponds to
the point -, a similar calculation gives

Te—% : {t2 — 1, t3—1t1, tho =13, t3 =12, trh + 13 —21’1}.

Diagrams for these three examples are in Figure 3. Weights at the
other fixed points can be obtained by symmetry.

We can compute the classes 0, and 7, by localizing. For the point
p =11,0,0] = «, the hyperplane X, C P(V) is the zeroes of a map
0(-1) — V/F, where F = (Y?,72,XY,XZ,YZ). That is, it is the
zeroes of a section of €(1) ® Cyy,, so its class in H%P(V) is

[£,]" = cJ(6(1) ® Cay).



CHAPTER 6. CONICS

t—t /
A-t) 4t -t
[ ]
2Ats — by )‘ t?“ t2 0

2(tz — tz) .—) .'o_

203-&)‘7

t1 + 13— 2t //tl )
2t — ¢ 2(t — ¢
(t1 — t2) 2t — 1) (t1 — t2)

™
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0
t1 =t f1—1t3
2(t - t2) / \ 2(t -
2ty — ) . /,I\ 2(t - t3)
2t —t) T T 2t~ t3)
2t —ty — 3
g
[ ]
tr) +t3 —2h
Ata—t) 23 -th)
0f/ N
20t —fp) & * 2t~ k)
t1+t3—2t2" g .'.t1+t2—2t3

Aty —ty) T 22— 1)

E

Ficure 4. Localizations of divisor classes

We know the restriction of €(1) to each fixed point, from Chapter 5

Example 1.1. Since 0. = 7'(*2:_;_; ,
g b= = 0. |—
g o = Z I
etc.

Similarly, 7\ - = qo*Z*\._

we have
|_ = 0/

=0:: |o—o = E

=t —t,

is the proper transform of a hyperplane in

the dual projective space P(V*), and we have

==

T\ b=

etc.

t3 - t2/

The restrictions of the exceptional divisor E are even easier to com-

pute, since one simply records the character of L C

point. Figure 4 shows the complete data.

C N at each fixed
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Exercise 3.1. For any fixed pointsp # g in P2, show opto,—E = (=
in Hizrcﬁ.‘1

Now we can compute the numbers f(g o'7°7" by localization. As
we saw with the Grassmannian, convenient choices of equivariant
lifts will simplify the calculation.

We know f 0> = f 7° = 1, since these come from hyperplanes in
P(V) and P(V"). More generally, / olrd = f 0°~i7! by duality, so
there are only two more integrals to compute.

To compute f(g o*1, we use localization on the product

a = (G.A : )2 G.:-' G':-'. T\_. .
Diagrammatically, this is

0.0.0

so the integration formula gives

\ ale al\,

¢ Cs (TT C) s (TVCK)

(=) (2t3— 1 — b)(t2 — 11)(2(ts — 1))

T (2t -t — ta)(t1 — b2)(t2 — t)(t3 — ) (3 — 1)

(2t1 — tp — t3)%(t3 — t2)(t2 — £3)(2(t1 — £2))
(2t1 — ta — t3)(t1 — t2)(t1 — t3)(t3 — t2)(t2 — t3)
_ 2(t1 — ) N 2(2t1 — tr — 13)
ts — 1 t1 — 13
=2.
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Similarly, to compute f%ﬂ 0372, one can apply the integration formula
tof =0 .00 .0 T Ty and obtain

/ 532 = v
€ C:r)F(T\/Cg)

_ (2t — ta — 13)2(11 — £2))(2(t1 — £3))(E3 — £2)(£2 — £3)
(2t1 — tr = t3)(t1 — t2)(t1 — t3)(t3 — t2)(t2 — t3)

=4,
With these numbers in Equation (*), we obtain
/(26+2T)5 =321+5-2+10-4+10-4+5-2+1)
€

= 3264

conics tangent to five (general) conics.

Notes

A sketch of the six circles tangent to the ellipse, along with a solution
to Steiner’s problem using modern intersection theory, can be found in
[FulMac78]. The claim about 7776 conics appears near the end of Steiner’s
paper [S1848]. A more detailed history of this problem was assembled by
Kleiman [K180].

The first serious applications of the equivariant integration formula
as a tool to solve classical problems in enumerative geometry appeared
in the 1990s, especially in work of Ellingsrud and Stremme [EISt96] and
Kontsevich [Kon95]. For example, Ellingsrud and Stremme use localization
on Hilbert schemes to show that there are 317, 206, 375 twisted cubic curves
on a quintic threefold in P*.

Proposition 2.1 is proved in [Ful-IT, §6.7]. Proposition 2.2 is in [Keel92].
A generalization of Keel’s theorem to Chow motives was given by Li [Li09].

The space of complete conics is a prototypical example of a spherical
variety, and a description of its equivariant cohomology ring from this point
of view can be found in Brion’s expository articles [Bri89, Bri98].

We learned the notation for representing (localized) equivariant classes
as arrows on moment graphs from Allen Knutson.
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Hints for exercises

1Use projective duality: this is equivalent to the number of conics passing
through five general points.

2letz = clc(ﬁps(l)) and C = cf(ﬁpz(l)), and write Ag = Z[c1, c2, c3]. We have
presentations
HEP® = Aclz]/((z° +2c12 + (c] + c2)z + c1¢2 — ¢3)(2° + 2122 + 4oz + 8c3))

and
HES = Ac[CI/(C + 018 + c2C + c3),
and the homomorphism H"GIP’5 — H(S is given by z — 2C.
One computes

¢¥(Ngsps) =9C +3c1 and  c§ (Ngps) = 30C% + 8c1C + 4ea

so, now using Q coefficients, these classes are lifted to HZ;]PE’ by

9 15
a = EZ +3c1 and ap = 722 +4cq1z +4cy
respectively. Since we have
[S] = 4(23 +2012% + (c% + )z + €102 — C3),

setting e = [E], the Keel presentation is H&B15P5 = Acglz, el/(f, g, ), where the
ideal is generated by elements

f= (z3 +2012% + (c% + )z + 100 — C3)(z3 +2012% +4cyz + 8cs),
g = (z3 +20122 + depz + 8c3) - e, and
9 15
h=e’- (EZ +3c1)e? + (722 +4c1z +4cy)e — 4(2° +2012% + (c% + )z + c102 — €3).
(One way to verify these computations is by using the calculations of local tangent

and normal weights from §3.)

3Use coordinates x, y on X, and x, y’ on X, where y = xy’. Since the characters
of x, y are x1, x2, one sees the character of y’ is x2 — x1.

*Non-equivariantly, 0, = 0, = 0 in H*%, so this says 20 — E = 7. Since 20 — E is
the class of the proper transform of the quadric hypersurface parametrizing conics
tangent to a given line, one has

/(20—15)5:/15:1,

resolving the “conics tangent to 5 lines” problem.
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Localization 11

In this chapter, we refine the main localization theorem from
Chapter 5 to see that it applies to all algebraic varieties. We then turn
to the third piece of the localization package, which characterizes
the image of the restriction homomorphism: we will see verison
of a theorem due to Chang and Skjelbred, refined to allow integer
coefficients. Along the way, we give a criterion for a nonsingular
variety to have finitely many T-invariant curves.

Most of the results of this chapter are not needed elsewhere in the
book. However, it is often useful—at least psychologically—to know
a particular case of the image theorem, where there are finitely many
tixed points and finitely many invariant curves. This is often known
as the “GKM” description of equivariant cohomology, after Goresky,
Kottwitz, and MacPherson.

1. The general localization theorem

We first set up some notation, which will be useful later in the
chapter as well. Given a subgroup L € M of the character lattice
M = Hom(T, C*), let T(L) € T be the subgroup of T corresponding
to the quotient M /L; that is,

T(L) = ﬂ ker(y).
X€EL

Let S(L) € A = Sym" M be the multiplicative set generated by M \ L.
By Lemma 1.11 of Chapter 5, the fixed locus X" is nonsingular
whenever X is, because T(L) is a diagonalizable group.

99
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TraeEOREM 1.1 (LocaLizatioN). Let X be an algebraic variety with the
action of a torus T. The restriction homomorphism

e SO 1y vT(L)
S(L)""H;X —— S(L)" H;X
is an isomorphism, where 1: XT(1) < X is the inclusion.
In fact, S(L) may be replaced by a smaller multiplicative set, generated
by a finite set of characters depending on X.

Taking L = 0, the theorem says that whenever S contains all
nonzero characters, ST'H7 X — S H; XT is an isomorphism.

In proving the localization theorem, we will use some fundamen-
tal (but nontrivial) facts about torus actions.

TaeEOREM 1.2. Let a torus T act on an algebraic variety X.
(1) (Sumihiro) If X is normal, then it is covered by (finitely many)

T-invariant Zariski open affine sets U C X.

(2) (Alper-Hall-Rydh) For any X, there is a T-equivariant affine étale
cover U — X.

References can be found in the Notes at the end of the chapter.
We also use a very easy fact about equivariant cohomology:

LemMma 1.3. Suppose Y' — Y is a T-equivariant map. If ¢ € A
annihilates Hi}Y, then it also annihilates H,*FY’.
More precisely, suppose one has a map of spaces

Y’ > Y
B,

and cup product by ¢ € H*B annihilates HY. Then c also annihilates
H*Y.

(This second statement immediate from the functoriality of cohomol-
ogy, because H*Y — H*Y’ is a homomorphism of H*B-algebras. The
tirst statement follows, by applying the Borel construction.)

Proor oF Tueorem 1.1. First we treat the case where X740 = @, in
three steps.
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Case 1. Suppose V is an affine space with a linear T-action, and

X = VN VT, We can write

V= @VX=V+@V-,
XEM

where V7 is the sum of V, with x € L, and V™ is the sum of V,
with x ¢ L. Then V* = VT() js the fixed locus for T(L). Regarding
X = VA\VTo) as the complement of the zero section of a vector bundle
over VT(M), it follows from the Gysin sequence that HiX = A/(c),
where ¢ = [],¢ x¥™Vx. Since ¢ € S(L), we have S(L)"'H;X = 0.
(Note that it suffices to invert the finitely many characters xy ¢ L such
that V, #0.)

Case 2. Next suppose X is any affine variety with X™®) = 0. Tt
is a basic fact about linear algebraic group actions that one can find
an equivariant embedding X < V in an affine space V with linear
T-action. By the assumption XT(") = @, we have X — V \ VT,
Taking c as in the previous case, Lemma 1.3 says that ¢ annihilates
H:X,so0 S(L)™'H3X = 0.

Case 3. Now consider any variety X with XT) = (. Using
Theorem 1.2, we can find a finite cover of X by invariant affines
U; — X. From the previous case, we have elements c; annihilating
HiU;, for each i. It follows from the Mayer-Vietoris sequence that
¢ =[] ¢; annihilates H} X.

For the general case where X”") may be nonempty, proving the
theorem is equivalent to showing that S (L)_lH}(X, XT0)y = 0. We
will do this by working on approximation spaces.

Choose a principal T-bundle E — B so that

HE(X, XT0) = HYE xT X, ExT XTW),

and let U be an open neighborhood of E xT X" in E xT X. By the
case where the fixed locus XT" is empty, we have an element c € H*B
which annihilates H¥((E xT X) \ (E x” XT(1)). From Lemma 1.3, it
follows that ¢ also annihilates H*(U \ (E xT XT())), and therefore it
annihilates H*((E x” X) \ (E xT XT®), U \ (E xT XT(1))), using the
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long exact sequence. By tautness and excision, we have
HE(X, XTW) = HYE xT X, ExT xT1)
=1lim HYE xT X, U)
—
Uu
= li_r)nHk((E xT X)\ (B xT XT0), 4 (B xT XT0y),
Uu
so this group is also annihilated by c.
Finally, observe the element c is a product of finitely many char-
acters in M \ L, and S(L) may be replaced by any multiplicative set
containing c. O

The localization theorem has many consequences. Here is one.

CoroLLARy 1.4. Let S C A be the multiplicative set generated by M\ 0.
Suppose Y C X is a T-invariant subvariety, and assume the restriction
H*XT — H*YT is surjective. If {a} is a set of generators for H3X as a
A-algebra, then their restrictions to H}.Y generate ST'H:Y as an S™1A-
algebra.

A special case of the corollary gives a strong statement about
varieties with finitely many attractive fixed points. An isolated fixed
point p € X7 is attractive if all the weights in the (Zariski) tangent
space T, X lie in an open half-space of M ® R; that is, there is some
dual vector A € (M ® R)Y such that (A, x) > 0 for all weights x on
T,X.

Cororrary 1.5. If X is an irreducible projective variety with finitely
many fixed points, all of which are attractive, then the S~' A-algebra S~ H. X
is generated by the equivariant Chern class of an ample line bundle.

This is a direct consequence of the previous corollary, using the
following lemma.

LemMma 1.6. Suppose X is an irreducible projective variety, and let
X < PN be an equivariant embedding. Suppose p € X' is an attractive
fixed point mapping to a connected component Z < (PN)T. Then p is the
only point of X which maps to Z.
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Proor. Note that Z is a linear subspace with trivial T-action. We
need to show Z N X' consists of at most one point. If Z is a point, this
is obvious, so we may assume Z is positive-dimensional. One can
find a hyperplane in Z avoiding any finite collection of points, and
any hyperplane in Z may be written as Z N H, for some T-invariant
hyperplane H C PN. By choosing H so that it avoids Z N XT, we may
replace X by the affine variety U = X \ H.

We have reduced to proving that if an irreducible affine T-variety
U contains an attractive fixed point p, then UT = {p}. To see this,
let A = O(U) be the coordinate ring, and consider the action of C*
on T,U via A: C* — T, where (A, x) > 0 for all characters x of T
acting on T, U. Lifting a basis of eigenvectors from (T, U)" = m,/ m’%
to generators of m,, we obtain a grading

A:@Ad.

=0

It follows that U7 is defined by the ideal of positive-degree elements,
and its coordinate ring is isomorphic to Ag. Since Ag C A is a subring,
it is a domain; since p is an isolated fixed point, it then follows that
Ao =C,soUT = {p} as claimed. O

In the situation of Corollary 1.5, if X is also nonsingular, the
Biatynicki-Birula decomposition (Chapter 5, Theorem 3.2) implies
that H; X is a free A-module, so that it embeds in S‘lHi}X. This
leads to a remarkable and useful property of such varieties:

If X is an irreducible nonsingular projective variety with
finitely many attractive fixed points, then the ring structure
of H}. X is determined by multiplication by divisors.

This principle applies to standard torus actions on Grassmannians
and flag varieties, and more generally, homogeneous spaces G/P —
although for most such spaces, H;X is not generated by divisor
classes! Later we will see an alternative, algorithmic proof of this
principle for X = G/P.

Without the assumption on attractive fixed points, however, the
lemma and corollary may fail.
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Exercise 1.7. Let T act on P3 by characters x,—x,0,0, for some
nonzero character y. Using homogeneous coordinates x, v, z, w, the
quadric hypersurface X = {xy = z> — w?} is T-invariant. Check that
XT is finite, determine the tangent weights on each fixed point, and
show that two fixed points of X lie in the same fixed component of
P3. Show that the homomorphism H;P® — H;X does not become
surjective after tensoring with the fraction field of A.!

2. Invariant curves

Much information can be gleaned from the T-invariant curves in
a variety X. In the next section we will see how they determine the
image of the restriction homomorphism *: H; X — H;XT. First, we
will need some notation and basic facts about such curves.

Suppose T acts on P! by distinct characters x1 and x3, so the fixed
points are 0 = [1,0] and co = [0,1]. Writing x = x2 — x1, we have
seen TyP! = C, and ToP! = C_,.

More generally, if T acts on a nonsingular curve C with two fixed
points, CT = {p, g}, then there is an equivariant isomorphism C = P!
sending p to 0 and g to co. Indeed, for any x € C\ CT, the action map

T—>T-x=T/Tx,

realizes C\ CT as a one-dimensional quotient of T. One sees that C is
rational; a nonsingular rational curve containing T /T, = C" is either
C*, Al or P!, and only the latter has two fixed points. Choosing the
isomorphism T /T, = C*sothatp = lim,_,o z-x defines an equivariant
isomorphism C — P!, with p > 0 and g + co. This also identifies
the actionmap T'— T - x = C* as a character .

There is one other choice of isomorphism, swapping p with ¢, z
with z71, and y with —y. Up to sign, then, the character x depends
only on the T-action on C. We will call +x the character of T acting
on C.

Similarly, the character of T acting on any (possibly singular) curve
C is defined to be +x if a choice of isomorphism T - x = C* identifies
T — T-xwith y: T — C*, for some x € C \ CT; and it is defined to
be 0 if the action is trivial.
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For T acting on a variety X, a T-curve C C X is the closure of a
one-dimensional T-orbit in X, so C = T - x. By choosing T - x = C-,
each T-curve has an associated nonzero character +y.

Exampie 2.1. Even when the fixed locus X7 is finite, there are
often infinitely many T-curves.

Suppose T acts on P? by characters 0, x,2y, for some nonzero
character . The fixed points are the standard coordinate points
p1 =[(1,0,0], p2 = [0,1,0], and p3 = [0,0,1]. The T-curves are the
coordinate lines

{X1 = 0} with character =+ y,
{X, = 0} with character +2y, and
{X3 = 0} with character =+ y,

together with the conics

{X% — AX1X3 = 0} with character + y,

for A # 0.

Invariant curves may be singular. For example, if T acts on P2
via characters 0,ax, by, with 0 < a < b, then the curves defined by
Xé’ - /\Xi’ ~?X3 are invariant; these have cuspidal singularities if, for
example, 2 =1and b > 3.

However, there are limitations on the singularities that can occur.

ExampLE 2.2. Let C = P'/(0 ~ o) be a nodal curve with a non-
trivial T-action induced from an action on P!. Such a curve cannot
occur as a T-curve in any nonsingular, or even normal, algebraic va-
riety X. This is because Sumihiro’s theorem (Theorem 1.2) provides
a T-invariant affine cover of such an X, but there is no T-invariant
affine neighborhood of the singular point of C.

The local structure of T-curves on nonsingular varieties can be
classified. We will use some terminology for characters and curves.
Any nonzero character y € M is uniquely c - 7, where c is a positive
integer and 7 is a primitive character—that is, the only expression
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n = c’ - n', with ¢’ a positive integer, is ¢’ = 1 and 1" = . Writing
a character x this way, we call ¢ its coefficient and 1 its direction.
Two characters x1, x2 are parallel if their directions are the same or
opposite, that is, if 1 = 1.

Proposition 2.3. Let T act on an n-dimensional nonsingular algebraic
variety X, and let p € XT be an isolated fixed point, so the tangent weights
X1, -+, Xn on Ty X are all nonzero.

(1) If no two characters at p are parallel, then there are finitely many
T-curves in X through p. In fact, there are n such curves, all
nonsingular at p, with characters x1, ..., Xn.

(2) If two characters have the same direction, then there are infinitely
many T-curves through p.

(3) If two characters have opposite directions, then there are infinitely
many T-curves through any T-invariant neighborhood of p.

Proor. Using the slice theorem as in Chapter 5, we find a T-
invariant neighborhood of p, equivariantly isomorphic to a neigh-
borhood of 0 € T,X, thereby reducing to the case where p = 0 in
X = C", with T acting via characters x1, ..., Xx.

If, say, x1 and x» are parallel, Example 2.1 shows that there are
infinitely many T-curves in the corresponding plane; if x1 and x>
also have the same direction, all these curves go through 0. (More
precisely, suppose x1 = ax and x2 = by, with a and b relatively
prime, and let (x1, x2) be coordinates on the plane C> C C" where T
acts by x1 and x». Ifa, b > O then for all A # 0, the curves {xi7 = Ax3}
are invariant and pass through 0. If 2 > 0 > b, then for all A # 0, the
curves {x] b x5 = A} are invariant, and by taking A small, they pass
arbitrarily close to 0.) This proves (2) and (3).

For (1), if no two characters are parallel, any point x € C" with
at least two nonzero coordinates has a T-orbit of dimension at least
two. So in this case, the only T-curves are the n coordinate axes. O

Exercise 2.4. Let X be a (possibly singular) variety of dimension
n, with an isolated fixed point p € XT. Show that the number of
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T-curves through p is at least n. If X has finitely many T-curves, but
there are more than n through p, then p is a singular point.

3. Image of the restriction map

Our final aim is to characterize the image of the homomorphism
*: H1X — H;XT. Throughout this section, we use cohomology
with coefficients in a UFD R. (Typically one takes R to be Z, Q, or
IF,.) Using the terminology of the previous section, two characters
correspond to relatively prime elements of A if and only if they are
non-parallel, and their coefficients are relatively prime in R.

Before turning to the general theorems, we consider three illus-
trative examples. The strongest results will characterize the image
of 1" using the characters of T-curves, so let us first consider the case
where X itself is a curve.

Exampie 3.1. Let T act on P! by distinct characters x1, x2, so the
fixed points are 0 = [1,0] and oo = [0,1]. Writing x = x2 — x1 for
the character of this action, we have TyP! = C, and TP = C_,. The
image of H;P! in H7.(P')T = A® A consists of pairs (ug, t«) such that
U — U is divisible by x.

To see this, recall that H}Pl = A[C]/(C + x1)(C + x2) maps to
H}(Pl)T = A® Aby C— (—x1,—x2). The image satisfies the divis-
ibility condition, because the image of C does. On the other hand,
using the basis {1, [c0]T} for Hi}Pl, we see the divisibility condition
is also sufficient to characterize the image: if (1, ) satisfies it, we
can write

(MUI uoo) =Up- (1/ 1) + uéo ' (O/ X)
= "(ug - 1= uly - [o0]"),
where uq — ug = x - ul,.

Next, we consider the general case of a projective space with
finitely many T-curves.
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Exampie 3.2. Let T act on P"~! by distinct characters x1, ..., Xu,
and for each i, assume the n — 1 characters x; — x; (for j # i) are pair-
wise relatively prime in A. By Proposition 2.3, this means there are
finitely many T-curves, namely the coordinate lines C;; connecting
points p; and p;.

Cram. An element (uq,...,u,) € H;(P”‘l)T = A®" belongs to
the image of 1*: H;P"~! — Hx(P" )T if and only if u; —u; is divisible
by xi — xjforalli # j.

First observe that divisibility is necessary. The restriction map

factors as )

H;P" ' — H:.Cjj T A@A,
and any (u;, u;) in the image of t;; must have u; — u; divisible by
Xi — Xj, by the P! case discussed in Example 3.1.

To see that it is also sufficient, we can proceed inductively. For
any u; € A, the element (u1,...,u1) = uy-(1,...,1)is certainly in the
image of (*. To see (u1, Uz, ..., u,) is in the image, it suffices to show
that (0, up — uy, ..., u, —up) is in the image—that is, we may assume
the first entry is zero. By the divisibility condition, we can write such

an element as (0, (x1 — x2)v2, (X1 = x3)v3, - - ., (X1 = Xn)Vn)-
The element (C + x1)v2 € H;P”‘l restricts to

0, (x1 = x2)v2, (X1 — x3)v2, .. .),

and by subtracting this, we reduce to the case where the first two
entries are zero. So it suffices to prove that

(0,0, (x1=x3)(x2—x3)ws, (X1—Xx4)(X2—=X) W4, . . ., (X1—=Xn)(X2=Xn)Wn)

lies in the image. In using the divisibility condition to extract the
factors (x1— xi)(x2 — xi), we have used that R (and hence A) is a UFD.
Continuing in this way, we reduce to proving that

n—-1
(OI ceey OI l_[()(l - Xn)zn)
i=1

lies in the image. By the self-intersection formula, this is the restric-
tion of z, - [1/5'(C + xi) = z - [pa]” € H;P"™' (Chapter 4,§7). O



CHAPTER 7. LocaLizaTioN 11 109

Without the condition that characters be relatively prime—so
with infinitely many T-curves—the divisibility criterion is more com-
plicated.

ExampiE 3.3. Let T act on P2 by characters 0, x,2x, where x is a
primitive (nonzero) character. The image of

H;P? = A[T]/T(C+ x)(C +2x) — A% = Hy(P)"
C = (0/ —X _2)()
is the subring of triples (u1, u2, u3) such that

(1) up —uq and uz — uy are divisible by x, uz — u; is divisible by
2x; and
(2) u1 —2uy + ug is divisible by 2.

Necessity of the first condition is just as before, by factoring through
H1.Cij. Necessity of the second condition follows from the integration
formula, as we saw in Chapter 5, Example 2.6. Sufficiency of the
conditions is an exercise.’

To state and prove the general theorems about the image of the
restriction map, we introduce one more piece of notation. An irre-
ducible element f € A is an irreducible factor if it is the image of a
prime in Z or a primitive character in M under the canonical homo-
morphisms Z — A and M — A. (So f has degree 0 or 2.) These are
the elements which occur as factors of characters in A.

Given an irreducible factor f, we will write Ly C M for the sub-
group of characters divisible by f, and T(f) = T(Ls) € T for the
corresponding subtorus. If f = x is a primitive character in M, then
T(f) € T is a subtorus of codimension one; if f = p is a prime in
Z,then T(f) € T is the finite subgroup of all elements of order p (a
“p-torus”). Note that XT ¢ XT(/) ¢ X.

The main theorem on the image of the restriction homomorphism
gives a characterization in terms of the fixed loci X”(/).

THEOREM 3.4 (CHANG-SKJELBRED). Let T act on a variety X, and assume
that H*X" is a free R-module and H:. X is a free A-module. Then an element
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a € H;XT lies in the image of *: H; X — H;XT if and only if it lies in
the image of H: XT) — H:XT for all irreducible factors f.
Letting Z C X' range over connected components, so
H;X" = P Aer H'Z,
zZcXT
one can write a = (az) as a tuple of elements of A ® H*Z. This is

especially useful when the fixed points are isolated, where (az) is
just a tuple of polynomials. (See Corollary 4.3.)

Proor. Since XTf) 2 XT, the “only if” direction is clear. For the
other direction, assume «a € H;XT lies in the images of all H}XT(f ),
Since ST'H:X = ST'H:XT for S C A generated by all nonzero char-
acters, we can find an element ¢ € S such that ga € H}X. Take ¢ to
be minimal, so that for any proper divisor ¢’ of ¢, ¢’a ¢ H; X. Let
e1, ..., e be abasis for H. X over A, and write ga = aje; +--- +ae;.

Suppose for contradiction that a is not in the image of H}. X. Then
g isnotaunitin A. Let f be an irreducible factor of g. By minimality
of g, some a; is relatively prime to f; say this is a;.

By the general localization theorem, S(f )‘1H}X =S(f )‘1H}X T(f),
where S(f) is the multiplicative set generated by characters not di-
visible by f. So there is an element ¢y € S(f) so that Yo € H7 X.
Write ¢sa = biey + -+ + bye,. From the definition of S(f), we know
f does not divide ¢y. On the other hand, the coefficient of e; in
(§Yf)ais P ray = gby. Since f divides the right-hand side, we reach
a contradiction. |

A version of the theorem was first proved by Chang and Skjelbred,
using Q coefficients. In fact, one can relax the requirement that
H} X be a free A-module, as shown in the following exercises. More
comments on this story are in the Notes.

Exercise 3.5. Show that one can strengthen the statement of Theo-
rem 3.4, by requiring only that the quotient of H}. X modulo A-torsion
is free as a A-module. (In the case where T = C* and R is a field, this
hypothesis holds for any space X, since A is a PID.)
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Exercise 3.6. Let X be the nodal curve obtained by identifying the
points 0 = [1,0] and oo = [0, 1] on P!, with a C* action induced by the
action z - [a,b] = [a, zb] on PL. (This was considered in Exercise 5.1
of Chapter 3.) Compute the restriction map H; X — H;XT = Hi(p),
where p € XT is the node, and verify the conditions of Theorem 3.4,
as refined by Exercise 3.5. On the other hand, show that the forgetful

map H; X — H*X is not surjective.

Exercise3.7. Let X C P? be the union of the three coordinate lines.
(If X4, X2, X3 are homogeneous coordinates on P2, X is defined by
the equation X1X>X3 = 0.) Let T = C*, and let K = S! ¢ T be the
(compact) circle subgroup, so At = Ax = Z[t]. Consider the action of
T givenby z - [x1, X2, X3] = [z%x1, zXx2, x3], so X is T- and K-invariant.

Using the Mayer-Vietoris sequence, compute H; X = H; X. In
particular, show that H;X is zero for i > 1 odd, but H1 X = Z.
Therefore f - H%X =0, so H; X is not a free A-module.

On the other hand, H7 X is free modulo A-torsion. Check that the
image of H» X — H;XT = A% is characterized by the condition of
Theorem 3.4 (using the refinement from Exercise 3.5).3

4. The image theorem for nonsingular varieties

Theorem 3.4 describes the image of H; X as an intersection of
H}XT(f ) over all irreducible factors f, but in fact it suffices to con-
sider only finitely many fixed loci. When X is nonsingular, further
refinements are possible.

Let.” C M be the (finite) set of all characters occurring as weights
onTyX, for fixed points p € XT. Given an irreducible factor f, take
Ly € M to be the subgroup of characters divisible by f (as before).
Let 5”; = % N Ly be the set of characters which occur as tangent
weights and are divisible by f, and let ./ F = SN f+ be those which
are not divisible by f. Finally, let

Ty = ﬂ ker(y) and X/ =XTs,

.
)(Eyf

and let Sy C A be the multiplicative set generated by . iz
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Since Ts C T is a diagonalizable group and X is nonsingular, X/ is
also nonsingular. In general, T(f) € Ty, XT\Y) € X/, and S(f) 2 Sy.
If f does not divide any characters occurring at fixed points, then
xf=XT.

Exercise4.1. Suppose X isnonsingular. Show thatin Theorem 3.4,
one can replace X7) and S(f) by Xf and S f, respectively. Further-
more, in the “if” statement of the theorem, it suffices to consider only
those f which occur as irreducible factors of tangent weights at fixed
points.

When X has finitely many T-curves, the sets X/ have a more
concrete description.

Lemma 4.2. Suppose X is nonsingular, X is finite, and at each fixed
point, the tangent weights are relatively prime, so there are finitely many
T-curves in X. Then X/ is the union of all T-curves C whose character
is divisible by f, together with all isolated fixed points p € X' where no
weight of T, X is divisible by f.

Proor. We may assume R = Z and dim X > 1. Certainly X/ con-
tains this union: T fixes all T-curves whose character y is divisible
by f, because Tr C ker(x) by definition.

For the other direction, we must show that T-curves whose char-
acters are not divisible by f are not fixed by Ty. That is, when
X € Yf_, the restriction of x to Ty is nontrivial. Note that .% f_ is
nonempty—since the characters at a given fixed point are pairwise
relatively prime, those which are divisible by f form a proper subset
5”; c 7.

Let K¢ be the sublattice generated by .7, so Ky C Ly € M, and
My = M/Ky is the character group of Ty. Any character y € Yf"
liesin M \ L fc M\ K £ Its restriction to Tf is therefore nonzero,

because this is given by the surjection M -» My = M /Ky. O

A particularly vivid instance of the image theorem was popular-
ized by Goresky, Kottwitz, and MacPherson.
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CoroLLARY 4.3 (GKM). Let X be a nonsingular variety with X7 finite,
and assume H}. X is free over A. Suppose that for each p € X7, the weights
on T, X are relatively prime. Then a tuple

(up)pexr € Hy X"

lies in the image of «*: H:X — H:XT if and only if for each T-curve
Cpq = P! connecting distinct points p,q € X7, the difference u, — u, is
divisible by the character +x g of Cpg.

Proor. The divisibility condition is always necessary: as before,
we can factor (" as

. r .
HiX —— HiX" = @pexr A

|

* * T _

and apply the P! case.

For sufficiency, we will show that the divisibility condition means
(up) lifts to H:X/, for each irreducible factor f, and apply The-
orem 3.4. Using the lemma, X/ is the union of T-curves whose
character is divisible by f, together with isolated fixed points. Such
T-curves are nonsingular and disjoint, so each component must be
(1) Cpy = P!, (2) C, = Al, or 3) Cp = C*. Now consider the re-
striction homomorphism Hi}Xf — H: X", on components of each
type. Divisibility guarantees that (u,) lifts to each summand H3.Cy,
of type (1), by the P! case. Summands of type (2) map isomorphically,
HiC, = H}Al = HZ(p) = A, so lifting is trivial for such summands.
Finally, summands of type (3) map to zero, since H;.Cy is a torsion
module.

Putting this together, we see that (u,) lifts to H}Xf , so the corol-
lary follows. O

The relatively prime condition on torus weights impies that X
has finitely many T-curves. In fact, when the coefficients are R = Q
(or any field), having relatively prime weights at all fixed points is
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A
N

12

FiGURE 1. The moment graph for T = (C*)* acting on
Gr(2,C*), with edges labeled by characters of T-curves.

equivalent to having finitely many T-curves; such varieties are often
called GKM wvarieties.

The hypothesis of the “GKM” corollary also implies that (* is
injective, so it gives an appealing characterization of H} X as tuples
of polynomials satisfying divisibility conditions. As we have seen
in the last two chapters, this information is often organized into a
moment graph: vertices correspond to fixed points p € X7, and edges
correspond to T-curves C,, for p # q. Each edge is labelled by the
character +x,, of C,;. It is a basic fact from symplectic geometry
that the moment graph can be embedded in Euclidean space so that
edges with parallel characters embed as parallel lines. We have seen
examples of this in the last two chapters.

ExampLE 4.4. Consider X = Gr(2, C*), with the standard action of
T = (C*)*. The fixed points are pij = (ei, ej), that is, the coordinate
subspaces. We have already computed the weights at fixed points,
and this is enough to determine the characters of the T-curves. (Half
of the 12 edge labels are shown in Figure 1; the remaining labels are
determined by parallel edges.)

Inside X, we have

Q:{Egcﬂdim(ﬁmaz)zl} -0,
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where Q° is a neighborhood of py4 in ). Using columns of a matrix
to represent points of X,

0

01

Q° =

O~ ¥

We know that p3s ¢ Q, and can see that py4 € Q is a nonsingular
point with normal character t3 — t,. These observations show that

[Q]" |, =0 and [Q]7 ], = t3 — o

The restrictions to all other fixed points are determined by the divis-
ibility condition! (We saw another way to compute in Example 2.7 of
Chapter 5.)

Exercise 4.5. Use divisibility to work out all restrictions [Q]T|p i

Using the integration formula, divisibility criteria extend to vari-
eties with possibly infinite families of T-curves.

CoroLLARY 4.6. Let X be a nonsingular variety, with T acting so that
H7 X is a free A-module. For all irreducible factors f, assume X/ is compact
and H;Xf is free over A. Letting Z C X' range over connected components,
an element (az) € HyXT lies in the image of H:X if and only if for all
irreducible factors f and all p € H}Xf , we have

Z az Blz -

T
7CXT Ctop(NZ/Xf)

In fact, it suffices to let f vary over irreducible factors of tangent
weights at fixed points in X, and to choose  from a A-module basis
of H: X/,

Proor. If (az) is the image of &« € H1. X, and a is the restriction of
a to Hi}Xf , then by the integration formula, the sum equals p{ (afr-p),
where pf: X/ — ptis the projection. Thus the condition is necessary.

To see that the condition is sufficient, suppose it holds for some
f. We will show that (az) lies in the image of H}Xf — H}XT, and
conclude by Theorem 3.4.



116 NortEs

Let x1,...,x, be a A-module basis for Hi}Xf , with Poincaré dual
basis y1,...,y,. Choose S so that S‘lH;Xf = S‘lH}XT, and write
a = (az) = ax1 + - + a,x,, for some a; € ST'A. So a lies in

H;Xf exactly when all 4; lie in A. By Poincaré duality, we know
f

a; = p{ (a - y;i), where p; is extended linearly to a homomorphism
ST'H:X/ — S7IA. By the observation above, this is

az - Yilz
a; = P{(a “Yi) = Z WZ),
ZcXT “top Z/Xf

which lies in A by hypothesis. O

When X7 is finite and the tangent weights at each fixed point
are relatively prime, so each X/ is a union of P!’s and isolated fixed
points, we recover the case of the GKM theorem (Corollary 4.3) where
all T-curves are complete. Here we can take § = 1. For a component
Cpg = P! of X/ where T acts with character y, the condition of
Corollary 4.6 says
a, o« ay —a
B R TeA.
X =X X

That is, x divides ap — aj.

The description of H;P? given in Example 3.3 may be obtained
using Corollary 4.6. A similar example is given in the following
exercise.

Exercisk 4.7. Let T act on P! by characters (0, x) (for nonzero x),
and diagonally on X = P! x PL. Check that XT consists of the four
fixed points p1 = (0,0), p2 = (0, ), p3 = (c0,0), and p4 = (o0, ), but
there are infinitely many T-curves. Use Corollary 4.6 to compute the
image of H; X — H; X4

Notes

Topological versions of the main localization theorem can be found in
textbooks on transformation groups [Hs75, §I11.2], [tD87, §II1.3], [AllPup93,
§3.1]. A simple proof in this context was given by Brion and Vergne
[BriVer97b].
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Sumihiro’s theorem [Su74, Corollary 2], was refined by Brion to include
non-normal quasi-projective varieties [Bril5], and vastly generalized by
Alper-Hall-Rydh to the setting of algebraic spaces (and beyond) [AHR20,
Theorem 2.4].

Special cases of Corollaries 1.4 and 1.5 appear in [CFKS08, Lemma 4.1.3]
and [BCMP16, Remark 5.11].

The image theorem can be phrased quite generally, but less explicitly, in
terms of natural exact sequeneces. Chang and Skjelbred proved one of the
tirst theorems of this type [ChSk74, 2.3, 2.4]:

THEOREM. Suppose X is equivariantly formal with respect to a T-action and Q
coefficients. Let X; be the union of all T-orbits of complex dimension at most i, so
Xo = XT. Then the sequence

() 0 — Hi(X;Q) = H3(Xo; Q) — Hi (X3, X0; Q)

is exact.

The last map in (*) comes from the long exact sequence of the pair (X1, Xo),
so the theorem says the image of H; X under the restriction map is equal to
that of H} X1; that is, equivariant cohomology of X is determined by equi-
variant cohomology of one-dimensional orbits (its “1-skeleton”). There is
no hypothesis on dim(X;), so in this form the theorem applies to the situa-
tion of infinitely many fixed points or T-curves. Our proof of Theorem 3.4
is similar to the one given in [ChSk74].

For a compact nonsingular variety X with the action of an n-dimensional
torus T, and a T-equivariant ample line bundle L, there is a moment map
ur: X — tf = R". The Atiyah-Guillemin-Sternberg convexity theorem
[At82, GS82] says that the image of the moment map is convex, and its
fibers are connected. The fact that the moment graph embeds so that edges
are parallel to their labels is a consequence of the convexity theorem, but it
also follows from two easier properties of the moment map: (1) if Y C X is
a T-invariant subvariety, then py), : Y — t is the restriction of u; to Y; and
(2) the image of the moment map of a T-curve is a line segment parallel to
its character.

These theorems belong to a more general story about Hamiltonian ac-
tions on symplectic manifolds; see [Aud04, §IV.4].

The formulation of the image theorem (Theorem 3.4) in terms of explicit
divisibility conditions—at least in the case of finitely many T-curves, and
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using coefficients in Q, R, or C—is due to Goresky, Kottwitz, and MacPher-
son [GKM98, Theorems 1.2.2 and 7.2]. The idea of encoding equivariant
cohomology in a moment graph also appears in this paper. (As the authors
note, the Euclidean embedding of the moment graph is not necessarily a
graph embedding, since edges may cross or overlap.)

The idea of exploiting exactness of the sequence (+) to describe equivari-
ant cohomology in terms of fixed points can be traced to work of Atiyah
in K-theory [At74, Lecture 7] and Bredon in cohomology [Bre74, Main
Lemma]. For an n-dimensional torus, Bredon proves exactness of the longer
sequence
(++)

0 — Hy(X) — H3(Xo) = H" (X1, Xo) = -+ = Hy™" (X, X-1) = 0,

again using Q coefficients.

Franz and Puppe have carried out a detailed study of the role of equivari-
ant formality in localization theorems, emphasizing the “Atiyah-Bredon se-
quence” (++) [FrPu07, FrPull]. They give extensions of the Chang-Skjelbred
theorem to allow integer coefficients, as well as weaker conditions which
imply partial exactness of the sequence (++).

A version of Corollary 4.6 was proved by Evain [Ev07], developing
ideas of Brion. Some variations are discussed by Braden, Chen, and Sottile
[BCSO08, §5.C].

We thank Volker Puppe for explaining the history of these ideas.

Hints for exercises

'In the patch A3 = {w # 0} € P3, X is given by {xy = z2 — 1}. The torus fixes
the z-axis of A3. The fixed points of X are (0,0, £1) in this patch.

’Imitate the argument from Example 3.2, noting that an element of the form
(0,0, w3) which satisfies the second divisibility condition must have w divisible by
2x%,50 (0,0, ws) is a multiple of the point class [pg]T.

3H;X = Alx,y,z,a]/I, where a has degree 1 and the other variables have
degree 2, and [ is generated by

az, xX+y+z-—t,xy, xz, yz, x? = tx, y2 —ty, z% - tz, xa, ya, za.

The groups are HY X = Z, H; X = Z, H¥ X = 7%, and H%i“X =0 (for i > 0). They
can be computed via the Mayer-Vietoris sequence for two K-invariant open sets.
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This forces most of the relations in the ring; to see x + y + z = f, use restriction to
fixed points.

4The image consists of tuples (u1, us, u3, u4) such that
U1 — Uy, U1 — Uz, Up — Uy, and usz — uy

are divisible by yx, and
Uy —uz+uUx — Uy

is divisible by x2.






CHAPTER 8

Toric varieties

Toric varieties provide a rich source of examples of equivariant
geometry. In this chapter, we will describe the equivariant cohomol-
ogy of a complete nonsingular toric variety. There are many ways to
present this ring, and we will see several of them. With finitely many
fixed points and invariant curves, one can apply the “GKM” package
developed in the last chapter to obtain one such description.

1. Equivariant geometry of toric varieties

We begin by quickly reviewing some basic notions; references are
given at the end of the chapter.

Let T be an n-dimensional torus with character group M, and
let N = Homz(M, Z) be the dual lattice, with pairing denoted ( , ).
A complete nonsingular toric variety X = X(X) corresponds to a
complete nonsingular fan Y. This means X is a collection of convex
polyhedral cones ¢ in the vector space Ng = N ®z R such that any
two cones meet along a face of each; each cone must be generated by
part of a basis for N (so X is nonsingular), and the union of the cones
is all of Ng (so L is complete).

For any convex cone 0 C Ng, the dual cone in My is

0" ={u € Mg |{(u,vy >0forallv € ¢}.

Intersecting with the lattice, one obtains a semigroup ¢ N M, with
corresponding semigroup algebra C[¢¥ N M]. For any u € M, we
will write e* € C[M] for the corresponding element of the semigroup
algebra.

The toric variety X is covered by T-invariant open affine sets
U, = SpecC[cV N M]. In fact, U, = CF x (C*)*~*, where k = dim 0.
The affines U, for n-dimensional (maximal) cones ¢ suffice to cover X.

121
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At the other extreme, U{p, = Spec C[M] = T. In general, intersection
of cones corresponds to intersection of open sets: U, N U; = Uyny.

Each cone 7 of the fan X also determines a closed T-invariant
subvariety V(7) C X. This is again nonsingular, and its codimension
in X is the dimension of 7. On open affines, it is given by

V(t) N U, =SpecC[tt N’ N M],
with the containment in U, given by

Cle¥ NnM] —» C[ttno¥ NnM],

y e ifuertt;
e

0 otherwise.

(This is a homomorphism, because = N ¢" is a face of ¢".) Thus
V(7) is a nonsingular toric variety, for the torus with character group
7+ N M (a quotient of T); it corresponds to a fan in N/N,, where N;
is the sublattice generated by 7.

The V(1) are all the T-invariant subvarieties of X. In particular,
the T-fixed points are p, = V(o) for maximal cones ¢ (so dim o = n).
The invariant curves are V(1) for cones 7 of dimension n — 1. Each
such 7 lies in exactly two maximal cones, with 7 = 0 N ¢’, and
the corresponding invariant curve V(7) is isomorphic to P!, with
V(T)T ={ps,po}

A toric variety X is projective if and only if there is a lattice
polytope P € Mg such that X is the (inward) normal fan to P. (A
polytope in Mg is the convex hull of finitely many points. A Ilattice
polytope is one whose vertices are in M.) More precisely, for each face
F of P, the corresponding cone in L is

or ={v|{u’,v) > (u,v) forall u’ € P,u € F}.

This correspondence reverses dimensions and inclusions: dim or =
codim F, and or C op iff F © F’. The normal fan to P is nonsingular
if and only if P is simple: at each vertex of P, the primitive lattice
vectors along incident edges form a basis for M.
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N

P X

Ficure 1. Polytope and fan for X = P2

ExamrLE. Leteq, ..., e, beabasis for M = Z". For the standard n-
dimensional simplex, with vertices at 0, e, . . ., e;;, the corresponding
toric variety is P". (See Figure 1.) The n-dimensional cube, with
vertices at +ey, ..., +e,, corresponds to (PH".

2. Cohomology rings

Suppose X = X(X) is projective, with P a polytope whose normal
fan is .. Choosing a general vector v € Ng, one obtains an ordering
of the vertices uy,...,us by (u1,v) < --- < (us,v). Via the corre-
spondence between faces of P and cones of X, we get an ordering of
maximal cones, 01,...,0s. For1 <i <s,let

T; = ﬂ oiNo jr
]>1
dim(c;jNo;)=n-1
so 11 = {0}, 75 = 05, and generally 7, C 7, implies p < q. Such an
ordering of cones is called a shelling of the fan.

A shelling gives a cellular decomposition of X, with the closures

of cells being V(11), ..., V(7s). It follows that the classes

[V(zo], ..., [V(Ts)]

forms a basis for H*X (over Z), and the corresponding equivariant
classes [V (11)]7,...,[V(ts)]" form a basis for HiX over A = Ar.

If X is not projective, by subdividing cones one can always find
a refinement X’ of X, giving a surjective birational T-equivariant
morphism n: X’ — X, with X’ = X(X') projective and nonsingular.
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Under 7, a subvariety V(7’) maps onto V(7), where 7 is the smallest
cone of L containing 7. The map V(7') — V(1) is birational if
dim 7’ = dim 7.

The composition 7. o 7" is the identity on H*X and on H; X (e.g.,
by the projection formula), and it follows that 7" is injective and m.
is surjective. This also shows:

ProposiTioN. For any complete nonsingular toric variety X, the co-
homology ring H*X is generated by classes [V (7)] as a Z-module, and
H1X is generated by [V(0)]T as a A-module. There is an isomorphism
H:X ®\Z — H'X.

In the next section, we will see that H*X and H} X are always
free of rank s, the number of maximal cones. Unlike the projective
case, however, we don't know if the cohomology always has a basis
of classes of invariant varieties.

Let Dy, ..., Dy be the T-invariant divisors, with D; = V(p;) for
rays p1,...,pd of L. Let v; € N be the minimal generator of the ray
pi. For u € M, the element e* € C[M] determines a rational function
on X. The corresponding divisor is

div(e") = Z(u, v;)D;.

Equivariantly, e* is a rational section of the (topologically trivial) line
bundle L, with character 1, so we have a relation

u=cf (L) = [divie)]" = ) (u,0)[Dil"
in HZX.
If two cones ¢ and 7 span a cone y, then V(o) N V(7) = V(y). If
dim y = dim ¢ + dim 7, the intersection is transverse, so

VI -Vl = vl

in H; X. If 0 and 7 are not contained in a common cone of ¥, then
V(o) N V(1) =0, and in this case [V (0)]" - [V(7)]" = 0. In particular,
given distinct rays p;,, ..., pi,, we have

D17 ---[D;, 1T = [V(0)]T
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if the rays span a cone 7 of X, and the product is zero otherwise. (The
same is true for non-equivariant products.)

3. The Stanley-Reisner ring

Let X, ..., X, be variables, one for each ray of Z. In the polyno-
mial ring Z[X] = Z[Xj, . . ., X4], we have two ideals:

e | is generated by all monomials X;, - - - X;, such that the cor-
responding rays pj,, ..., p;, do not span a cone.

e | is generated by all elements })(u, v;)X;, ranging over all
u € M.

To generate I C Z[X], it suffices to consider minimal sets of rays
not spanning a cone (so any proper subset does span a cone). To
generate | C Z[X], it suffices to let u run over a basis for M. The ring
Z[X]/1 is called the Stanley-Reisner ring of L.

We have a homomorphism

(+) ZIX]/(I+]) = H'X,

given by X; — [D;]. Indeed, we have seen that I and | map to
zero, so the homomorphism is well-defined. It is surjective, because
[V(7)] = [D;,]---[D;,], where p;,, ..., p;, are the rays spanning t.
In fact, (+) is an isomorphism, and we will deduce this from the
corresponding equivariant statement.
Turning to equivariant cohomology, in A[X] = A[Xy,..., X4]
again we have two ideals:
e [’ has the same generators as I, all monomials X, - - - X;, such
that the corresponding rays p;,, ..., p;, do not span a cone.

e |’ is generated by elements u — ) {(u, v;)X;, ranging over all
u in M (or a basis for M).

We have a homomorphism
(1) AX]/(I'+]) — HpX,

by X; — [D;]. Again, we have seen that I’ and ]’ map to zero, so the
homomorphism is well-defined; it is surjective for similar reasons.
We will prove that it is an isomorphism.
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TueOREM 3.1. The homomorphisms (+) and (+r) are isomorphisms, pre-
senting the cohomology rings as

H'X = Z[X]/(I+]) and H.X = A[X]/I +]).

This identifies the equivariant cohomology of X = X(X) with the
Stanley-Reisner ring of ¥, thanks to the following simple lemma.

Lemma 3.2. The canonical homomorphism
ZIX]/T = AIX]/(I" + )
is an isomorphism.

Proor. Let u1,...,u, be a basis for M. Since A = Z[uq,...,uy],
the elements

Uiy — Z(ull Ui>Xi/ ceey Up — Z<un/ Ui)Xi
i i

form a regular sequence in A[X] and generate ], with quotient
A[X]/]7 = Z[X]. Since I’ = I - A[X] by definition, we have the
asserted isomorphism. |

There are several ways to prove the theorem. We will construct a
complex which is useful for studying general toric varieties, includ-
ing singular or non-compact ones, and use this complex to give an
algebraic argument that Z[X]/I is a free A-module. (Another proof,
based on the GKM picture, is indicated in Exercise 4.1 below.)

For each cone 7, let v;,, ..., v; be its minimal generators, and set

Zlt] = Z[Xs,, . .., Xi,) = ZIX1/(X; | 0} ¢ 7).

We consider this both as a Z-module, and as a (Z[ X]/I)-module. For
each face y of 7, there is a canonical surjection Z[t] = Z[y].

Cy = EB Z[7],

dim 7=k

and define a homomorphism dj: Cy — Ci_; which maps Z[ 7] to the

Next, we set

sum of Z[y] over facets y C 7. More precisely, let v;,, ..., v;, be the
generators of 7, ordered so that i1 < --- < i}, and let y be generated
by v, ..., z’)i\p, ..., 0j.. Thendy is (=1)P times the canonical surjection
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Z[t] — Z[y]. This defines a complex resolving the Stanley-Reisner
ring.

Lemma 3.3. We have an exact sequence of Z[ X]/I-modules

dy dn_ d
Co: 0> Z[X]/I > Cp—=Choqg =5+ 5 Cyp—0.

Proor. Consider Z[X] as a multigraded ring, graded by N, so
it decomposes into a direct sum with one graded piece for each

monomial X{" - X;”d. The map dj is a homomorphism of graded

modules over Z[X], so we may analyze the complex C, by graded
pieces.

Fix a monomial X;" ---XZ”.

the set of v; with m; > 0 spans a cone y in L. In this case, each Ci

Every term of C, vanishes unless

contributes one copy of Z for each 7 that contains y. The resulting
complex is the one computing the reduced homology of a simplicial
spehere in N/N,, so it is exact. |

The composition A — A[X] — Z[X]/I takes u € M to ). (u, v;)X;.
With this A-module structure, it follows that the complex C, is an
exact sequence of A-modules.

Proposition 3.4. The Stanley-Reisner ring Z[X]/I = A[X]/I" +]")
is free over A, of rank s = #(maximal cones).

Proor. Given a k-dimensional cone 7 with primitive generators
Vi, - .., Vi, choose any vectors zy.1, ..., z, to complete a basis of N.
Let uq, ..., u, be the dual basis of M. Then Z|t] = A/(ugs1,...,Uy)
as A-modules, so the projective dimension of Cy is pd, Cx = n — k.
By induction, it follows that

pdA(ker(Ck — Ck-1)) <n—k,

and in particular, pd, Z[X]/I = 0. So Z[X]/I is a projective A-
module, and by the (easy) graded version of the Quillen-Suslin the-
orem, Z[X]/I is free.

Finally, consider the beginning of the complex C,:

0— Z[X]/I = Cy = Cy.
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We know C,, is free over A on s generator, since Z[o] = A for n-
dimensional cones, and C,,_q is a torsion A-module. It follows that
Z|X]/I is a free A-module of rank s. O

Now we complete the proof of the theorem.

Proor oF THeorem 3.1. Consider the diagram

0 — Z[X]/I > Ch > Cn-1

| le

HiX — H;XT,

where ¢ maps Z[o] isomorphically to H;(p), as follows. For each
such maximal cone o, suppose vj,, ..., 0j, are the primitive vectors
spanning o, and let u1(0), ..., u,(0) be the dual basis for M. Using
Z[o] = Z[Xi,, ..., Xi,], the map @ is given by the isomorphisms

Z[X,‘l,...,Xin] — A

sending X;; — uj(0).
The left vertical arrow is the composition

ZIX]/T — A[X]/(I" +]) = H; X,

taking X; to [D;] for each i. We identify this with the homomor-
phism (*7).

The diagram commutes, because the restriction Hz X — Hx.(ps)
factors through H;U,;, and U, = C" with T acting by weights
ui(o),...,uy(0o). Forany 1 < i < d, if v; € 0, say i = ij, then
[D;]" restricts to u j(0). (Indeed, D; N U, is defined by the equation
{e"9) = 0}, so its equivariant class restricts to c{(@u].(g)) = uj(0).) On
the other hand, if v; ¢ 0, then D; N U, = 0, s0 [D;]" + 0 in H:(po).

Since Z[X]/I — C, is injective, and ¢ is an isomorphism, it
follows that the left vertical arrow is injective. Identifying this map
with (1), we have already seen that it is surjective. We conclude that
ZIX]/T = A[X]/(I" +]') = H: X.

Using Z = A/MA, we have

(AX]/I"+]) @ Z =Z[X]/(L+]),
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and similarly H7, X ® Z — H*X, so the non-equivariant presentation
(*) follows. O

The complex C, leads quickly to combinatorial results in convex
geometry. For 0 < i < n, let a; be the number of cones of dimension
iin X. (Soap = 1and a, = s.) Considering the Stanley-Reisner ring
as a usual (singly) graded ring, its Hilbert series is defined as

HZ[X)/1,1) = ) tka(Z[X) /D t".
m=0
Using additivity of Hilbert series with respect to exact sequences,
together with the fact that Z[7] is a polynomial ring on k variables
whenever dim 7 = k, we obtain the following formula.

CoroLLARY 3.5. We have

~1)""'a; _ P(t)
1-tf (1=t

HeExyLn =Y
i=0

where p(t) =a, — (1 —t)a,—1 + (1 - tVay_p —- -+ (=1)"(1 = t)"ay.

The ideal ] ¢ Z[X] is generated by elements of degree 1, which
form a regular sequence in Z[X]/I. It follows that P(t) is the Hilbert
series of Z[X]/(I + ]).

CoRroLLARY 3.6. We have

p(t) = > (~1)(1 = )i,y
i=0

= > ke (ZIX1/(L+ ) £
m=0

2n
= Z rkz (H2" X) "

m=0

Since H°d4X = 0, one obtains the Poincaré polynomial of X by
substituting t = g% in p. In particular, setting g = -1, so t = 1, the
Euler characteristic of X is a,, the number of n-dimensional cones,
as we have already seen.
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Poincaré duality for the complete nonsingular variety X implies

tp(t™h) = p(t),

and this encodes nontrivial relations among the numbers a;. The
classical case is when X is projective, and L is the normal fan to a
simple polytope P. We have

a; = fn—; = #(i-dimensional faces of P).

The h-numbers of P are defined by writing p(t) = 2 hx tk, so

hk = Z(—l)i_k (li)fn—i—lz
i=k

where f_1 = 1 by convention. The identities hy = h,_i express the
Dehn-Sommerville relations for P.

4. Other presentations

Using an alternative description of Z[X]/I and the localization
theorems of Chapter 7, one can give another proof of Theorem 3.1.
For any cone 7 C N, one has the sublattice N; € N spanned by
7, with corresponding quotient lattice M —-» M,. For y C 1, there
is a corresponding projection M; - M,. We will write f — f|,
for the corresponding map Sym” M; — Sym"M,,. For any rational
polyhedral fan X in N, the ring of piecewise polynomial functions with
respect to X is

PPY(X) = {(fT)TGE |f1 € Sym; M, and f:|, = f, forall y C T}.

When X is a complete fan, PP*(X) is the ring of continuous functions
on Nr which are given by polynomials in A = Sym"M on each
maximal cone 0. The following exercise idenitifies this ring with
HiX(X).

Exercise 4.1. If ¥ is a nonsingular complete fan, show that there
are canonical isomorphisms
Z[X]/I = PP*(X)

= {(fg)dimgzn |fo’|7 = fo|¢ if 7 is a facet of 0 and a’}.
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By computing the characters on the T-invariant curves V (1), identify
this ring with the subring of
H;X"= P A
dimo=n
defined by the GKM conditions. Using Chapter 7, Corollary 4.3,
conclude that Z[X]/I = PP*(X) = H;X.!

For example, the piecewise polynomial function shown in Figure 2
represents the equivariant top Chern class ] (TP?) € H;.P?.

Uiuz

u2

1~ Uil

—Uuquy + u%

FIGURE 2. A piecewise polynomial function

There is a dual description of H}. X. For each v € N, we will write
yY € Z[N] for the corresponding element of the group ring; these
form a Z-basis for Z[N], with multiplication given by y? - y¥ = y¥*?".
(The element y” may be regarded as a function on M; note that the
above descriptions of H}. X involved functions on N.) For any rational
polyhedral fan ¥, the deformed group ring Z[N]* has the same basis
v, but multiplication is deformed so that

/ .
S Yyt if v, v’ € o for some cone ¢ € ¥;
y -y =

0 otherwise.

Exercise 4.2. If ¥ is a nonsingular complete fan, show that there

is an isomorphism
Z[X]/I = Z[NT*,

and conclude that H;. X = Z[N]*.



132 HINTS FOR EXERCISES
Notes

We use [Ful93] as a general reference for basic facts about toric varieties;
see also the more recent book by Cox, Little, and Schenck, which contains a
short discussion of equivariant cohomology [CLS11].

The results of this chapter generally hold for simplicial fans, where each
k-dimensional cone is spanned by k vectors, if one uses Q coefficients in
place of Z coefficients. The corresponding toric varieties X(X) are orbifolds.

The Stanley-Reisner ring was studied by Stanley, Reisner, Hochster, and
others in the 1970s. These authors usually consider simplicial complexes in
general, rather than only nonsingular fans. Stanley applied Hilbert series to
the combinatorics of polytopes and simplicial complexes, obtaining much
finer results than the ones presented here. His book provides a fuller
account of this story [Sta96].

The presentation (+) for H*X was proved by Jurkiewicz in the projective
case, and by Danilov in general [Ju80, Da78]. The isomorphism () between
the Stanley-Reisner ring and H; X is due to Bifet, De Concini, and Procesi,
and holds for any nonsingular (but possibly not complete) toric variety
[BDP90].

The complex C, is related to the Bredon sequence for equivariant co-
homology (see the notes to Chapter 7). The arguments we give are similar
to those of Danilov, who cites Kushnirenko [Da78, §3]. For general toric
varieties, a version of this complex was studied by Schenck [Sche12].

For a nonsingular toric variety X, Brion realized of H} X as an algebra
of piecewise polynomial functions [Bri97a] (see also [BriVer97a]). For a
general fan X, Payne showed that the ring PP*(X) is isomorphic to the
(operational) equivariant Chow cohomology A% X(X) [Pa06].

Using rational coefficients, the deformed group ring Q[N]* was intro-
duced by Borisov, Chen, and Smith, who computed orbifold cohomology of
toric Deligne-Mumford stacks [BCS04]. A different perspective on the iso-
morphism H;X(X) = Z[N]*, using the arc space of a toric variety, appears
in [AnSt13].

Hints for exercises

ISuppose u = 0 defines the common facet T = 6 N ¢’. Then V(7) has character
u, and the relation f;|; = fy | is the same as requiring that u divide the difference

f(i_fo‘"



CHAPTER 9

Schubert calculus on Grassmannians

In Chapter 4, we computed H;Gr(d, V) in terms of Schur poly-
nomials, using the tautological bundles on Gr(d, V). Here we will
study the geometry of this space in more detail. Our main focus is
on Schubert varieties, especially ways of describing and multiplying
their classes in equivariant cohomology.

1. Schubert cells and Schubert varieties

As in Chapter 4, we fix d + e = n, and consider the Grassmannian
Gr(d, V) = Gr(V,e). Now we also fix a flag

Ee:EiCcE,Cc---CE, =YV,

with dimE; = g. Often we will write E7 = E,_;, so subscripts

indicate dimension, and superscripts indicate codimension in V.
Given a partition A = (e > A1 > --- > Ay > 0), the Schubert cell

Qf = Qf (E.) is the set of subspaces F C V satisfying the conditions

dim(FNE;) =k for g € [e+k—Ar, e +k—Aga], k=0,...,4d.

Equivalently, given a subset I = {i; < --- < iy} c {1,...,n}, thisis
the same as defining

Q= {P| dim(F NE9™Y) = d — k for g € (if, igs1], k = 0,...,d},

(By convention, we set A\g = ¢, Ag11 =0,i0 =0, ige1 = n+1.) The
equivalence is by iy = k + A441-. The bijection between partitions A
inside the d X e rectangle and d-element subsets I € {1,...,n} can
be seen graphically by recording the vertical steps when walking SW
to NE along the border of A, as shown in Figure 1.

Let us choose a standard basis ey, . . ., e, so that the fixed subspace
E1 is the span of e;41,...,e,. The Borel subgroup B~ < GL(V)

133
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4,¢e=5n=9
5,3,1,1)
{2,3,6,9}

d
A=
I

Ficure 1. Partitions and k-subsets of {1, ..., n}

preserving the flag E, gets identified with lower-triangular matrices.
For each partition A (or subset I), there is a point p) = p; € Gr(d, V),
corresponding to the subspace E; € V spanned by standard basis
vectors {e; | i € I}. The cell Q] can then be described as the B™-orbit
of this point, so
Qj\ =B -pj.

A simple exercise in Gaussian elimination shows that points in Q}
are uniquely represented as column spans of matrices in “column
echelon form” as

o = O
—_ O O

QOZQ;: * *

_ o O O © O

* * *

O O O O O O O O

* * *

(000

—

with the pivots appearing in rows I. This shows that Q‘/’\ is an affine
space of codimension |A] in Gr(d, V), that is, Qf = =Ml Tt also
shows that the Schubert cells decompose Gr(d, V), that is,
e
Gr(d,V) = U Qf, unionover A C d.
A

The Schubert varieties are

Q) = Qu(E,) = Q5 € Gr(d, V).
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They can be described by replacing equalities by inequalities in the
dimension conditions:

Q, = {P| dim(F N Egypy,) > k for k = 1,...,d}.

(This is not difficult to see, but it is not obvious either!) It follows that
each Schubert variety decomposes into Schubert cells:
= |9
U224
the union over partitions u in the d X e rectangle which contain A.
As with Schubert cells, we will often write QQ; = Q),, when I is the
d-element subset corresponding to the partition A.
Not all the inequalities are needed to define a Schubert variety:

Exercise 1.1. Show that the inequalities in the above definition of
(), are equivalent to

Q, = {F| dim(F N Eea_y,) > k for k such that A > Ak+l}.

That is, the conditions coming from corners of the Young diagram
suffice to define ).

For example, if A = (p,...,p,0,...,0), with p occurring g times
(so the Young diagram is a g X p rectangle), then (), is defined by the
single condition dim(F N E,44-p) 2 4.

2. Schubert classes and the Kempf-Laksov formula

The Schubert varieties Q) (E, ) are evidently B~ -invariant subvari-
eties, and the Schubert cell decomposition implies their classes form
a basis for cohomology.

PropositioN 2.1. The classes [Q)]8 form a basis for H;,_Gr(d, V)
over A = Ag-.

Proor. Let X; C Gr(d, V) be the union of all Q) with |A| =de —1i,
i.e., all Schubert varieties of dimension i. Then X; \ X;_1 is the
disjoint union of Schubert cells Q] of dimension i, so the statement
follows from the equivariant cell decomposition lemma (Chapter 4,
Proposition 7.1). m|
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In Chapter 4, we saw a presentation
Hy Gr(d, V)= Ap-[c1,...,cel/(Sa+1,---,5n),

with ¢ = cf_(Q) and sy = cf_(V — Q). Now that we have a basis of
Schubert classes, a question naturally arises: How does one express
[Q,] in terms of the presentation, i.e., as polynomials in the Chern
classes cff(Q)?

To give such a formula for [Q,]®, we introduce some nota-
tion. Given a partition A = (A1 > --- > Ay > 0) and elements
c(1),¢c(2),...,c(d), where c(i) is a graded series 1 + c1(i) + c2(i) + - - -,
the multi-Schur determinant is

Ax(e) = Ax(c(),...,c(d)) := det (CAiﬂ'—i(i))lsi,jsd

cy (1) ca1(1)
C/\2_1(2) C/\z(z)

c,(d)

(To remember this formula, write c (i) down the diagonal, and make
the subscripts increase by 1 across rows.) One may truncate zeroes in
A without changing the determinant A,(c). The Schur determinant
considered in Chapter 4 is the case where c = ¢(1) = --- = c(d).

Our first formula for equivariant Schubert classes was proved by
Kempf and Laksov in the context of degeneracy loci. Special cases
were found much earlier by Giambelli.

TueoreMm 2.2 (Kempr-Laksov). For A in the d X e rectangle, we have

[Q/\]B7 = A)\(C(l), Ry C(d))r
where c(i) = ¢® (Q = Eeti-p,)-

The entries c(i) of the Schur determinant may be replaced by
c’(i)y = =c'(k) = B (Q = Epyk-n,) if Ai = -+ = Ak > Agy41. This
follows from an easy property of multi-Schur determinants. Suppose
c(i—1) = c(i) - (1 + a), for some element a of degree 1. If A;_1 = A;,
then

Ar(o..,c(i=1),c(),...)=A0r(..,c(i),c(i),...).
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(The left-hand side comes by adding a times the ith row to the (i—1)st
row of the matrix on the right-hand side, and this operation leaves
the determinant unchanged.)

One can prove the Kempf-Laksov formula by finding a desingu-
larization of the locus ) and computing pushforwards; this was
Kempf and Laksov’s approach. In §4, we will give a different proof
in T-equivariant cohomology (which is the same as B™-equivariant
cohomology) via combinatorics of symmetric functions. In the next
section, we establish some localization formulas which we will need.

ExampLE 2.3. The formula says

[Q(E)I" =] (Q-Ee).
This is easy to see directly, since
Q (E.) = {F| dim(E, N F) > 1}
= {P| rk(E, — Q) < e}
= {F| AEc > A*Qis 0,
so its cohomology class is the first Chern class of the line bundle

Hom(A° E., \° Q), which is equal to cf_(Q — E.). (We saw this for
Gr(2,C*) in Example 2.7 of Chapter 5.)

ExampLE 2.4. Other instances of the Kempf-Laksov formula are

Cgi(Q - Ee—l) Cgi(Q - Ee—l)

B~ _
O E =17 gk
= c2(1) c1(2) — e3(1)
and
[Q (E )]B’ — Cf_(Q_Ee) Cg_(Q_Ee)
B 1 C?(Q —Ee41)

= c1(1) c1(2) — c2(1),
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or alternatively,

B~ _ Cf_(Q - Ee+1) Cg_(Q - Ee+1)
O = 1 ¢t (Q = Een1)

= 1(2) c1(2) = 2(2).

3. Tangent spaces and normal spaces

In the rest of this chapter, we study the equivariant geometry
of Gr(d,C") with respect to an action of a torus T by characters
X1,---,Xn- Letey, ..., e, beaweightbasis,soz-e; = x(z)e; forallz €
T. Aswehave seen before (Chapter 5, Example 1.10), Gr(d, C") hasan
open cover by T-invariant open sets, one foreach I = {i; < --- < iz} C
{1,...,n}.

In matrix form, these open sets are represented by

+ % * | nxdmatrices so that the submatrix on rows I is the
1000 identity matrix, and the remaining entries are free.
0100 For example, if d = 4, n = 9,and I = {2,3,6,9},
* %k % the corresponding open set is shown at left. This
* % % illustrates a natural identification with the de-
0010 dimensional affine space E}’ ® Eq1,. n)~1, where T
R acts by the characters x; — x; fori € I and j ¢ I.
* % % x There is an equivariant isomorphism between this

| 0 0 0 1] open affine and the tangent space T, Gr(d,C"),

identifying p; with the origin 0 € T,,,Gr(d,C"). If
all characters x1, ..., x, are distinct, then all characters on each tan-
gent space T,,Gr(d, C") are nonzero, and the fixed locus consists of
the finitely many points p;.

Comparing this with our description of the Schubert cell QO7, we
see that the weights of T on T),Qr are {x; — xili€l,j ¢ 1,i < j}. It
follows that the weights of T on the normal space Ny to (); at p; are
{xj—xiliel,i ¢ I,i > j}. From the self-intersection formula, this
means

(*) [y, = el N = | ] Gy = o).
i€l j¢l
i>j
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From the cell decomposition, we know
Q,cQy iff u2>2A (asdiagrams)
iff J>I (e, jx > ixforallk),

where [ is the subset corresponding to the partition A, and | is the
one corresponding to u. This means that p,, = pj lies in Q) = Qy iff
pu2AiftJ >1,s0

(#+) [QI]T|p[ =0 wunless | > 1.

Now let us assume the characters x; are all distinct, so the fixed
points are isolated. It turns out that the two conditions () and (**)
uniquely determine the class [Q;]”.

Lemma 3.1. If a homogeneous element a € H1.Gr(d, C") satisfies ()
and (++), then a = [Qr]".

Proor. We have seen that [(Q);]” satisfies the conditions, so it is
enough to show that if two classes a and a’ satisfy (*) and (*+), then
they must be the same. Equivalently, we will show that f = a — a’ is
Zero.

We know f|,, = 0 unless | > I by (+). Let K > I be a minimal
element such that g, # 0. It must be that K > I, since al,, = a’|p,
by (*). The “GKM” divisibility conditions (Chapter 7, Corollary 4.3)
force B|,, to be a multiple of

1_[ (Xj = xi),
ieK,j¢K
i>j
which is equal to [QK]T|pK. So Blpx has degree at least |v|, where v
is the partition corresponding to K. Since K > I, we have |v| > |A],

contradicting the homogeneity of the classes @ and «’. m|

The conditions (*) and (*+) can be regarded as an interpolation
problem; the lemma says this problem has a unique solution. We will
next tie this to symmetric functions, making it an explicit problem of
polynomial interpolation.
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4. Double Schur polynomials

We consider functions of two sets of variables, x = (x1, X2, ..., X4)
and v = (y1, y2,...). (One can extend the y variables to be doubly
infinite, allowing non-positive indices, but in practice only finitely
many appear.) We define the “double monomial”

(xily)P = (xi = y1)(xi = y2) - -+ (xi = yp).

There are several equivalent definitions of double Schur functions
sa(x|y), generalizing corresponding definitions of the single Schur
polynomials, which are recovered by setting y = 0.

Bialternants. Generalizing Cauchy’s functions, we set
A4 A=)
|Ceily)™ ]|1si,jsd
e
|Cxily) ]|1si,jsd

where both determinants are d X d. The numerator is an alternating

salxly) =

function of x, and a pleasant exercise shows that the denominator is
the Vandermonde

Cealyyt I = 7| = [ - %),
i<j

so the ratio is a polynomial.

Tableaux. There is a formula in terms of semistandard Young tableaux:
salxly) = Z l_[ (xT(i,j) - yT(i,]')+j—i),
TEeSSYT(A) (i,j)er
the sum over SSYT tableaux 7 of shape A with entries in {1,...,d}.
For example, if d = 3, there are 8 semistandard Young tableaux of
shape A = Bj ,

1[1] [I1] [1[2] [1[2] [1]3] [1[3] [2]2] [2]3]
2 3 2 3 2 3 3 3]
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so the double Schur function is

sa(xly) = (1 — y1)(x1 = y2)(x2 — y1) + (x1 = y1)(x1 — y2)(x3 — y2)
+ (x1 = y1)(x2 — y3)(x2 — y1) + (x1 — y1)(x2 — y3)(x3 — y2)
+ (21 — y1)(x3 — ya)(x2 — y1) + (x1 — y1)(x3 — ya)(x3 — y2)
+ (x2 = y2)(x2 = y3)(x3 — y2) + (x2 — y2)(x3 — ya)(x3 — Y2).

Jacobi-Trudi. The Jacobi-Trudi determinantal formula generalizes to

salxly) = |hAi+]'—i(x|Tl_jy)|1si,jsd ’

where

p(xly) =spxly) = D (a=ya) @ —Yie) - (X, = Vi),

1<ij<-<ip<d
and 7 is the shift operator defined by (t/ Y)i = Yiyj-

The main fact we need is a vanishing theorem for double Schur
functions. Let y,? = Y),.,_+k; OF in terms of the corresponding subset

Ly =yi.
Lemma 4.1. We have
sy = || -,

i€l j¢l
i>j

where I C {1, ...,n} is the subset corresponding to A, and

sa(yHly) =0 ifu2 A
Exgrcise 4.2. Prove Lemma 4.1.}

After appropriately identifying the variables, the lemma says that
double Schur functions satisfy conditions (*) and (++) from §3—that
is, the same interpolation problem solved uniquely by [Q]T! To
make this precise, let x1, ..., x4 be (equivariant) Chern roots of the
dual tautological bundle S¥ on Gr(d,C"), so

e (8Y) = exlx1, ..., x4)
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Then, specializing the y variables by y; = —x;,
ey (S)py = cp (BY) = ey, -, y})-

In other words, there is a commuting diagram

cl(SY) H:Gr(d,C")
T T I
Ck Alcy, ..., cql A
I \E X = y?
ex(x) Alx1, ..., x4].

The polynomials s (x|y) are symmetric in the x variables, so they lie
in Alcy, ..., cq]. They satisfy (+) and (++) by Lemma 4.1, so it follows
from Lemma 3.1 that s, (x|y) — [Q,]".

Invoking the Jacobi-Trudi formula, we obtain:

CoroLLARry 4.3. Evaluating x1,. .., x4 as equivariant Chern roots of
S*, and y; = —xi, we have
[QA]" = sa(x]y)

L
= |]’l/\i+j—i(x|T ]3/)|1si,jsd ’

This proves the Kempf-Laksov formula (Theorem 2.2), once one
knows the entries of the matrices are identical.

Exercise 4.4. With the specializations as in Corollary 4.3, show
that C£i+j—i(Q - Ee+i—/\1-) = I’l/\i_,_]'_l'(.'x,'l'l'l_]y),z

5. Poincaré duality

We have seen one basis for H}Gr(d ,C™), the Schubert classes
o) = [Qa]". Our next goal is to describe the Poincaré dual basis. Let
E. be the opposite flag to E,, so if Ey is spanned by e,+1k, . . ., €5, then
Ey is spanned by ey, . . ., ex. The flag E. is fixed by the Borel group B,
which in this basis is the set of upper-triangular matrices in GL,,.
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The opposite Schubert cells and varieties are defined as before, but
with respect to the flag E.:

Q5 :=Q%E.) and Q= Q;(E.).

These are B-invariant, so also T-invariant. To identify the T-fixed
points contained in Q;, it will help to introduce some more notation.
Let A" be the complement to A in the d X e rectangle, also called the
dual partition. In formulas, thisis A}’ = e = Ag41¢. LetIY € {1,...,n}
be the corresponding d-element subset, so IV = {i} < -+ < i7},

with il\{’ =n +1—1iz41-r. This can be seen by reading the border of
e

AC d in the opposite direction, from NE to SW, as illustrated

below.

A=(5,3,1,1) AV=(44,2,0)
1={2,3,6,9} I'V={1,4,7,8}

Exercise 5.1. Verify that p; = p, is the unique T-fixed point in

22, =Q3,,50Q2, =B pj.

For example, withd =4,n =9,and I = {2, 3, 6,9}, we have

-O 00 O- * % * %
1 000 1 000
0100 0100
= = 00 0 0 = =
QF = + 00 and ﬁ}’v: 0 0 = =,
0 01O 0010
+ % % () 0 0 0 =
* % % () 00 0 =
0001 0001

both inside the T-invariant affine neighborhood of p;. The pivot 1’s
in ﬁ}’v are in the rows indicated by I, but read from bottom to top.
So

codimQ, = dimﬁAv =|A],
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while
dim Q, = codim Qv = |1Y].

The correspondence A <> A" reverses inclusions. Since the oppo-
site Schubert variety decomposes as Q) =11 il f);’l and p,v € f);,
we see

pueQy iff w24 iff pcAV.

ProposITION 5.2. Let 0 = [Qu]T and 5 = [Q]7. Then {Gav} is the
Poincaré dual basis to {c, }.

Proor. We must show
1 ifu=A7AY;

0 otherwise.

ps(02 'Ey) = {

When u = AV, the varieties Q) and Q Av meet transversally in the
single point p. In general, the above analysis of fixed points shows
that

@ nQ)" = {py |’ 2v 24}

The fact that Q) N Qv is transverse is apparent from a computation
of tangent spaces—say, by using matrix descriptions of Q)7 and f);’v
One sees as before that T,,AflAv hasweights {x;—xili€l,j¢1,i>j},
so that

Ty, Gr(d,C") = Ty, Q1 & Ty, Qv
This shows p.(c - o1v) = 1.

If u # AV, there are two possibilities to consider. First, suppose
ug A, sou” 2 A Then(Qy ﬂﬁy)T = (), so the intersection is empty.
(Any nonempty projective variety has a T-fixed point, by Borel’s fixed
point theorem.) So p.(0 - 0) = 0 in this case.

On the other hand, suppose u € AY,so u¥ 2 A. Then |u¥|—|A| >
0. But this means de — |u| — |A| > 0, that is, |u| + |A| — de < 0. Since
p«(op-0y) € A?'”Hw_de) = 0, we are done. |

We obtain a formula for the class of an opposite Schubert variety
by replacing E, by E. in the Kempf-Laksov formula.
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Tueorem 5.3. In H;.Gr(d, C"), we have

[Q2]7 = AL, ..., (s))
= SA(XW),

where ¢(k) = ¢T(Q - Eﬁk_;\k), X1, ..., x4 are equivariant Chern roots of
SY, and Yk = Yus1-k = —Xn+1-k-

6. Multiplication

A major goal of equivariant Schubert calculus is to describe the
coefficients CX“ appearing in the expansion

o) Oy = Z CLI Oy,

v
in H3Gr(d,C"). The same problem can be posed for other flag va-
rieties, but Grassmannians are one of the very few cases where a
complete and satisfying answer is known.
We will prove some basic facts about these coefficients, assuming
throughout that the characters x1, ..., x, are distinct. (The general

case can be obtained from this one, by specializing the x;’s.) Evi-

v

dently, c e

, is a homogeneous polynomial of degree |A[ + u] — |v].

Lemma 6.1. The coefficients CK“ satisfy the following properties:

(1) CX” =Qunless A Cvand u Cv.
(i) cf, = aaly = [Qa]lp,.

(i) c4, = [ | G- x0).

i€l j¢l
i>]

Proor. For (i), the cell decomposition lemma shows that restric-
tions of classes o, for @« 2 A form a basis for H*(X \ Q,), because
these are classes of the Schubert varieties (), not contained in Q.
The class 0 maps to 0 under H; X — H7(X \ (2))—as one can see by
using the long exact sequence of Borel-Moore homology—so o, - 0y,
also maps to 0, for any p. It follows that o, - 0, = 3, CK‘uGV involves
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only those v such that v O A. By symmetry, one concludes thatv 2 p,
as well.
For (ii), we restrict the equation defining CKH to p, obtaining

GA|,L£ : Gy'y = Z Cl/{y Uv|,u-

v
We know o,|, = 0 unless p, € Q,, thatis, u 2 v; but by (i), we
also know Cl/{
[.l
right-hand side is v = u, so we find 04|, - oyl, = CKH oyl We found

= O unless u C v. The only term surviving on the

the formula for o, in §3, and this is not a zerodivisor since all y; are
u

Au’
Formula (iii) follows from (ii), using the formula for o, |,. O

distinct. Canceling these factors gives the claimed formula for ¢

The Chevalley-Pieri formula gives a rule for multiplication by a
divisor class 0. The classical (non-equivariant) version says that in

H*X,
O 00 = Z oA+,
/\+
the sum over all partitions A* obtained from A by adding one box.
For example, in H*Gr(3, C”) we have

05032 =0@42 t033) t0321)-

We will prove a very general version of this formula in Chapter 19.
The reader may enjoy proving the corresponding formula for mul-
tiplying a Schur polynomial by h1; = x1 + x2 +--- + x4. (As usual,
references are in the Notes.)

To state the equivariant version precisely, we need another for-

mula:
n

ol =ZX]'— Z Xi

jel i=d+1

d
=X i
=1

iel
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This follows from o = clT(Q — E,), using clT(Q)|m = Z]-¢1 xj- The
second line makes it clear that the formula is independent of n. Note

thatoDh # 0|y if A # u.

al

TreOREM 6.2 (EQUIVARIANT CHEVALLEY-PIERI). In H7 X, we have

d
j=1

AT i€l

the sum over A obtained from A by adding one box.

Proor. The sum is from the nonequivariant case; the equivariant
coefficients must agree by degree. The other term has coefficient
A

oy = 0glx by Lemma 6.1(iii). No other terms appear, since CE[A is

nonzero only for |v| < |[A| +1and v 2 A, by Lemma 6.1(i). |

Remarkably, the equivariant Chevalley rule determines all struc-
ture constants CX‘u for H7Gr(d,C"), and hence also for H*Gr(d, C").
This is far from true of the non-equivariant rule: H*Gr(d, C") is not
generated by the divisor class. A general reason for this phenomenon
was given in Chapter 7, §1. Here we will see an algorithmic proof.

First, we need some more formulas.

LemMma 6.3. We have

(i) (05l = oglu) 4, = D e

p*

the sum over u* obtained by adding one box to u, and

(i1) (gl = o5l e, = D et = D el
AT Vo

the sums over A* obtained by adding one box to A, and v~ obtained by
removing one box from v.

Proor. For (i), using the formula cﬁ 1 = Oula together with com-

mutativity, the left-hand side is (o GD| w)oulr, while the right-

DlA -
hand side is 3} o,+[1. So (i) results from restricting the equivariant

Chevalley-Pieri formula to p,.
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For (ii), we will use associativity. By Chevalley-Pieri,
o5 (0x-ou) = Z CXHGD -0y

14
= ch,ov + > el (agh)ow,
vt v

and
(GD “0)) Oy = Z Op+ Oy + (OD|/\)G/\ oy
/\+
S I IRTAR)
At v v
One obtains (ii) by equating coefficients of o,. O

THEOREM 6.4 (MOLEV-SAGAN). The polynomials CXM in A2AFIul=Iv])
satisfy and are determined by the following properties:

: A
(i) == []G-x),
iel,j¢l
i>j
.. A A
(ii) (oglh = ol €4, = D et
‘u+

and

(i) (ol = o) €3y = D Chey = Dy

At VT

Proor. We have seen that (i)—(iii) hold. To prove that they uniquely

characterize the coefficients ¢); , we proceed by induction. Suppose
il

de are any polynomials satisfying (i)—(iii). We know d)A\ 1= ci Iy

since this is the explicit formula (i).

Next, d;y =oulx = cﬁy, by induction on |A| — |ul: the base case
is where A = 1, and is done by (i); for A 2 u, use formula (ii) and
induction. (On the left-hand side of (ii), the factor (0D| A= GD| u)
is nonzero for A # pu. Terms on the right-hand side of (ii) have

Al =] < [A] = |ul.)



CHAPTER 9. SCHUBERT CALCULUS ON (GRASSMANNIANS 149

Finally, use (iii) and induction on |v| — || to get de = CLL. All
terms on the right-hand side of (iii) have |v| — |A*]| < |v| = [A] and
|[v=| = |A] < |v| = |A]. This reduces to the base case A = v, which was

handled previously. O
RemaRrk. By setting v = p in (iii), one obtains
(if") (oplu =gl ch, = D el
At

. . . U . . . v v
since the coefficients c A vanish. Using commutativity (c =y 1)
and interchanging A and u, one recovers (ii) from (ii’). The conditions

v

(i), (i"), and (iii) also characterize c A

7. Grassmann duality
In Chapter 4 we noted the canonical isomorphisms
Gr(d,V)=Gr(V,e)=Gr(VY,d) = Gr(e, V),
where d + ¢ = n = dim V, by identifications
[FCV]e [V>»>V/Fle [V »F ]l [(V/F)Y CVY].

These are equivariant for any group G acting linearly on V, and by
the dual representation on V.

To see this in matrices, we fix a basis, so V = C" = VV. A
point of Gr(d, V) is the image of an embedding [C? — C"], so it is
represented as the column span of a full-rank matrix A of size n X d.
A point of Gr(V, e) is an isomorphism class of quotients [C" = C°],
represented by a full-rank matrix B of size e X n. Dually, a point of
Gr(VY,d) is a quotient represented by the transposed matrix A*, and
a point of Gr(e, V") is the column span of B' (that is, the row span
of B).

With this notation, the Grassmann duality isomorphism is

y: Gr(d,C") — Gr(e,C"),
F — ker(A") = im(B").

The group GL, actson Gr(d, C")by F +— ¢-F, whichsends A — g-A
and B — B - ¢~!. Grassmann duality is therefore equivariant with
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respect to the group automorphism ¢: GL, — GL,, ¢(g) = (¢")L.
If T - GL, is a homomorphism given by characters xi,..., xu,
then the algebra homomorphism H7.Gr(e, C") — H3.Gr(d, C") inter-
twines the automorphism of Ar = Sym*M induced by x — -y for

all y € M.

Exercise 7.1. For A in the d X e rectangle, show that y(Q,) = Q Ay
where A’ is the conjugate partition (i.e., its diagram is the transpose
of that of 1).3

Duality exchanges the exact sequences
0—>S— Cgr - Q-0
and
0—-Q"—(CL) —S"—0.

Together with Exercise 7.1, this implies a dual Kempf-Laksov formula
for Schubert classes:

CoroLLARY 7.2. Let x1, ..., x4 be equivariant Chern roots of S¥, and
X1, ..., X, equivariant Chern roots of Q. For a partition A in the d X e
rectangle, we have

or =sa(x|y)
= S/\/(ﬂ—y),
and
oy =sa(x|y)
= sy (x]-y),

where T acts on Gr(d, C") by characters xi = —Yi = —Yn+1-i.

Expressed as multi-Schur determinants in Chern classes of S
and Q, these formulas translate into

oy =A)(c) = Ay(c)
and

o1 =Ax(e) = Ax(c),
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where

c(i) = cT(Q = Eeyizn,),

1y — AT
¢ (l) =cC (SV - Ec\i/+i—/\;)’

c(i) = CT(Q - Ee+i—)\i)/ and

~7(\ — T 'l
c’(i)=c"(SY - E‘\i/”—M)'

(Recall that A (c(E)) = sy(x1,...,x,) when x1,...,x, are Chern
roots of E.)

This lets us prove a refinement of the Cauchy identity used in
Chapter 4, §6.

CororrLary 7.3. Let 6: Gr(d,C") — Gr(d,C") x Gr(d,C") be the
diagonal embedding. Then

(5*(1) = Z A/\(C) X A(/\\/):(Cl).
A

(The partition (1")" is what we called the complement to A in Chap-
ter 4.)

Proor. Use the Kempf-Laksov formulas for Schubert classes, to-
gether with the decomposition

5.(1) = Z Gy X Ty
A

of the diagonal into Poincaré dual classes. m|

The same statement holds, without change, for equivariant Grass-
mann bundles Gr(d, V) — Y, so long as the vector bundle V — Y
admits opposite flags E, and E..

Writing (SY)") and Q@ for the tautological bundles from the
first and second factors of Gr(d,C") x Gr(d,C"), and x1,..., x4 and
X1, ..., X for their respective Chern roots, the Corollary expresses an

d e
[ 1] [ +5) =D satxly) - sy F-y)

i=1 j=1 1
in H7.(Gr(d,C") X Gr(d,C")), or in H(Gr(d, V) Xy Gr(d, V)).

equality
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Exercise 7.4. Let ¢y € A be the coefficient defined by

o) Oy = Z CXH Oy in H;Gr(d,C"),

v

as before, and consider similar coefficients defined by

Gr Oy = Z cY o in H;Gr(d,C"),
v
and
oy Oy = Z CK,,H, Oy in H;Gr(e,C").
V/
Show that CX‘u maps to E}’W under the substitution x; — xu+1-i, and

v

Chu

maps to CX,H, under x; — —Xn+1-i-

For example, using 0, = sx(x|y) and y; = —x;, one computes the
product
0@) 03,1 = 0@4p2) +033) + (X1 +X3— X5~ X6) 04,1)
+ (X1 = X5) 032 + (X1 = X5)(X3 — X5) 03,1)
in H1.Gr(2, C®). Compare this with
0@2) - 03,1) = 0@2) +033) + (X6 + Xa— X2 = X1) 0(41)

+ (X6 — X2) 03.2) + (X6 — X2)(X4 — X2) 031)
and
01,1) " 0@2,1,1) = 02,21,1) T 02,22 + (X1 + X2 = Xa = X6) 02,11,1)

+ (X2 = X6) 02,21) + (X2 — xa)(X2 — X6) 02,11
in H1.Gr(2, C®) and H7Gr(4, C®), respectively.

8. Littlewood-Richardson rules

The ultimate goal is to find a positive formula for the coefficients
cgy. Such a formula is often called a Littlewood-Richardson rule. Here
we will state several of these rules, without proof.
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In the nonequivariant case, the meaning of positivity is clear:
Cl/{“ is a nonnegative integer, and this Littlewood-Richardson rule is
classical algebraic combinatorics. With |A| + |u| = |v], the coefficient
CX“ is number of ways to fill the boxes of the skew diagram v/A with

p1 1’s, pp 2’s, etc., so that

(a) the filling is weakly increasing along rows;

(b) the filling is strictly increasing down columns; and

(c) when the filling is read from right to left along rows, starting
at the top, at each step one has

#(1's) > #(2's) > --- .

Conditions (a) and (b) say the filling is a semistandard Young
tableau on the shape v/A. Condition (c), sometimes called the “Ya-
manouchi word” condition, means that the partition u grows by
reading the filling (in the indicated order), placing a box in the ith

row when one reads an entry “i”, and each intermediate step is also
a partition.

ExampLe 8.1. Let A = (2,1,1), u = (3,2,1), v = (4,3,2,1). There
are three fillings of v/A satisfying the conditions:

1]1] 1]1] 1]1]
1(2 2 2

3] 2] 1]
So CX‘u = 3. The corresponding reading words—112123,112132,
and 11223 1—satisfy the Yamanouchi condition.

2
3

There are many other versions of the Littlewood-Richardson rule.
Some have equivariant analogues. In this context, a “positive” for-
mula should express the polynomial CX‘u as a weighted enumeration
of some combinatorial set, with weights of the form [](x; — x;) for
i < j. Indeed, the formulas we have seen for special cases have this
property, and a general theorem of Graham guarantees that this is
always possible. We will return to this in Chapter 19.

Here is one version, due to Krieman and Molev (working inde-
pendently). In the statement, reading in column order means that
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entries of a filling of A are read along columns, from bottom to top,
starting at the left.

Treorem 8.2. The structure constants for multiplication in H.Gr(d, C")
are given by
CXM = Z Z 1_[ ()(e+7’(i,j)—p(i,]')(,-(i,]-) - Xe+‘7’(i,j)—(j—i))/
R 7 (i,jer

where:

R runs over all sequences
u=p0cpWc...cpt=y,

such that p\ is obtained by adding one box to p'=V, in row r; (so
s =[v/ul).

T runs over “reverse barred v-bounded tableaux” on the shape A.
This means:

— T is a filling of the boxes of A using entries from {1,...,d},
weakly decreasing along rows and strictly decreasing down
columns;

— all entries in the jth column of A are less than or equal to the
number of boxes in the jth column of v, that is, T (i, j) < v;.;

—s = |v/u| of the entries are marked with a bar. When
these entries are read in column order, the resulting word is
7172 -+ 1s. Thuseach barred entry corresponds to a partition

o),

The product is over all boxes (i, j) € A such that 7 (i, j) is un-
barred. If (i, j) is a box with an unbarred entry, p(i, j) = p®) is the
partition corresponding to the previous barred entry (in column
order). If there are no previous barred entries, p(i, j) = p©© = p.

Furthermore, p(i, j)7,j) > j — i for all unbarred boxes (i, j).
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ExampLE8.3. Ford =3,n=6(soe =6-3=3)and A = u =(2,1),
v =(3,1,1), there are two sequences R:

Ry : |C | |C | | r1=1,1rn=3

R5 : |C |C | | r1=3rn=1

There is only one tableau for the sequence Ri:

X3+1-3 — X3+1+1-2 = X1 — X3-

= Wl
—_

(In this case, p(1,2) = (3,1,1),s0 p(1,2)5,2) = 3.) For Ry, there are
two tableaux:

X3+1-2 — X3+142-1 = X2 — x5 and

— | Wl
—_

X3+2-1 — X3+2+2-1 = X4 — Xe6-

N | W
—_

(For the first of these, p(2,1) = (2,1), so p(2,1)5(2,1) = 2. For the
second, p(2,1) = (2,1), and p(2,1)72,1) = 1.) So the rule says cKy =
X4—Xe+t X2~ X5+ X1~ X3

v
AL
and Tao, and involves the combinatorics of puzzles. To describe it, we

Historically, the first positive rule for c , was given by Knutson
use another encoding of Schubert classes in Gr(d, C"). Recall that a
partition A corresponds to a d-element subset I € {1,...,n}. The 01-
sequence corresponding to A has 1’s in positions I, and 0’s elsewhere.
For example, with d = 2 and n = 5, the partition A = (2,0) has
I ={1,4} and 01-sequence 10010.

To compute CX‘u, we label the boundary of an equilateral triangle
by 01-sequences corresponding to three partitions A, u, and v, ori-
ented so that the sequence for A appears along the NW side (from
SW to NE), the sequence for i appears along the NE side (from NW
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to SE) and the sequence for v appears along the S side (from W to E).
A puzzle of type AK;; is a filling of the triangle by the pieces shown
in Figures 2 and 3. All except the equivariant piece may be rotated;
the equivariant piece must appear in its displayed orientation. (See
Figure 5 for an example.)

Ficure 3. The equivariant puzzle piece.

Each equivariant piece contributes a factor x; — xj, computed
from its position as shown in Figure 4. The weight wt(P) of a puzzle
P is the product of all such factors; it is evidently an element of

Zsolx1= X2, s Xn-1 = Xul-
The puzzle rule for computing cKy is this:

THeoreM 8.4 (KnuTson-Tao). We have

e, = > wt(p).

puzzles P
of type AKH

Ficure 4. An equivariant piece in position (i, j).
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For example, the puzzle in Figure 5 contributes x3 — x5 to the coef-

ficient of (3 1) in 0(2,1) - 0(2). There are two other puzzles, computing

08:3(2) =1 —x2) +(x2 — xa) + (X3 — Xx5) = X1+ X3 — X2 — X5

1001
01010,10010

Ficure 5. A puzzle of type Al and weight x3 — xs.

The commutativity property CXH = crl A

ous from the puzzle rule—in general, there is no bijection between

is not immediately obvi-

14
Au
are equal. On the other hand, Grassmann duality (Exercise 7.4) is ev-

puzzles of types A} and A!Vl - although the sums of their weights

ident: one defines a bijection between puzzles of type AK“ and those

’

of type AZ, A
0’sand 1’s.

by reflecting a puzzle from left to right, and exchanging

Exercise 8.5. Using the puzzle rule, for A corresponding to a

subset I, show that
=11 xi-x
icl,jgl
i>j

recovering the formula we know for ci L=02 |14

Exercise 8.6. Consider P"~! = Gr(1,C"). The Schubert class y; €
H;P"~! corresponds to the 01-sequence with a 1 in position i +1, and
0’s elsewhere. Use the puzzle rule to recover the formula for cf.‘]. given
in Chapter 4, §7.

Notes

In the literature dealing with general Lie theory, B™-invariant subvari-
eties are usually called “opposite.” Our conventions are reversed, but have
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the advantage of better stability properties. We will continue this usage
through Chapter 13, and switch to the more standard convention when we
discuss general Lie groups in Chapter 15.

The Kempf-Laksov theorem (Theorem 2.2) was originally stated in the
context of degeneracy loci in Grassmann bundles [KeLa74]. Its appearance
as an equivariant Schubert class represents an early instance of the con-
nection between equivariant geometry and the geometry of fiber bundles,
although it was not seen this way at the time.

Studying rank conditions on matrices of homogeneous polynomials,
Giambelli proved the case of Theorem 2.2 corresponding to a rectangular
partition [Gi04]. We will see more about this in Chapter 11.

In Chapter 4, we saw a basis of Schur determinants A,(c? (Q)), for A
inside the d X e rectangle. Here we have studied the basis of Schubert
classes [Q2)]5", which are expressed (via the Kempf-Laksov formula) as
multi-Schur determinants. What is the transition matrix between these two
bases? The answer, given in [AF-ABCD], involves certain flagged Schur
polynomials, which are special cases of the Schubert polynomials to be studied
in Chapter 10.

The argument for Lemma 3.1 comes from Knutson and Tao [KnTao003].
The same idea was axiomatized and applied to other settings by Guillemin
and Zara [GuZa01] and Tymoczko [Tym08b]. An alternative framework for
finding (unique) solutions to such interpolation problems was developed
systematically by Fehér and Rimanyi [FeRi03].

An excellent reference for double Schur polynomials (and their relatives)
is Macdonald’s note [Mac92]. In particular, he proves the equivalence of the
three characterizations of s,(x|y) we gave. (We mainly use his “Variation
6”.)

Lemma 4.1 is due to Okounkov, who shows that these conditions char-
acterize “shifted” Schur functions [Ok96]; see also [O097] and [MoSa99].

Proofs of the classical (non-equivariant) case of the Chevalley-Pieri rule,
Theorem 6.2, can be found in many sources, e.g., [Ful-YT, §9.4]. A proof
of the equivariant version appears in [KnTao03, Appendix]. We will see a
complete proof of the analogous formula for general homogeneous spaces
G/P in Chapter 19. The characterization theorem (Theorem 6.4) is due to
Molev and Sagan [MoSa99], and was used extensively by Knutson and Tao
[KnTao03]. It also has an analogue for G/P, as we will see in Chapter 19.
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There are many references for the classical Littlewood-Richardson rule
and its variations; see, for example, [Mac95], [Sta99], [Ful-YT]. The first
complete proof is due to Schiitzenberger, using a game called jeu de taquin
[Schii77]. An equivariant jeu de taquin rule was given by Thomas and Yong
[ThYo18].

A combinatorial rule for the multiplying double Schur polynomials
sa(x|y) was given by Molev and Sagan [M0Sa99], but their original formula
was not manifestly positive in the variables y; — y;, i > j. Molev later
modified this to the positive formula described here [Mo09].

Knutson and Tao gave the first manifestly positive rule for the equivari-
ant structure constants [KnTao03]. In fact, they computed E}Vw, the structure
constants for multiplying in the opposite Schubert basis {0, }. These are re-
lated to CXH
puzzles left-to-right, which has the effect of exhanging the equivariant and

by the substitution x; = x+1-;. This is realized by reflecting

non-equivariant rhombi.

Hints for exercises
1Use the bialternant definition. The (d — p, g)-entry of the matrix in the numer-
ator of sy (y*|y) is

+d—q _

(]/y,,+d—p+1|]/)Aq (]/pp+d—p+1 -y1) (]/pp+d—p+1 - ]/Aq+d—q).

If u 2 A, then some index k has uy < Ax (so also up, < A4 for g < k < p). But then
forall g < k < p, we have

1<pup+d-p+1<A;+d—q,

so the above product vanishes, and it follows that the determinant is zero. If u = A,
the matrix is triangular because

1<Ap+d-p+1<Ay+d—9q

if p > g, so its determinant is the product

d Ap+d—p

l_[ 1_[ (]/Ap+d—p+l = Ys)-

p=1 s=1
Dividing by the Vandermonde denominator gives the formula.
The key identity is

(el T y) = Y ha(xr, o xa) (D s, Yasp- i),
a+b=p
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where y,, = 0 for m < 0. (This is easy to prove from the tableau definition of
hy = 5(p).) Then compare with the degree p = A; —i + j term of cf@Q- Ee—py+j) =
CT(Ed+p_J‘ - S)

3LetE. and E, be the standard and opposite flags in C". Under the identification
V = VV by the chosen basis, we have E; — (V/E;)" = E,_;.

4See [KnTao03, Proposition 3].



CHAPTER 10

Flag varieties and Schubert polynomials

In this chapter, we will develop flag variety analogues of what we
have just seen for the Grassmannian. The main goal is a “Giambelli”
formula for expressing the equivariant class of a Schubert variety as
a polynomial in Chern classes of universal bundles. These formulas
are comparatively recent: canonical representatives are the Schubert
polynomials introduced by Lascoux and Schiitzenberger in the 1980s.
This chapter and the next provide a detailed study of the calculations
sketched in Chapter 1, §4.

1. Rank functions and Schubert varieties

We generally use “one-line” notation for permutations w € S,
recording values as w = w(1) w(2) --- w(n). Let A, be the permu-
tation matrix having 1’s in positions (w(i), 1) and 0’s elsewhere. (If
e; is the standard basis vector, this convention means Ay, - e; = ey (),
and A, = A, - Ay.)

The rank function r, = (r+(p, q)) associated to w is defined by

ro(p,q) =#i < plw(i) < q}

for1 < p,q < n. Thatis, ry(p, q) is the rank of the upper-left g x p
submatrix of A,,. The same information is encoded in the dimension
function ky, = (ko(p, q)), defined by

kw(p,q) =#{i <plw(i) > q}

for 1 < p,q < n. The number ky(p, q) is the rank of the lower-left
(n — q) X p submatrix of Ay, so ky(p,q) + rw(p,q) = p for all p, gq.
Figure 1 gives a schematic illustration of these ranks of submatrices
of Ay.

161
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p

|| ro(p,q)

n=q|| ku(p,q)

Ficure 1. r,, and k,, as ranks of submatrices of A,

For an n-dimensional vector space V, consider the complete flag
variety FI(V) = FI(1,...,n—1;V)of subspacesF; C --- C F, = V. As
in the previous chapter, we fix a standard flag E, and write E7 = E;,_,
so E; has dimension g and E¥ has codimension q. There are Schubert
cells

Q°, = Q°(E.) = {F.

tk(F, — V/E7) = ry(p,q) foralll1 < p,q < n}

= {F.| dim(F, N ET) = ky(p, ) forall 1< p,q < n|

and Schubert varieties

Qu = Qu(Ee) = {P.

- {F.

in FI(V'). We will soon see that QQ,, = Q_Z,

First, let us fix conventions for representing flags with matrices.
We choose a standard basis {e1,...,¢e,}, so V. = C". A full-rank
matrix A € GL, represents a flag F,, where F, C V is the span of

rk(FP - V/Eq) < T’w(P, q) foralll < p,q < n}

dim(F, NE7) > ky(p,q) forall1 < p,q < n}

the first p columns of A. Since initial column-spans are preserved
by right multiplication by the Borel subgroup B of upper-triangular
matrices, we have FI(C") = GL,/B.

We take the fixed flag E. to be given by coordinate subspaces
E; = {en—g+1,--.,en) S C". This flag is fixed by B~, so Schubert cells
and varieties are B -invariant. In fact, as with the Grassmannian,
Schubert cells are B™-orbits, and they decompose the flag variety. For
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each permutation w € S, thereisa point p,, € FI(C"), corresponding
to the flag

(ew)) C ew), ewr) C---CV,
and represented by the permutation matrix Ay. (So our standard
tlag E, corresponds to the permutation n---21.)

Exercise. Show that
GL,= | | B+ Au-B.
weSy,
(This is the Bruhat decomposition of GL,, an elementary instance of a
general phenomenon for algebraic groups.) Then show that
Q;U = B_ * pw,
so that FI(V) = [lyes, 7. Deduce that the classes of Schubert

varieties [, ]2~ form a basis for Hy,_FI(V) over Ap-.

Given a flagged vector bundle E; C --- C E, = V on a variety
Y, with E7 = E,_; having co-rank g in V, there is a Schubert locus
Qy(E.) in the flag bundle X = FI(V) — Y, defined by the conditions

Qu(E.) = {x e X| 1k(S, = V/E) < ry(p, q) forall 1 < p, q < n},

where S, is the tautological flag of subbundles on F1(V).
When Y = BT (or an approximation space), V = ET xT C", and
E. is induced from the standard flag in C", we have identifications

FI(V) == ET x" FI(C")
Q. ET xT Q,

50 [Qw] = [Qw]” in H'FI(V) = H;FI(C").
2. Neighborhoods and tangent weights

Now let us consider a torus T acting on V = C" with characters
X1,---,Xn, inducing an action on FI(V). The point p,, is fixed by
T, and has a T-invariant affine neighborhood U C FI(V). Writing
I ={w(),...,w(d)} for each 1 < d < n, this is the open set defined
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by the nonvanishing of the d X d minors on columns 1,...,d and
rows Iz, for alld = 1,...,n. In terms of the natural projections
nig: FI(V) — Gr(d, V), this is

n
u =)'y,
d=1

where, for each d, U; c Gr(d,V) is the

affine open neighborhood of pj, inthe Grass- [ * * * * 1 0 0|
mannian (see Chapter 9, §1). More directly, [ * = 1 0 0 0 0
points in U are represented by matriceswith | * * = x =+ 1 0
free entries in positions (w(i),j) fori > j. [ 1 0 0 0 0 O
Forw =6 4271 35, this neighborhood is * % % % % % ]
shown atright. The torusactsonthe (w(i),j) |1 0 0 0 0 0 O
entry by the character x4 () — Xuw(j)- Justasfor [ + = = 1 0 0 0 |

Grassmannians, this invariant nelghborhood is an affine space, iso-
morphic to c(?), and the tangent space T, FI(V) has torus weights
{Xw(i) — Xw(j) |1 > j}. If all characters x; are distinct, these weights
are nonzero, and the fixed locus is precisely FI(V)T = {p,, |w € S,}.

The Schubert cell Q)7 is the B™-orbit of p,. In matrices, this
means free entries appear only to the left and below the 1’s of Ay.
For example, with w = 6 4 27 1 3 5, points in the Schubert cell are
represented as

(000010 0]
0010O0O0O
00 =0 =10
Q,=({01 00000
0 = 0 = = 1
100000O0O0
|« + 100 0]

Comparing with the matrix representation of the affine

open neighborhood of p, this Schubert cell is obtained 0 --- 1
by setting some of the free entries to zero (showninbold :

above). These 0’s appear precisely in positions (w(i), j) 1

such that i > j and w(i) < w(j), as shown at right.
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This picture lets us easily identify the torus weights on the tangent
and normal spaces:

Tp,Q;, has weights {x.(i) = Xw(j) | i > j and w(i) > w(})};
Ny, Q3, has weights {x i) = Xw(j) |1 > j and w(i) < w(j)}.

The restriction of a Schubert class to a T-fixed point follows:

|pw - 1_[ (Xw(] Xw(z )

i<j
w(i)>w(j)

In fact, computing a little more carefully shows that each Schubert
cell is isomorphic (as a variety) to a certain subgroup of B~. Let
U~ € B~ be the unipotent subgroup of lower-triangular matrices
with 1’s on the diagonal, and let B be the (opposite) Borel subgroup of
upper-triangular matrices. For w € S, let U™ (w) = U™ N Ay B Ay,

Exercise 2.1. Show that the standard T-invariant affine neighbor-
hood is (A, B~AZ}) - pw, and that the map

U-(w) — Qg
U U Py

is an isomorphism of varieties. Furthermore, there is a free entry in
position (i, j) of U~(w) if and only if i > j and w™!(i) > w~i(j).

For example,if w =6427 135, we have

(1 0 0 00 0|
0100O0O00O0

+ = 1 00 0O
U(w)=]10001000
+ = 1 00
000O0OO0OT1TFPO

0 = 0 = 0 = 1|
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3. Invariant curves in the flag variety

We have seen formulas for the tangent weights at T-fixed points.
Next we will describe T-invariant curves. Let 7;; € S, be the trans-
position which swaps i and j. For each w € S,, and i < j, there is an
invariant curve in FI(C") through p,, with tangent weight x,(j) = Xw(i)
at this point. The other fixed point is py, for v = wT;; = T4yw, where
k = w(i) and I = w(j). This is easy to see in matrix coordinates. For
example, take w =6427135,and v = wtyy = 14yw =6724135.
The curve connecting these points has matrix representatives in
neighborhoods of py, and p, as shown below.

(0000100] [00O0O010 0]
0010000 010000
0000010 0000010
0100000|=[0201000
0000001 0000001
1000000 1000000
l0a01000] [010000 0]

In the limit a — 0, one sees py, and as a — oo, one arrives at p5.

Another way to generate these curves can be useful. There is a
subgroup Gi; € GL,, which is an embedding of GL,: one places an
invertible 2 X 2 matrix on rows and columns k, /, 1’s along the other
diagonal entries, and 0’s elsewhere. The subgroup Gy, contains the
permutation matrix A,,,. Forany u € S,, the intersection Gy ;NuBu ™
is isomorphic to upper- or lower-triangular matrices in GL», so the
T-curve connecting py, and py is Gk ;- pw = Gk - Po = Pt

In the above example, for w = 6 4 2 7 1 3 5, one can generate
the T-curve with character x7 — x4 by embedding [} ¢| on rows and
columns 4, 7; the matrix shown on the left-hand side is obtained left
multiplication on the permutation matrix A.

From our description of )7, in the neighborhood of p,, we see the
curve Gy ;- py meets Q7 either in an affine line (if k = w(i) < I = w(j)),
or only the point py, (if k = w(i) > | = w(j)).

When the tangent weights x4 (j) — Xw(i) are pairwise non-parallel,
there are finitely many invariant curves through p,, (Chapter 7, §2).
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Assuming this holds at every fixed point p,, we have a complete
description of T-curves in FI(C").
To summarize: fix w, and i < j, with k = w(i) and I = w(j), and
0= w’l'l']' = TiwW.
e There is a T-invariant curve Cy,, = Gy - pw € FI(C"), iso-
morphic to P! and connecting py, and p,.

e If w(i) < w(j), the intersection Cy, , N Q)S, is isomorphic to Al
and dense in Cy . Otherwise, Cy, N Q7 = {pw}-

o If the characters x(j) — Xw(i) are pairwise nonparallel (for all
i < j), then these are all the T-curves through p,.

4. Bruhat order for the symmetric group

Our next goal is to prove that the Schubert variety ), C FI(V),
defined by rank inequalities rk(F, — V' /E) < r4(p, q), is the closure
of the Schubert cell QO7, where equality holds. We will need some
facts about a partial order on S,,.

DeriniTION 4.1. The Bruhat order on S, is defined as follows. For
permutations v, w, we say v > w if r,(p,q) < ru(p,q) forall 1 <

p,q < n.

From the definition, v > w is equivalent to O, € Q. There
are many other useful characterizations of Bruhat order. Recall from
Chapter 9, §1, the partial order on p-element subsets of {1,...,n}:
for [ ={j1 <. <jptandI={iy <---<ip}, wesay ] > Iif jr > iy
forall1 <k <p.

Exercise 4.2. Show that v > w if and only if {v(1),...,v(p)} >
{w(),...,w(p)} foralll <p < n!

This characterization is sometimes called the tableau criterion for
comparing elements in Bruhat order. By writing the sets

(w@),..., wn)}, {wd),...,wn-"11,..., {wl)}

as columns, one represents w by a semistandard tableau of shape
A =(n,n-1,...,1). For instance, one sees 2 3 1 > 1 3 2 by
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comparing two tableaux entry-wise:

12]2]
3

171

(W[N]~
w

2
El

The inversions of a permutation w are the pairs i < j such that
w(i) > w(j). The length enumerates inversions:

e(w) = #{i < j|w(i) > w(j)}.

There are unique permutations of least and greatest length in S,,. The
identity e is evidently the shortest element, with £(e) = 0. The longest
element is wo = n ---21, with length £(w.) = (3).

The following lemma shows that Bruhat order is graded by length.
We will write v > w to mean v > w and €¢(v) = €{(w) + 1. As before,
Tij € Sy is the transposition swapping i and j.

Lemma 4.3. If v > w, then €(v) > €(w). In fact, there is a permutation
w’ such that v > w' > w; this w’ has the form w’ = wt;; for some i < j
with w(i) < w(j).

Proor. The first statement follows from the second, by induction
on Bruhat order, so we focus on the second statement.

We will use the tableau criterion of Exercise 4.2. Let i be the
smallest index such that {v(1),...,v()} # {w(1),..., w(i)}—that is,
v(1) = w(1), v(2) = w(2), etc., and v(i) > w(i). Let r = v(i) and
s = w(i), sor >s. Let j > i be the smallest index such that w(i) <
w(j) < r. (From the choice of i, we know i < w~!(r), so j exists with
j < w™l(r).) Letw’ = wrt;j, where 1;; is the transposition swapping
the positions 7 and j, so

w=wl)-wi-1) w(j) wi+1)---w(j-1) w(i)---wn).
Now {(w’) = £{(w) + 1. Indeed, by the choice of j, there is no k
with i < k < jand w(i) < w(k) < w(j). So w’ has all the inversions

of w, together with exactly one new inversion w’(i) > w’(j).
Finally, we must check that v > w’ > w. If p <iorp > j, we have

{w'@),...,w'(p)} ={w@),..., wp)}
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so in these cases we know {v(1),...,v(p)} = {w'(),...,w'(p)}.
Wheni < p < j, we have

{w'(@),...,w' ()} = ({w@), ..., wp)} A{w@d}) U{w()}

that is, the set {w’(1),...,w’(p)} is obtained from {w(1),..., w(p)}
by swapping w(j) for w(i). Since v(i) > w’(i) = w(j) > w(i), we see
{v@),...,v(p)} = {w’'(1),...,w'(p)} for these p, as well. O

Now we return to Schubert varieties. From the discussion in the
previous section, it follows that ()7 —and therefore Q7 —has codi-
mension equal to £(w) in FI(V). From the Bruhat decomposition, it

Qy = UQ;/

v>w
since the permutation matrix A, satisfies the conditions defining ),
if and only if v > w. The Schubert cell Q)7 is the orbit B~ - p,, so

follows easily that

this reduces proving Q, = Q, to another characterization of Bruhat
order.

ProposiTioN 4.4. Forv, w € S,,, wehave v > w ifand only if p, € Q.
In particular, QO = Qg,.

Proor. It is clear from the definitions that O, 2 Q_;], and we have
seen that if v # w, then p, ¢ (), (since A, violates one of the rank
conditions defining ();,). The nontrivial part of the statement is the

converse: if v > w, then p, € Q.

We will use descending induction on Bruhat order. The base case
isw = w,, and the locus Q7,  C FI(V) is already closed, consisting of
just the B™-fixed point: Qf, = Q. = {pw. }-

It suffices to treat the case v > w. Indeed, by induction, we know
Q, = Q5 = [ly5, Q5. And by Lemma 4.3, for any v" > w, one
can find v so that v" > v > w. In fact, the lemma says we can find
i < jwith w(i) < w(j) so that v = wt;; = 15yw, where k = w(i) and
I = w(j).

From what we have seen in §3, the curve Gy, - py has dense
intersection with Qf, (since k = w(i) < I = w(j)). Its other fixed point
is py, for v = Tyw. So p, is a limit of points in Q27 as claimed. O
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Another characterization of Bruhat order is sometimes useful.
The adjacent transposition 7; 41 is called a simple transposition and
written s;. An expression w = s;, ---85;, is reduced if ¢ is minimal
among all such expressions. (It is a basic fact that this minimal ¢ is
equal to £(w).)

Lemma 4.5. Suppose v>w, so that v = w1,y for some transposition Ty,
(as in Lemma 4.3) and {(w) = €{(v) —1. Let £ = €(v), and let v = s;, - -5},
be a reduced expression for v. Then for some 1 < m < {, a minimal
expression w = sj, - -+ 8; - 8;, is obtained by omitting one transposition
from the expression for v.

References for the proof are given in the Notes.

For general permutations v, w € S, it follows that v > w if and
only if there is a reduced expression v = s;, ---s;, so that a subword
gives a reduced expression w = s, - - §j,.

Summarizing, we have several descriptions of Bruhat order. For
v, w € Sy, the following are equivalent:

(i) v > w.
(i) ro(p,q) < rw(p,q) foralll < p,q < n.
(iii) Qp C Q.
(iv) po € Q.
) {v(),...,v(p)} =2 {w@),...,w(p)} foralll < p < n.
(vi) There is a chain
w=w9 = oV 5 ... = ® — 0,

where each step is of the form u — u - 7;; for some transpo-
sition so that £(u - 7;;) = €(u) + 1.

(vii) There is a minimal-length expression v = s;, - - - 5, so that w
is given by the product of a subsequence of s;, ..., s;,.

(viii) wov < wow.
(ix) vwo < WWo.

x) v >wl
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5. Opposite Schubert varieties and Poincaré duality

We have been using the standard flag E., which in the standard
basis is givenby E; = (€114, - - ., €x)- Just as for Grassmannians, the
opposite Schubert cells and opposite Schubert varieties are defined
with respect to the oppos1te flag E,, which has Eq =(e1,...,eq):

=Q (E ) and Qg = Qu(E.).

Since E. is preserved by the (opposite) Borel group B of upper-
triangular matrices, the opposite Schubert cells and varieties are
B-invariant.

Exercise 5.1. Assume T acts on V = C" by distinct characters
X1,---,Xn. Then py_q is the only T-fixed point in QF, and Q7 =
B M prZU'z

For example, the Schubert cell and opposite Schubert cell for
w=6427135(sow.,w =24617053) are represented as

(000010 0] « % x x 10 0]
0010000 + 10000
0003+ 10 + 0+ 010
Q=01 00000|andQ,=|*100000
0+ + 0 » = 1 + 00 %001
1000000 1000000
|+« x 100 0] (000100 0]

The opposite Schubert varieties also give a cell decomposition of
FI(V), so their classes form a basis for H;FI(V'). Furthermore,
ﬁw = U 6;/
V2w
by the same argument as in the previous section. Equivalently, py. o
w in Bruhat order. We also have an

lies in ﬁw if and only if v >
analogous computation of the weights at fixed points:

prﬁfvow has weights { ;i) — Xwl(j) |i>jand w(i) < w(j)};
prﬁfvow has weights { i) — Xuwl(j) |i>jand w(i) > w(j)}.
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These computations show that the intersection Q7 N f);,ow is trans-
verse. As before, we also obtain a simple formula for the restriction
to a fixed point:

Q0] |, = n (Xw(j) = Xw(i))-
i<j
w(i)<w(j)
Since both Schubert varieties and opposite Schubert varieties are
T-equivariant, we have two bases for H7FI(V). In fact, they are

Poincaré dual.

ProPOSITION 5.2. Let 0y = [Qq]” and 64 = [Qu]". Then {0} and
{ow,w} form Poincaré dual bases for HyFI(V') as a Ar-module. That is,

P*(Uu “0p) = Ou,wov
in AT.
The proof is analogous to that of the corresponding fact for Grass-
mannians (Chapter 9, Proposition 5.2).3
On the other hand, with a more careful argument, we can prove

something stronger. We will need a simple fact about Schubert vari-
eties.

Exercise 5.3. For two flags Fo, Go € FI(V), show that F, € Q,(G.)
if and only if G € Qy,-1(F,).

Proposrition 5.4. If u < w,v, then the intersection €3, N ﬁv is reduced
and irreducible of dimension {(w.v) — €(u). Otherwise, this intersection is

empty.

Proor. Consider a double Schubert variety in FI(V) x FI(V), de-
tined by

Q, = {(G.,P.)

F. € QU(G.)}

_ {(G.,F.) G. € Qv,l(F.)}.

The equivalence of the two descriptions follows from Exercise 5.3.
Both projections pr;: Q, — FI(V) (i = 1,2) are locally trivial fiber
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bundles, with Schubert varieties as fibers. More precisely, the fibers
are prl_l(G.) = ,(G,.) and prz_l(F.) = Q,-1(F,). In particular, Q, is
reduced and irreducible.

Let Z = Q, N (FI(V) x ), so there is a diagram

s Z —> Q,
] )
FI(V) — Q, — FI(V),

where the square on the right is a fiber square, and all maps are B~-
equivariant. The second projection makes Z — (), a locally trivial
fiber bundle, whose fiber over F, is the Schubert variety Q2,-1(F,). So
Z is also reduced and irreducible, of dimension

dim Z = dim Q;, + dim Q1
=dim FI(V) — €(u) + €(wo.v),

using {(v71) = £(v).

Under the first projection pri: Q, — FI(V), the fiber over p, is
Qy(E.) = Q,. So the fiber of f:Z — FI(V)is f(pe) = Qu N Q..
On the other hand, by B™-equivariance, for every x = b~ - p, in the
dense open set B~ - p,, the fiber f~!(x) is isomorphic to Q, N Q,. By
analyzing T-fixed points, we have already seen that 3, N Q, is empty
if and only if u £ w.v. Assuming u < w,v, the asserted dimension
follows from the formula for dim Z.

There is a section of f: Z — FI(V) over the open set B~ - p,,
sending b~ - p, to (b~ - p., b™ - py) € f B~ - p.). (This is well-
defined!) It follows that f~1(B™ - p,) = (B~ - p¢) X (Q, N Q). Since Z
is reduced and irreducible, and B~ - p, is an affine space, we conclude
that O, N E)v is reduced and irreducible. O

In fact, the proof shows much more.

CoroLLaRy 5.5. Let P be a property of schemes such that

(1) all Schubert varieties have P;
(2) X has P if and only if every nonempty open U C X has P; and
(3) X has P if and only if X X A" has P.
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Then the intersection 3, N ﬁv has P.

For example, this shows Q, N ﬁv is Cohen-Macaulay, since Schu-
bert varieties have this property.

6. Schubert polynomials

Now we can address the Giambelli problem, expressing the Schu-
bert class 0, = [Q,]" as a polynomial in Chern classes. In Chapter 4
we saw an isomorphism

HIFI(V) = Alxq, ..., x4]/1,

where x; = —clT (Si/Si-1), the torus acts on V = C" by characters
Xi = —Vi,and I is generated by ex(x) —ex(y) fork = 1,...,n. We seek
polynomials in A[x] which map to Schubert classes.

The answer is given by Schubert polynomials. These are defined
inductively, for each w € S,, starting from the longest element w,
and moving down in Bruhat order by passing from w to wsy, where
sk is the simple transposition swapping positions k and k + 1.

The divided difference operator di acts on a polynomial ring R[x] =
R[xl, X2, .. ] by
8k(f) _ f( oy Xky Xkt1s - - ) —f( oy Xk+1, XKy - - ) _ f - Skf .

Xk — Xk+1 Xk — Xk+1

Here a permutation w acts on a polynomial f by

(wf)(xl, X2, .. ) = f(xw-l(l), Xw-1(2)7 - - )
If f ishomogeneous of degree d, then di(f) ishomogeneous of degree

d-1.

DerntTioN 6.1. Taking R = Z[y] = Z[y1, - . ., Yu], the double Schu-
bert polynomials are defined by

(i) o (y) = | | i =y
i+j<n
(ii) Guws (x; y) = dCu(x; y) if L(wsk) < £(w).
Setting the y variables to zero defines the single Schubert polynomials,
Sw(x) = Su(x;0).
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Since every w € S, is obtained from w, by successive transpo-
sitions s, this defines all S;,. Concretely, for any w € S,, writing
W = Wos;, - - - 5i, with £ minimal (so ¢ = {(w,) — {(w)), we have

Gw = 8,-£, ©---0 8,-1<5w0.

It follows that S, is homogeneous of degree {(w). (To obtain such an
expression for w, successively swap adjacent entries of w until one
reaches w,. For example,

w=35124-553124253214
*54 '53 ‘52
53241 —-553421-—>554321=w,

shows that w s153545352 = Wo, SO W = Wo 5253545351.) In general,
there are many ways to obtain w from w, by simple transpositions,
and it is not immediately obvious that this definition of &, is in-
dependent choices. One can prove it algebraically, by showing that
difference operators satisfy the braid relation didk+19k = Ik+19kk+1.
Later we will see geometric reasons for this and other properties of
Schubert polynomials.

Exercise 6.2. Show that dxdi+19x = Ik+10kdk+1 as operators on
polynomials. Conclude that for any permutation w, choosing a re-
duced expression w = s;, - - - 5;, defines an operator dy, = d;; o---04;,

which is independent of the choice of reduced expression.*

Several easy properties of difference operators are particularly
useful in computing:

e Ji(f) = 0if and only if f is symmetric in x and xx.q; that is,
whenever f =s;f.

e Ji(f) is symmetric in x; and xj11 (so 8]% =0).

e (Leibniz rule) di(f - g) = Ik(f) - & + (s f) - Ik(g)-

It follows that if a polynomial f is symmetric in x; and xj41, it
acts as a scalar with respect to di; that is, d(f - g) = f - dk(g). This
means thatif I C R[x]is any ideal whose generators are symmetric in
xx and xx1, then di descends to an operator on R[x]/I. In particular,
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all divided difference operators act on H3FI(V) = Alx1,...,x4]/1,
using the presentation from Chapter 4.

ExawmprLE 6.3. The double Schubert polynomials for n = 3 are as

follows:
G321 = (x1 — y1)(x1 — y2)(x2 — ¥1)
o1 9
Sp31 = (x1 — y1)(x2 — y1) G312 = (x1 — y1)(x1 — ¥2)
32\L \Lal

S13=x1—-1n S312=x1+X2—Y1— Y2

x /

G123 =1.

We will use divided difference operators to prove the Giambelli
formula. Let E, be the standard flag as before, with quotients V /E1,
and let S, C V be the tautological subbundle on FI(V). Let

xi=—c{(Si/Si-1) and y;=—c{(E7V/EY),

so y;i = —Xi, where T acts on V with characters xi,..., x». (In
Chapter 4, the variables x; had the opposite sign!)

TrHEOREM 6.4. We have 0,y = Sy(x; y) in HLFI(V).

To prove this, we need a basic construction. Let FI = FI(V), and
let

FI(k)=FI(1,...,k=1,k+1,...,n—=1,V)
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be the partial flag variety omitting the k-dimensional subspace. There
is a diagram

Fl XFZ(E) Fl
p?’l %
FI FI
\4 /
FI(k).

The fiber product parametrizes pairs (Fgl),FEZ)) of flags such that
Fl(l) = FEZ) for all i # k. This identifies the projection pr, as a P!-
bundle

FI FI = P(Sga /Sk1) 25 FL

XF1®)

The corresponding tautological subbundle is

L = pri(Sk/Sk-1) € Sks1/Sk-1,

so ¢l (LY) = prixx. The homomorphism pro,pr;: H3Fl — H:FI
reduces degrees by 2.

Lemma 6.5. Under the isomorphism HYFI(V) = Alx1, ..., x,]/1, we
have pra,pr] = k.

Proor. Weneed to compute the pushforward pr;,. Write any class
a € HyFl as a = a + bxy, where a,b are symmetric in x; and Xj41.
(To do this, recall from Chapter 4 that {xi1 cexino < ij<n-—j}isa
A-basis for H}.FI, as is any permutation of the x-variables. Choosing
a permutation so that k — n — 1 and k + 1 = n gives a basis where
a can be written in the desired form.)

Now prja = a + bc{ (L), so by basic properties of Chern classes,
we have prp,pria = b. (See Appendix A, §5.) But this agrees with
8k(a + bxk). O

This shows that prp,pr] acts as d. Next we check that it operates
on Schubert classes just as dx operates on Schubert polynomials.
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LEmMma 6.6. Forw € S,,,

Owsy if tl(wsy) < L(w);

praprioy = '
e {0 otherwise.

Proor. First we will show that pry(pr;Q5) = Q3, U Q3

s, fOT any

w and k. To do this, it suffices to keep track of B™-orbits, since both
projections are B™-equivariant. The T-fixed points in pr; Yp,) are
(Pw, Pw) and (pw, pws, ), because this fiber is naturally identified with
P! = P(Ceyk) ® Ceyks1))- (It is illustrative to check this with matrix
representatives.) Projecting by pr, and taking B™-orbits, we see the

o

image is Q7, U Q7. , as claimed.

Next, we observe that

dim Qys, if {(wsk) < {(w);

dim prl_le =dimQ, +1=
dim Qs +2 otherwise.

So dim prz(prl‘lﬂw) < dim prl‘lﬁw if £(wsy) > €(w), and we see that
pra,priow = 0 in this case.

Finally, in the case {(wsr) < {(w), we claim that the projection
pr, maps the open set B™ - (P, Pws,) € pry ' Qqw isomorphically onto
Q7s, - The explicit description of U™ (w) found in Exercise 2.1 implies
that U™ (w) € U (wsy) if and only if £(wsk) < {(w). So we have

B~ - (pw,pws,) = U (wsk) - (Pw, Pws,), and this orbit is a principal

e}

homogeneous space for U™ (wsg), as is Qg .

Any equivariant map
between principal homogeneous spaces is an isomorphism. It follows

that pro,priow = ows, in this case. O

To complete the proof of the theorem, we must check the formula
in the base case w = w,. This is the easiest part: (), is defined by
conditions

tk(S; » V/E)=0foralli < S;/Si-1 — V/E'is0 for alli.
That is, Q,, is the zeroes of a section of

n-1
P Hom(si/Si1, V/E) = €D (8i/Si)¥ @ EIT/E)),
i=1

i+j<n
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Taking the top Chern class, we obtain

0w, = | | @i-yp

i+j<n

as needed. m|

Exchanging vy; with ¥; = Yuy11-i = —Xn+1-i, the same argument
shows oy = Sy (x; y) in HLFI(V).

7. Multiplying Schubert classes

A positive combinatorial formula for the structure constants c/,
for multiplying Schubert classes in FI(V )—or equivalently, for mul-
tiplying Schubert polynomials—is unknown, in general. However,
there are formulas in special cases, as well as a characterization result
similar to what we saw for Grassmannians.

These structure constants satisfy properties analogous to those
for the Grassmannian. As before, we assume T acts on V = C" by
distinct characters x1,..., Xu-

Lemma 7.1. The coefficients ci, satisfy the following properties:
(i) ¢, =0unlessu < wand v < w.
(ii) ¢S, = oyulo-
(iit) ¢y, = 1_[ (Xu(j) = Xu(i))-
i<j
u(i)>u(j)
The proof is essentially the same as for the Grassmannian (Chapter 9,
Lemma 6.1).
Next we will see a “Chevalley-Monk” formula for multiplying by
divisor classes. We need a formula for restricting divisors, corre-
sponding to simple transpositions sy.

Exercisg 7.2. Show that G, (x;y) = x1 + -+ Xk — Y1 — - — Vi
Setting y; = —xi, conclude that

k k
Gsklw = Z Xi— Z Xw(i)
i=1 i=1
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for each permutation w. In particular, for any w # v, there is a k such
that o, | # osk|v.5

To state the formula, we need some notation. Recall that v > w
if and only if there is a transposition 7;; so that v = wt;; and £(v) =
{(w) + 1. We will write v >, w if v = wt;; with i <k <.

THeOREM 7.3 (EQUIVARIANT MONK FORMULA). We have

k k
O O = Z Ow+ + (Z Xi— ZXw(i)) Ow-
i=1 i=1

wtr>rw
For example, using a vertical bar to indicate the position k, we
compute

Osy " 021534 = 0315|24 + 023514 + (X3 — X5)021534

and

Os, © 021534 = 051|234+ 031|524 T 025|134 + 023|514-

In the theorem, the sum over w™ is the classical Monk formula.
Combinatorial and algebraic proofs using Schubert polynomials can
be found in the Notes. (The reader may find it a pleasant challenge—
note that one can work with single Schubert polynomials S,(x).) The
equivariant coefficient is o5, |, and it appears for the same reason as
in the Grassmannian case (Chapter 9, Theorem 6.2).

Finally, we have a characterization result analogous to the one for
Grassmannians.

TueEOREM 7.4. The coefficients c', are the unique homogeneous poly-
nomials (of degree €(u) + €(v) — €(w)) in A which satisfy the following
properties, forall 1 < k < n:

(i) cyy = oulu = 1_[ (Xu(j) = Xu(i)s
i<j
u(i)>u(j)
(ii) (OSk|M - Gsklv) CZU = Z sz+, Ilﬂd

vt>r

(ZZZ) (Gsklw - Usk|u) ng = Z Cz]va - Z ng;

ut>u W <w
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Again, the proof is almost the same as in the Grassmannian case.
In showing these properties uniquely characterize cj;,, one needs to
choose k so that the factors (o5, | — 05, |4) are nonzero; this can be
done, thanks to Exercise 7.2.

8. Partial flag varieties

In Chapter 4, we saw presentations and bases for the equivariant
cohomology of partial flag varieties FI(d, V'), where the dimensions
of subspaces are indicated by d = (0 < dy < --- < d, < n). Partial
flag varieties have T-equivariant decompositions into Schubert cells,
and their equivariant geometry is similar to what we have seen for
Grassmannians and complete flag varieties. Here we state the facts;
working out examples and proofs make useful exercises.

There is a Young subgroup

Sd = Sdl X Sdz—dl X tte X Sn—d, g STZ/

and Schubert varieties in FI(d, V) are indexed by cosets [w] € S,,/Sq.
Each coset has a minimal representative w™?", characterized by re-
quiring w(i) < w(i + 1) whenever i is not among the d,. Similarly,
there is a maximal representative w™®*, with w(i) > w(i + 1) when-
ever i is not among the d,,.

For any two cosets [u], [v] € S,/S4, we have u™" < p™" if and
only if ™ < 9™ in Bruhat order on S,. This induces partial order
on S, /Sq, also called Bruhat order, by

[u] < [U] iff umin < Z)min iff gmax < pmax

For each coset [w], and any representative w € [w], there is a
Schubert variety

Q= {F.

- {F.

in FI(d, V). Its codimension is equal to £(w™™). Schubert cells Q‘[’w]

are defined similarly, with equalities on ranks and dimensions in

tk(Fg, — V/ET) < rold,, q)for1<p<r,1<q< n}

dim(Fg, N E') 2 ko(dp, ) for 1 <p <7, 12q<nf

place of inequalities; they are B™-orbits of fixed points py,.
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Containment among Schubert varieties is described by Bruhat
order on cosets. Equivalently, one has p(, € Q) iff [v] > [w].

Points in FI(d, V') can be represented in matrlces, so that the space
Fg4, is the span of the first d,, columns. Schubert cells can be written by
taking a minimal representative w = w™" and using column echelon
form having the 1’s in the permutation matrix A, as pivots. For

example, in FI(1,4;C®), with w = 214635, the Schubert cell is

(0|1 0 0(0 O]
110 0 00 0
g | *[* 0010
[w] «/010/00
|+ %= 00 1
| +/0 0 1[0 O]

Since the cells Q‘[’w] decompose the partial flag variety, the Schu-
bert classes o[y = [Q[w]]T form a basis for H;FI(d, V) over A, as [w]
ranges over cosets S, /Sq, or equivalently, as w ranges over minimal
representatives.

Opposite Schubert cells and varieties are defined in the same way,
using the opposite flag E E* in place of E®. The opposite Schubert cell
Q‘[’ | is the B-orbit of p[,, . The fixed points of Q [w.w] are those p[,

such that [v] < [w]. In particular,
Qp N ﬁ[wow] =0 wunless [u]<[w].

The opposite Schubert classes 0y, ] = [ﬁ[wow]]T form the Poincaré
dual basis to the basis of Schubert classes oy

The pullback by the projection m: FI(V) — FI(d, V) embeds
H1FI(d, V) in HiFI(V) = A[x]/I as the subring of invariants for the
natural action of Sq on the x variables. It follows that 7t* o) = 0gmin,
and therefore:

The class oy, is represented by the Schubert polynomial S ymin(x; ).

(It is easy to see that S,min(x; y) is invariant under Sy, since w™"s; >

w™" unless k is among the d,,.)
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[w]
[u][0]
ilar to what we saw in §7, as well as formulas for multiplying by a

There are characterizations of the structure constants ¢ sim-

divisor class. We will see generalizations to other projective homo-
geneous varieties in later chapters.

9. Stability

A key property of Schubert polynomials is that they are stable rep-
resentatives of Schubert classes, with respect to natural embeddings
of symmetric groups and maps between flag varieties. That is, for
w € S,, and the standard embedding ¢: S, < S, (for m > n), we
have

Suw) (X5 ¥) = CulX; ).
From the definition of Schubert polynomials, it suffices to prove this

for the longest element w = w(()”) in S,;, so

L(wg"))zn---21n+1---m

in S;,,. It also suffices to treat the case m = n + 1. This is rather
straightforward algebraically:

Exercise 9.1. Assume m = n + 1, and show

6[(wgn))(x; y) = 971 te &2816w£n+1>(x; y)

by direct computation.

A more precise statement comes from the geometry of certain
partial flag varieties. Consider

FI"™(C™) = FI(1,...,n;C™),

for n < m. For m > 0, and a torus T acting on C", there are no
relations in low degree among the Chern classes x; = —clT (Si/Siz1),
SO

H}Fl(”)(Cm) = Alx1,..., x,] (modulo relations in degree > m — n).

(We saw this for ordinary cohomology when describing the classify-
ing space BB in Chapter 2; the equivariant statement holds for the
same reasons.)
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Let S%l ) ¢ S be the subset
S,(;l) = {w € Sm|w(i) <w(i+1)fori> n}.

These are minimal representatives for the cosets parametrizing fixed
points and Schubert varieties in F l(”)(Cm), as we saw in the previous
section. So for each w € S%l ) there is a Schubert variety

Qo = {P.

dim(F, NE7) > ky(p,q)for1<p <n,1<q< m}

in FI (”)(Cm). The classes of these Schubert varieties form a basis for
HFI'(cm).

Schubert varieties and their classes are compatible with standard
embeddings of partial flag varieties. For m < m’, we have an inclu-
sion C" C C™ as the span of the first m standard basis vectors, and
a corresponding embedding ¢: F 1M(cmy — FIM (™), Echoing this
notation, let t: S, < S, be the standard embedding of symmetric
groups, so ((w)(k) = k for k > m.

Exercise 9.2. Show that

(n) -0
(FIT(C™)) = Qo my,

inside F1™(C™"), where wﬁ,’”) is the longest element in S,,,. Also show
that L_lﬂ[l(w)] = Q) for any w.
Conclude that

L*G[L(w)]ZG[w] in H;Fl(”)(cm),

(m)].

and ("op,] = 0 unless [u] < [w, For m = n, this says (*op,; = 0

unless u € S,,.°

Using the standard embeddings of symmetric groups, consider
the group Se = U, S (permutations of {1,2, ...} which fix all but
finitely many integers), and the subset Sg’,f) = U S,(;l ) (the elements
w such that w(i) < w(i + 1) whenever i > n). By the above exercise,
one can define o, unambiguously for w € st

In the previous section, we saw that o[,] = Sw(x; y) for w € S% ),
If m is large enough relative to the degree of o[, so that H.F l(”)(Cm)
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hasnorelations in this degree, then S, (x; v) is the unique polynomial
representative for o[,. (Taking m > £(w) + n suffices.)
These observations are summarized by the following theorem:

Tueorem 9.3. For w € S, Gy (x; y) is the unique polynomial in
Alx1, ..., x,] mapping to oy € H}Fl(”)(@”) = Alx1,...,x,]/1 for all
m 2z n.

In other words, the Schubert polynomials S (x; y) are the unique
polynomials in A[xy,..., x,] stably representing Schubert classes.
(The theorem follows from three facts: (1) Schubert polynomials
represent Schubert classes; (2) for fixed d and sufficiently large m, the
graded rings H} FI (”)(Cm) and A[xy, ..., x,] are isomorphic in degree
at most d; and (3) Schubert polynomials are stable.)

Stability may also be expressed by considering formulas in an
infinite flag manifold, as we will see in Chapter 12.

10. Properties of Schubert polynomials

Schubert polynomials have remarkable algebraic and combinato-
rial properties, many of which can be proved easily with geometry.
We will repeatedly use the fact that identities of polynomials can
be deduced from identities of classes in H}.F 1 (C™) by taking suffi-
ciently large n and m.

10.1. Schubert classes. From the definition, S, (x, v) is a homo-
geneous polynomial of degree {(w) in Z[x1,...,Xu, Y1,..., Yn]. Per-
haps its most fundamental property is the one we proved in Theo-
rem 6.4. Let T act on FI(C") by characters x1,..., X».

For w € S,, the polynomial S, (x; y) maps to 6, = [Qy]" under the
evaluation

xi=—c1(Si/Si1),  yi=—xi

Similarly, S, (x; y) maps to Gy = [Qy T under the evaluation
xi=—c1 (Si/Sic1), Ui =—Xn+1-i-

Here S; is the tautological bundle on FI(C").
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The classes 0, have better stability properties, so from now on
we focus on them and the corresponding polynomials S (x; v). (To
recover statements for B-invariant Schubert varieties, one can substi-
tute y; = Yu+1-i in any formula.)

10.2. Stability. Consider the standard embedding t: S, < Sy
for any n’ > n, so ((w)(i) = i for n < i < n’. Another fundamental
property of Schubert polynomials is stability with respect to such
embeddings, as we saw in the previous section:

We have S, (x; y) = Swl(x; ).

The stability property lets us unambiguously regard a permuta-
tion w € S, as one in Sy, for any m > n. In fact, let Soo = US,
be the infinite symmetric group, that is, the group of all bijections
w: Zsy — Zso such that w(i) = i for all but finitely many i. Let
x = (x1,x2,...)and y = (y1, y2, . . .) be infinite sets of variables, and
let Z[x, y] be the polynomial ring in these variables. By stability,
Sw(x; y) is a well-defined element of Z[x, y] for any w € S, SO we
usually suppress the notation t(w).

The Schubert class and stability properties characterize Schubert
polynomials, as we saw in Theorem 9.3. That is, S, is the unique
polynomial which represents ¢, in H;.FI(C™) for all sufficiently large
m.

10.3. Basis. Schubert polynomials form a linear basis for all poly-
nomials:

The set {Sy, | w € S} is a basis for Z[x, y] as a module over Z[y].
We can be more precise:

Let sf;f) C Sw be the subset of w such that w(i) < w(i + 1) for all

i >n. Then

(1) Gw € ZIyllx1, . .., xu] iffw € S&, and

(2) {Sy |w e sfjj)} is a basis for Z[ y|[x1, . .., x,] as a module over
Zlyl.

For (1), the condition w € sf;f) is equivalent to ws; > w for any
k > n, which in turn is equivalent to J;S;,, = 0. This means that S,
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is symmetric in the variables x,11, X,42, . . .. Since only finitely many
variables appear in S, it is the same to say only x1, ..., x, appear.

The proof of (2) follows from results of §9. Consider the partial
flag variety FI () (©m), with the projection 7t: FI(C™) — FI m(©m), for
m > 0. As w ranges over S( , the Schubert classes o[, form a basis
for H}Fl(”)(Cm) over A =Z[y1,..., Yml.

To prove (3), for any fixed ¢, we can choose m large enough so that
in H;Fl(”)(Cm) = A[x1,...,x,]/I there are no relations of degree at
most ¢ in the x variables. Then

{o[w) |w € S,(;l) and €(w) < €}
is a basis for A[x1,...,x,]<¢ C H}Fl(”)(Cm), and 7* embeds this

A-module in H7FI(C™), mapping 0[] to 0. So the set of S, for
w e Sg,’f) and {(w) < ¢ forms a basis for A[x1,...,X,]<¢. O

Schubert polynomials also form a basis for the ideal I in the pre-
sentation H1FI(C") = A[xy, ..., x,]/I. For this, we restrict to finitely
many y variables by setting y; = 0 fori > n,so A =Z[y1, ..., Yl

The ideal I has a basis {S, |w € Sff,f), w ¢ S, } as a A-module.

Consider the embedding t: FI(C") — F Z(”)(Cm) defined by re-
garding C" = E, c C" as part of the opposite flag E. in C™. By
Exercise 9.2, for w € 55,1) we have

.\ ow ifw€eSy,;
op =
0 ifwegs,,

and the claim follows. m|

10.4. Multiplication. Schubert polynomials multiply exactly as
Schubert classes in H7FI(C"), when n > 0. More precisely, by the
basis property, we can write

Cu- Gy = Z Corp Sw,
WES e

for some polynomials ¢}, € Z[y].
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— § w
O_u * O_U - Cuv Ow

weS,

We have

in H3FI(C™).

That s, the product of Schubert classes in H7.FI(C") is obtained by
multiplying the corresponding Schubert polynomials in Z[x, y] and

discarding terms &, for w ¢ S,. This follows from the description of
the kernel of Z[x, y] — HFI(C"). O

10.5. Localization and interpolation. Like double Schur polyno-
mials, the double Schubert polynomials satisfy and are characterized
by interpolation properties.

Forw € S,,, the double Schubert polynomial S, specializes as

) SwWw@) - Yoy Yis - Yn) = l_[ (Yaw(i) = Ya(j))
i<j
w(i)>w(j)

and

(**) ew(yv(l),---zyv(n)}ylz---,yn) :0 va -’»\/—4 w,

and it is the unique homogeneous polynomial of degree £(w) satisfying
(x) and (++).

The formulas (*) and (*) follow by restricting the corresponding
Schubert classes: letting T act on C" by characters x; = —y;, we have
seen oy lw = [[(Yw(i) — Yw(j)) in §2, and for v # w we have oy|, = 0
since py & Q.

These properties characterize Schubert classes, by the same ar-
gument as for Grassmannians (Chapter 9, Lemma 3.1). So they also
characterize Schubert polynomials. O

10.6. Grassmannian permutations. Consider a partition A in the
d X (n — d) rectangle, with corresponding subsets I = {i; < -+ < i4}
and | = {j1 <+ < ju-qa} of {1,...,n}, as in Chapter 9. We define a
permutation in S,, by

w(A)=i1---igji jn-d.
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This is a Grassmannian permutation, meaning it has a single descent,
w(d) > w(d +1). (All Grassmannian permutations arise this way, for
some d.)

We have

Sy (% y) = sa(x|y),
where x = (x1,...,%4). In particular, Schubert polynomials for
Grassmannian permutations have determinantal expressions.

To prove this, we compare opposite Schubert classes in the Grass-
mannian and flag variety via the projection n: FI(C") — Gr(d,C").
We have n71Q) = Qy1), 80 W04 = 0y(n). Since Sy (x5 Y) = 0w
and s, (x|y) = o, (see Chapter 9, Corollary 7.2), the identity of poly-
nomials follows, by taking n large enough so that there are no rela-
tions among the participating variables. O

For example, take n =3,d =1, and A = (2). We have I = {3} and
J =1{1,2},s0 w(A) = 312. Comparing polynomials, we see

s (xly) = (x1 — y1)(x1 — ¥2) = G312(x; ),

as claimed.

Notes

The “Bruhat order” on the symmetric group was first discussed by
Ehresmann in the context of the (Schubert) cell decomposition of flag va-
rieties and some other homogeneous spaces. Up to re-indexing, he uses
the tableau criterion to describe a partial order on cells [Eh34]. A proof
of Lemma 4.5, in the context of general Coxeter groups, can be found in
[Hum90, §5.10]. Other criteria for Bruhat order can be found in the notes
by Macdonald [Mac91] or the book by Bjorner and Brenti [BjBr05].

Bernstein-Gelfand-Gelfand and Demazure used divided difference op-
erators to compute the cohomology classes of Schubert varieties, as in
Lemma 6.6 [BGG73, De74]. The operators themselves go back at least
to Newton’s interpolation formulas, and can also be seen in some of Gi-
ambelli’s reduction formulas [Gi04].

Schubert polynomials were introduced by Lascoux and Schiitzenberger,
first in their “single” versions S, (x) = S;,(x;0) as canonical representa-
tives for Schubert classes, with the double Schubert polynomials appearing
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shortly afterwards in the context of interpolation [LasSch82, LasSch85].
The geometric significance of double Schubert polynomials seems to have
been noticed somewhat later [Ful92, FeRi02, FeRi03, KnMi05]. Algebraic
proofs of many of their properties can be found in [Mac91].

The intersections Q, NQ, are called Richardson varieties, and they appear
frequently in Schubert calculus. Irreducibility was proved by Richardson
[Ri92], extending a corresponding result of Deodhar for the intersections
of cells Q2 N QS [Deo85]. Our proof of Proposition 5.4 is essentially that
of Brion and Lakshmibai, who also observe that Richardson varieties have
local properties of Schubert varieties (as stated in Corollary 5.5) [BriLak03].
The fact that Schubert varieties are Cohen-Macaulay is due to many au-
thors; a particularly elegant argument using Frobenius splitting was given
by Ramanathan [Ra85]. A more detailed study of the local properties of
Richardson varieties can be found in [KnWY13].

Monk’s formula appears in [Monk59]. An algebraic proof using Schu-
bert polynomials is in [Mac91, (4.15”)], and a combinatorial one was given
by Bergeron and Billey [BeBi93]. Chevalley gave a general formula for mul-
tiplying by a divisor in a generalized flag variety G/P. We will see a proof
of this formula in Chapter 19.

Hints for exercises

For each p, the number of elements of {v(1),...,v(p)} which are < g is equal
to ru(p, q). In fact, it suffices to consider only those p such that w(p) > w(p + 1),
i.e., the descents of w; see [BjBr05, §2.6].

2Note that Q2, = w, - Q2.

3Use the fact that a T-fixed point py, lies in Q, N Q. if and only if u > w > v
in Bruhat order, along with the transversality of the intersection Qy N Q..

To prove the braid identity, it suffices to consider the case k = 1. Writing

ok =

FqE— (1 — sg), one can expand the operator d1d»d; as

1 1
1- 1- 1-
o —xz( Sl)xz —x3( S2)x1 —xz( s1)

1 w
(1 - x2)(x1 — x3)(x2 — x3) Z (),

wES3

and obtain the same expansion for d2010>.
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There are several easy ways to prove the formula. One is to notice (s, is the
locus where rk(S;y — V/E¥) < k — 1, so its class is clT(V/Ek — Sk) (cf. Chapter 9,
§6). Another is algebraic, using the interpolation condition of §10.5. A third is to
compare with Schur polynomials: as noted in §10.6, S, (x; y) = sD(xl, e XklY).
Finally, to see g, | # 05, |0 if w # v, take k to be the first position where w(k) # v(k).

6 . ~ (n) I\ . .
The opposite Schubert cell Q[wgnq%(w(",m»] C FI''(C™)is the B-orbit of Pty

In matrices, this is

* 10
00
0 | 0|

which identifies with the open Schubert cell in F 1M(C™) under the embedding .






CHAPTER 11

Degeneracy loci

There is a close connection between degeneracy loci for maps of
vector bundles and equivariant cohomology classes of Schubert vari-
eties. In fact, equivariant classes of Schubert varieties give universal
formulas for the classes of degeneracy loci. In this chapter, we will
make this connection precise. Along the way, we will see how Schu-
bert polynomials arise naturally in the equivariant cohomology of
the space of matrices, and deduce some further properties of these
polynomials from the geometry of degeneracy loci.

1. The Cayley-Giambelli-Thom-Porteous formula

Let E and F be vector spaces of dimensions 1 and m, respectively,
and set M = Hom(F, E). The group G = GL(E) X GL(F) acts on M, by

(g h)-@)v)=g-ph™" o).

Choosing bases, this is M = M,, ,;, the space of n X m matrices, with
GL(E) acting by left multiplication (row operations) and GL(F) acting
by right multiplication (column operations). Since M is contractible,

we have
H:M = Ag = Agri) ® AcLr)
= Z[al,. . .,an,bll. . .,bm],
where a; = cl.GL(E)(E) and b; = CZQL(F)(F ). (See Exercise 2.4 from
Chapter 3.)

The G-orbits in M are precisely the sets

D; = {p € M| tk(p) = 1},
193
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forr =0,...,min{m, n}, so the (irreducible) G-invariant subvarieties
are their closures

D, =Dy ={¢| tk(p) < r}.

The class [D,]° is a canonical polynomial in Ag = Z[a, b]. What is it?
The answer is given by the (Cayley-)Giambelli-Thom-Porteous for-
mula:

Prorosition 1.1. We have

G _ .
[Dr] _|C”_7+]_1|1§i,j§m—r’

where
_ 1+L11+L12+'“

= - - 2_ LR
=T b a b L T@ b @ mmb by - b+

is the total equivariant Chern class ¢ = ¢c¢(E - F).

The right-hand side of the formula is the Schur determinant A (c),
where A = (m —r)"™" is the (m — r) X (n — r) rectangle.

Proor. This can be deduced from formulas we already know for
the Grassmannian, using a graph construction. With the group G =
GL(E) X GL(F) acting on Gr = Gr(m, E @ F) in the evident way via
the block-diagonal inclusion in GL(E & F), there is a G-equivariant
map

f:M— Gr, @ — Fy

which sends each homomorphism ¢ to its graph

Fp={(p(v),v)} CE®F.

In fact, f embeds M as an open set in Gr, identifying it with the
tangent space at the point 0 @ F.
Let Q C Gr be

Q:{LgE@F|dim(Lm(oeaF))zm—r}.

This is a Schubert variety ,(E.) with respect to any flag E. such
that E,, =0&® F, where A =(n—r,...,n—r)isthe(m —r)x(n —r)
rectangle, as in the statement of the proposition. Observing that
ker(p) = Fy, N (0 @ F), we see that ¢ has rank at most 7 if and only
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if dim(F, N (0&® F)) > m —r. So D, = f71Q, and since f is an
open embedding, it follows that [D,]¢ = f[Q]°. Since F = f*E,
and E = f*Q, we get our formula for D, C M from one we have
seen for Q C Gr, namely the determinant A;(cT(Q — Ej,)) of the
Kempf—Laksov formula (Chapter 9, Theorem 2.2). O

The torus T = (C*)"x(C*)™ C G = GL(E)XGL(F), acts on matrices
by (g,h)-A = gAh‘l. If x1,...,x, and y1,..., y, are the standard
characters on T, this action is by the character x; — y; on the (i, j)
entry of a matrix. The formula restricts to

[D:]" = sx(x]y),

where A’ is the transposed partition—that is, the (n — r) X (m —r)
rectangle. (This is Chapter 9, Corollary 7.2, using x in place of x and
y in place of —.)

ExampLE 1.2. Consider T = C* acting on M = M,, ,, by scaling all
entries. (Writing z for the identity character of C*, this is the case
X1 ==X, =2,Yy1=-=1Yp =0.) Then D; € M is the cone
over the Segre variety Pl xpr-l c prm-l 5o [Dy]T =d - z(m=1)(n-1)
where d is the degree of the Segre variety. The Cayley-Giambelli-
Thom-Porteous formula computes this degree as

oot
n=1l+j—i 1<i,j<m-1
= S(m—l)”—l(lr ceey 1)
N———
n
4 SSYT of shape (n — 1) X (m — 1)
with entries 1, ..., n

degree(P"~! x P"1) =

:
H

-1
(= m+i-j

z+]—1

IN
—_

i=1 j=1

For instance, the degree of P! X P"~1 is m.
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2. Flagged degeneracy loci

Next we turn to degeneracy loci for maps between flagged vector
spaces. Suppose we have

Fic-.-CF,=F35E=E, > —>Ey,

where subscripts indicate dimension. Imposing rank conditions on
®pq: Fg — E, defines a subscheme of M = Hom(F, E). Such condi-
tions will be B-invariant, where B = B(E.) X B(F.) € GL(E) X GL(F)
is the subgroup preserving both flags. Thus, given an n X m “rank
matrix” of integers r = (r,,), we have a B-invariant degeneracy locus

Dr ={¢| fk(qopq) < Tpgq forallp,q} € M.
Two basic questions arise:

(1) Which rank matrices r define irreducible loci D,.?

(2) When D,. is irreducible, what is a formula for its class in
HiM?

To address these questions, let us fix bases ey, ..., e, for E and
fi, ..., fm for F, so that E, is the span of {ei,...,e,} and F; is the
span of {f1,..., f;}. Then M = M,, ;, is the space of n X m matrices,
and the map ¢,, is represented as the upper-left p X g submatrix of

@:

T
Ep Ppq :

With respect to these bases, we have B = B, XB;;, € GL,XGL,,, where
B~ and B* denote lower- and upper-triangular matrices, respectively:
rank conditions on the submatrices ¢,, are preserved by lower-
triangular row operations and upper-triangular column operations.
(To see why B(E.) = B,;, note that ker(E — E,) = span{ey, ..., ep41}.)

We take the maximal torus T = (C*)" x (C*)™ to be diagonalized
in these bases, and we denote the standard characters for the actions
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onE and F by x1,...,x, and y1, ..., ym, respectively. Since T acts on
Mby (g,h)-A = gAh_l, the affine space M has weights x; — y;, for
1<i<mn,1<j<m. Asbefore, the class [D,]? = [D,]! we seekis a
canonical polynomial in

HM =HM=Z[x1,..., X0, Y1, -+, Ym]-

We will see that the answer is given by the Schubert polynomials
encountered in the previous chapter. (This is how Schubert polyno-
mials could have been discovered in the 1960s!)

3. Irreducibility

A partial permutation matrix is an n X m matrix of 0’s and 1’s, with
at most one 1 in each row and column. Often it is convenient to
represent such a matrix by replacing 1’s by dots and 0’s by blank
spaces. The associated rank r,, of the upper-left p X g submatrix is
then simply the number of dots in this region. Here is an example,
with a partial permutation matrix next to its rank matrix r = (r,4)
(with the 1’s represented by dots in the latter):

(N Nl Ne N Ne)
oO|l=|O| O
(N Nl Ne N Ne)

0
0
0
0

S |Oo OO

0
0
1
1

S |OoO |- | O
== O O
NN~ O
NN~ ]| O

Any n X m partial permutation can be viewed as an injective map
w:I—{1,...,m}wherel C {1,...,n} is the subset of rows which
are occupied: w(i) = j if there is a 1 in position (7, j). This can be
extended canonically to a permutation w € Sy, for sufficiently large
N. (The minimal possibility is N = n +m —#(dots).) The permutation
w is the minimal one in Bruhat order such that w(i) = j for i € I, and
w(p)>mforpe{l,...,n}\L

This is done algorithmically in three steps, as follows. Start by
writing the values w(i) = j in position 7, for i € I. For the empty
positions {1,...,n} \ [, fill in values m + 1, m + 2, ... in increasing
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order. Finally, write any unused values from {1, ..., N} in increasing
order, starting at position n + 1.

Continuing the above example, so n = 4 and m = 5, we start with
the partial permutation given by w(2) = 4 and w(3) = 2. Taking
N =7, we obtain a permutation w = 6 427 1 3 5. Writing out the
three steps, this is

.42
6427
6427135.

The transposed permutation matrix A¥, contains the partial permu-
tation matrix of w as its upper-left n x m submatrix, as shown below.

In case the construction produces w € Sy for N < m + n, one can
always extend to S+, by appending values w(i) = i. (For instance,
the above example leadstow =642713589.)

The length of a partial permutation  is

6@) =#{i < jli,j € I and @(i) > D))}

If w is a (complete) permutation extending w, then £(w) = {(w) is the
usual length of w.

All feasible rank functions r = (r,,) arise from partial permu-
tations this way. That is, if there exists an n X m matrix A whose
upper-left ranks are given by an array r, then r is the rank func-
tion of some partial permutation. (To see this, find a unique partial
permutation matrix in each B-orbit on M.) In fact, the set

D, = {(p| tk(@pq) = 1pq for all p,q} cM
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is the orbit of a partial permutation matrix @ corresponding to r,
or empty if r does not come from a partial permutation. When r
corresponds to a partial permutation w, the locus Dy has codimension
{(w) in M. For this reason we use the notation

t(r) = t(w) = {(w),

where r is the rank function of a partial permutation w, and w is the
minimal extension of @ to a complete permutation.

There is a partial order on n x m rank functions, where r’ < r if
r’(i, j) < r(i,j) for all i, j. This induces an order on partial permuta-
tions, by declaring w’ > w if the corresponding rank functions satisfy
r’ < r (note the reversal). Equivalently, @’ > w if the corresponding
complete permutations satisty w’ > w in usual Bruhat order on S,4,.

These considerations show that M decomposes into finitely many
B-orbits indexed by partial permutations:

M=|[D;,

and more generally, for any rank function r,
D.=|]Ds,
r/<r

noting as before that D?, is nonempty if and only if r’ comes from
a partial permutation. This generalizes the Bruhat decomposition of
GL,. In the case n = m and r comes from a permutation w € S,—so
rpq = Tw(p, q) is the rank of the upper-left p X g submatrix of A}, —we
will usually write Dy, and Dy, for D, and D;,. In this notation, the
Bruhat decomposition says GL, = [[yes, Dy

Exercise 3.1. The following conditions on ry, (for all p,q) are
necessary and sufficient for a matrix of nonnegative integers r = (r,,)

to be the rank matrix of a partial permutation:!

(1) rpg < min{p, q};

(@) rp41g =tpgorrpy +1;

(3) rp,q+1 = rpq or rpq + ]., and

(4) (7P+1,q+1 + rpq) - (rp+1,q + rp,q+1) =0orl.
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Remark. The first three conditions in the exercise are intuitive:
they say that a p X g submatrix has rank at most min{p, g}, and that
the rank can increase by at most 1 when adding a row or column. Re-
quiring only these three conditions leads to rank matrices associated
to alternating sign matrices.

Now we can identify the irreducible loci.

Proposrrion 3.2. If v is a rank function on n X m matrices coming from
a partial permutation w, then D, = Dy. These are precisely the irreducible
loci: D, is irreducible if and only if r comes from a partial permutation.

Using the fact that M decomposesinto D,,, as r ranges over partial-
permutation rank functions, the second statement follows from the
first. The claim D, = Dg can be proved in the same way as the
analogous claim for Schubert cells and varieties.

Exercise 3.3. Let 7 be a rank function corresponding to a partial
permutation w. Imitating the argument for Chapter 10, Proposi-
tion 4.4, show that a partial permutation matrix w’ lies in D¢ if and
only if @w” > w. Deduce Proposition 3.2.

In the next section, we will see that D,. may be identified with an
open subset of a certain Schubert variety, which gives another proof
of Proposition 3.2.

4. The class of a degeneracy locus

Before writing down the formula for [D,.]”, we record a duality
property which it must satisty. When n = m and r comes from a
(complete) permutation w € S,,, we continue to write D, = Dy, € M.

Lemma 4.1. Assume m = n, and let T = (C*)" x (C*)" act on
M = Hom(F, E) as usual. Identifying Hy M with the polynomial ring
Z[x1, ..., Xn; Y1, - -, Ynl, write [Dy]" = Py(x;y), for each w € Sy.
Then Py-1(x; y) = Py(=y; —x).

Proor. We use the “transpose” automorphism 7: M — M, com-
ing from the identification

M = Hom(F, E) = Hom(E"Y, F").
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This is equivariant with respect to the automorphism of B~ xB* send-
ing (g,h) — (K1), (g71)"
homomorphism 7*: HLM — H;M is given by x; = —y;, yi — —X;.

On the other hand, 7 maps Al to Ay = A;fl, so T 1(Dy) = Dy
and therefore

Puy(=y;=x) = T'[Do]" = [Dy1]" = Pyi(x;y),

as claimed. m|

). Restricting to the torus, the pullback

Next, we use another graph construction to equivariantly embed
M = Hom(F, E) into FI(V), where V = E & F with its induced T-
action. The map is given by

(PH(Fq)lpl C -+ CFyp, =Fy, CE1+Fy,C---CE,+F,=V),

where E, and F, are the standard flags, and F,, is the graph of the

®lr,
restriction §0|1:q. Using the standard basis ey, ..., ey, f1,..., fu, this

map is represented in matrices by

P

Q-
0
1

(So the first column is (¢( f1), f1), the second is (¢( f2), f2), etc.)
It is easy to identify the image of this graph embedding. Let

Un,m € Sp+m be the permutation
Opm=I[n+1,...,n+m,1,...,m].

(So ¢ = 0 maps to the permutation matrix A, ,.) Then the embed-

Un,m

ding isa T—equivariant isomorphism
M=Q°

onto the opposite Schubert cell Q° = ﬁ;’uovnm containing the fixed
point py, -
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Using the isomorphism M = Q°, we find a useful realization of
the degeneracy locus D,

LemmMma 4.2. Let r be the rank function coming from an n X m partial
permutation W, and let w € Sy, be the corresponding permutation. Under
the identification M = Q° C FI(V), we have D, = Q,,-1 N Q.

Proor. Let E*® be the flag in V corresponding to the ordered basis
{en,...,e1, fm,-.., f1}, indexed so that E¥ € V has codimension p.
Soif p < n, then E? = ker(E - E,) @ F. This means F,, NEF =
kerpy,forl<p <nand1<gq<m.

®lry

The Schubert variety -1 is defined as the locus of flags G,

satisfying conditions
tk(Gg — V/EP) < ry1(q,p) = o(p, 9)
for all p,q. Our choice of w—as the minimal permutation so that
rw(p,q) = rpg whenever p < n and g < m—means that all the above
conditions on tk(G,; — V/E?) follow from those where p < n and
g < m. Restricting to M = Q°, these conditions become
tk(Fy; — Ep) < 1py,

as claimed. O

Together with two results from Chapter 10 (Proposition 5.4 and
Corollary 5.5), Lemma 4.2 implies that D,. is irreducible and Cohen-
Macaulay, of codimension £(w) = €(w) in M.

TueorEM 4.3. Let r be the rank matrix of an n X m partial permutation
w, which extends to a permutation w € Sy4y. Then

[D,]" = Gu(x; y)

in HtM = Z[x1, ..., Xn; Y1, -, Ym], where x; = ¢; T'(ker(E; - Ei_1))
and y; = ¢ (Fj/Fj-1), so the weight of T on the (i, j) entry of M is x; — ;.

Proor. Let t1: M < FI(V) be the graph embedding, 1dent1fy-
ing M = Q° as above, where (° = Qo wov, - BY Lemma 4.2, D,
Q-1 N Q°. Since Q° is an affine space containing the fixed point
Po,. the pullback *: HZFI(V) — H}M is the same as the restriction
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homomorphism H7FI(V) — Hi(py,,). So [D,]" = '[Q,p1]". In
H;FZ(V), let z; = —clT(Si/S,-_l) and write t1, ..., t,4+, for the charac-
ters —x1,...,=Xn,—Y1,...,—Ym. We have

[Dr]" = Sy1(z ),
= 6w‘l(tﬂ+1/ ey tTH-m/ tl/ sy tn/ tl/ sy tn+m)
=Sy (=Y, —x;—x,—y).

The theorem then follows from an algebraic identity of Schubert
polynomials, which we will prove using geometry.

Consider the case where n = m and r is the rank function of a
permutation w € S;, so D, = Dy,. Regarding w as an element of S,
by the standard embedding S,, < S»;,, the above argument shows

[Dwl” = 41(2; D)oy, ,0

By the stability property of Schubert polynomials, S,,-1(z; t) depends
onlyonzi,...,zy,andty,..., t,, since w~l e §,. Sothis specialization
is

Sw1(z; o, = St (Y1, - o =Y —X1, ..., —Xn).
Applying Lemma 4.1, we have

Sup1(=y;—x) = Su(x; ),

and the theorem is proved in this case.

Now we turn back to the general case. When w(i) < w(i + 1)
for all i > n, the polynomial S,(x;y) depends only on the vari-
ables x1,...,x, (Chapter 10, §10.3). From the identity S,(x;y) =
S,-1(=y; —x), it follows that S, (x; y) depends only on yi, ..., Y if
w~ i) < w'(i + 1) for all i > m. Both of these conditions hold
when w comes from an n X m partial permutation. Applying these
conclusions to the above formula [D, ]’ = Sy-1(—y, —x;—x,—y), we
obtain

[D'I']T = Guw(x1, ..., Xn; VAVERRY, ym)/

as claimed. m|
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In the course of the proof, we identified several useful properties

of Schubert polynomials:
CoRrOLLARY 4.4. (1) For any permutation w, there is a duality
identity,

Sp1(x; y) = Su(-y; —x).
(2) Double Schubert polynomials may be computed recursively by di-
vided difference operators 8;{/ acting on the y-variables:

{—Gskw(x; y) ifsiw <w;
0

9, Cu(x;y) =
otherwise.

(3) We have

Sw(x;y) €ZX1, -, X3 Y1, -+ ) Ym]

if and only if w(i) < w(i + 1) and w=(j) < w='(j + 1) for all
i>nandall j > m.

5. Essential sets

If r is a rank function coming from an n X m partial permutation
matrix, the nm rank conditions tk(F; — Ep) < rp, defining D,. are
highly redundant. A more efficient list of conditions is given by the
essential set.

First, we need to construct the diagram of a (partial) permutation.
This is the collection of boxes which remain after crossing out all
boxes to the right or below a dot in the matrix. It is not hard to see
that £(w) is the number of boxes in the diagram. Here is an example,
continuing the one above. The crossed-out boxes are shaded, so the
diagram consists of the unshaded boxes; we have {(w) = 12.

The essential set is the set of conditions coming from boxes (p, ) in
the southeast corners of the diagram. In our running example, the
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essential set consists of the five conditions

rk(Fs — E1) <0, rk(F3 — E») <0,

rk(F1 — E4) <0, rk(F3 — E4) <1,

rk(Fs — E4) < 2.

These suffice to define D,.. That is, each condition rk(F; — E,) < r
means that all the size r + 1 minors of the upper-left p X g submatrix
vanish; as (p, q) ranges over the essential set, the determinantal ideal
generated by these minors defines D,. as a subscheme of the affine
space M.

By construction, if w € Sy is the permutation associated to w,
its diagram—and hence its essential set—is the same as that of w.
Continuing with w = 6427 1 3 5, here is an example.

Proofs of these facts about essential sets and the schemes D,. can
be found in the references listed at the end of the chapter. Lemma 4.2
is one useful consequence—it follows from the observation that the
essential set of w is that same as that of the partial permutation matrix
it comes from.

Exercise. For a permutation w = w, verify the above claim that
the number of boxes in the diagram of w is equal to the number of
inversions, {(w) = #{i < j|w(i) > w(j)}. Observing that the matrix,
and hence the diagram, of w™! is obtained by transposing that of w,
conclude that £(w™1) = £(w).

6. Degeneracy loci for maps of vector bundles

The degeneracy locus D,. C M, described above for maps of vector
spaces, globalizes to the degeneracy of maps of vector bundles on a
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variety X. This is the setting for the main theorems of this chapter,
and it leads to a central theme of this book.

Here is the setup. We have a morphism ¢: F — E of vector
bundles on a nonsingular variety X, along with complete flags of
sub- and quotient bundles, so

FiC- - CFy=F S E=FE, - —»E,

with subscripts indicating ranks, as before; we often abbreviate this
by writing ¢: Fe — E,. Given a rank function r = (r,4), the degen-
eracy locus

Dy(p) = {x € X| rk(F, I, Ep) < rpq forall p,q}

is defined scheme-theoretically by the evident determinantal equa-
tions.

From now on, we will assume r comes from an n X m partial
permutation, which extends minimally to a permutation w € S;4,
so the matrix locus D, C M is irreducible. Recall that ¢(r) = £(w)
denotes the length, which is also the codimension of D,. in the space
of n X m matrices M.

A key feature of our degeneracy locus formulas is that they
produce classes which are supported on the locus, regardless of
any genericity assumption on codimension. A cohomology class
a € H*X is said to be supported on a subvariety Y C X if it lies in the
image of the canonical homomorphism

Hogimx—kY = HY(X, X \ Y) = HX.

Here is the first main theorem.

THEOREM 6.1. Let @: Fe — E, be as above. There is a unique class
D,. € H*") X with the following properties.

(1) Whenever D,(¢) S X has codimension equal to €(r), we have
Dy = [Dr()]-

(2) Given f: X" — X, with pullback morphism ¢’: F, — E, the
corresponding class D!, € H?!"X’ satisfies D), = f*Dy. (The
class D, is “stable under pullbacks”.)
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Furthermore, for any ¢, the class D, is supported on D,(¢).

Two aspects of this theorem are worth emphasizing. First, the class
D, is independent of the particular morphism ¢; it depends only on
the vector bundles E, and F.. Second, the fact that D,. is supported
on D,.(¢) is often significant—for example, this means that the locus
D, (¢) is nonempty whenever the class D, is nonzero.

The second main theorem gives a formula for the class D;..

TureoreM 6.2. With notation as in Theorem 6.1, we have
D, = Su(x;v),
where w € Sy,1y, is the permutation associated to the rank matrix r, and the
variables are evaluated as x; = c1(ker(E; - E;1)) and y; = c1(F;/Fj-1).

We quote a basic fact from intersection theory.

LemMma 6.3. Let f: X — Y be a morphism of nonsingular varieties.
Let W C Y be a Cohen-Macaulay subvariety of codimension c, and let
Z = f~YW C X be the (scheme-theoretic) inverse image.

(1) If Z € X also has codimension c, then it is Cohen-Macaulay and

[Z] = fIW]
in H*X.
(2) In general, we have codimy Z < c, and the class f*[W] € H*X
lies in the image of
HyyZ = H*(X, X \ Z) - H*X,

where d = dim X — c.

Now we can prove the first theorem.

Proor or THeOREM 6.1. Consider the bundle Hom = Hom(F, E)
on X, along with the tautological homomorphism ®: F, — E, of
bundles pulled back to Hom, and the corresponding degeneracy
locus D,.(®) € Hom. Over a point of X, the fibers are isomorphic
to the matrix loci D, € M considered in §2. In particular, D, (D)
is irreducible and Cohen-Macaulay, of codimension £(r) in Hom.
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Replacing X by Hom, we must have D, = [D,.(®)] in H* Hom, by the
first property of D;..

The morphism ¢: F, — E, of bundles on X corresponds to a
section s,: X — Hom, with Dy.(¢) = S(;lD,.(CD). Since Hom — X

*

P
isomorphism H*Hom = H*X. So by the second property, we must

have D, = s [Dr(D)] = [Dr(®)] in H*X = H*Hom. (If Dr(¢) € X
has codimension {(r), then si,[D,(®)] = [Dr(¢)] by Lemma 6.3, so
the two properties are compatible.)

is a vector bundle, the pullback homomorphism s;, is a canonical

This shows that the class D,. is determined by its properties, and
constructs the class as sfp[DT((D)]. By functoriality of pullbacks, it
also shows that D, comes from H*(X, X \ D,(¢)), as claimed. O

To prove the second theorem, we will reduce to the equivariant
class of D, € M, considered above. Combined with Lemma 6.3, the
next lemma shows that these equivariant classes are universal cases
of D;.. It is proved in Appendix E.

Lemma 6.4. Let E be a vector bundle of rank n on a variety X. Then
there is an approximation space B = BnNGL,, together with morphisms
p: X' — Xand f: X" — B such that p*: H'X — H*X' is injective and
p’E = f*E, where & — B is the universal vector bundle.

If E has a complete flag of sub- or quotient bundles E,, then the above
holds with B replaced by an approximation space for B € GL,, a Borel
subgroup of upper or lower triangular matrices, and with & replaced by &E.,
the universal flag on B.

Proor oF THEoREM 6.2. We apply Lemma 6.4 to the flagged bun-
dles E, and F,, with B = B~ X B*. Replacing X by X if necessary, we
obtain a morphism X — ByB by which Hom is pulled back from a
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universal bundle. That is, we have a diagram

D'r(q)) — E XB D,

l [

Hom —5— ExB M

SN

Writing E;, and F, for the flagged vector spaces which define D,, € M,
the universal bundles on B are &, = E x? E, and . = ExB F,. These
have Chern classes

Xi= clT(ker(E; -» El_})) = cilker(&; - &i1))
and

yi = ClT(F}/F}_l) = c1(Fi/Fi-1),
so under the pullback map f*: H7.(pt) — H*X, which is the same as
¢": HM — H*Hom, we have Sy, (x"; ') > S(x; y).

The locally trivial fiber bundle Ex? D,. — B has Cohen-Macaulay
tibers Dy, so the variety E xB D, is also Cohen-Macaulay. Therefore
we may apply Lemma 6.3 to conclude that [D,.(®)] = ¢*[E x8 D,.] in
H*Hom.

Since [E x? D,] = [D,]? = [D,]", the theorem follows from the
formula for [D,]" (Theorem 4.3). O

The theorems immediately imply their equivariant analogues.
This is most often used for torus actions, but in fact the statement
is the same for any (linear algebraic) group G. In the equivariant
setting, the main results can be summarized as follows.

CoroLLARY 6.5. Suppose G acts on a nonsingular variety X, with a
G-equivariant homomorphism of flagged vector bundles ¢ : Fe — E., and
consider the degeneracy locus D (), a G-invariant subscheme of X.

(1) There is a class DS € Hég(T)X with the properties specified in
Theorem 6.1.
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(2) Let x; = c§(ker(E; — E;_1)) and yj = c§(Fj/Fj-1) in HLX.
Then
Df = Gu(x; y).

(3) For every ¢, the locus Dy(@) is either empty, or has codimension
at most €(r) in X. If its codimension is equal to {(r), then it is
Cohen-Macaulay.

(4) With variables x and y as above, if Sy(x; y) is nonzero in HZ. X,
then for every @, the locus D,.(¢) is nonempty.

(Taking a principal bundle E — B for G, one applies Theorems 6.1
and 6.2 to the case where X is replaced by E x¢ X, and the vector
bundles E and F are replaced by E X© E and E X° F, respectively.)

ExampLE 6.6. Let V be a G-equivariant vector bundle on Y, and
suppose there is a complete flag of subbundles E*®, indexed by codi-
mension. Let us write E; for the quotient flag, so E, = V /EP. Con-
sider the flag bundle X = FI(V) — Y, with tautological subbundles
F; = S;. Then we have

Dy, (Se — E,) = Q1 (E®) € X,

where 7, is the rank function corresponding to a permutation w.
(Comparing with Chapter 10, §1, we have swapped p and g4, and
used r4(p, q) = 14-1(q,p)-)

In the particular case where Y = B is an approximation space for
T, the vector bundle is V = E xI C", and E* is the standard flag, we
have X = E xT FI(C") and

D, (Se = E,)=ExT Q1.

Evaluating the variables as x; clT (ker(E! - E’_,)) = clT (E-1/EY)
and y; — —clT ((Si/Si=1)"), the identity between the corresponding
formulas

[wal]T = gwfl(_y/' -x) and [Drw(So — E})] = Gulx; ]/)

is an instance of the duality property of Schubert polynomials (Corol-
lary 4.4(i)).
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7. Universal properties of Schubert polynomials

For the rest of the chapter, we only consider degeneracy loci as-
sociated to a permutation, writing D, = D,. The key results of
the previous section may be understood as a universal property of
Schubert polynomials. Here we spell this out in two (equivalent)
ways.

First, continuing our earlier setup, we have a map of flagged vector
bundles on X,

Flg)...;)Fnﬁ)En_»..._»Ell

and a degeneracy locus Dy (@) = Dy(Fe — E.) C X defined by
placing conditions on the ranks of the maps ¢,,: F; — E,. In this
situation, the universal property is a consequence of results from §6.

ProrositioN 7.1. The Schubert polynomial S, (x; y) is the unique poly-
nomial in Z[x; y] which maps to Dy, € H2! X under the evaluation
x;i > ci(ker(E; » Ei-1)), y; > c1(Fj/Fj-1),
for all degeneracy loci Dy, (Fe — E.) as above.
(The formula holds by Theorem 6.2, and uniqueness follows from the

case where X is an approximation to ET X! M, because H*X agrees
with Z[x, y] in relevant degrees.)

In the second situation, we have a vector bundle V on X, along
with two flags of subbundles

HcFhc---CVDOE'DE?> .-,

where F, hasrank p, and E7 has co-rank gin V,so E [1 = V /EThasrank
g. Here a locus is defined by placing conditions on the intersections
F, N E1. Specifically,

Dy(Fe NE®) := {x € X| dim(F, N E7) > ky(p, ) for all p,q}.

By a construction analogous to the proof of Theorem 6.1, one has
Dy(Fe NE®) = fHEXB Q) foramap f: X — Ex? FI(C"), and
this defines the scheme structure. (As explained before, it may be
necessary to replace X by an affine bundle.)
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Setting E{ = V//E1, this reduces to an instance of the first situation.
As in Example 6.6, we have

Dy(Fe NE®) = Dy-1(Fe — Ev),

using the compositions F, < V —» E[.

Proposition 7.2. The Schubert polynomial S,,(x; y) is the unique poly-
nomial in Z|x; y| which maps to D,-1 under

X; > —Cl(Fl'/Fi_l), yj _Cl(Ej_l/Ej)/

for all degeneracy loci Dy,(Fe N E*®) as above.
(Use the identity S,-1(-y; —x) = Su(x; v).)

Conversely, the locus Dy, (¢ : Fo — E,)is an instance of the second
situation, via a graph construction. This is similar to the proof of
Theorem 4.3. Set V = E,, & F,,, and use flags of subbundles F, and
(E")*, where F, C E, @ Fy, is the graph of ¢|r, and (E’)7 is the kernel
of V. E; ®0. Then Dy(¢p) = D1 (F N (E")®).

Asin §6, these results extend directly to the equivariant situation,
where a linear algebraic group G acts on X, with an equivariant mor-
phism of equivariant vector bundles ¢: Fs — E, in the first setting
(Proposition 7.1), or equivariant subbundles F,, E® of V in the second

setting (Proposition 7.2). The equivariant class Dy, lives in Hég(w)X

7

and the formulas are given by evaluating Schubert polynomials at
the corresponding G-equivariant Chern classes.

8. Further properties of Schubert polynomials

Many other properties of Schubert polynomials can be deduced
from the geometry of degeneracy loci. Here we give a few more
examples.

Duality. We have already seen one form of duality for Schubert
polynomials:

(1) Cu1(—y; —x) = Su(x; y).
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As shown in Lemma 4.1, this identity follows by applying the trans-
pose isomorphism 7: Hom(F, E) — Hom(E, F¥). This is equivari-
ant with respect to the homomorphism

GL(E) x GL(F) — GL(FY) x GL(EY), (g, h)— ((h")7*, (g™,

and it maps the locus Dy, to Dy,-1.

In terms of general degeneracy loci for vector bundles F, 2 k.
on a variety X, the reason for identity (1) is even simpler. Since
rw(p, q) = r4-1(g, p), the conditions

tk(Fy = Ep) < ru(p,q) and  tk(E) = F)) < r,(q,p)

are equivalent, so Dy (Fe — E.) = D,-1(E; — F.) as subschemes of
X. The effect of exchanging F, with E; and E, with F/ is to swap x;
and —y;, establishing the identity.

There is another form of duality, coming from the exchange of
flags of vector bundles on a variety X,

Frc---cF,=V=E,—» --->E,
with the flags
Elc---CE,=V=F,»- - >F],

where Ej, = ker(V —» E,_,) and F; = V/Fy—g.
Combinatorially, this is related to the involution on permutations
which takes w € S, to w’ = woww,. This is w read “opposite

and backwards”, so w’(i) = n +1 —w(n + 1 —i). For example,
(216354) =324165.

Exercise 8.1. With notation as above, let D, = D,(Fs — E,) and
Dy, = Dy(Eq — F). Then Dy, = D1 X.2

ExampLE 8.2. Fix a flag E, in a vector space V, with E7 = E;,_;. Re-
call that the Schubert variety Q,,(E.) € FI(V) is defined by conditions
tk(Fy, = V/ET) < ry(p,q) foralll < p,q < n. Writing F, = V//F,—
for the quotient flag as above, we have

Qu(E) = {F;

tk(Eq = F,) < rw(p,q) foralll <p,q < n}.
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Now let
X; = cl(ker(Ei - Ei_l)) Yi= Cl(Fi/Fi—l)/
x; = c1(E}/E;_,) y; = ci(ker(F; — F[_)),

s0 X} = Xp41-i and Y. = yu41-;. Since E, = V = F,—that is, the
flags E, and F, are in the same vector bundle—there are necessarily
relations between the x and y variables:

ex(x1, ..., xn) = ex(y1, ..., yn) = (V).

So identities proved using this geometry are valid modulo the ideal
generated by differences e (x) — ex(y) of elementary symmetric poly-
nomials (for 1 < k < n). Let I C Z[x; y] be this ideal.

Exchanging E, < F, and F, < E; swaps x; with yl’. = Yn+1-i, SO
Exercise 8.1 implies

Cuw(XY) = Sy w1, (¥ x")  (mod I).
Applying the previous duality identity (1), we obtain
6wowwo(_xn/ ey =X, " Yn, ey, _yl)

= Cy.wtw. Ynse o Y1, X0, - ., X1)
2) = Su(x;y) (mod I).

For example, we know S, (x;y) = x1 + -+ Xk —y1 — -+ — Vi
Since wosxWo = Sk, this Schubert polynomial is congruent to

s, (X, oo =X =Yy, =Y1) =~ Xy = = Xkl Yp e+ Yk

modulo I. (Since S, (x;y) = S, (=x;—-y’) + e1(x) — e1(y), this is
easy to see directly.) Similarly, for n = 3 and w = 2 3 1, we have
Woww, =3 12, and the polynomials

Sp31(x1, X2, X35 Y1, Y2, y3) = (x1 — y1)(x2 — Y1)
and
Sz12(—x3, —x2, =x1;, —Y3, —Y2, Y1) = (—x3 + y3)(—x1 + Y2)

are congruent modulo I.
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ExampLE 8.3. This duality generalizes one we saw for Grassman-
nians. For an n-dimensional vector space V, there is a canonical
isomorphism FI(V) — FI(VV), defined by sending a flag F, in V to
the flag (V/F,-1)¥ € --- ¢ (V/F1)¥ ¢ VY. This isomorphism is equi-
variant for any G acting linearly on V and by the dual representation
onVV.

Now fix a basis ey, ..., e, for V, with dual basis e, ..., ej;. Then
e’ + e; determines an isomorphism V¥ — V. This is equivariant
with respect to the involution ¢ +— (g")~! of GL(V). Composing with
the above isomorphism of flag varieties, one obtains an involution
FI(V) — FI(V), defined by sending F, to the flag

(V/Fy_)Y € ---c(V/F)Y c VY =V.
This involution of FI(V) is equivariant with respect to ¢ — (g)~!.

Taking the standard flag in V, so E7 is spanned by q+ls - -+, Cny
this involution takes E* to the opposite flag E*, where E1 is spanned
by e1, ..., ey—q. Similarly, it sends the quotient flag, EZ; = V /E1, to the
opposite quotient flag, EZ; = V/ET.

The involution on FI(V') acts on Schubert varieties by sending

Qu =Dy1(Se > EL) to Qur = Diyy1(Se — E3).
So under pullback, the substitution x; +— —x,11-i, Vi = —VYps1-i

sends the equivariant class o = [Q;,]T to 5 = [Qur]T.

One consequence is this. Recall the coefficients c}},, € Ar defined

by
Gu * GU = Z CZ)UGw
w
in HLFI(C").
Cororrary 8.4. The substitution y; ¥ —Y,+1-i sends ¢y, to cu ot

This generalizes the substitution which relates CK to c}; Ml’ (Chap-
ter 9, Exercise 7.4).

Exercise8.5. Forn = d +e, let A be a partition in the d X e rectang]e,
and let A’ be its conjugate partition (in the e X d rectangle). Show
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that the corresponding Grassmannian permutations are related by
w(A’) =w(A).

Cauchy formula. The Cauchy formula for Schubert polynomials is
a very useful identity:

Sulty) = ) Gulx;H) Solt;y)

vU=W
3) = > Gl S(-y;-t),

v lyu=w
where the notation vu = w means vu = w and €(u) + £(v) = {(w).
No t variables appear on the left-hand side—so the right-hand side
is also independent of ¢!

As usual, by choosing n > 0, this is equivalent to a formula in

cohomology. Let FI = FI(C"), and consider the locus

Q. = Do(S? — oY) c FIx FI,

where SU is the tautological subspace flag pulled back by the second
projection pry, and Q is the tautological quotient flag pulled back
by the first projection pr;. This is a “double Schubert variety” of the
same type used in Chapter 10, Proposition 5.4. In particular, the fiber
of pr1 over the opposite quotient flag E, is

pri’(EL) = Do(Se —> EL) = Q1.
Using Exercise 8.1, the fiber of the second projection is
Prz_l(Ec) = Dy(Ee — Qu) = D(w')—l(Sc — Ey) = Qur,
where w’ = w,ww,. The formula (3) becomes
@) [Qu]"= )} 1Qu]" x[Q]"
v lu=w
in H1.(FI X FI), with respect to the diagonal action of the torus. (Here
Qy and Q, are the usual Schubert varieties and opposite Schubert
varieties in FI, and in the degeneracy locus formula, the variables

are specialized as x; = ¢] (ker(le) - Qﬁ)l)), yi=c; (SEZ)/ Sf)l), and
ti = cf (Ei/Ei-1).)
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Proor. The general case of Equation (3) can be deduced easily
from the case w = w, by applying difference operators. On the other
hand, Q,, C FI X Fl is the diagonal, and the case w = w, of (4)
becomes

Q0,17 = > [Quu] " X [Qu]”,
u
which is precisely the (equivariant) Kiinneth decomposition. (See

Chapter 3, §7, and Chapter 4, §6.) O

More products of Schubert polynomials. One can consider more
general products of Schubert polynomials, of the form

Su(x;5) - Solxit) = D clhy(s, 1) Sulx; 1),

w
where c{/,(s, t) is homogeneous of degree £(u) + {(v) — {(w) in vari-
abless = (s1,s2,...)and t = (t1, t2,...). These polynomials specialize
to the equivariant coefficients c%,, = c¢%,(t, t). They also satisfy a van-
ishing property:

We have c%,(s, t) = 0 unless v < w in Bruhat order.
(Note that c¢%, (s, t) need not vanish when u £ w!)

Proor. On a variety X, consider a vector bundle E of rank n > 0,
equipped with two general flags of subbundles S; € --- € S, = E
and Ty € --- ¢ T, = E. Lets; = ¢1(S;/Si-1) and t; = ¢1(T;/T;-1).
Consider the flag bundle Fl1 = FI(E) — X, with tautological quotient
flag Q,., and x; = ci(ker(Q; — Q;-1)). Then the degeneracy locus
formula gives

Su(x;s) = [Du(Se = Qo)) and  Sy(x;t) = [Dy(Te — Q)]

The classes S, (x;t) form a basis for H*Fl over H*X, so one can

write
Culx;s)Sy(x;t) = Z Cip(s, 1) Sy(x; t)
w
modulo relations among these variables—but as usual, by taking n

sufficiently large we may assume there are no relations in relevant
degrees, so this is an identity of polynomials.



218 NortEs

The class S,(x;s) - S,(x; t) is supported on D, = Dy(Te — Q.),
so it comes from a refined class in H*(F1, F1 \ D). Since H*(F1 \ D)
has a basis of classes [Dy(Te — Q.)], ranging over w such that
v £ w, the vanishing follows from the exact sequence for the pair
(F1, F1\ D). O

Notes

The case of Proposition 1.1 where m = n +1 and r = n — 1 was treated
by Cayley [Cay49]. Salmon and Roberts gave the answer for n X m matrices
of sub-maximal rank; see [Sal52, pp. 285-300]. The general case of the
proposition was proved by Giambelli [Gi04].

The diagram of a permutation is sometimes called the Rothe diagram. It
was invented in 1800 by Rothe, who used it to show £(w) = £(w™!), as in the
Exercise from §5 [R1800]. The essential set was defined in [Ful92].

The loci D, are often called matrix Schubert varieties, and were studied
systematically in [Ful92], where the degeneracy locus formula (Theorem 6.2)
was proved. The connection with equivariant cohomology was made by
Fehér and Rimanyi [FeRi02, FeRi03] and Knutson and Miller [KnMi05].

Theorem 6.1 appears in [Ful92, Theorem 8.2].

Lemma 6.3 is proved in [FulPra98, Appendix A]. The version stated
there weakens the hypothesis that X be nonsingular, requiring only that
X be Cohen-Macaulay. The fact that the matrix Schubert varieties D, are
Cohen-Macaulay appears first in [Ful92], where it is deduced from the
corresponding fact about Schubert varieties in the flag variety. The role
of the Cohen-Macaulay condition was emphasized by Kempf and Laksov
[KeLa74]; the application of degeneracy locus formulas to nonemptiness
was used by Kleiman and Laksov to establish the existence of Brill-Noether
special divisors on curves [KILa74]. Further history and applications may
be found in [FulPra98].

The Cauchy formula for double Schubert polynomials (3) appears in
[FoKi96a, Theorem 8.1]. One can give a direct proof of the geometric
Cauchy formula (4) by a transversality argument; see [An07a].

For the Grassmannian—so u = w(A), etc.—the coefficients cX#(s, t) were
studied by Molev and Sagan [MoSa99].
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Hints for exercises

1One recovers the partial permutation matrix A = (,4) from 7 by setting a,, =
(rpg + 1p-1,9-1) = (rp,g-1 + 7p-1,4), with the convention r,o = ro; = rg0 = 0.

2Check that ryr(n —p,n—q) =n—p —q +ru(p, q).






CHAPTER 12

Infinite-dimensional flag varieties

In the last chapter, we saw how Schubert polynomials arise nat-
urally from degeneracy loci. There we had incidence conditions
between subbundles of given ranks or co-ranks in an ambient vector
bundle V. Another way of setting up the degeneracy locus problem
is to impose conditions on subbundles whose ranks are near half the
rank of V. This arises from a different notion of stability, and leads to
aricher theory of Schubert polynomials, which will provide a helpful
link to the symplectic story in the next chapter. As a warmup, we
start by rephrasing the stability property from Chapter 10 in terms
of classes in infinite-dimensional flag varieties.

1. Stability revisited

In Chapter 10, we saw that Schubert polynomials are character-
ized by a certain type of stability. Infinite flag manifolds provide an
elegant framework for expressing this property. The variety FI(C*)
parametrizes all flags of finite-dimensional subspaces of C*:

FI(C™) = {(F1 CFc- cC)|dimF = i}.

By now, we are used to working with infinite-dimensional spaces via
tinite-dimensional approximations, and this case will be similar.
To start, we consider the partial flag varieties

FI"™c™) = FIQ, ..., n;C"),

for n < m. There are two evident systems of maps among these
varieties. We will construct FI(C®) as a certain limit, and see that
Schubert polynomials are uniquely characterized by stability with
respect to these maps.

221
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First, we have the standard embeddings: for m < m’, we have
the inclusion C" C C™ as the span of the first m standard basis
vectors, and a corresponding embedding ¢: F 1M (cmy — FIM(Cm).
Second, we have the canonical projections 7t: FI @) (cmy — FI™(cm),
for n’ > n.

The union over the embeddings ¢: FI mEcmy — FIM(C™) is
FIPNC®) = {(Fy € - C Fy  €)| dim Fy = i},

(These embeddings were used in Chapter 10, §9, and as noted there,
the union is a model for the classifying space BB.) The projec-
tions 7 are compatible with this union, so we obtain projections
n: FI")(C®) — FI"™(C®). The infinite flag variety FI(C*) is the
inverse limit of the spaces F 1M(C®) with respect to these projections.
Thus FI(C®) is the inverse limit of a direct limit of finite-dimensional
varieties—a “pro-ind-variety”.

Next we consider group actions. A torus T acts on FI M(C™) via
actions on C™ for all m, by characters y1, y2,.... One may regard
these as an infinite sequence of distinct characters of an arbitrary
torus, or take them to be a basis of characters for the infinite torus
T = [I;>1 C". In the latter case, one has A = At = Z[y1, y2, .. .], the
polynomial ring in countably many independent variables. In fact,
BT = []xs1P* is the countable product of projective spaces. (See
Appendix A, §8 for a computation of this cohomology ring.)

The embeddings ¢: F 1MW(@©my — FI™(@C™) are equivariant with
respect to the inclusion of GL,, in the parabolic subgroup of GL,
which preserves C™ C C™. So they are equivariant with respect to
inclusions of Borel subgroups B, but not with respect to B™.

The projections 7t: F 1) (©my — FI"™(C™), on the other hand, are
equivariant with respect to GL,;,.

All maps are equivariant with respect to T, and we may compute
the equivariant cohomology via limits. Naively, the cohomology of
a direct limit of spaces should be the inverse limit of cohomology
rings; the cohomology of an inverse limit should the direct limit of
cohomology rings. (Such limits are taken in the category of graded
rings. Justification for these naive expectations may be found in
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Appendix A, §8.) First we compute
H;FI™(C®) = @H;Fﬂ”)(c'")

m

= Alx1,...,x,].
Then we have

HFI(C®) = th;Fz(”)(CM)
n

= A[xl, X2, .. ]
= Alx],

the polynomial ring over in countably many variables x with coeffi-
cients in A. As usual, any finite computation in these rings may be
carried out by taking m and # finite but sufficiently large.

In Chapter 10, §9, we saw Q) C FI m(cm), indexed by w € Sﬁ,’f ),
Schubert varieties in FI(C*) are indexed by permutations in S, and
are defined similarly, by

Qy = {F. dim(F, NE7) > ky(p, q) forallp, g > 0},

where E9 C C* is the codimension g subspace where the first g
coordinates vanish.

In Chapter 10, Exercise 9.2, we saw that the embeddings : al-
low one to define Schubert classes in H;Fl(”)(C“’) = Alx1,...,xu]
The following exercise establishes the analogous compatibility with
respect to the projections 7.

Exercise. For w € S,(;l), and n < n’ < m, show that n_lﬂ[w] =

Q[w] c FZ(”/)(C’”), SO
T(*G[w] = Ofw] in H}FZ(”/)(C’”)

In particular, taking n” = m, we have n*o,] = 04 in H}FZ(C’”).1

By stability with respect to the system of inclusions (Chapter 10,
Exercise 9.2), for each w € ng) = U, sﬁ,’f ), there is a stable Schubert
class 0 in H}Fl(”)(C‘x’) = Alx1, ..., x,]. By stability with respect to
the system of projections (the exercise above), for any permutation



224 §2. INFINITE GRASSMANNIANS AND FLAG VARIETIES

w € Se there is a stable Schubert class o;, in H7.FI(C*) = A[x]. Such
classes are therefore uniquely represented by a polynomial in A[x],
and this determines the Schubert polynomials.

2. Infinite Grassmannians and flag varieties

Consider a vector space C?>" = C™" @ C", with standard basis
€m,...,6-1,€1,...,€y,50thatC" is the span of the negative standard
basis vectors and C'" is the span of the positive ones. An embedding
C2M < C2m+2 i5 defined in the evident way, by identifying C2"+2
with Ce_,,_1 ® C?" & Ce 1.

There are corresponding embeddings of Grassmannians, defined
by

Gr(m,C*™) — Gr(m +1,C?"*2),
(FcC*) > (Ce_p1 ® F C C™2),

Taking the union, we obtain an infinite Grassmannian,

Gr® = U Gr(m,C*").
m

This infinite Grassmannian parametrizes subspaces of both infinite
dimension and infinite codimension in a countable-dimensional vec-
tor space, and some care is required in its interpretation. The vec-
tor space is C* @ CY, where C* = span{e_1,e_p,...} and C? =
span{el, ey, ...}, and one can use this splitting to give a more in-
trinsic description of Gr*™, which is sometimes also called the Sato
Grassmannian. (See the Notes for details and references.)

For our purposes, it is usually simplest to regard any statement
about Gr* as shorthand for one which takes place on Gr(m, C>™) for
all sufficiently large m and compatibly with respect to these embed-
dings.

As in §1, an infinite torus T, acts on CY. There are similar ac-
tions of T- on CZ and of T = T_ X T, on C¥ @ CT. In the basis
{...,ec2,e_1,e1,e2,...} for C® @ CT, we will write

---/b2/b1/y1/y2/---
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for the characters of this T action. That is, for i > 1, T acts on e; by
the character y; and on e_; by the character b;. So T acts on Gr*, and
we wish to compute its equivariant cohomology in terms of certain
Chern classes.

The cohomology rings H:;.Gr(m,C*") were computed in Chap-
ter 4, but here we want a presentation which is compatible with our
embeddings of Grassmannians. This is straightforward, using the
presentations we already know.

Exercise 2.1. Show that sending
ci ciT(CT -9S)

defines a surjective homomorphism Alcy, ..., cn] — H}Gr(m, czm,
with kernel generated by relations

m

i eii(ya, . ym) =0
i=0
fork=m+1,...,2m.2
The total Chern class cT(C"*! —S) restricts to ¢ (C™ —S) under the
embedding Gr(m, C*") < Gr(m + 1,C?"*2), 5o the exercise gives a
stable presentation. It follows that the cohomology ring of the infinite
Grassmannian is

* o _ 1: * 2my _
H;Gr —@HTGr(m,C ) =Alc1,c2,...],

where ¢ restricts to ¢” (C™ — S) on each finite-dimensional Grassman-
nian Gr(m, C?™). (See Appendix A, §8.)

The polynomial ring A[c] = Alcy, c2, . ..] may be regarded as a
ring of symmetric functions in new variables a1, a,, ..., with coeffi-
cientsin A = Z[..., by, b1, y1, y2,...]. A natural way to do this is by
writing
T mco _ 1+ b;
c=c (C®-9)= ] T a

so the a; are Chern roots for SV. Viewed this way, each cy is a super-

symmetric function in the a and b variables. By definition, a function
f(a;b) in two sets of variables is super-symmetric if it is separately
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symmetric in 4 and in b, and satisfies a cancellation property: the
evaluation f(a; b)|s,=—p,=¢ is independent of ¢.

Exercise 2.2. For a commutative ring R, show that the homomor-
phism
Rlc1,...,cn]l = Rlh1, ..., h,eq, ..., ep]
defined by
Ck P hp+hr_qe1+---+hie_1 +ex

is injective whenever n < m + p.

Exercise 2.3. Let Symm(x) denote the ring of symmetric functions
in infinitely many variables x = (x1, x2,...), with coefficients in a
ring R, so Symm(x) = R[hy, hy, .. .], where h = hi(x) is the complete
homogeneous symmetric function. Consider the homomorphism

Symm(x) — Symm(a) ®& Symm(b)
defined by sending hj(x) to
ck(alb) = hi(a) + hx-1(a) e1(b) + hx—2(a) e2(b) + - - + ex(b),

where hi(a) and ex(b) are the complete homogeneous and elementary
symmetric functions in a and b variables, respectively. Show that this
is an isomorphism onto the subring of super-symmetric functions,
so the elements cy are algebraically independent generators of this
subring.3

Analogously to §1, the infinite flag variety is a limit of partial flag
varieties,
FI® =lim| |Flm,m+1,...,m+ n;C¥™).
TLMJ ( )
The projections FI(m, m +1,...,m +n;C*") — Gr(m,C*") are com-
patible, making FI* — Gr® a fiber bundle with fibers isomorphic to
FI(C*). The stable way to index flags in FI(m, m +1,. .., m + n; C*")
(or equivalently, in FI%) is by writing

F=FcF cFkc---,
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so that at any finite stage, dim F; = m + i. We use the same indexing
for tautological bundles S, on FI(m,m +1,...,m + n; C?™) (or FI%®),
SO
S:SocglcSzcm.
The computation of the equivariant cohomology of FI is similar
to that of the infinite Grassmannian: we have

H3FI® =lim (lim HyFl(m, m +1,...,m + n; C*™)
— | —

n m

= A[Cl, Co, .. .][xl, X2, .. .],

where on any finite partial flag variety FI(m,m + 1, ..., m + n; C*"),
the variable cj restricts to CZ(CT —S) and x; restricts to clT ((Si/Siz1)").

3. Schubert varieties and Schubert polynomials

Schubert varieties in FI* are defined with respect to the descend-
ing flag of subspaces E7 = spanf{e;|i > g}, for g4 = 0,1,2,..., by
setting

Q) = {F. dim(F][J NET) > ky(p,q) forallp > 1,9 > 0}

for each permutation w € S, where as usual

kw(p,q) =#i<plw() > q}.

These are compatible with restrictions to each finite flag variety.
In fact, each Q7] comes from an ordinary Schubert variety (2, in
Fl(m,m+1,...,m+ n;C?"). The distinction arises when consider-
ing stability.

In Chapter 10, §9, we saw that Schubert varieties satisfy a stability
property with respect to the inclusion t: S, < 5,4, defined by
(w)(p) = p if k > n. There is another natural embedding, defined by

0)p) = {p if1<p<m

w(p-m)+m ifi>m.
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This is written w — 1™ X w, so in permutation matrices, we have

idy, | O

Al”’xw = 0 A
w

Using this notation, we can say more precisely how Q)7 is determined
by Schubert varieties in the finite-dimensional flag variety.

Lemma 3.1. The conditions defining Q3 are the same as those defining
Qqmyy in the finite-dimensional flag variety FI(C*™).

Proor. Let us examine the diagram of 1" X w, as shown below.

F—3—
[}

diagram
of w

The essential set of 1" X w lies in the lower-right corner, and—up
to a shift in indexing—coincides with that of w. In particular, using
this indexing shift, the conditions dim(F, N E9) > ky(p, q) define
Qimyw C FI(CP™). o

For instance, withw =23 1andm =3,s01" X w = 123564, the
Schubert variety is the closure of a cell

(1.0 0/0 0 O]
= 1 0/0 0 O
] « %+ 10 0 0
lexw_***001
= = |1 0 O
****10_

When writing matrix representatives like this, we use standard basis
vectors e_;, ...,e-1,¢€1,...,ey, and the first m + p columns span Fp.
In our example, the essential condition is dim(F, N E1) > 2.
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By stability, the Schubert variety Q7 determines a class oy, in
H;FI%. Indeed, the projection and inclusion maps

Ty : FIT — UFl(m,...,m+n;C2m)
m

and

tm: Fl(m, ..., m+n;C?") —s UFl(m’,...,m' + n;sz'),
m/

along with the subvarieties Qqny,, € FlI(m, ..., m+n; c2m), satisfy the
properties needed to define such a class, as described in Appendix A,
§8. That is, if w € S, there is a class oy, in the cohomology of
U,» FI(m’, ..., m" + n;C?""), such that (%,05" = 0ymxq for all m; and
then ¢S is defined to be 7},05,".

DerintTion 3.2. The (enriched) Schubert polynomial is the polyno-
mial
Sw(c;x;y) € Arle;x] = Z[c; x; y; b]
corresponding to the class oy, under the identification of H7.FI* with
Ar[c; x] given in §2.

Recall that the torus acts by characters b; on e_; and y; on e;, and
the isomorphism Ar[c; x] = H3FI* sends x; = c¢]((Si/S;-1)*) and
Ck CZ(CT —S) (stably, for any m).

Knowing how Q7 restricts to each finite-dimensional flag variety
will let us relate the polynomial S, (c; x; y) to the ordinary (Lascoux-
Schiitzenberger) double Schubert polynomial S, (x; y). First we need
another stability property of the latter polynomials.

Lemma 3.3. For v € So, we have

6ZJ(bl/'''/bl’n/xl/xz/'''/.bl/'"/bm/yllyzl'")

Sw(x1,x2,...5y1,Y2,...) ifv=1"Xw for some w € Sc;
0 otherwise.

Proor. We may assume v € Sj,4, for some n, and then w € S,

in the first case of the asserted formula. Consider a morphism of

flagged vector bundles F, L E.ona variety X, along with general



230 §3. SCHUBERT VARIETIES AND SCHUBERT POLYNOMIALS

line bundles L4, ...,L,, all chosen so that there are no relations
among x; = ci(ker(E; — Ei—1)), yi = c1(Fi/Fi-1), and b; = c1(L;).
Assuming the situation is sufficiently generic, the degeneracy locus
formula of Chapter 11 says [Dy ()] = Sw(x;y). LetH; = L1®---®L;.
Then the homomorphism id ® ¢: H,, ® F, — H,, ® E,, determines a
map of flags (H ® F)e — (H ® E).. (More precisely, (H @ F). is the
flag defined by

{H,- ®0 if i < m;

(HeF); =
H,®F,_, ifi>m,

and (H & E), is defined analogously.) The locus D,(id @ ¢) is empty
if v(i) # i for some i < m, since this forces the composition

H, —H,®F, - H,®E, » Hy,

to have rank strictly less than m, when it should be the identity. So
the locus is nonempty only if v = 1" X w for some w € S;. In this
case, we have Dymy,(id ® @) = Dy, (@), as one sees by examining the
diagram of 1" X w, as in the proof of Lemma 3.1 above. m|

The next theorem explains how S, specializes to S,.

Tureorem 3.4. Under the evaluation

= 1+bi

; 1—611'/
i=1

¢ cm .=

we have
Sw(c(m)/' X, y)

= Cymxw(@1, .-, Am, X1, X2, .. 5 =b1, ..., =bp, =y1,=Y2,...).

Proor. Assume w € S,,. From the definitions,
Sw(c;x;y) = 05 =m0, in Ar[c;x] = HFFI%,
and (,05" = O1nxg in HyFl(m, ..., m + n; C?™"), where

Ty FI® — UFl(m,...,m+n;C2m)
m
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and

tm: Fl(m, ..., m +n;C¥") — UFl(m',...,m’+n;C2m')
m/

are the projections and inclusions. The homomorphism 7}, is injec-
tive. The homomorphism ¢}, sends c to CT(C’_” — S), which evaluates
as asserted, when ay, ..., a,, are Chern roots of S* and b4, ..., b,, are
the characters on C”. For any permutation v, we have seen that
0y = Gy(z;t), where —z1, ..., —z; are Chern roots of the rank i tau-
tological subbundle, and the t variables are appropriate characters
(Chapter 10, §6). Evaluating the z and t variables in the present
situation, this says o1mxw = Simxw(a, x; =b, —y).

This argument shows that Sw(c™; x; y) = Cimxw(a, x;=b,—y)
modulo the ideal defining HFI(m,...,m + n;C?™). When m is
sufficiently large (relative to {(w), the degree of these polynomials),
there are no relations among the variables in relevant degrees, so this
is an identity of polynomials. The identity for general m follows from
this together with Lemma 3.3. O

Evaluating at ¢ = 1 recovers the ordinary Schubert polynomials:

Sw(l; x;y) = Sul(x; —y).

(This follows from the m = 0 case of the theorem, or from Lemma 3.3.)
Since the ordinary Schubert polynomials &, (x;y) form a basis for
Z[x,y] over Z[y] (Chapter 10, §10.3), it follows that the enriched
Schubert polynomials also form a basis.

CoroLLARY 3.5. The polynomials Sy, (c; x; y), for w € Seo, form a basis
for Z[c, x, y| over Z|[c, y].

Theorem 3.4 characterizes the polynomial S,,(c; x; i), because one
can find a sufficiently large m so that there are no relations among
the c,(cm) in any given degree. To write out the polynomial Sy (c; x; v),
first observe that for any 1 < i < m, both (1" X w)-s; and s; - (1" X w)
are greater than (1" X w) in Bruhat order, so

a1'61”’><w = 8?61”5(10 =0
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for 1 < i < m. It follows that the polynomial

Simxw(@1, -, Am, X1, X2, .. 501, . b, Y1, Y2, .. 2)

is separately symmetric in the a and b variables. Lemma 3.3 then
shows it is super-symmetric in 2 and b. It follows that this Schubert

polynomial may be written as a polynomial in the variables ¢, x,
(m
k

polynomials (Exercise 2.3). In fact, using Exercise 2.2, such an ex-

and y, since the elements ¢ ) enerate the ring of super-symmetric
y g g per-sy

pression is determined by evaluating at any m with 2m > {(w).

ExamprLE 3.6. For w =231, we have
S231(c; x5 y) = (x1 + y1)(x2 + y1) + (x1 + x2 + y1)c1 + C% - C2.
This can be checked by evaluating at m = 1, since there are no

@) 1)
2

1 and ¢

relations among ¢ . One computes

G12453 = (x1 + y1)(x2 + y1) + (x1 + x2 + y1)(a1 + b1)
+ai1 by + b%,

which agrees with the asserted formula for S;3 1(cD; x; ).

4. Degeneracy loci

The general degeneracy locus setting is this. On a nonsingular
variety X, we have a vector bundle V of rank 2m, with two flags of
subbundles E*® and F,, arranged so that

F=FycF,cFc---cVoE=E'>E'>...,

with tk F = rk E = m. For a permutation w, we define a degeneracy
locus in X by

Dy (FeNE®) = {x € X| dim(F, NE7) > ky(p, q) for all p, q}.
Its class is computed by evaluating the polynomials Sy (c; x; v).

ProrosiTioN 4.1. There is a canonical class D € H?/WX, supported
on D (Fe N E®), compatible with pullbacks, and equal to [Dg;(Fe N E®)]
when the locus has expected codimension £{(w) in X.
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The polynomial Sy, (c; x; y) is the unique polynomial in Z|c; x; y] which
maps to Dy, under the evaluation

ek cx(V—E-F), x;+ —c1(Fi/Fii1), yiw ci(E7Y/EY
for all degeneracy loci Dy, (Fe N E®) C X as above.

Proor. The Schubert varieties Qqnyg, € FI(C?™) are instances of
D& (F. N E®), by taking F. to be the tautological flag on X = FI(C?™")
and E* to be the standard fixed flag (both appropriately re-indexed
so that the m-dimensional pieces are Fy and EY, respectively). To
prove the second statement of the proposition, it suffices to consider
this case, and in Theorem 3.4 we have already seen that Sy (c; x; v)
are characterized this way.

The general construction of Dy, similarly reduces to that of Dymyq,
just as in Lemma 3.1. Possibly after replacing X by an affine bundle,
F. and E® determine a morphism f: X — ExB Fl(m, ..., m+n;C?m)
such that D(Fe NE®) = f7Y(E XB Qqnyy). (See Chapter 11, §6, and
Appendix E.) The class is then defined by DY = f*[Qmyy, |5 . O

The characterization of Sy(c; x; y) provided by Theorem 3.4 also
shows that these polynomials are related by divided difference oper-
ators:

Sws: (C; x; if ws; < w;
8isw(c;x,' y) = {0w51(c X y) 1Ir ws; w

if ws; > w,

and

Ss.w(c; x; if s, < w;
9?sw<c;x;y)={sl“’(”y) pesw

if s;w > w.

These operators are linear over Z[c], that is, they treat the c variables
as scalars.

On the other hand, the permutations wﬁ,”) =[n,...,2,1] are not
stable with respect to the embedding (". We do not have a simple
product formula for Swgn)(c ; X;y), although there are explicit deter-
minantal formulas. Here is one such formula, based on the Kempf-
Laksov formula (Chapter 9, Theorem 2.2).
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(n) _

Tueorem 4.2. For wy ' = [n,...,2,1] € S, we have

S, m(c; % Y) = Aw-1,..2,)(c(1), ..., c(n =1))
= det (Cn—2i+]'(i))1si,an—1

where the entries are

n—

S
—

4
c(p)=c-c(E/E"P —F,/F)=c- ]_[

1-
i=1j Xi

Il
—_

Proor. Using a “diagonal trick”, the problem can be reduced to
a Grassmannian degeneracy locus. Let us fix a sufficiently large
m, along with a vector bundle V' of rank 2m and general flags of
subbundles E* and F, on a variety X. Continuing the notational
conventions we have used in this chapter, this means F, has rank
m +p and E7 has rank m — q.

We consider the locus

D%, (Fe NE®) = (F NE®)

Dy
in X. The essential conditions for this locus are
dim(F, NE"P)>p, p=1,...,n-1
Equivalently, the locus is defined by the conditions
dim(F, ®E" P nAy)>p, p=1,...,n-1,

on intersections inside the bundle V & V, where Ay ¢ V @ V is the
diagonal subbundle. This is now pulled back from a Schubert locus
2,1)(G,) in the Grassmann bundle Gr(2m, V & V), using

.....

Ge: - CH®E" ' c---F,®E'c---cVeV

as the reference flag. The assertion then follows from the Kempf-
Laksov formula (Chapter 9, Theorem 2.2): the quotient bundle Q
restricts to (V @ V)/Ay = V, so the entries c(p) = c(Q — Gam+2p-n)
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become

c(Q = Gamszp-n) = c(V = (Fp + E"F))
c(V—-(F+F,/F+E-E/E"))
c(V—-E~-F)-c(E/E"F - F,/F),

as claimed. 0
Exercise 4.3. Write out the formula for S3,1(c; x; y).4

The Schubert polynomials Sy, (c; x; y) satisfy analogues of many of
the properties of S, (x; y) which we have seen in the last two chapters.
Some of them are stated in the Notes below.

Notes

Various treatments of stability for Schubert polynomials appear in the
literature. The geometry is often explained in terms of embeddings FI(C") C
FI(C™1) c - - -, with respect to standard inclusions C" c C"*! (as the span
of the first n basis vectors). The union of such a chain is an ind-variety,
FI' = |J, FI(C"), which parametrizes complete flags F, which are eventually
standard—that is, F,, = C" for all n > 0. This is naturally a subspace of
FI(C*), and the pullback homomorphism of cohomology rings associated
to the embedding FI” < FI(C®) is an inclusion

Alx1,x2,...] = Aflx1, x2, .. Jlgr-

Here H}FI" = A[[x]lg is the graded formal series ring, where expressions
involving infinite sums of bounded total degree are allowed, like x1+x2+- - -.
This is the graded inverse limit of the rings A[x1, ..., x,] (see Appendix A,
§8). So the claim that Schubert polynomials belong to the polynomial
subalgebra A[x] € A[[x]lg: is equivalent to the assertion that the Schubert
classes in H7.FI” appear by restriction from H;.FI(C®).

The stability property (with respect to the embeddings defining F1) was
highlighted by Fomin and Kirillov [FoKi96b], and was taken as a definition
of Schubert polynomials by Billey and Haiman [BiHa95]. We will see
versions of the Billey-Haiman polynomials for symplectic flag varieties in
Chapter 13.

The Sato Grassmannian appears in connection with loop groups, and
parametrizes solutions to certain hierarchies of differential equations. A
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general reference for this point of view is the book by Pressley and Segal
[PrSe86].

Lemma 3.3 appears in [BuRi04, Corollary 2.5], with a more combinato-
rial proof.

Lam, Lee, and Shimozono launched an extensive study of the polyno-
mials Sy (c; x; y), and showed that they exhibit many remarkable properties
in addition to the ones mentioned here [LLS21]. These authors call them
“back-stable” Schubert polynomials, building on ideas of Buch and Knut-
son. They use the characterization from Theorem 3.4 as a definition, and
label the variables ay,ay, ... and by, b, ... by nonpositive indices, writing
X0, X-1,... and yo, y-1,..., respectively. The version we present here is
based on [AnFul21a], a variation on [LLS21].

Pawlowski gave a different geometric interpretation of the polynomials
Sw(c; x;y), in terms of graph Schubert varieties [Paw19]. In fact, the graph
construction provided one motivation for the “back-stable Schubert poly-
nomials”; see [KLS13, §7].

Using a variation on the diagonal method used in proving Theorem 4.2,
one can deduce formulas for degeneracy loci labelled by vexillary permuta-
tions. This idea was exploited in [AnFul12].

The polynomials S, (c; x; y) may be defined more generally to allow w
to be a permutation of the integers, fixing all but finitely many; this group
is denoted Sz. This is the setting in [LLS21] (and in [AnFul21a]). For such
w € Sz, these Schubert polynomials also depend on nonpositive variables
X0, X-1,X—2, ..., and they form a basis for A[c, x] over A. They are related
by divided difference operators d; for i € Z, which act by the usual formula
on the x variables, treating the ¢ and y variables as constants—except for
do, which acts by do(cx) = cx-1 + X1Ck—2 + -+ + x’f‘l.

We mention a few properties of these polynomials, without proof. The
reader may try to deduce them using Theorem 3.4 (or consult the references).

They satisfy an extended interpolation property. For v in Sz, we spe-
cialize the x variables as usual, writing

x> —y” = (=Yoi)iez-
The c variables specialize by

c ¢l = n 1ty .
i<0 1+ Yol
v(i)>0
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l+y,'

(If one writes ¢ = [];<o 1=, this is compatible with the specialization of x

variables.) Then Sy (c; x; y) satisfy and are characterized by

l_l (yw(j) - yw(i)) if v = w;
(1) Sw(cv,‘ —y”; y) = 4 i<jrw(@)>w(j)
0 ifv w,

for permutations v, w € Sz. Although it is not written in precisely this
form, this property is implicit in [LLS21].

When v € S, so it permutes only the positive integers, we have ¢’ =1,
and this special case of (1) says

[T wegp—vew) ifo=w;
(2) Sw(L; =y y) = { i<j:w(i)>w()
0 ifv 2w,

for permutations v, w € S.. This gives another proof that S,(1;x;y) =
Sw(x;—y). (However, the conditions of (2) for v, w € S, do not suffice to
determine S, (c; x; v).)

There is a duality formula for Sy (c; x; v), extending the one we saw in
Chapter 11, 8§8. Letc =1+ ¢ + 2 + - - - be defined by the relations

Ek +Ek_1C1+---+Ck =0
fork>0,s0oc=(1+ci+cr+c3+---)"L. Then
3) Sw(c; x;y) = Sy (S ;5 x).

There is also an upgraded version of the Cauchy formula from Chap-
ter 11, §8: we have

4) Su(c;xiy) = Y, Sule;x;1)-Su(c"i=t, y),

vu=w
for series ¢, ¢/, ¢” such that ¢ = ¢’ - ¢””, where vu = w means vu = w and
{(v) + €(u) = £(w), as before.

As m — oo, the Schubert polynomials Symyy(ay,...,am,0,0,...) sta-
bilize to a symmetric function Fy, known as a Stanley symmetric function.
Theorem 3.4 shows that the Stanley function is obtained by specializing
variables in S, (c; x; y): we have

Fw = SZU(C; 0/ 0)/

with the c variables evaluated as complete homogeneous symmetric func-
tions in the a variables. Combining this with the Cauchy formula (4), we
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obtain
Sw(c;x;y) = Z Su(1;x;0) - Syu(c;0,0) - S.(1;0, y)
ZUU=w
(5) = > Gu®)-Fulo) Su(y).
z lyv=w

Stanley symmetric functions are also known as stable Schubert polynomi-
als, because of their characterization as stable limits of Syny,. They were
introduced by Stanley, who defined F;, as a certain generating function of
reduced expressions for w [Sta84]. There are several other combinatorial
formulas for them; one “Littlewood-Richardson” type formula for the Schur
expansion of a Stanley function was given by Fomin and Greene [FoGr98].
Using this, (5) leads to an explicit expression for Sy (c; x; ).

The geometry corresponding to the Schubert polynomials for w € Sz is
that of an infinite flag variety FI** which parametrizes flags

---CFo,cF 4 CcFycFicFcC:---

extending infinitely in both directions from F = F,. The algebra and geome-
try are similar for the divided difference operators which compute Schubert
polynomials for the symplectic flag variety, as we will see in the next chapter.

Hints for exercises

For w € Si,’f ), one can check that the conditions on dim(F, N E9) forp > n
are redundant. Alternatively, the projection n is smooth and B~ -equivariant, so
7 1Qy,) must be a Schubert variety. To see which one, note that w is the unique
minimal element of {v € S, |v(i) = w(i) fori = 1,...,n} (in Bruhat order), and
the T-fixed points of 70~ (p|)) are indexed by this set.

2Using ¢T(C™ — S) = ¢T(Q — C™), the relations simply say that ¢7(Q — C™) -
cT(C™) = cT(Q) vanishes in degrees greater than m. To see that the classes c;
generate, it suffices to consider the case where T is trivial, and this case was
handled in Chapter 4.

3Theelementc = 14+c¢y+cy+--- is equal to [ ;5 %z:, so the c are algebraically
independent and super-symmetric. So it suffices to show that the projection

Symm(a) ®r Symm(b) — Symm(x), ar—x, b—0,

is injective when restricted the subring of super-symmetric functions. Using bases
of complete homogeneous and elementary symmetric functions, this projection is
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identified with the homomorphism R[h1, ko, ..., e1,e2,...] = R[h1, ha,...] which
sends e — 0. To show that no nonzero super-symmetric function lies in the ideal
(e1,€2,...) € R[h, e], one can argue as follows.

Consider the homomorphism

o: R[h,e] = R[t, 7', h,e]

defined by hy > hy+Thg_q +T2hj_p+-- -+ t* and e > ex+1'ex_1. Then f eR[h,e]
is super-symmetric if and only if o(f) is independent of 7, 7’. (By writing T = f —a;
and v/ = —t — by, this identifies ¢ with the evaluation at a; = t, by = —t.) One
checks furthermore that o is injective. (This is not true with finite variable sets!)
Now suppose f = >};»1 fi ei for some fi, fo,... € R[h, e]. Then
a(f) =) alfi) oles)

i>1
=a(A) T + Y (o(fi) + o(fis) Tes,
i>1

so 0(f1) = 0 and hence f; = 0. Continuing in this way, one sees all f; =0,s0 f =0,
as claimed.

See also [MNR81, Ste85]. Many authors differ in conventions for super-
symmetric functions: the more common convention is related to ours by replacing
b; with —b;.

4The answer is
Ss21(c;x;y) = coc1 —c3 +ca(x1 + X2 + Y1) + (c% —c2)(x1 + Y1+ y2)
+c1(xr +y1 + y2)(x1 + x2 + y1) + (1 + y1) (2 + y1)(x1 + y2).

The examples given after Theorem 2.2 of Chapter 9 may be helpful.






CHAPTER 13
Symplectic flag varieties

We have seen that formulas for degeneracy loci are closely con-
nected with flag varieties and the groups GL, and SL, of Lie type A.
Degeneracy loci for symmetric morphisms, or varieties of isotropic
subspaces with repsect to a symplectic form, are correspondingly
related to the symplectic group Spa,, of Lie type C. In this chapter,
we will see type C analogues of the basic facts about flag varieties.
The next chapter takes up the problem of describing Schubert poly-
nomials for such varieties.

Much of this story proceeds in parallel with the type A case, and
much of it generalizes to arbitrary Lie type.

1. Degeneracy loci for symmetric maps
A linear map ¢: EY — E is symmetric if it is equal to its dual:
@ =¢ ' asmapsEY —» EYY =E.

This is the same as saying ¢ lies in the subspace Sym?E C E® E =
Hom(EY, E). The group GL(E) acts on Sym?E in the standard way,
by g(v - w) = (gv) - (gw). Choosing a basis, so E = C", a symmetric
map ¢ is given by a symmetric matrix A, and GL, acts on symmetric
matrices by
g A=3gAg".

Let SM,, € M, , be the space of symmetric matrices, with this action
of GL,,. The identification E = C" induces Sym2 E =SM,,.

Consider the locus D, of symmetric maps of rank at most r. This
is a GL(E)-invariant subvariety of 'Sym2 E, and in fact, these loci
are precisely the GL(E)-invariant subvarieties. (Any symmetric bi-
linear form can be diagonalized, so the GL(E)-orbits are precisely
D; = {A| tk(A) = r}, and in this setting it is easy to see D, = D;.) As

241
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before, the basic question arises: what is the polynomial correspond-

GL(E)

ing to [D,] in Agr) = Zlay, ..., a,]?

Exercise. Compute [Do]CHE) = C%(E)(Sym2 E) as a polynomial in

1
al,...,an.

An answer to the general question was given by Giambelli in 1906:
[D,]°ME) = 2" Ay, 51y(a)  in Agre = Zlay, - - ., aal,

where a; = CSL(E)(E). Equivalently, [D,]T = 2" sy, 21)(t1, -, t)
in At = Z[t1,...,t,]. Asthe exercise illustrates, however, this is not a
special case of the degeneracy locus formula for general maps in any
natural way. For example, the codimensions are wrong: Dy = {0}
has codimension 72 in M,, ,;, but codimension (”;1) in SM,,.

We will see variations on these formulas. As motivation for
what follows, let us start by sketching an argument analogous to the
one which proved the Cayley-Giambelli-Thom-Porteous formula in
Chapter 11 (Proposition 1.1). The idea there was to replace ¢: F — E
by a full-rank homomorphism F — E®F, namely the graph F,, and to
interpret the conditions rk(¢) < r, or equivalently dim ker(¢) > n—r,
as dim(F, N (0@ F)) > n —r, defining a Schubert variety in the Grass-
mannian Gr(m, E & F).

Here we proceed similarly: ¢: EY — E corresponds to a graph
E; C E®LY. Thereisa canonical symplectic form on E®EY, given by
wO®f,wdg) = f(w)— g(v). The condition that ¢ be symmetric is
equivalent to requiring that the graph E be isotropic with respect to
this form. The subspace 0®E" is also isotropic, and as before there is
a natural identification ker(p) = Eg N (0® EY). We will return to this
construction, and the proof of Giambelli’s formula, in Chapter 14, §3.

Thus we are led to consider Schubert varieties in spaces of isotropic
tflags. We will begin with a quick review of the linear algebra of sym-
plectic vector spaces.

2. Isotropic subspaces

We have a 2n-dimensional vector space V, equipped with a sym-
plectic form—that is, a skew-symmetric nondegenerate bilinear form
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w: A*V — C. All such forms are equivalent, up to change of basis.
We write the standard basis for V' as

eﬁ,...,eT,el,...,en,

regarding the barred integers as negative numbers, so that7 = —i and
1 = i. As a convenient symplectic form with respect to this basis, we

choose
n

w=Ze;/\e;‘
i=1
sofori,j >0,

w(er, ej) = —wlej, er) = 6ij, and  wle;, ej) = w(e, e5) = 0.

This form has Gram matrix

-1

The symplectic form induces an isomorphism V — V", by sending
v — (v, -), and these choices identify the dual basis as e? = e; for all
i

For a subspace F C V, the orthogonal space F+ C V is

FL:{vev|w(u,v):0forauue1?}.

An elementary fact is that V/F+ = FY under the isomorphism V =
VY, sodimF+ = dimV — dim F. A subspace is isotropic if F ¢ F+, or
equivalently, if w|r = 0. It follows that dim F < n for any isotropic
subspace F. For any vector v € V, we have w(v,v) = 0 (since w is
skew-symmetric), so every 1-dimensional subspace of V' is isotropic.

A maximal isotropic subspace F C V is often called Lagrangian;
such spaces have dim F = n. A (complete) isotropic flag in V is a chain

Fe:F,c---cFi=FcV
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of isotropic subspaces, with dimF, = n + 1 —p forall p, so F = F;
is Lagrangian. An isotropic flag can also be specified by choosing
a Lagrangian subspace F C V and an ordinary complete flag in F.
Our “backwards” indexing is motivated by the distinguished role of
Lagrangian subspaces, and in fact is necessary for stability properties,
as we will see.

A subspace F C V is co-isotropic if F 2 F+. Any complete isotropic
flag Fo extends canonically to an ordinary complete flag in V, by
appending co-isotropic spaces F; = F ;+1' to obtain

F,c---chCchkc--Ckp=V.

These co-isotropic spaces have dimension dim F5 = n + p.

The standard basis leads to a standard isotropic flag E., with E; =
span{ey, ..., e} for g > 0. It extends to the standard complete flag
by setting

E7 = E;H = span{e,, ..., ey, eg, ..., €5}
for g > 0. The standard Lagrangian subspace is

E = E; =span{ey,,...,e1}.

The symplectic group is the subgroup Sp(V, w) € GL(V) preserving
the form w. When using the standard basis and standard symplectic
form, we usually write this as Sp, € GL2,,. The subgroup B C Spy,
of upper-triangular matrices is a Borel subgroup; it is the subgroup
fixing the opposite isotropic flag E., defined by E g = span{eg, ..., ez}
for g > 0.

With respect to the standard basis and form w, the symplectic
group Spo, consists of block matrices

XY
Z|W

xDYH' = XDYT,
(zDWH' = ZDW?', and
XDW'-YDZ" =D,

such that
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where D is the n X n matrix with 1’s on the anti-diagonal and 0’s else-
where. These give quadratic equations defining Sp», as a subgroup
of GLG.

The Lagrangian Grassmannian LG(V') parametrizes Lagrangian sub-
spaces in V, and it embeds as a closed subvariety in the ordinary
Grassmannian LG(V) < Gr(n, V). By Witt’s theorem, the symplec-
tic group acts transitively on Lagrangian subspaces, so there is an
identification LG(V) = Spy,/P, where P is the parabolic subgroup
which fixes the Lagrangian subspace E; = span{e, ..., e7}-

Similarly, the isotropic flag variety Fl, (V) parametrizes complete
isotropic flags in V. From the definition, it embeds as a closed sub-
variety of the partial flag variety FI"(V) = FI(1,...,n; V). But as
we saw, each isotropic flag canonically extends to a complete one, so
we obtain an embedding Fl, (V) < FI(V). There is an identification
Fl1,(V) = Spa, /B, using Witt’s theorem again.

3. Symplectic flag bundles

The notions of symplectic form, flag variety, and Lagrangian
Grassmannian globalize immediately to the setting where V is a
G-equivariant vector bundle on a variety Y with G-action. Here w
is a G-equivariant section of \? VY, locally of the form described in
the previous section. We will give constructions of the isotropic flag
variety parallel to the descriptions of ordinary flag varieties we saw
in Chapter 4. As before, it is useful—and no more complicated—to
carry this out for flag bundles.

Let G be a linear algebraic group acting on a variety Y, and let V be
a G-equivariant vector bundle of rank 21, equipped with a symplectic
form w: A’V — Cy with values in the trivial line bundle. We
assume w is G-invariant; thatis, w(g-u, g§-v) = w(u,v) forall g € G.
The isotropic flag bundle p: F1,(V) — Y parametrizes complete
isotropic flags of subspaces: a point in the fiber p~(y) is an isotropic
flag F, in the vector space V().

The isotropic flag bundle can be constructed as a tower of projec-
tive bundles. One starts with X; = P(V) — Y, a projective bundle
with fibers P?"~1; this has a tautological line bundle S,, C V, as well
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as its orthogonal complement S;;, of rank 2n — 1. The next step is
X, = P(S;:/S,) — X1, abundle with fibers P2"=3. this has tautological
bundles S, C S,,_1 C Sf{_l C S;. Continuing in this way, one obtains

Fl,(V) = Xy =P(Sy/S2) = Xp-1 = - 2 Y,

so the successive fibers in the tower are projective spaces of dimen-
sions 2n —1,2n - 3,...,3,1, and all these maps are G-equivariant.
So the isotropic flag bundle is projective, of relative dimension

dimFl, (V) —=dimY =2n -1)+ 2n =3) +---+1 =n?,
and HZFl, (V) is free of rank
2n-(2n—2)---2=2"-n!

as amodule over H’.Y.

As in Chapter 4, we also obtain a presentation and a basis for
the equivariant cohomology ring. Let x; = cf (S;/Si+1), and write
er = ex(x1,...,xy) = ckG(S), where S = S1 C V is the tautological
Lagrangian subbundle.

Prorosition 3.1. We have

H{Fl,(V) = (HEY)x1, - xal/ (3T, -, x2) = ¢5(V)) ) coans

where ey is the elementary symmetric polynomial.
A basis for HLFl, (V) as a module over H..Y is

mq m
{xl ...xn”

os;niszi—l}.

Proor. The argument is parallel to one we saw in Chapter 4
(Proposition 4.1). As in that situation, the basis for H:Fl, (V) comes
from its description as a tower of projective bundles. To see that
the relations hold, note that V /S = SV, so the Whitney sum formula
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gives
(V) =c5(S) - c¢(SY)
n n
=[Ja+x) ] Ja-x)
i=1 i=1
=1 +el(x%,...,x%)+---+en(x%,...,x,21);
that is, c5 (V) = ex(x], ..., x3). O

Exercise 3.2. Complete the proof, by imitating the argument of
Chapter 4, Proposition 4.1.2

Exercise 3.3. For a strict partition A = (A1 > --- > Ag > 0) write
ey = ey, - -ep,. Show that another basis for H’(‘;Flw(V) as a module
over H'.Y is given by

{xi” ceexinep |0 <a; <n—1i, Aastrict partition, A; < n},

where ¢ = e(x1,...,x,) = ¢Z(5).3

4. Lagrangian Grassmannians

In presenting the cohomology of the ordinary Grassmannian in
Chapter 4, we found bases of Schur determinants. We will see an
analogous basis of Schur Q-polynomials for the cohomology of the
Lagrangian Grassmannian. These polynomials are defined as cer-
tain Pfaffians. Here we set up notation and quickly review the main
facts, referring to Appendix C for details and references.

Given a series of formal variables c = 1+c1+c+- - -, and integers
p,q =0, we set

q
i=1

The variables generate a universal ring

I'=2Z[c1,c2,...1/(Cpp)p>o,
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where the elements ¢, have degree p, and the relations are given by
Cpp = c;% —2cpy1Cp-1 +2Cpr2Cp—2 — -+ as above. When the context
is clear, we sometimes recycle notation and write c also for its image
inT.

Bases for I are naturally indexed by strict partitions, that is, parti-
tions A = (Ay > --- > Ay > 0) with distinct parts. One basis is given
by monomials in c:

the sum ranging over all strict partitions (cf. Exercise 3.3 above).

A second basis is given by the Q-polynomials. Given a strict
partition A with s parts, let mj; = Cy, 2, for i < j, and form the
corresponding s X s skew-symmetric matrix My(c) = (m;;). The
Q-polynomial Q,(c) is defined to be the Pfaffian of this matrix,

Qa(c) = PE(Ma(c)),

ensuring that A has an even number of parts by appending 0 if
needed. (As before, we sometimes write Q,(c) for its image in I".)

Then
r=(Pz- Qi)
A

with the sum again over strict partitions.
For n > 0, there is a finitely generated quotient ring

l"(n) = r/(CTH-l/ Cn+2, - - )
=Z[cy, ..., Cn]/(cpp)lslzJSn-

This has bases of monomials cy, - - - c), and Q-polynomials Q,(c), as
A ranges over strict partitions such that A1 < 7. In particular, I has
rank 2" as a Z-module. (See Appendix C, §2.3.)

Now we turn to the geometry. Continuing the setting from the
previous section, we have a variety Y, a G-equivariant vector bundle
V of rank 2n, and a G-invariant symplectic form w: /\2 V — Cy.
The Lagrangian Grassmannian bundle LG(V) — Y parametrizes
maximal isotropic subspaces in the fibers of V. More precisely, it
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represents the functor which assigns to a morphism Z — Y the set of
all Lagrangian subbundles F C V7 (where V7 is the pullback of V).

There is a natural open cover of LG(V), similar to the one we saw
for Gr(n, V) in Chapter 4. Suppose V splits so that V = A® B with A
a Lagrangian subbundle (and then B = AY), and that the symplectic
form is “standard”: it is given by the formula

w@a® f,a’ e f)=f@)- f(a).

There is an open subset U € LG(V), defined as before by the condi-
tion that the composition F <= V — A be an isomorphism. The open
set U is naturally identified with the vector bundle Sym? AV — Y,
where we regard Sym? A € Hom(A, AY) and the map is given by

FCV)»(A=2zF—V -»B=A").

Indeed, the subbundle F is isotropic if and only if the homomorphism
@: A — AV defined this way is symmetric. (As before, the inverse
map sends ¢ to its graph.)

Any vector bundle splits locally on Y, and furthermore every sym-
plectic form is locally isomorphic to the standard one, so these open
sets U give an affine covering of LG(V'), showing that p: LG(V) = Y
is smooth of relative dimension ("}') = rkSym?A". (The closed
embedding LG(V) — Gr(n, V) shows that LG(V) — Y is also pro-
jective.)

There is a natural projection

n: Fl, (V) — LG(V),

sending an isotropic flag F, to its maximal subspace F; = F. The fiber
of m over a Lagrangian subspace F is the complete flag variety FI(F)
in the n-dimensional space F. That is,

Fl,,(V) = FI(S) — LG(V),

where (as before) S = S; C V is the tautological Lagrangian sub-
bundle on LG(V). The relative dimension of Fl, (V) — Y is n? =
(3) + ("1), equal to the sum of the dimensions of the ordinary flag
variety and the Lagrangian Grassmannian.
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ProrositioN 4.1. The homomorphism c, — c,(f (SY) defines an isomor-
phism

HELG(V) = (HEY)let, -« enl/(Cpp = (=1 5, (V)hispsn,

where Cyy, is given by (x) (at the beginning of this section).
As a module over H.Y, HLLG(V') has a basis of squarefree monomials

C/\l "'CASI

forn > Ay > -+ > Ag > 0. Another basis is given by the polynomials
Qa(c), as A ranges over the same set of strict partitions.

Proor. AsinProposition 3.1, the relations come from the Whitney
formula, this time writing

(V) =c5(S) - c(SY)
=(1—C1+C2—---)(1+C1+C2+---)

=1+(—C%+2C2)+(C%—2C3C1 +2c4)+ -

=1+ ) (-1)°Cp.
p>0

We need to see that the ¢,’s generate, and that the claimed sets are
bases. This is similar to Proposition 5.1 in Chapter 4. On one hand,
we know Fl,(V) — LG(V) is a flag bundle, so H_Fl,(V) is free
over H.LG(V) of rank n!. On the other hand, we already saw that
H{Fl,(V) is free over H(.Y, of rank 2"n!. It follows that H.LG(V) is
a projective module over H:.Y, of rank 2.

Now consider the H.Y-subalgebra R C H.LG(V) generated by
C1,--.,Cn. By Exercise 3.3, we know that H*GFlw(V) has a basis over
R consisting of n! monomials x7" - - - xy", with 0 < a; < n — i. Since
these also form a basis for H_Fl, (V) over H.LG(V), it follows that
R = HLLG(V).

The claims about bases may be checked in the case where Y is a
pointand G is trivial, by graded Nakayama. Here the relations define
'™, and we know that the squarefree monomials and Q-polynomials
form bases for this ring. ]
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CoroLLARY 4.2. Suppose there is a G-equivariant Lagrangian subbun-
dle E C V onY. Then there is a surjective homomorphism of H. Y -algebras

(HLY)®T - HLLG(V), ¢ c“(V-S-E),

with kernel generated by elements
n

D ki e ()

i=0
forall k > n.

Squarefree monomials c, - - - ¢z, form a basis for HLLG(V') as a module

over HZ.Y, as A ranges over strict partitions with A1 < n. The Pfaffians
Q(c) form another basis.

Proor. The second claim—about bases for HZLG(V)—can be
checked in the case where Y is a point and G is trivial, and this
is the same as in Proposition 4.1.

The relations C,, = 0 again come from the Whitney formula.
Writing ¢* =1-c¢1+c2 —c3+---, we have

c=c®(V-S—-E)=c%SY-E)=cC(EY-9)
and
=SV -SY-EV)=cCS-EY)=cC(E-S8Y),

so ¢ - ¢ = 1. The fact that squarefree monomials in ¢, form a basis
implies in particular that these elements generate the algebra. O

5. Cohomology rings

In many applications, one has a maximal isotropic subbundle on
the base, so Corollary 4.2 applies. For the rest of this chapter, we
will focus on the case where Y is a point, and G = T is a torus acting
linearly on V = C?". In this context, we will prefer the presentation
given by Corollary 4.2.

Using the identification of FI,(V) — LG(V) with the (ordi-
nary) flag bundle FI(S) — LG(V), we obtain another presentation
of Hi}FZw(V). Let us fix a standard basis ez, ..., eg,e1,..., e, for



252 §5. COHOMOLOGY RINGS

V = C?, Suppose T acts by characters —x,, ..., —X1, X1,---, Xn, SO
the standard Lagrangian subspace E C V has characters x1,..., Xn.

CoroLLaRry 5.1. We have isomorphisms
HLLG(V) = (Ar®T)/I

and

HyFl,(V) = (AT ®D)[x1, ..., xul/],
where c — ¢ (V =S —E) and x; — clT(Si/S,-H), the ideal 1 is generated
by relations

n

ch—i ei(X1, .-, xn) =0 fork>mn,
i=0
and | is generated by relations

n

Z Ck-i - €i(X1, -, Xn) = ex(=X1,...,—xn) fork >0.
i=0

The squarefree monomials c,, - - - c,, form a basis for H,LG(V) over Ar,
as A ranges over strict partitions with A1 < n. Similarly, the monomials
x{" - xy" form a basis for H;Fl, (V) over A, for 0 < m; < 2i —1.

The presentation for H7LG(V) is a special case of Corollary 4.2,
and the one for H;FI, (V) follows. The claims about bases follow by
the same reasoning as in Corollary 4.2 and Proposition 3.1.

There are natural embeddings C?" < C2"*2 < ... correspond-
ing to the inclusions of standard bases. These induce embeddings of
Lagrangian Grassmannians

LG(C*™) — LG(C*™*?), (F € C*™) > (Ceyg ® F € C"*2),
as well as similar embeddings of isotropic partial flags
Flw(m -n,.. '/m,’sz) LN Flw(m +1 - n,...,m+ 1/.@2m+2).

In analogy with the stability discussed in Chapter 12, we can take
limits as m and n tend to infinity, forming the infinite Lagrangian
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Grassmannian
LG™ = JLG(c™)
m

and the infinite isotropic flag variety

FI® = @UFZw(m —n,...,m;C2m).
n m
Their cohomology rings are the corresponding limits of the finite-
dimensional rings.

Cororrary 5.2. The equivariant cohomology rings of LG™ and FI;)
are
H;LGOO =ATI = F[yl, Yo, .. ]

and
H%Flz)o =Ar QT [x] =T[x1,x2, .. oYL, Y2, .. J.

Demanding stability with respect to these embeddings dictates
many of our choices in the next chapter.

Notes

Giambelli gave a determinantal formula for [D,] which we now rec-
ognize as a Schur determinant; he refers to earlier formulas of Segre and
Schubert [Gi06]. As usual for that era, his setting is that of a (symmetric
or skew) matrix of homogeneous polynomials of specified degrees. This
very naturally translates into the equivariant calculation described at the
beginning of the chapter.

Partly motivated by applications to the Brill-Noether theory (see [Ber87,
DCP95]), the 1980s saw a renewal of interest in formulas for symmetric and
skew-symmetric degeneracy loci. Several determinantal formulas were
found for special cases [JLP81, HaTu84, Ful96b]. Pragacz seems to have
been the first to realize that Schur’s Q-polynomials and the corresponding
Pfaffian formulas are better suited to the problem [Pra88, Pra91, PraRa97].

The facts about the symplectic group and isotropic subspaces reviewed
in §2 can be found in basic algebra textbooks; see, for instance, [Jac85, §6].

The identity
xi—x]- xi—xj
Pf = | |
(xi+x]-) xi+x]-

i<j
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is due to Schur, who also defined the polynomials Q,(x) [Schull, §§35-
36]. Nimmo gave a formula for Q,(x) as a ratio of two Pfaffians [Nim90];
a related formula appears in [JLP81]. Many variations on these poly-
nomials can be found in Macdonald’s book. In particular, the identity
Qe i-1,..,1)(x) = 2ks(k,k_1,m,1)(x) follows from [Mac95, I11.8, Ex. 3(b)].

Hints for exercises

IThe answer is the Schur determinant 2"An,n-1,..1)(a). Use the diagonal torus
T € GL(E), acting on SM,, with weights t; + t;, to obtain

[Dol™ =27t -+t | [ (ki + 7).
i<j
Then use the bialternant form of the Schur function to show #; - - ¢, [];< j(t it+tj)=
S(nn-1,..1)(t1, ..., tn). The a’s are elementary symmetric polynomials in the ¢’s, so
the claim follows from the (dual) Jacobi-Trudi formula for the Schur polynomial.
See [Mac95, §I11.8, Ex. 2].

?It suffices to show the monomials x{" - - - x;" span the algebra
A=Z[x1,...,x,]/(e1(x%), ..., en(x?)).

Here we use the relation [}, (1—x? uz) = 1in A[u], which shows thatfor1 < £ < n,

=
th(x?,...,x%)quzll[[ T 72 n 1—x u?

k>0 i=

has degree 2¢ — 2, and therefore hg(x?, ...,x2) = 0 in A. This gives a relation
expressing x?g in terms of other monomials, completing the proof by descending
induction on ¢.

3In lexicographic order, the initial monomial of e, is x* = x{\ 1...xM, so the

initial monomial of x%e, is x***. The exponents a + A take all values such that
0 <a;+A; <2n—-2i+1. Now use Proposition 3.1, with the change of variables

Xi = Xn+1-i-
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Symplectic Schubert polynomials

In the last chapter, we computed cohomology rings of the La-
grangian Grassmannian and isotropic flag variety. Here we will
study the equivariant geometry of these spaces and their Schubert
varieties, by analogy with what we saw for the ordinary Grassman-
nians and flag varieties in Chapters 9 and 10. In particular, we find
Schubert polynomials representing equivariant Schubert classes.

1. Schubert varieties

Continuing notation from the previous chapter, we consider a
vector space V = C?", withbasises, . . ., e7, e1,...,e,. Wehaveatorus
T = (C")", with its standard basis of characters v, . .., y,, acting on
V by characters vy, ..., y1, Y1, - - -, Yn, where y; = —y;. (The y; may
be specialized to arbitrary characters y;, as usual, so long as all 2n
characters +; are distinct.) The symplectic form w = -2 eZ Ae} is
T-invariant, so T acts on the Lagrangian Grassmannian LG(V) and
symplectic flag variety Fl, (V).

1.1. Strict partitions and signed permutations. In Chapter 13,
§4, we saw that bases for H*'LG(V) are indexed by strict partitions A
such that A; < n. These are often represented by their shifted Young
diagrams; for example, A = (5,2, 1) corresponds to the diagram

The length of a strict partition is the number s = €{(A) of nonzero

parts, or nonempty rows in its diagram.

subsets I = {i1 < --- < iy} C{%,...,1,1,...,n} such that for each

i ={1,...,n}, exactly one of 7 or i belongs to I. To go from I to
255

There is a bijection between strict partitions with A; < n, and
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A, one records the positive entries, written in decreasing order. For
example, with n = 5, the subset I = {5, 2,1,3, 4} corresponds to the
strict partition A = (4, 3).

The group of signed permutations W), is the subgroup of permuta-
tions of {77,...,1,1, ..., n} which commute with sign changes:

W, = {w | w(i) = w(i)}.

By identifying S, with permutations of {7, ..., 1,1,...,n}, this
gives a natural embedding of W, in Sy,. An element w € W, is
written in “one-line” notation by specifying its values on positive in-
tegers: w = w(1l) w(2)---w(n). For example, the signed permutation
w =541 2 3in Ws corresponds to the permutation3214554123
in Sqp.
The group W,, is generated by simple transpositions sg, s1, . . ., Su-1,

acting in one-line notation by

ws;i =w(l)---w(i+1)w()- - whn)

fori > 0, and
wso = w)w®)- - wn).
The defining relations among these generators are sl.2 = 1 for all
i, SiSj = SjSi if |i — ]| > 1, $;Si418;i = Si+18iSix1 for i > 0, and
S0S15051 = S1S0S15S0-
The length of a signed permutation is

E(w) = #{i < jlw(i) > w(j)} +#{i < j|w(i) + w(j) < O}.

For example, w = 5 4 1 2 3 has length £(w) = 6 +7 = 13. The
length of w is equal to the length of the shortest expression for w in
terms of simple transpositions; that is, £(w) is the smallest £ such that
w = Sj -5,

The longest element of W,, is

Wo=12 7.
It has length £(w,) = n%, and acts by negating signs:

(wow)(i) = (wwo)(i) = w(i)
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for any w € W,,.

Any strict partition A determines a Grassmannian signed permuta-
tion w = w(A), with £(w(A)) = |A|. If I = {i1 < --- < i,} is the subset
corresponding to A, then w(A) = 7, ---17 in one-line notation. For
example, if A = (4,3),s01 = {(5,2,1,3,4}, then w(1) =43125.

Via the embedding W, < Sj,, any signed permutation w de-
termines a permutation matrix Ay, € Spa, € GLy,. If rows and
columns are labelled by {7, .. .,1,1,...,n}, this is the matrix with
1’s in positions (w(7), i) and 0’s elsewhere. For example,

000 0]

N
w
—_

SO O O =R O O
o O O O
S O O

S = O O O
S O O O =

10 0

O O = O O

Let A be a strict partition with A1 < n, regarded as a subset of

{1,...,n}. The dual A" is the complementary subset in {1,...,n}.
For example, if n = 5 and A = (4,3) then A = (5,2,1). Using this
notation, the corresponding Grassmannian signed permutation is

=l

following are in correspondence: L

w(A) = A1+ A Ay e AL

Equivalently, AV is the complement to A when its
shifted diagram is drawn inside the “staircase shape”

(n,...,2,1), as shown at right.

To summarize our running example, for n = 5 the

e the strict partition A = (4, 3);
e the n-element subset I = {5,2,1,3,4};
e the Grassmannian signed permutationw =43 12 5.

1.2. Fixed points. First we identify the fixed points in the La-
grangian Grassmannian. The embedding LG(V) — Gr(n,V) is
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equivariant, so the fixed points of LG(V) must be among the co-
ordinate subspaces

E; =span{e;,..., e, } CV,

forl c {m,.. L1,1,.. ., n}. The subspace E; is isotropic if and only
if exactly one of 7 or i belongs to I, for each i = {1,...,n}. So fixed
points are indexed by such I. They are also in bijection with the 2"
strict partitions A having A; < n, as described in §1.1.

Writing p, for the fixed point corresponding to the coordinate
subspace E; under this bijection, we have LG(V)T = {pa}. (So
#LG(V)T = tk H'LG(V) = 2", as expected.) In particular, the stan-
dard Lagrangian subspaceis E = Ey;

point p,...2,1)-
There is a T-invariant affine open neighborhood

n}, corresponding to the fixed

.....

around each fixed point p; in LG(V'). This is a subva-
riety of the corresponding neighborhood in Gr(n, V),
determined by isotropicity conditions. For example,
withn =3 and I = {2,1,3}, the neighborhood is rep-
resented by matrices as shown at right, where x = b,

O R V| =k O
_ N e o O Y

O 0O SO = Q

y = —d, and z = —a. The horizontal line is a visual aid
to indicate the midpoint.
In general, starting with I, the matrix repre-

[1 0 0 0 0] sentatives for points in these affine open neigh-
* = x x »* | borhoods are written as follows. One writes a
* x x =+ e | matrix just as for Gr(n, V), so the submatrix on
0 1T 0 0 0| rowslI is the identity matrix; the 1’s in this sub-
0 0 1 0 0| matrix are “pivots”. Entries which are opposite
+ x =+ e e | and (strictly) to the right of a pivot are dependent
* x e e e | on the other entries, because of the isotropicity
0 0 0 1 0| requirement; other entries are free. We indicate
0 0 0 0 1| thefreeentries with +’s, as usual, and dependent
* o o e e | entries with ¢’s. Forn =5and [ = {5, 2,1, 3,4},

the neighborhood is shown at left.
In the notation of Chapter 13, §4, this neighborhood of p, is the
open set corresponding to the splitting V = E; @ E, where E/ is the
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span of {e;, ..

259

., €; }, and it follows that this open set is equivariantly

isomorphic to Sym? E/. Since the weights of T acting on E; are
{yi|i € I}, this lets us compute the tangent weights at the fixed point

pa: the space

T,,LG(V) = Sym*E/
has weights {~y; — y;|i < j € I'}. Working this out explicitly for the
above example, in matrix coordinates, the action is given by

(1 0000] [z' 0 0 o0 O
* % * ¥ * z;lx- z;la(- z;la(- z;lx- z;la(-
¥ % % % @ 251* zs_la(- zgla(- zgl* 2510
01000 0 z' 0 0 0
,. 00100 0 0 z' 0 0
* % x e e Z1*  Z1*  Z1*  Z1®  Z1e
* * O o @ Zo%  Zp* Zo®  Zo@  Zoe@
000T1OPO0 0 0 0 z3 0
0 00O01 0 0 0 0 Z4
* © © e @ Z5% Z5® Z5® Z5® Z5®
1 0 0 0 0
s, 2, z, _1., 1,
z4 Z4 ze 2324 72
5, 2, 2 1y °
z3 z3 z3 z3
0 1 0 0 0
0 0 1 0 0
Z1Z5% Z1Zp% 7] o .
ZZZ5>(- Z%ﬁ- [ J [ ] [ J
0 0 0 1 0
0 0 0 0 1
Zé:(— [ ] [ [ ] ® |
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Now we turn to the isotropic flag variety. Using the description
of Fl,(V) as a flag bundle over LG(V), each T-fixed point of FI,(V)
must be a fixed point of FI(E;), for some I. Such points are indexed
by permutations of I; this data is the same as that of a signed permu-
tation. In general, given w € W, the corresponding T-fixed point p,
is the isotropic flag

“Ee:“E, Cc---CYE1CV,

where “E; = (ew, ..., e——). (Note the negative signs!) In particu-

w(q)
lar, our standard flag is E, = “°E.,.

As before, there is a T-invariant affine neighbor-
hood around each fixed point p,. This is repre-
sented in matrices by writing a 2n X n matrix with
pivot 1’s in positions (w(i),i) for n < i < 1, and
0’s to the right of these pivots. For example, for
w = 231 this neighborhood is as shown at left,
where x = —a —bh +dg+ef, y = gi —h, and
z=-bi+d+egi—eh.

Continuing the notation we used for La-

SR VI W ISR, SR
_ R | OO0
O = N | O =

grangian Grassmannians, free entries are denoted B
by * and dependent entries by . So for w = | * * % % e
5412 3, the neighborhood is written as at right. | * o o o
In general, the free entries are in positions (w(i), j), | * 0 00
forn <j<landj<i<7 Thetorusactson |[* * 1 0 0
the (w(i), j) entry by the character yyi) — Yuw(j)- | * * * ®
One sees that U, = C”z, and that T, FI,(V) has * x o e o
weights V(i) — Yuw(j), for j <O0and j <i <7. 10000
+ % % 1 0
1.3. Schubert cells and Schubert varieties. L * * * * *

For a signed permutation w € W, there is a dimension function
similar to the one for ordinary permutations: for 1 < p < n and
qe€ {n,...,1,1,...,n}, we define

ko(p, q) = #{i = plw(i) <7}
= #{i <plw()=> q}.
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This can also be described in terms of ranks of permutation matrices.
With the above conventions, so A, is the 2n X n matrix with 1’s in
positions (w(i), 1), forn < i < 1, the number kw(p, q) is the rank of
the southwest submatrix of A, whose northeast corner is at position
(q9,p). For example, with w = 5 4123, we have k,(2,3) = 2 and
ko(3,2) = 3.

Using these dimension functions and the standard flag E,, the
Schubert cells Q7 = Q? (E.) and Schubert varieties Q;, = Q(E,) in
Fl,(V) are defined by

Q0 = {F. dim(F, NE,) = ky(p, q) forall1 < p <n, 7 < q < n}
and
Q= {F. dim(F, NEy) 2 ky(p,q)foralll<p <n,n<g < n}.

(Recall that the standard flag has E; = span{ey, ..., e,}.)

Opposite Schubert cells and varieties are defined in the same way,
using the opposite flag E. in place of the standard flag. (Recall that
the opposite flag is defined by Eq = span{ey, ..., ez}.) This flag
is preserved by the Borel group B = w.B~w,. With our choice of
symplectic form, B consists of upper-triangular matrices in Sp»;,, and
B~ consists of lower-triangular matrices.

Schubert cells are B™-orbits, and opposite Schubert cells are B-
orbits:

Q;, =B -py and ﬁ;, =B puw.w-
They may also be written in matrix form, using the same conventions
as for the affine open sets discussed above. For w = 5 4123, s0
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WolW 254153,wehave
[ 00 0 O N | ]

00 0 0 e * % % % (
000 O0 e + o o o ()
01000 + 1 0 00

o 0 =100 ~ + 01 00
Q, = 0+ + 0 e and Q , = . 00 e 0
0 = @ 0 e + 00 o 0
10000 1 00 00

= o+ % 1 0 00010

* % x %% 0O 0 00O

As this example suggests, the cells ()7, and ﬁ;w intersect transver-
sally, meeting in the fixed point py,.

Exercise 1.1. Show that Q) = C”z_f(w), so that Q,, C FI,(V) has
codimension £(w). Show that the tangent and normal weights to Q,,
at py, are as follows:

T,,Qy, has weights {yw(i) ~ Yu(j) |] <i<7and w(i) > w(]')};
N,,Qy, has weights {yw(i) = Yu(j) |] <i<7and w(i) < w(]')}
Do the same for prﬁﬁuow and N pwﬁg,ow. Conclude that the intersec-
tion Q7, N Q7, , = {pw} is indeed transverse.

As for ordinary flag varieties, each Schubert cell in FI,(V) is
a principal homogeneous space for a certain subgroup of B~. For
we Wy letU (w)=U NAyB Ay.

Exercise 1.2. Show that the T-invariant affine open neighborhood
of py is (AwB‘AZ‘Ul) * Pw, and that the map
U-(w) — Qg
U u-py

is an isomorphism. Also show that U~ (w) € U~ (wsy) if and only if
t(wsy) < t(w).!
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1.4. Bruhat order and Poincaré duality. Containment among
Schubert varieties is described by the Bruhat order on W,,. For v, w €
W, this partial order is defined by declaring v > w if k,(p,q) >
kw(p,q)foralll < p < nandn < g < n. This condition is equivalent
to Q, C Q.

Exercise 1.3. Let W, < Sy, be the natural embedding, by re-
garding w € W, as a permutation of {7, ..., 1,1,...,n}. Show that
v > win W, if and only if v > w in S,,; that is, Bruhat order on W),
is induced as a sub-poset from Bruhat order on Sy;,.

As for ordinary flag varieties, Schubert varieties are closures of
Schubert cells: Q, = QF, C FI,(V). This can be proved by imitating
the argument of Proposition 4.4 from Chapter 10. Similarly, one has

Q, = | .
V=W
In particular, the Schubert cells decompose the symplectic flag vari-
ety, so the classes 0, = [Q,]" form a basis for HLF l,(V)over A. The
same is true for opposite Schubert cells, so the classes 7, = [E)w]T
form another basis.
From this, one also sees

po € Qy iff v >w and pveﬁwow iff v <w.

So the T-fixed points in ;, N ﬁwou are those p, such that w < v < u.
It follows that that the bases 0, and o, are Poincaré dual:

ProrositioN 1.4. Let p: Fl,(V) — pt. We have
P*(Gu : 8dwcv) = 6u,v
in AT.

This is proved by the same argument as for ordinary flag varieties
and Grassmannians, using the computation of tangent weights in
Exercise 1.1 to check transversality.

1.5. Stability. Let Flgl)(sz) = Fly(m—-n, ..., m;C?")be the par-
tial isotropic flag variety. At the end of Chapter 13, §5, we saw
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embeddings

i: Fly(m —mn,...,m;C¥) < Fl,(m" —n,...,m;C¥),
for m < m’, and projections

n: Fly(m—n’,...,m;C*™) — Fl,(m —n, ..., m;C>™),

for n’ > n.
For m < m’, there is a corresponding inclusion t: W,, < W,
defined in one-line notation by
w(k) fork < m;
k fork > m.

Hw)(k) = {

We generally regard W, as a subgroup of W, by this embedding,
and write We, = ,,, Wip,.
For n < m, we consider the subset

W,(n”):{weWm|0<w(i)<w(i+1)fori>n}.

Schubert varieties Q) C Fl,(m —n,...,m; C2?™M) are defined just

as for the complete flag variety FI,,(C*"): for w € Wr(n” ) we have

Q) = {F.

dim(F, NEy) > ky(p,q) forl1<p<n, m<q< m}

The corresponding Schubert cells decompose the partial flag variety,
as w ranges over Wr(,f ), so the classes o) = [Q[w]]T form a basis. The
Schubert varieties ()| are stable with respect to the embeddings :
and projections 7.

The situation is entirely analogous to the type A setting (see Chap-
ter 12). The exercises below show that for each w € W, there is a
well-defined stable Schubert class o, € HL.F 7, and it follows that
these classes form a basis for H7FI;; as a module over Ar.

Exercise 1.5. For m’ > m, show that ¢ identifies FI/”(C2") with
(ot € FIG(@©™), and for

w € W,Sf), show (71O )] = Q). Conclude that (*of,) = 0 unless

the opposite Schubert variety ﬁ[wgm’)'

u = 1(w) for some w € W,,, and

L*G[L(w)] = O[] 1IN H;Flg’f)(cz’”).
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Exercise 1.6. For w € W,(,f) and n’ > n, show n_lﬂ[w] = Qg in
F1")(©2m), and therefore

R*O[w] =0[w] 1IN Hi}FlEf/)(sz).

2. Double Q-polynomials and Lagrangian Schubert classes

We have seen that double Schur polynomials s, (x|y) represent
equivariant Schubert classes in the Grassmannian. Here we will
describe the analogous polynomials representing Schubert classes in
the Lagrangian Grassmannian.

As usual, we have V = C?", with symplectic form and standard
isotropic flag E.. The Schubert varieties in LG(V') are defined by

Q) = Qu(E) = {F| dim(FNEy,) > kforl <k < s},

for a strict partition A = (n > Ay > --- > A; > 0). This is the closure
of a Schubert cell O}, which is the B™-orbit of the fixed point p,:

Qj\ =B -pj.

We will sometimes use the notation ; = Q) and p; = p), where I is
the n-element subset of {7,...,1,1,...,n} which corresponds to A.

Opposite Schubert varieties and cells are defined analogously,
with respect to the opposite flag E.. Here 63 =B-pyv,andp, € Q;
if and only if u € AY. (Recall that A" is the complement to A inside
the staircase (n,...,2,1).)

A partial order on strict partitions is defined just as for usual
partitions, by containment of shifted Young diagrams: A C pu iff
Ak < ugforallk =1,...,s. The corresponding order on n-element
subsets [ is also as before: I < Jiff iy < ji forallk =1,...,n.

In Chapter 9, we saw two important cases of restriction formulas
for Schubert classes. The analogous formulas for the Lagrangian
Grassmannian are as follows.
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Exercise 2.1. Show that p,, € Q, if and only if u 2 A. Then, with
I, ] the sets corresponding to A, 1, compute

(*) orlr = 1_[ (~yi—yj)
i,jel
i>j>1
and
(%) orflfj =0 unless | > 1.
Equivalently,
S
ol =[] [] Con-vo [] Cva+wo
k=1\|1<€<A; 1<t<Ag
= tgA
and

orly =0 if u2 A.
Write down similar formulas for restrictions of opposite Schubert
classes, 02|,

In the symplectic setting, double Q-polynomials play the role anal-
ogous to that of double Schur polynomials for ordinary Grassman-
nians. Like s,(x|y), the polynomials Q. (c|y) have several equivalent
descriptions. We will use a “multi-Schur Pfaffian” formula which is
analogous to the Jacobi-Trudi determinantal formula for Schur poly-
nomials. More details are in Appendix C, §3.

Given a strict partition A = (A; > -+ > A; > 0) and series
c(1),...,c(s), set

Aj
mij = (i) () +2 Y (<1 Carnali) ea-aj)
a=1

fori < j,andlet M) (c) = (m;;) be the corresponding skew-symmetric
matrix. The multi-Schur Pfaffian is the Pfaffian of this matrix:

Pfy(c(1), ..., c(s)) := PE(M, (c)).
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To define the double Q-polynomial, we fix c =1+ c¢;+c2 + -+ and
setc(i)=c-(1+y1)---(1+yr-1). Then

Qalely) = Pia(e(), ..., c(s)).

When the ¢ variables are taken to be the generators of the ring I', the
double Q-polynomials belong to the ring I'[y], and they form a basis
for this ring as a module over Z[y].

The key fact about double Q-polynomials is that they solve the
same interpolation problem which characterizes Schubert classes.
For any strict partition u, we write ¢ + c# for the specialization

1-yi
C‘Ll:nl_i_zi‘

i€u

which sets c equal to

Then

S

@ Q=[] [] Coe—wd [] @e—va)

k=1 1<l<A, 1<t<Ag
teA l¢A
and
®) Qu(chly) =0 ifup A

Furthermore, the properties () and (}) characterize Q,(c|y) as an
element of I'[y]. (This is the main theorem of Appendix C, §3.)

Let y; be the characters of T acting on E C V. From Chapter 13,
Corollary 5.1, we have a presentation

H;LG(V) = (Ar ® )/,
where [ is generated by }.7"  cx—; - ¢i(y) for k > n. For any u, we have

1—yi
1+yi’

"V -S-E)y=c(E} -E)= ﬂ

i€y

where | ¢ {n,...,1,1,...,n} is the n-element subset correspond-

ing to u. So the specialization ¢ — y* agrees with the restriction

homomorphism H7LG(V) — H7.(p,) = Ar. This leads to the main
theorem of this section.
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Tueorem 2.2. Setting ¢ = cT(V — S — E), we have

or = Qalely)
in HLG(V) = (Ar ® T)/I.

Proor. Comparing the formulas () and (*+) of Exercise 2.1 for re-
stricting 0, and the properties (1) and (}) of Q,(c|y), both sides solve
the same interpolation problem. The claim follows, as in Chapter 9
(Lemma 3.1 and Corollary 4.3). O

The opposite Schubert variety Q is defined by replacing E, with
the opposite flag E,. This has the effect of replacing y; by —y;, and
c=cl(V-S-E)byc=cl(V-S-EY).

CoroLLARY 2.3. We have 5, = Qa(c]-y).

Remark. In Chapter 9, the x variables of the double Schur poly-
nomials s)(x|y) were evaluated as equivariant Chern roots of the
dual tautological bundle. The parallel polynomial here is obtained
by evaluating Q(c|y) at

l—xi
1+yi’

c:cT(V—S—E)ch(SV—E):H
i=1

so the x; are equivariant Chern roots of S. With this notation, restric-
tion to p,, is given by further specializing the x variables by

i ifi ey
Xi — )
-y; ifi ¢ p.
(These are the torus weights on the space E corresponding to p,,.) See
& P ] P glopu

Appendix C for more discussion on these and related polynomials
in x variables.

3. Symplectic degeneracy loci

As in Chapters 11 and 12, the formula for equivariant Schubert
classes implies a formula for general degeneracy loci. Suppose V is
a vector bundle on a variety X, with a complete isotropic flag E, and
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a maximal isotropic subbundle F C V. For a strict partition A, there
is a degeneracy locus

D)(FNE,)=3x e X|dim(FNE,,) >kforl <k <sy,
k

and a class Dy € H2?MX, stable under pullbacks and equal to the
class of D, (F N E.) when the latter has codimension |A| in X.

Cororrary 3.1. In H2AM X, we have

Dy = Pfa(e(), ..., c(s)),
where c(k) =c(V —F—E,,) foreachl < k <s.

ExampLE 3.2. The Corollary gives a formula for the class of the
locus D, € Sym?E = SM,, of symmetric maps with rank at most 7,
considered in Chapter 13, §1.

Consider V = E @ EV as a vector bundle on Sym?E, with its
canonical symplectic form @ defined by

wvdf,wdg) = f(w)-g).
A morphism ¢: EY — E is symmetric if and only if its graph Eg C
E ® EY is isotropic with respect to w. Over Sym*E, there is the
universal homomorphism ®: EY — E, whose graph is a maximal

isotropic subbundle, EY C V. The subbundle 0® EV is also isotropic,
and the locus defined by

dim(E N (0@ EY) >n—r

is precisely the locus D, C Sym?E.

Let G; = 0® E;, where EY C EY is any T-invariant subspace of
codimension i — 1. In particular, G1 = 0® EY, so D, = DA(E&’) N Ga,),
where A = (n —r,...,2,1). The formula from Corollary 3.1 is

[DF]T = Pf(n—r ..... 2,1)(C(1)/ sy C(” - 1’)),

where c(k) = ¢"(V = EJ = Guor—gs1) = ¢c"(E—EY_ . ). Writing
yi = —c] (E}/E/ ) and ¢ = ¢T(E — EY), this is

+

n—-r—k

cky=c- [ a-w
i=1
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Using

n—r—k

c(k)n—r—k+1 = Z (_1)i C—r—k+1—i " €i(Y1, -+, Yn-r-k)
i=0

the Pfaffian of M, (c) is equal to that of M, (c), by multilinearity. So
[D;]" = Qalc).
Since y1, ..., yn are the equivariant Chern roots of E, we have
14+ Vi

c= ,
i1 L~ Vi

so Qa(c) = Qa(y1, - .., yn) is the classical Schur Q-polynomial. One
deduces Giambelli’s formula for [D,]? from the algebraic identity

Q(n—r ..... 2,1)(]/1, ce Yn) = 2"_r5(n—r,...,2,1)(y1, .-+, Yn)- (See AppendixC,
§2.4.)

ExampLE 3.3. The same formula arises by restricting a Lagrangian
Schubert class to a fixed point. Consider the 2n-dimensional vector
space V = E @ EY as in the previous example, and let U € LG(V') be
the standard affine open neighborhood of 0 ® EY C V, as described
in Chapter 13, §4, so U = Sym2 E = SM,,. (Compared with §1.2, the
positions of E and EY are swapped.)

The degeneracy locus D, € SM,, = U is the intersection of U with
a Schubert variety,

D,=Un Q(n—r ..... 2,1)-

Since U is an affine space (in fact, an opposite Schubert cell), restrict-
ing a Schubert class to U is the same as restricting to the fixed point
corresponding to EV, which is p(,,. 2 1). So

[D/1" = 0uer,.. 21|, 21)-

Using o, = Qa(cly), with ¢ = ¢T(V—S—EY), this recovers Giambelli’s
1+yi

formula as before, since c|(,,... 1) = c(E-EY)=T] =y
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4. Type C Schubert polynomials

Finally we turn to the problem of finding Schubert polynomials
for the isotropic flag variety. The goal is the same as before: we wish

to express 0y = [Q,]"

as a polynomial in Chern classes. More pre-
cisely, using the presentation H1Fl,(V) = (At ® I')[x1, ..., x,]/], we
seek Schubert polynomials S$(c; x, y) € T'[x, y] mapping to o, under
appropriate evaluations of the variables. As noted in §1.5, there are
stable Schubert classes in H1FI;; = I'[x, y], so such polynomials exist.
The problem is to find formulas for them.

The necessity of working in I'[x; y], rather than Z[x; y], comes

from our stability requirement. For instance, the formula for

0= {F.

dim(F; N E;) > 1}
in H3FL,(C2") is
GT:_xl_..._xn_yl_..._yn.

In terms of x and v, this is not stable as n — oo, but it can be written
as

o7 =C1,
where ¢ = ¢T(V = S — E), and this is the version we prefer.

The general approach is very similar to what we have already
seen in type A. We will define the Schubert polynomials inductively
for each w € W,,, starting with w(()”) =1---7.

As before, the basic tools are divided difference operators J, for
k > 0, acting on the ring I'[x, y], with the y variables appearing
as scalars. For k > 0, the operator Ji is defined exactly as in type
A, acting only on the x variables. To define the operator dy, we
first say how the simple transposition sy acts. This is the algebra
homomorphism determined by

S0 X1 =—X1 and S0 Cp=Cp+2X1Cp-1+ -+ 2x§’.

(The second formula is equivalent to sg - ¢ = ifzi - ¢, which is com-
patible with the first formula and the specialization ¢ = }I yi_. This

also satisfies the relations defining I', so sg is indeed a well-defined
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algebra homomorphism.) Then we define

f=sof

—2x1

df =

for any f € I'[x, y]. In particular, doc, = cp—1 + x1cp2 + -+ + x;;_l.
The operator dy obeys the same Leibniz-type rule as the other

difference operators. That is,

ok(f - &) = (Okf)- g+ (skf)-(9kg)

forall f,g € I'[x, y] and all k > 0.

The type C double Schubert polynomials are defined as follows, for

w € W,,. First, the polynomial for w(" has an explicit formula as a

multi-Schur Pfaffian:
(1) SSJ(”)(C,’X} v) =Pfou_12n-3,. 31)(c(1),...,c(n)),
where
n—k n—k
c(k)=c- l—l(l + X;) l_[(l + Yi)-
i=1 i=1
The other polynomials are determined inductively by

) S%s, (C; ;) = kS (c; x; )

whenever {(wsy) < {(w). Setting y = 0, one has single Schubert
polynomials
SC(c; x) = S5 (c; x;0)
inI[x].
The double Schubert polynomials for W, are shown in Figure 1.
Here we are using the additive basis Q) = Q(c) for I, so in particular
Q) = cp-
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5% = Q31+ (x1+y1) Q21

81C§ =Qs+(1+y1)Q+x1y1 Q1 SECT = Q2
3 %
c c _
551—Q2+y1Q1 SZT_Q2+X1Q1
9 %
SZCl:Q1+x1+y1 S%ZZQl
X %
c _
S, =1

Ficure 1. Schubert polynomials for W.

Tueorem 4.1. Evaluating the variables as
c=c'(V-S-E), xi=c{(Si/Six1), and yi=ci(Ei/Ei+1),
we have
Ow = Sg,(c; X;Y)
in H3F1,(V).

The proof of the theorem takes up the remainder of this section.
As in Chapter 10, we realize difference operators geometrically by
pullback and pushforward along P!-bundles. For V = C?" as usual,
we write Fl,, = Fl, (V) for the symplectic flag variety, and for k > 0,

Flo(k)=Fly(...,n—k—-1,n—k+1,...,1n;C2")

denotes the partial flag variety omitting the (n — k)-dimensional
isotropic subspace. So FI(0) parametrizes flags in which all but the



274 §4. Type C SCHUBERT POLYNOMIALS

maximal isotropic space appear. In the diagram

the fiber product parametrizes pairs of isotropic flags (Fgl), FEZ)) such
that Fl(l) = FEZ) forall i # k +1. When k > 0, this identifies pr, as
the Pl-bundle P(S/Sks2) — FI. When k = 0, the projection pr; is
identified with the P!-bundle

P(Sy/S2) — Fly,
whose tautological line bundle is
L =pri(S$1/S2) € S5 /So.

As for ordinary flag varieties, we will consider the homomorphisms
prapry: HyFl,(V) — H3Fl,(V). In general, the k > 0 case is similar
to what we saw in Chapter 10, so we will focus on k = 0.

Lemma 4.2, Under the isomorphism H7Fl,(V) = (A ® I')[x]/], we
have pra,pr] = k.

Proor. For k > 0, this is the same as for ordinary flag varieties
(Chapter 10, Lemma 6.5). For k = 0, we compute pr;,. Using Chap-
ter 13, Corollary 5.1, any class a € H}.FI,, canbe writtenasa = a+bx;,
where a4 and b do not involve ¢ or x;. Now pria = a +b C{(L), SO
by basic properties of Chern classes, we have pry,prja = —b. Since
do(x1) = —1, this agrees with dyo(a + bx1). O

Lemma 4.3. Forw € W,

* {owsk if C(wsy) < ((w);
pr2,priow = .
0 otherwise.

The proof of this lemma goes exactly as before (Chapter 10,

Lemma 6.6), and we leave it as an exercise.?
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To complete the proof of Theorem 4.1, we need a formula for .

Prorosition 4.4. For w") =12---7 € Weo, and Fl,(V) = Fl,,(C2™)
with m > n, we have

0, = Plan-1,.31(c(), ..., c(n))
in HyFl,(V), where c(k) = c(V = Eyy1-k — Spy1-k)-
Proor. The argumentis the same as the one we used in Chapter 12,
Theorem 4.2: reduce to a Lagrangian Grassmannian degeneracy lo-
cus, and apply Corollary 3.1.

Consider the vector bundle V & V on FI,(V), with the symplectic
form w’ defined by

w'(v1 ® w1, V2 ® wr) = W(v1, V2) — W(Wy, Wa).
Then the flag
Ge:E,®S, CcCE,.1®S,.1C---CEidS1cVaV

is isotropic with respect to the form w’, as is the diagonal subbundle
Ay € V @ V. Using notation from §3, the Lagrangian degeneracy
locus D21, 3,1)(Av, Ge) C Fl,,(V) is defined by the conditions

dim(Ay N (Epy1-k © Spy1-k)) 2 k
for 1 < k < n. The equivalent conditions
dim(E;11-k N Fry11) 2 k
define ngn), s0 Dop-1,.31)(Av, Ge) = ngn). It follows that this

degeneracy locus is irreducible of codimension ¢ (wgn)) =Q2n-1)+
.-+ 3+ 1 =n?, and therefore

0, = Dan-1,..3,1)-

Applying Corollary 3.1 proves the proposition, since
c(VeV —Ay —Ep1-k = Sus1k) = c(V = Eng1-k — Sus1-k),

as claimed. 0
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5. Properties of type C Schubert polynomials

The type C Schubert polynomials S (c; x;y) satisfy properties
analogous to those of the type A polynomials S, and S, (Chapters
10 and 12). To conclude this chapter, we mention some of these
properties. Our treatment is brief; much more can be found in the
references.

5.1. Basis. The classes of Schubert varietiesin FI (V') form a basis
for the cohomology, and as noted in §1.5, it follows that the classes
form a basis in the infinite-dimensional limit.

As w ranges over We, the Schubert polynomials SS,(c; x; y) form a
basis for I'[x, y] over Z[y].

Let V be a 2n-dimensional vector space with symplectic form w.
The Schubert polynomials also form a basis for the ideal | in the
presentation I'[x, y]/] > H3Fl,(V) from Chapter 13, Corollary 5.1.

The ideal | has basis {SS(c; x; y) |w € Weo, w ¢ W,,} as a module
over Z[y].

The proof is the same as in type A, using Exercise 1.5.

5.2. Multiplication. The polynomials SS(c; x; y) multiply in the
same way as Schubert classes. Since they form a basis, we can write
S-S5 = ) oS

weWe

w

for polynomials cj}, € Z[y].

— w
GM.GU_ Z Cuvaw

weW,

We have

in HyFl,(V).

5.3. Localization and interpolation. The polynomials S$(c; x; y)
satisfy and are characterized by an interpolation property, as in type
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A. For any w € W, the ¢ variables specialize as

N il L+ Yo _ L+ Yt
g LtV i>0 1= Yo
w(i)<0
recalling that y; = —y;. For instance, 54123 % The x

variables specialize as x = —y*, by x; = -y, for all i.

For w € W, the type C Schubert polynomial S, specializes as

3) SSc-y"y) = || Wwi = voii)
j<i<y
w(i)<w(j)
and
(4) SS(c%—y%y)=0 if v#w,

and it is the unique polynomial in I'[x, y] of degree €(w) with these
properties.

This can be proved by comparing with the corresponding restric-
tions of Schubert classes. Justasin type A (see Chapter 9, Lemma 3.1),
the classes o, are characterized by their restrictions to fixed points:

5) ok = || Wat = vorp)
j<i<j
w(i)<w(j)
and
(6) owlb =0 if v % w.

These formulas follow from the computations of tangent weights in
Exercise 1.1.

Now setting ¢ = c'(V-S—-E)and x; = clT(Si/SiH), we have
SC(c;x;y) = 0y inTx, y] = H; 7Flo(V). Restricting to the fixed point
po sends x; to ¢ T(°E;J*Eis1) = —Yu(i), and from ¢ = 1—[1>0 1+y , wWe
have ¢ - c?. (See §1.2.) So S$(c; x; ¥)lp, = SG(c¥;—y%; ), and the
restriction formulas follow from Equations (5) and (6). O
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5.4. Comparison with type A. Ordinary permutations form a
subgroup of signed permutations, and for w € So, C W, the type A
(Lascoux-Schiitzenberger) Schubert polynomial is a specialization of
SS(c; x; ).

For w € Wy, we have

6w 7 ] SOO/
Sg(l;x;y):{ (x,-y) ifwe

ifw ¢ Seo.

Using the interpolation characterization of S, and comparing the
restriction formulas above with those in Chapter 10, §10.5, one sees
SC(1;x;y) = Su(x,—y) when w € So. (Note that ¢ = 1 for any
W € Se.)

Next consider the embedding f: FI(C") — FI,(C?") by regard-
ing C" = span{ey, ..., e7}. This identifies FI(C") with the (opposite)
Schubert variety ﬁﬁn_ﬁ C F1,(C?"), so f7'Q, = 0 and f*o, = 0 if
w ¢ Sy, (see §1.4). On the other hand, the series ¢ pullsbackto f*c =1,
and by taking n large enough, one can arrange that there are no rela-
tions among the x and y variables, so f*ng(c; X;y) = SC(1;x; y). O

5.5. Grassmannian signed permutations. For each strict parti-
tion A, there is a Grassmannian signed permutation w(A) (§1.1).

The Schubert polynomial for a Grassmannian signed permutation is
equal to the corresponding double Q-polynomial:

S;(A)(C} x;y) = Qalely).

Writing 7t: FlI,(V) — LG(V) for the projection, this follows by
observing n71Q, = (1), for example by comparing fixed points or
the defining rank conditions. O

Notes

Ivanov extended Nimmo’s ratio formula for Q,(x) to a similar formula
for the multi-parameter versions Q(x|y), and proved identities relating
the several different versions of these polynomials described in §2 [Iva05].
Ikeda etablished the equivariant Giambelli formula for Lagrangian Grass-
mannians, using Ivanov’s double Q-polynomials [Ike07]. Our proof of
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Theorem 2.2 uses a different interpretation of the variables and appears to
be new.

Asintype A, the rank conditions defining ), in the isotropic flag variety
are often redundant. An essential set of conditions can be determined
using a variation on the Rothe diagram for signed permutations [An18].
Alternative descriptions of Bruhat order for W,, and related groups can be
found in [BjBr05, §8].

There is an analogous story for Schubert varieties and degeneracy loci
in the presence of a nondegenerate quadratic form on V. These correspond
to Lie types B (when dimV = 2n + 1) and D (when dimV = 2n). As in
other types, Schubert cells Q, are Borel orbits, but in general one should
define the Schubert varieties as the closures of these cells, Q3,, := Q_Z,, rather
than directly by rank inequalities. (In type D, the locus naively defined by
conditions dim(E, N F;) > k may be larger. This is related to the fact that the
corresponding Bruhat order is not induced as a sub-poset of the symmetric
group. See [FulPra98, BKT15] for examples.)

Starting in the 1990s, many authors sought representatives of Schu-
bert classes in other classical types which are appropriately analogous to
the Lascoux-Schiitzenberger Schubert polynomials. Fomin and Kirillov
[FoKi96b] showed that stability cannot be achieved in Z[x]. Billey and
Haiman [BiHa95], meanwhile, gave formulas in I'[x]. Different possibil-
ities were investigated by several others, e.g., [Ful96a, Ful96b, LasPra98,
KrTam02]. The Billey-Haiman polynomials turn out to satisfy the most
straightforward extensions of the properties of type A Schubert polynomi-
als; in our notation, they are equal to Sgu(c ;x;0).

The double Schubert polynomials S§(c; x; y) were introduced by Ikeda,
Mihalcea, and Naruse as representatives for Schubert classes in H7.Fl,(V)
(as well as versions in types B and D) [IMN11]. These authors established
basic properties of these polynomials, including those listed in §5 above.
Following Kazarian [Kaz00], they also interpreted the ¢ variables to obtain
Chern class formulas for symplectic degeneracy loci. More refined formulas
and different arguments were given in [AnFul12, AnFul18].

While the formulas given in §4 for the operators Jdi suffice to define
them onI'[x, y], when computing Schubert polynomials it is useful to know
a direct formula for dyQ(c):

0Qu(e) = 3" 2/ @xy) M1 Quc),

u
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where the sum is over all strict partitions u obtained from A by removing
a border strip; b(A/p) is the number of lines separating boxes in such a
strip; and k(A/p) is the number of connected components of the strip.
This formula follows from [BiHa95, Corollary 4.5], and a refined version is
proved in [AnFul21b].

Grassmannians of non-maximal isotropic subspaces are somewhat more
complicated than Lagrangian Grassmannians. Formulas for Schubert classes
in these spaces were given by Buch, Kresch, and Tamvakis [BKT17, BKT15].
Equivariant formulas, applications to degeneracy loci, and combinatorial
refinements appear in [IkeMat15, Tam16a, Tam16b, TamWil16, AnFul18].

As we have emphasized in our notation, the type C Schubert polynomi-
als S$(c; x; y) are closely related to the “infinite” type A Schubert polynomi-
als S%(c; x; y) of the previous Chapter. In fact, using the interpolation char-
acterization of the type A polynomials (Chapter 12, Notes), one can prove
that for w € S, the natural surjection Z[c, x, y] - I'[x, y] sends S;?,(c; X;Y)
to S$(c; x; y). (This refines the assertion of §5.4 that SC(1; x; y) = Cu(x;—y).)
A geometric proof is given in [AnFul21a].

Other properties of the type A polynomials also hold in type C. There
is a duality formula SS,(C ;X Y) = Sgﬂ(c ; ¥;x), and a Cauchy formula

SS(c;x;y) = Z Sy (c’;x;t)-S5(c”; =, ),
vU=w

where ¢ = ¢’-c” and all three series satisfy the relations defining I'. The anal-
ogous Stanley functions Fy, = SS,(C,’ x;y) € I were introduced in [BiHa95].
Using the Cauchy formula one can express S (c; x; y) in terms of these type
C Stanley functions and the type A (single) Schubert polynomials S,.

More discussion of the algebra and geometry of classical-type Schu-
bert polynomials, including types B and D, will appear in the forthcoming
[AF-ABCD].

Hints for exercises

!Work out the type A case (Chapter 10, Exercise 2.1), and keep track of the
conditions imposed by the symplectic group.

2Use Exercise 1.2 to adapt the argument from Chapter 10.



CHAPTER 15

Homogeneous varieties

A homogeneous variety is one on which an algebraic group acts
transitively. We have studied the Grassmannian and flag variety,
which are homogeneous for SL,, (or GL,), as well as the Lagrangian
Grassmannian and isotropic flag variety, which are homogeneous for
the symplectic group Sp»,,. Naturally generalizing and unifying these
examples are the projective homogeneous varieties for a complex
semisimple (or reductive) Lie group G.

The remaining chapters deal with the equivariant cohomology of
these spaces; as we will see, they play a central role in the general
story of G-spaces. In this chapter, we first review the basic structure
of semisimple groups and their flag varieties. We will state most facts
without proofs. For the reader encountering this language for the
tirst time, a useful exercise is to work out every statement explicitly for
the cases SL,, or Sp»,, which we have seen in the previous chapters.

1. Linear algebraic groups

Let G be a complex semisimple linear algebraic group, with a Borel
subgroup (i.e., maximal connected solvable subgroup) and maximal
torus, G > B D T. Letg D b D t be the corresponding Lie algebras.
There is a unique maximal unipotent group U C B, sothat B =U - T
(and in fact this is a semidirect product). The basic example is that
of G = SL,, with B = B,, the subgroup of upper-triangular matrices,
T = T, the diagonal torus, and U = U, the group of upper-triangular
matrices with 1’s on the diagonal.

The class of reductive groups is slightly larger, and with a few tech-
nical changes, most of our discussion of semisimple groups applies
equally well to reductive groups. The main example of a reductive
group is GL,, along with its Borel subgroup B, of upper-triangular

281
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matrices and diagonal torus T,,. Any semisimple or reductive group
G embeds as a closed subgroup G € GL,, so that B = G N B, and
T=GNT,.

Every linear algebraic group G has a maximal normal unipotent
group, its unipotent radical R, (G), so that G/R,(G) is reductive. The
main examples are R, (B) = U for a Borel subgroup, but we will see
others when dealing with parabolic subgroups.

To streamline the presentation, we focus on the semisimple case
from now on.

1.1. Roots and weights. The weight lattice of T is the character
group M = Hom(T,C"). The set of roots R C M consists of the
nonzero weights of T acting on g be the adjoint action. This gives a

gﬂ@@%

BeR

decomposition

where gg is the weight space for §, and t is the 0-weight space. Itis a
basic fact that each g4 is one-dimensional.

The positive roots R* are the nonzero weights for the action of T
onb, so

This parititions the set of roots as R = R* [ [ R~, where the negative
roots are R~ = —R* = {a € R| — a € R*}. There is an opposite Borel
subgroup B~ whose Lie algebra b~ has weights in R™.

The roots span the real vector space Mr = M ®z R. There is a
unique basis of simple roots A € R™ such that every positive root is
a nonnegative combination of simple roots. The integral span of the
roots is the root lattice My € M.

Letting M"Y = Hom(M, Z) be the dual lattice, the natural pairing
is denoted (, ): M x MY — Z. For each root f, there is a coroot 8"
in MY, such that (a, ") is an integer for all roots @ € R, (B, ") = 2,
and the reflection sg defined on M by

sp(A) = A = (4, ")
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preserves R. Note that sg(f) = —p. (In fact, the coroots are uniquely
determined by these properties.)

The coroots a" associated to simple roots a form a basis for My.
The fundamental weights @, are the dual basis for Mg, so if a and f
are simple roots we have (@., ") = 0qp. These span the fundamental
weight lattice Myt € Mg. In general, one has Myt € M C M.

Each root € R corresponds to a one-dimensional root subgroup
Ug € G, isomorphic to the additive group C, with Lie algebra gg C g.
There is a T-equivariant isomorphism

C= as . u[g ’
with T acting on gg by the character 8, and on Uy by conjugation.
There is also a T-equivariant isomorphism
BERT
soU = AN is isomorphic to affine space (as varieties, not groups),
with N = #R*. There is a similar isomorphism for the opposite
unipotent group U™, using the negative roots R™.

ExamrrLE 1.1. Let G = SL,,, with the standard Borel B and torus T.
Let t1,...,t, be the characters which pick out the diagonal entries,
so the weight lattice M is generated by the t;’s, modulo the relation
ti+---+t, =0. Therootsare R = {t;—t;|i # j}, the positive roots are
R* ={ti—tj|i < j}, and thesimplerootsare A = {t1~t,..., t,-1—ty}.
For B = t; — t;, the corresponding root subgroup Ug is the set of
matrices with 1’s along the diagonal and a free entry in position

(, J)-

Exercise 1.2. For G = SL,, as above, the root lattice M,y € M has
index n, and M /My = Z/nZ. Write down the fundamental weights
in terms of the characters ¢;.

Exercise 1.3. For G = Sp,, and the diagonal torus as in Chapter 13,
work out the roots. What is M /M, in this case?!
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Different semisimple groups may have isomorphic Lie algebras.
For any given semisimple Lie algebra, there are always two distin-
guished semisimple groups: the simply connected group, whose max-
imal torus has weight lattice M = My, and the adjoint group, which
has M = M. Asnoted above, the weight lattice of the maximal torus
is always an intermediate lattice, so the simply connected and adjoint
groups are the extreme cases.

ExampLE 1.4. The groups SL, and PGL, have isomorphic Lie
algebras; SL, is the simply connected group, and PGL,, is the adjoint
group.

The simply connected and adjoint groups coincide if Myt = M.
This happens, for example, in the root system of type G».

1.2. The Weyl group. The Weyl group is W = N(T)/T, where
N(T) is the normalizer of T in G. This is a finite group, and it acts on
M by

(w - A)(t) = A(d~ ),
for any lift v € N(T). (An easy calculation shows this is independent
of the choice of lift.) This action preserves the set of roots.

For each root 3, the reflection sg belongs to the Weyl group. The
simple reflections s, (associated to simple roots) generate W. A reduced
expression for w € W is an expression w = s,, - 5q,, Whereay, ..., ay
are simple roots and ¢ = {(w) is minimal among all such expressions.
The sequence ay, . .., a¢ is sometimes called a reduced word.

The number ¢(w) is called the length of w. It may be characterized
as

{(w) = #w(R™) N RY).
There is a unique longest element w, € W, with w.(R™) = R*, so
l(wo) = #R™.

A root g is an inversion of w if € R* and w(p) € R™. That is, the
inversions of w are the roots in R* N w™(R™). Since

w(R)NR" = —w(R* nw™(R7)),
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{(w) is equal to the number of inversions of w. (One also sees that
{(w) = £(w™!), but this is evident from the definition of length.)

ExamrLE 1.5. For SL,, the Weyl group is the symmetric group
Sn. The simple reflection associated to the root t; — t;11 is the simple
transposition s;. A positive root f = t; — t; has w(f) € R™ if and only
if i < jand w(i) > w(j). (So the general notion of inversion recovers
the one for S,, defined in Chapter 10.) The longest element is the
permutation wo, =n ---21.

A choice of reduced word induces a useful ordering of the roots:

LemmMma 1.6. Given a reduced word a, . . ., ag for w, we have

w(RT)NR" ={B1,..., B¢},
with
ﬁi =Sap SaH(O‘i)/

so f1 = a1, B2 = sq,(a2), etc.

The action of W on M induces an action on the dual lattice MV,
preserving the coroots. The natural pairing is W-invariant:

(w(a), w(p”)) = (a,p")

for any root a and coroot g".

Remark 1.7. Since W is finite, one can choose an invariant inner
product (, ) on the vector space Mg and use this to identify Mg with
M. With respect to such an identification, one has

. 28
P =69

for any root f. In particular, writing = X ,ca 7

[21

g in terms of

simple roots, we obtain

o (@)

FB.B)

<(Da/ﬁv> =n
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Basic facts about the action of W on root systems show these formulas
are independent of the choice of invariant inner product. The W-
invariant inner product can be helpful for intuition, but we will not
need to reason with it.

1.3. Bruhat decomposition. For any ordering of the set w(R™) N
R* ={B1,...,P¢}, the multiplication map
Up, X---xXUg, = G
defines an isomorphism (of varieties) onto the subgroup
Uw):=UnwU w™},

where U C B and U™ C B~ are maximal unipotent groups. This
isomorphism is T-equivariant, where T acts by conjugation on each
factor.

Lemma 1.8. Writing C(w) = BwB C G, the map (u,b) — uwb is an
isomorphism
U(w) x B — C(w).
In particular, C(w) = [ Ug, x B = A’ x B.

The above lemma is the key ingredient in Bruhat decomposition.

ProrosriTioN 1.9 (BRUHAT DECOMPOSITION). We have
G=|[cw),
weW
with each C(w) a locally closed subvariety of G.

For u,v,w € W, the notation uv = w denotes a length-additive
product, so uv = w and £(u) + {(v) = {(w).

Lemma 1.10. If uv = w, then C(u) - C(v) = C(w). For a simple root
a, if €(sqv) < €(v), then C(sy) - C(v) = C(sqv) U C(v). Similarly, if
{(vs,) < €(v), then C(v) - C(sq) = C(v) U C(vsy).
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2. Flag varieties

The quotient space G/B is a smooth projective variety of dimen-

sion
dim G/B = N = #R" = {(w.).

It is called the (generalized) flag variety of G. For each w € W, thereis a
point p, = WwB € G/B. The torus T acts on G/B by left multiplication,
and the points p,, are precisely the T-fixed points.

We quickly review the geometry of G/B, which naturally gener-
alizes that of SL,,/B = FI(C") and Sp,/B = Fl,(C?"). As usual, we
invite the reader to unpack each statement for these cases.

2.1. Schubert varieties. The Borel subgroups B and B~ also act
on G/B by left multiplication. The orbit

X(w)® =B - py = BwB/B
is called a Schubert cell, and the orbit
Y(w)® =B~ - pyw = B"wWB/B

is an opposite Schubert cell. Since B~ = w,Bw;!, these are related by
Y(w)° = wo - X(wow)°®.
The Bruhat decomposition gives T-equivariant isomorphisms

(1) Al@) ~ 1_[ Ug > X(w)°
pew(R™)NR*
(ull---luf) = Uy~ Uy 'Pw:
and similarly
) AN = [T U S Y(w)
Bew(R)NR~
(U1, ..., UN—¢) > UL UN—¢ * Pw-

In each case, the origin in the affine space maps to p, in the cell.
The orbit closures

X(w) = X(w)° and Y(w)=Y(w)°
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are called Schubert varieties and opposite Schubert varieties, respectively.
From the definitions, X(w) is B-invariant, of dimension ¢(w), and
Y(w) is B~ -invariant, of codimension £(w).

Remark. Our terminology for Schubert varieties versus opposite
Schubert varieties in G/B conforms to standard usage, but conflicts
with what we used in previous chapters. In our earlier notation, for
G = SL, or G = Spy;, the (opposite) Schubert cells are

Xw)P=Q° , and Y(w)’ =Q°,

Wow

and similarly for the closures of these cells.

2.2. Partial order. The Chevalley-Bruhat order on W describes con-
tainment of Schubert varieties. It is defined by

v<w iff X(v) € X(w).

Multiplication by w, reverses this partial order, and it follows that
v < wiff Y(v) 2 Y(w). It also follows that

X@w) =] [X@©® and Y(@)=][Y(@)

v<w V2w
In the cases W = S, or W = W,,, this agrees with the Bruhat order
we saw in Chapters 10 and 13. As before, there are many equivalent
characterizations. Here are some.

LemmMma 2.1. For v, w € W, the following are equivalent.

(1) v < w;

(2) X(v) € X(w);

(3) pv € X(w);

(4) Y(w) C Y(v);

(5) p(w) € Y(v);

(6) wow < Wov;

(7) vt <wh;

(8) thereisareducedword (o, . .., ar) for wand asubword (a;,, . .., ai,)

such that sa; -+~ Sa; = 0;
(9) thereisareducedword (a1, . .., ag) for wand asubword (a;,, . . ., ;)
which is a reduced word for v.
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The nontrivial equivalence is (1) & (9); the rest are straightfor-
ward from the others and what we have seen.

2.3. Bases for cohomology. The Schubert varieties and opposite
Schubert varieties determine bases for the equivariant cohomology
of G/B, for the same reasons we have seen for FI(V') and Fl (V).

Setting Fp = U g(w)<p X(w) defines a filtration

0cFyc---cFy=G/B

by closed B-invariant subsets, and the Bruhat decomposition shows
that each F, \ Fy_1 is a disjoint union of affine spaces of dimension
p. Using the cell-decomposition lemma (Chapter 4, Proposition 7.1),
it follows that the classes [X(w)]? form a basis for Hy(G/B) over
Ap = Ar. For the same reason, the classes [Y(w)]?~ form a (different)
basis for H;_(G/B).

The subvarieties X(w) and Y (w) are T-invariant, so the classes

x(w) = [X(w)]" and  y(w) = [Y(w)]"

form two distinct bases for H}.(G/B) over Ar. From our dimension
conventions, x(w) € H%N_zg(w)(G/B) and y(w) € H%g(w)(G/B).

2.4. Tangent spaces and Poincaré duality. The tangent space to
G/B at the base point p, = éB is
T,,G/B =g/b = @gﬁ.
BER™
Left multiplication by @ defines an automorphism of G/B taking p.
to pw, and twists the T-action so that

T,,G/B= P g
pew(R~)

The isomorphisms of (1) and (2) are T-equivariant, which implies
the following:
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Lemma 2.2. The T-fixed point py, is a nonsingular point of X(w) and
of Y(w), and there are canonical T-equivariant isomorphisms

T, X@) =T, X\ = P o
pew(R-)NR*
and
Ty, Y(w) = Ty, Y(w)° = EB ag.
pew(R-)NR-
In particular, since w(R™) = (w(R™)NR™) LI (w(R™)NR"), the varieties
X(w) and Y (w) intersect transversally at the point py,.

It follows that the bases {x(w)} and {y(w)} are Poincaré dual.

Proposrtion 2.3. Writing p: G/B — pt as before, for v, w € W, we
have
p«(x(v) - y(w)) = bo,0
in Hy.(pt) = Ar.

The proof follows the same pattern we have seen before.

3. Parabolic subgroups and partial flag varieties

A closed subgroup P with G 2 P D B is called a (standard) parabolic
subgroup. These are in bijection with subsets of the simple roots A. A
standard parabolic P corresponds to the subset

Ap={a €Alg_o Cp}

where p is the Lie algebra of P. Conversely, given a subset | C A, the
parabolic Pj is generated by B together with the root subgroups U_g
for all B € R which are in the linear span of . The set of such f is
written R}, € R*.

The extreme cases are Py = B and Py = G. Excluding these, a
minimal parabolic corresponds to a set consisting of a single simple
root, P, = Py4); and a maximal parabolic corresponds to a set which
omits a single simple root, Pz = P {a}-
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The Lie algebra of P decomposes as

P
=t® (- @ 9p) @ @ gp.-
BeR’; BER*R}

The unipotent radical Up = R, (P) has Lie algebra up = 5 BeR*R 9/
and there is an equivariant isomorphism

up= [] ug

BER*\R}

for any ordering of the roots in R* \ Rlﬁ. Writing R}, = —Rlﬁ, there is
an opposite unipotent group U}, with

u;= || U,

with Lie algebra 1.

There is an associated Weyl group Wp = Np(T)/T, equal to the
subgroup of W generated by the simple reflections s, for a € Ap.
Every coset [w] in W/Wp has a unique representative w™" € W of
minimal length, characterized by the property that w™"(a) € R* for
each a € Ap. Similarly, there is a unique representative w™* € W of
maximal length, characterized by w™™(a) € R~ for each a € Ap.
min

The element w™™ is the minimal representative of [w], and w™?* is the

maximal representative. Writing w? for the longest element of Wp, we

max _ wminwfl and

(™) — L(w™") = £(w?l) = #R}.

have w

For a parabolic subgroup P C G, the homogeneous variety G/P
is called a partial flag variety for G. It is projective, and this property
characterizes parabolic subgroups. Just as for G/B, the groups T,
B, and B~ act on G/P by left multiplication. For each [w] € W /Wp,
there is a point p,,) = WP € G/P, and these are precisely the T-fixed
points of G/P.



292 §3 PARABOLIC SUBGROUPS AND PARTIAL FLAG VARIETIES

There is a canonical isomorphism
Tje1G/P =g/p =1, = @ ag-
BER™\R}
In particular, dim G/P = Np = #(R™ \ R}) = #(R* \ R}). Multiplying
by any coset representative for [w] € W/Wp, we have
T[w]G/P = @ gﬁ.
Bew(R™\R})

(The subgroup Wp preserves the roots R}, so the set w(R™ \ R})
depends only on the coset [w] € W/Wp.) A refinement of Bruhat
decomposition shows that there is a T-equivariant isomorphism

3) ANP ~ n Uﬁ N V[w]
Bew(R™\R3)
(U1, ..., UNp) P> UL UNp - Plw]

where Vi, € G/P is an open neighborhood of py,;. In fact, this
establishes an equivariant isomorphism wUy,w ™! = Vi)

Exawmrie 3.1. For G = SL, and the simple root ay = t; — tg41,
consider the maximal parabolic P = Pg-. In block matrices, one has

I I 0
a] * and U, = d ,
0 In_d * I?’l—d

where [ is the k X k identity matrix. Both Up and U}, are isomorphic
to A?"=4)_ The flag variety is G/P = Gr(d, C"). (Compare Chapter 3,
Example 3.7.)

Up =

Schubert cells and varieties are defined as before. For each coset
[w] € W/Wp, the orbit

X[w]® = B - pla
is a Schubert cell, and

Y[w]® = B™ - Pl
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is an opposite Schubert cell. The Schubert varieties and opposite
Schubert varieties are the respective orbit closures:

X[w] = X[w]°® and Y[w] = Y[w]°.

min max

From the characterizations of w™" and w™?%, one sees

w™(R™\Rp) NRY = w™™(R7)NR"
and
w™X(R™ N\ R3) NR™ = w™(R™)NR".
So choosing any representative w of the coset [w], we have
#(w(R™ N\ Rp) N R*Y) = L(w™™)
and
#(w(R™NRp)NR™) =N = {(w™) = Np — £(w™™),

using R* = (R* \ R}) II R} to see the last equality.
There are equivariant isomorphisms

(4) aAle™ =[] U X[wP
Bew(R™\Rp)NR*

and

(5) ANp—f(wmin) ~ 1_[ U‘B ; Y[w]o,
Bew(R-\Ry)NR~

SO

dim X[w] = codim Y[w] = £(w™™).
As for G/B, the Schubert cells decompose the flag variety G/P, and
their classes
x[w] = [X[w]]" and y[w]=[Y[w]]"

form two bases for H;(G/P), as [w] ranges over W/Wp. We have
x[w] € HNP @G /P) and y[w] € HX™"(G/P).

The isomorphisms (4) and (5) lead to a description of tangent
spaces, as before.
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Lemma 3.2. The T-fixed point pyy,) is a nonsingular point of X[w] and
of Y[w], and there are canonical T-equivariant isomorphisms
Ty X[w] = Ty, X[w]° = @ ag
Bew(R™\R,)NR*
and
Ty, Yol =T, Ywl'= & a
pew(R=~Rp)NR-
In particular, the varieties X[w] and Y[w] intersect transversally at the

point piq)-

Let © = 7tp be the projection G/B — G/P; this is proper, smooth,
and G-equivariant. It determines an isomorphism of Schubert cells
X(w™n)° — X[w]°, so by basic properties of Gysin homomorphisms,

we have

(6) (X (™)) = x[w]

in H7.G/P. Similarly, we have an isomorphism Y (w™)° — Y[w]°,
SO

(7) Ty (™)) = y[w].

On the other hand, we have n!X[w] = X(w™) (as one sees by
tracking T-fixed points), so

(8) wx[w] = x(w™).

Similarly, 7 'Y[w] = Y(w™™"), and
min).

) mylw] = y(w

From these considerations, one can establish Poincaré duality
for G/P. It can be deduced from G/B using functoriality: writing
pP: G/P — ptand p: G/B — pt, we have

pP(x[o] - ylw]) = pP(x[0] - ey (™))
= pl (' x[o] - y(@™)
= p(x(@™) - (™)

= O[o) [w]-
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Another proof of Poincaré duality can be given by analyzing the
induced partial order on W /Wp.

Exercise 3.3. Show that pp,) € X[w] if and only if o™ < w™™ in
W, and similarly pp, € Y[w] if and only if o™ > w™®*, Using this,
imitate earlier arguments to show that the bases {x[w]} and {y[w]}
are Poincaré dual.

Exercise 3.4. For any [v], [w] € W/Wp, show that o™ < g™in jf
and only if ™3 < ™max 2

ExampLE 3.5. Consider G = SL, and the maximal parabolic omit-
ting the dth simple root, so P = P5; and G/P = Gr(d,C"). The Weyl
groups are W = S, and Wp = §; X S;,_4. For w = wywy---wy, the
minimal coset representative of [w] is obtained by sorting {w1, ..., w4}
and {wg41,..., Wy} into increasing order. Similarly, the maximal
coset representative is obtained by sorting these sets into decreasing
order.

For instance, withn =9,d =4and w =329618574, we have

w™N =236914578
and

WM™ =963287541.

Comparing with notation from Chapters 9 and 10, the parti-
tion A = (5,3,1,1) corresponds to the subset I = {2,3,6,9}, and
w™" = w(A) is the corresponding Grassmannian permutation. The
complementary partition is AV = (4,4,2,0), and its Grassmannian
permutation is w(AY) = 147823569 = w,w™**. We have

X[w]=Qun and Y[w] = Q,.

ExampLE 3.6. For G = SL, again, and the minimal parabolic
P = P,,, we have G/P = FI(1, .. .,1;, ...,n —1;C"), the partial flag
variety which omits the d-dimensional space. The Weyl group Wp is
generated by the single reflection sy, so for w = wy---w, € S,, we
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have
min w ifwg < wge;
wsy ifwyg > wgay4,

and vice versa for w™aX,

4. Invariant curves

The T-invariant curves in G/P can be described explicitly, using
a small application of Bruhat decomposition. We will need a general
lemma about reflections.

Lemma 4.1. Let y be a root, and p = w(y) for some w € W. Then
Sp = WSy w! and Up = WU, "

We have seen that the tangent weights at a T-fixed point p[,, are
w(R™ \ Rp). Since the weights are distinct, it follows from general
equivariant geometry that there are finitely many invariant curves
through py,], one for each g € w(R™ \ R}) (Chapter 7, §2). For each
such root f3, there is a reductive group

Gp = Cg(ker(B)°),

the centralizer of the identity component of ker(f: T — C*). (So
Gp = G_p.) It has Lie algebra

Lie(Gg) =t ® g ® g5,
and its semisimple part is isomorphic to SL, or PGL,.

ProrositioN 4.2. The T-invariant curves in G /P through p|, are the
orbits
G - Pry = P!
for B € w(R™ \ R}). Such a curve contains two T-fixed points, p|,) and
Plssw]- Its tangent weights at these fixed points are p and —p, respectively.

Proor. Let E € G/P be an invariant curve containing py,, and
let Vi, € G/P be the T-invariant affine open neighborhood of py),
described above in §3, Equation (3). Then E N Vi, = Ug - p[u), for
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some f8 € w(R™ \ R}). Since TU_g C Gg is a Borel subgroup, Bruhat
decomposition for G gives

Gp = UgTU_p 11 UpégTU-p.

Lety = w™(B) € R\ R}, so B = w(y). By Lemma 4.1, we have
U_ﬁ = zbu_yzb‘l, SO U_ﬁ fixes Plw]- Sirnﬂarly, Uﬁ = U_sﬁ(ﬁ) = u_sﬁw(y)
fixes pys gw] = g * Plw]- From the decomposition of Gg, we see

Gp - Prot = Up - o) 1 Ap(ssul}
so E = Gg - plw) = Gg/(TU-p) and the proposition follows. O

A refinement of the proposition describes invariant curves in
Schubert varieties. Let X[v] € G/P be a Schubert variety, and let
[w] € W/Wp be such that w™" < v™™, 50 pp,,) € X[v].

CororLary 4.3. The T-invariant curves in X|[v] through py,, are the
orbits Gg - pjw) such that B € w(R™ N\ Rj) and (sgw)™" < p™in,

PrOOF. Since pis;) € X[v] if and only if (sgw)™™ < v™", the
condition is clearly necessary for Gg - p) € X[v]. If (sgw)™™ < w™™,
then this curve lies in X[w] C X[v], since § is a tangent weight for
Ty X[w]. Similarly, if ™" < (sgw)™" < ™", then the curve lies in
X[spw] € X[v], since —p is a tangent weight for Tp[sﬁw]X[sﬁw]. O

Exercise 4.4. Let a € A be a simple root. For the corresponding
minimal parabolic subgroup P, and projection 7: G/B — G/P,,
show that the fiber 7~ (p[,1) is the T-invariant curve Gg-pw € G/B,
where = w(—a). In particular, the fixed points are {p, pws, }, since
spw = ws, by Lemma 4.1. The tangent weights to this curve at py
and pys, are p = —w(a) and —f = w(a), respectively.

5. Compact groups

Every complex semisimple Lie group G contains a maximal com-
pact subgroup K C G, which is unique up to conjugacy. Conversely,
G is the complexification of K, sometimes written G = K¢. For exam-
ple, we have the special unitary group SU(n) C SL,, the compact
symplectic group Sp(n) C Spz,, and the real orthogonal groups
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SO(n) c SO,. This also holds for reductive groups. For exam-
ple, one has the unitary group U(n) ¢ GL,, and the compact torus
(SH™ c (CH.

A basic fact is that K is a deformation retract of G, and conse-
quently

HyX =H;X

for any space X on which G acts. In Chapter 1, we saw a simple
instance of this, for S! ¢ C*.

For a semisimple (or reductive) G with maximal compact sub-
group K, we obtain a maximal compact torus S C K by choosing a
maximal torus and Borel subgroup T C B C G:

S=TNK=BNK.

In fact, S € T is maximal, i.e., if T = (C*)" then S = (S1)".
The inclusions determine a canonical homeomorphism

K/S = G/B,

and we use this to endow K/S with a complex algebraic structure.

We have Nk(S) = Ng(T) N K, so the Weyl group is isomorphic
to Nx(S)/S. This identification yields a natural right action of W on
K/S = G/B, defined by

(kS) - w = kS

for any representative @ € Nk(S). This action is not algebraic or
holomorphic: if £(w) is odd, the automorphism reverses orientation.

On the other hand, using the identification K/S = G/B, the inclu-
sion K/S < G/T determines a section of the projection G/T — G/B.
This section is not algebraic, or even holomorphic. But there is anatu-
ral (algebraic) right action of W = Ng(T)/T on G/T, and restricting to
the non-holomorphically embedded K/S c G/T recovers the above
non-holomorphic action of W on G/B.

ExawmrLE 5.1. For G = GL,, reducing to the compact subgroup
K = U(n) corresponds to choosing a Hermitian metric on C". The
identification FI(C") = GL, /B = U(n)/(S')" realizes the flag variety
as the space of decompositions of C" into n perpendicular lines,
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spanned by unit vectors. The right action of W = S, permutes these
lines.

From this description, one sees that FI(C") = U(n)/(S')" embeds
(non-holomorphically!) in (P"~!)", sending each column of a matrix
in U(n) to the line it spans in C". The action of S,, on FI(n) is then the
restriction of the natural action on (P"~1)", permuting the n factors.

Any reductive G embeds in GL,, inducing compatible embed-
dings G/B = K/S < FI(C") and W < S,,. The above construction
then gives another realization of the right action of W on G/B as the
restriction of an algebraic action via a non-holomorphic embedding,
this time in (P"~1)" rather than G/T.

ExawmriE 5.2. Using the compact symplectic group Sp(n) C Span,
we can complete the computation of Agy;,) = Agp,, begun in Chap-
ter 2, 8§5. To do this, we give another construction of the approxima-
tion spaces.

The symplectic group can be described as a quaternionic unitary
group, that is,

Sp(n) = {A € My (H)|A A = In},

—t
where H is the algebra of quaternions (over R), and A is the quater-
nionic conjugate transpose. For m > n, let

E;Sp(n) = Emb(H", H™)

be the space of H-linear embeddings, with H acting by right multi-
plication on H" and H™, and Sp(n) acting by left multiplication on
these spaces. The right action of Sp(n) on E,,Sp(n) is defined in the
usual way, by (g - ¢)(v) = ¢(g~'v), and the quotient space is

BwSp(n) = Gru(n, H"),

the quaternionic Grassmannian. The cellular structure of this space is
the same as that of the complex Grassmannian Gr(n, C™), but with
the dimension of each cell doubled, since cells CI are replaced by
HIM. In the limit as m — oo, we have

ASp(n) = H*BSp(n) = Z[Cz, Cay..., Czn],
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a polynomial ring on n generators cyi in degree 4k.

The embeddings Sp(n) c U(2n) give compatible embeddings
Gryg(n, H™) — Gr(2n,C?"), and the corresponding homomorphism
on cohomology

Auen) = Z[c1,¢2,- -+, Con]l = Aspn) = Zcz, - - -, can]

is given by ¢; + c; for i even, and ¢; = 0 for i odd.

6. Borel presentation

Using cohomology with Q coefficients, there are uniform descrip-
tions of H*(G/B) and H;.(G/B), due to Borel. In this section all coho-
mology is taken with Q coefficients. For instance, we will write write
A¢ = H*(BG; Q).

Let G be a semisimple or reductive group, with Borel subgroup
B and maximal torus T let K O S be corresponding compact groups,
as in the previous section. Suppose X is a space with left G-action.
There is a canonical isomorphism

H;X = H.(G/B x X),

with G acting diagonally on G/B X X (Chapter 3, Example 4.4). Using
compact groups, this is H;X = Hy(K/S x X). The Weyl group acts
on K/S x X via its right action on K/S (and a trivial action on X), and
this induces a left action of W on H; X = H¢X. The main goal of this
section is to investigate the W-invariant subring (H,*FX)W.

The projection G/B X X — X is G-equivariant, the pullback by
this projection coincides with the change-of-groups homomorphism
H X — H}X. Since W acts trivially on X, we see that the change-of-
groups map factors through W-invariants:

H.X — (H; X)W € HpX.
The main theorem is that the first map is an isomorphism.

THEOREM 6.1 (BOREL). For any G-space X, there is a canonical isomor-
phism
H X = H ).
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Similarly, Hy X = (H;X)W for any K-space.
To prove the theorem, we will use a basic fact from topology.

ProrosiTiON 6.2. Let W be a finite group acting freely (on the right) on
a topological space Y. There is a canonical isomorphism
H'(Y/W) = (HY)",

using Q coefficients. ]

Proor oF THEOREM 6.1. First we consider the right action of W on
K/S. This is free, with quotient K/Nk(S), so by Proposition 6.2, we
have

H'(K/Nk(S)) = H'(K/$)".
Furthermore, the map K/S — K/Nk(S) is a covering space, with
covering group W, so the Euler characteristics are related by

X(K/NK(S)) = 57 x(K/S).

Since K/S = G/B has a decomposition into Schubert cells, its Euler
characteristic is equal to #W. It follows that y(K/Nk(S)) = 1, and
that
H*(K/Nk(S)) = Q.
That is, K/Nk(S) is Q-acyclic—it has the rational cohomology of a
point.
Next consider the quotient map

EK xNc) x — BEK xK X,

a fiber bundle with fiber K/Ng(S). Since K/Nk(S) is acyclic, the
Leray-Hirsch theorem says the corresponding pullback map on co-
homology is an isomorphism, and we have

Hy X = H(EK xX X) = H*(EK xN<®) X)),
Finally, the map
EK x° X — EK xN«®) x
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is a covering space, with group W, so applying Proposition 6.2 again,
we have

H*EBK xM®) X) = H*EK x* X)W = (H;x)".
Combining these isomorphisms establishes the theorem. O

Taking X = pt, we obtain a description of Ag.

CoroLLARyY 6.3. For any reductive group G with Weyl group W and
maximal torus T, we have A = (A1)".

For example, taking G = GL,, this says

AGLn = Q[Cl, ceey Cn] = Q[tl, ceny tn]S” = (AT)S”,
as we have seen before.

Next we will deduce presentations for the cohomology rings of
G/B. The first will be given in terms of equivariant line bundles,
which will play a significant role in what follows.

Any character A € M = Hom(T, C*) extends to a character of
B=T-U, by A(t - u) = A(t). Let C, be the corresponding one-
dimensional representation of B. Then

L£y:=Gx"C,
is a G-equivariant line bundle on G/B. There is a ring homomor-
phism
b: Ar — H(G/B),

defined by b(A) = clT(.L)\) for A € M.

In fact, the homomorphism b is simply a change-of-groups homo-
morphism. Using the canonical identifications Ar = Ag = HZ.(G/B)
(see Chapter 3, Example 4.3) and H}(G/B) = H;(G/B), we can write

b: H.(G/B) — Hy(G/B)
as c(Ly) — cB(Ly).

CoroLLARY 6.4. Let A = Ar. The homomorphism b: A — H7.(G/B)
descends to a canonical isomorphism

A/AY S H(G/B),
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where AY is the positive-degree part of AV,

Proor. Consider the fiber bundle
EG x° G/B — BG,

with fiber G/B. The base and fiber have no odd cohomology (over
Q), so the associated spectral sequence degenerates. The homomor-
phism H{(G/B) — H*(G/B) comes from restriction to a fiber, and
degeneration of the spectral sequence implies

H:(G/B)/H*(BG), = H'(G/B).

We have H..(G/B) = Ap = A, and H'BG = A" (by Corollary 6.3
above), so the left-hand side is A/ AKV.

It remains to observe that restriction to a fiber is the same as com-
posing b with the forgetful homomorphism H;(G/B) — H*(G/B).
Indeed, considering the diagram

G/B — EGxP G/B —— EG x® G/B

| l |

pt © > BB > BG,

the line bundle E x© £, on EG x® G/B pulls back to EG x? £, on
EG x? G/B, and then restricts to £, on the fiber G/B. O

ProposiTioN 6.5. For any G-space X, there is a canonical isomorphism
HpX = A®yw H:X,
where A = Ar.

Proor. Consider the fiber bundle EG x8 X — EG x© X, with fiber
G/B, and let
HpX = H'(EG x? X) —» H*(G/B)
be restriction to a fiber. This is surjective, because the composition
A = Ap = HpX — H*(G/B) is surjective, as we have just seen.
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Take elements x,, € A which lift a basis of H(G/B) = A/AY,
and let x;, € HyX be their images under A — H;X. By the Leray-
Hirsch theorem, H;X = HyX is free over H. X with basis given by
the elements x,. O

Taking X = G/B and using HZ.(G/B) = A, we obtain a description
of the equivariant cohomology of G/B.

CoroLLARY 6.6. We have H1.(G/B) = A @;w A.

In the next chapter, we will see some consequences of the sym-
metry manifested in this description of H}.(G/B).

Exercise 6.7. Show that the action of W on Ay = H:(G/B), as
described at the beginning of this section, is the same as the one
induced by the natural action of W on the weight lattice of T3

ExamrLE 6.8. For G = GL,;, so G/B = FI(C"), we have seen
H'FI(C") = Q[x]/(e1(x), . .., en(x))

and

HIFI(C") = Q[x; y]/(e1(x) —e1(y), - .., en(x) — en(y)),

where the variables are x = (x1,...,x,) and y = (y1, ..., y») (Chap-
ter 4, Proposition 4.1).

Exercise 6.9. For G = Spy,, consider the group of signed permu-
tations W), acting on A = Q[f4, ..., t,]. Show that the invariant ring
is generated by the elementary symmetric functions in the squares
of the t variables: e (¢, ..., t2),..., en(t?, ..., t2). This recovers the
presentation for H*Fl,,(C?") given in Chapter 13, Proposition 3.1.

Notes

General references for linear algebraic groups are the books by Borel
[Bor91], Humphreys [Hum81], and Springer [Spr98]. For Weyl groups and
Coxeter groups, standard references are Bourbaki [Bour81] and Humphreys
[Hum90]. More detail about Schubert varieties appears in [Jan03, §13].
The Bruhat decomposition is described in [Bor91, §14.12], [Hum81, §28.3],
[Jan03, §13.2], or [Spr98, §8.3]. Lemma 1.10 is proved in [Spr98, 8.3.7].
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A proof of the nontrivial equivalence in the characterization of Bruhat
order (Lemma 2.1) is given in [Jan03, §13.7]. Other equivalent conditions
are in [Hum90, §§5.9-5.10].

Lemma 4.1 appears in [Hum81, §26.3].

A general reference for compact and complex Lie groups is [He01, Chap-
ter VI]. In particular, the fact that K C G is a deformation retract may be
found in [He01, §VI.2].

Although Borel did not use the language of equivariant cohomology at
the time, Theorem 6.1 comes from [Bor53, Proposition 27.3].

Proposition 6.2 can be found in [Hat02, Proposition 3G.1]; see also
[Gro57, 5.2.3, Corollaire]. One consequence is that Hj, (pt, Q) = Q for any
finite group W. (Take Y = EW in the proposition.)

The homomorphism b: A — H*(G/B) was studied extensively in the
1958 Chevalley seminar, using Z coefficients. Serre calls a group G special
if every principal G-bundle which is locally trivial in the étale topology is
also locally trivial in the Zariski topology. Grothendieck shows that special
groups are precisely the connected linear algebraic groups for which b is
surjective (over Z); furthermore, among semisimple groups, the only special
groups are direct products of copies of SL,, and Sp,, [Gro58, Théoréme 3].

The presentations of H*FI(C") and H*FI,,(C?") (from Example 6.8 and
Exercise 6.9) are valid with Z coefficients; since SL,, and Sp», are special
groups, this is not a coincidence, and these are essentially the only examples.

Hints for exercises

lWriting the characters of the diagonal torus as —t,, ..., —t1, t1, ..., t,, theroots
are
R={xt;xtj|i#j} LI {£2t,...,+2t,}.
These generate an index 2 sublattice of M (which has basis t1, ..., t,). So M /My =
Z[27Z. The positive roots are

R+={ti—tj|i<j} 11 {—ti—tj|iSj}.

max - min

2Since w w™nP this follows from the subword characterization of

Bruhat order in Lemma 2.1.

3Under the automorphism kS + kS of G/B = K/S, the line bundle £, pulls
back to Ly.1, as one can check by examining the fiber over the identity point.






CHAPTER 16

The algebra of divided difference operators

When studying Schubert polynomials for the ordinary and sym-
plectic flag varieties, we saw algebras of divided difference operators
acting on equivariant cohomology. Similar operators act on the co-
homology of any G/B, compatibly with localization as well as with
the presentations we saw in the last chapter. These operators give
an explicit, algorithmic means of computing in H7.(G/B), although
in practice one often requires a more efficient method.

The general divided difference operators—and variants we will
see in this chapter—have been used by many authors as an algebraic
model for H}.(G/B), often including the infinite-dimensional Kac-
Moody flag varieties. Here, only considering finite-dimensional flag
varieties, we will see geometric constructions which simplify the
algebraic arguments.

We work with the usual data from the last chapter: a semisimple
(or reductive) group G, with maximal torus T and Borel subgroup B,
with simple roots A and Weyl group W. We write A = Ar.

1. Push-pull operators

For a subset of simple roots | C A, with corresponding standard
parabolic subgroup P = Py, let 7tj be the projection G/B — G/P. We
will consider the A-linear map D;: H1.(G/B) — H7(G/B) defined by

Dj = n} omy,.
This lowers degree by twice the relative dimension of the morphism
nj: G/B — G/P, thatis, by 2 - #R}.
For a coset [w] € W/Wp, recall that w™" (respectively, w™®) is
the unique representive in W of minimal (resp., maximal) length.

307
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Lemma 1.1. Let w € W be a representative for the coset [w] € W /Wp.
We have

D](X(w)) _ {X(wmax) wa _ men;
O sz i wmm,
and
= y(wmin) wa = wmax;
e {0 ifw # w™,

Proor. For any w, we have
n(X(w)) = X[w] and 7m;(Y(w)) = Y[w]

in G/P. If w # w™™, then dim X(w) > dim X[w] so the pushforward
is zero; and similarly dim Y(w) > dim Y[w] if w # w™*. The formu-
las Dj(x(w™m)) = x(w™®) and Dj(y(w™®)) = y(w™™") follow from
Chapter 15, Equations (6)—(9). O

Our main interest is in the operators associated to one simple root.
We will write 7, = 114y and D, = Dy, for this case. Here P = P, is
a minimal parabolic, and Wp = {e, s, }. So each coset in W/Wp has
two representatives, w and ws,, whose lengths differ by 1. In this
case, the lemma takes the following form:

@ Da(x(w)) = {x(wsa) it Lwsa) > £(w);
0 otherwise;

and

2) Da(y(w)) = {y(wsa) if fwsa) < w)
0 otherwise.

Equation (2) generalizes the analogous formulas we have seen
for Schubert classes in the ordinary and symplectic flag varieties
(Chapter 10, Lemma 6.6 and Chapter 14, Lemma 4.3).

For any sequence of simple roots a1, ..., ay, the composition

Dy, 0+ 0Dy, : HH(G/B) — H:2/(G/B)

takes x(w) to x(wsg, - - Say) if WSy, -+ Sa;) = €(w) + £, and sends
x(w) to 0 otherwise. The effect on y(w)’s is similar: the operator takes
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y(w) to y(wsy, -+ - 54y) if L(WSy, -+ Say) = €(w) — €, and sends y(w) to
0 otherwise.
For any v € W, we may choose any reduced word (a1, ..., ar)
and define
Dy := Dy, 0---0Dy,,

so from the considerations of the previous paragraph it follows that

Dy (x(w)) = {x(wv_l) if £(wo™) = £(w) + ((7);

otherwise;

and similarly for D,(y(w)). Since the elements x(w) form a basis for
H7.(G/B) over A, this shows that D, is well-defined and independent
of the choice of reduced word for v. (If v = s, - - - 54, is not a reduced
expression, i.e., £(v) < ¢, then the operator D,, o- - -0D,, is identically

zero.) This also shows
D, oD, D,y if C(uv) = €(u) + €(v);
0 otherwise.

The algebra of A-linear endorphisms of H7.(G/B) generated by these
operators is called the nil-Hecke algebra.

The operators D, may also be constructed via a correspondence.
Let Z(v~!) € G/B x G/B be the G-orbit closure

Z(@ ™) =G (pe, po-1) = G - (o, pe)

where G acts diagonally. (For G = SL,, this is the “double Schubert
variety” Q-1 considered in Chapter 10, §5.) Let prq and pr; be the

projections Z(v~!) — G/B.

ProposiTion 1.2. We have Dy, = pra, o pr].

Proor. We temporarily denote the operators prz, o pr] by D,.
First consider a simple root a. Then we have Z(a) = Z(s,) is the
fiber product G/B x,p, G/B, and the claim follows from the diagram
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of P-bundles
Z(a)

r p7’2
G/B / \ G/B
P %

S

Ty
G/

since T, Ttq. = pra,pry. So D = Dy.

For the general case, we use induction on length. Supposing
{(sqv) = €(v) + 1, we consider the fiber product Z(v‘lsa) sitting in
the diagram

The projection pri3: Z(v™s4) = G/B x G/B (onto the first and third
factors) is birational onto its image, which is Z(v7's,), and it follows
that D} , = D; o Dj. On the other hand, if {(sq,v) = {(v) — 1, then
pr13(2(0‘1sa)) = Z(v™!), so the dimension drops and D/, o D, = 0 in
this case. So these operators satisfy the same relations as the D, and
therefore D}, = D, for all v. ]

ExamrLe 1.3. For G = SL,, so G/B = FI(C"), and a simple root
a = tg — try1, the action of D, on HLFI(C") agrees with that of J
(Chapter 10, §6).

Exercise 1.4. Suppose «a is a simple root and u,v € W are such
that £(us,) > €(u) and €(vs,) < €(v). Show that

Da(y(u) - y(v)) = y(u) - y(vsq).
In particular, D, (y(u) - y(sa)) = y(u) if {(usy) > €(u).!
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Remark. For a minimal parabolic P,, there is a distinguished
homomorphism SL, — P,, whose image has Lie algebra

9—a D [0-0a,84] ® 60 C P.

The standard 2-dimensional representation C? of SL, determines a
rank 2 vector bundle V,, on G/P,. (Without changing the flag variety,
one may assume G is simply connected, which implies SL, < P,,
and the SL,-representation C? extends to P,. Then V, = G xP« C2)
The map 7t,: G/B — G/P, is the P!-bundle P(V,) — G/P,.

2. Restriction to fixed points

The localization homomorphism

H3(G/B) = H}(G/B)" = P Hy(pw)
weW
is injective, since H1.(G/B) is free over A (Chapter 5, Theorem 1.8).
We wish to extend the operators D, to the ring H;XT.

It will be useful to identify H;X" with the ring F(W, A) of A-
valued functions on the Weyl group. In this notation, the localization
homomorphism is

X = be;
where ¢, is the function ¢yx(w) = x|,. It will also be useful to
turther extend to the fraction field Q of A, and consider the Q-algebra
F(W, Q) of Q-valued functions on W. Since A is a domain, we have
F(W,A) c F(W, Q).

One reason to prefer the function notation is that it immediately
suggests natural W-actions. Here we will use the action induced by
right multiplication on itself: for v € W and ¢ € F(W, Q), we have

(v - Y)(w) = P(wo).
(In §5 we will see another natural action.)
There is a Q-linear map A,: F(W, Q) — F(W, Q) for each simple
root a, defined by the formula

P(wsq) — lp(w)

w(a)

(Aay)(w) =
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In terms of the W-action on F(W, Q), this is A,y = ﬁ (sa - —1).

Exercise 2.1. Show that the operators A, satisfy a Leibniz-type
formula:

Aa(l,b &) = AOI(I)D) &+ (5a- Eb) “AL(E)
for any i, £ € F(W, Q).

ProrosrTiON 2.2. The diagram

H.X «—— F(W,Q)

D“l lA“

H:X —— F(W,Q)

commutes.

Proor. For n = 1, G/B — G/P,, we compute 7. by localization,
using the integration formula (Chapter 5, Example 2.3). The fiber
over p[y] € G/Py is the T-invariant curve E = Gy, - p(w), with fixed
points py, and pys, (Chapter 15, Exercise 4.4). The tangent weights
are —w(a) and w(a), respectively. For any x € H7.(G/B), then, we
have

X | X|ws,
—w(a)  w(@)
_ x|wsa - x|w
 w(a)

The pullback map 7*: H;(G/P)" — H:(G/B)! is determined by

(X)) =

Hi(pw) = Hp(pw) ® Hi(puws,)

y = (Y, )
It follows that
D0l = ()l = 2 =X (a p @),
w(a)
as claimed. O

The inclusion H7X < F(W, Q) becomes an isomorphism after
tensoring with Q, and the proposition says the operators A, are the
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ones induced by D, on H;(G/B) ®, Q. It follows that they satisfy
similar properties. For a sequence of simple roots (ay, ..., a¢), the
composition A, o---0A,, dependsonlyon v = s,, - -+ 54, if £(v) = €
(i.e., if the word is reduced), and vanishes otherwise. Writing

Ay =Agy 0---0A,,
for any reduced word (a1, . .., a¢), we have

A, oA, = A,y if C(uv) = €(u) + €(v);
0 otherwise.

The W-action on F(W, Q) preserves the subalgebra H7.(G/B). This
is the content of the following proposition.

Prorosition 2.3. Thereis a unique left A-linear action of W on H1.(G/B),
preserving grading and satisfying

Sa - X = Dg(x - y(sa)) —Da(x) - y(sa)

forall x € H7.(G/B) and all simple roots .. This action also satisfies and is
determined by the formula

l,Dzmc =0- be

for all v € W and x € Hi(G/B), where x +— 1y is the inclusion
H7(G/B) — F(W, Q).

Proor. By the Leibniz rule for A,, for any x € H;(G/B) we have
Aa(kbx : Eby(sa)) = Aa(be) : lpy(sa) + (Sa : lpx) : Aa(lpy(sa))~

By the previous proposition, we have A,(¢x) = Yp, () for any x
in H7(G/B). In particular, Aa(¢(s,)) = 1, so the above equation
becomes
Sa Py = Aa(lpxkby(sa)) - Aa(lpx)lpy(sa)~

The functions ¢y and ¢, lie in the subalgebra H1.(G/B) € F(W, Q),
so this implies the claimed relation, and proves that W preserves this
subalgebra. The same calculations also show ¢s,.x = s, - ¥y, which
suffices to prove the second statement. |
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It follows that the operators D, satisfy the same Leibniz-type
formula as the A,:
Da(x - y) =Da(x) - y + (Sa - x) Da(y)
for any x, y € H7.(G/B).

We will use the operators A, to recursively compute localizations
of Schubert classes. There is a simple formula for certain restrictions,
generalizing what we have seen for Schubert classes in ordinary and
symplectic flag varieties. It follows immediately from the descrip-
tions of tangent weights (Chapter 15, Lemma 3.2).

Lemma 2.4. For [v] € W/Wp, we have
ol = || 8

pev(R-\R5)NR-

and

vollm= || 8

pev(R-\R3)NR*

Focusing on G/B, we will write 1, € F(W, A) for the function
given by
Yo(w) = y(0)|w,
so 1, is the image of y(v) under the inclusion H7.(G/B) — F(Q, A).
We use the same notation for the corresponding function in F(W, Q).

ProposrtioN 2.5. The functions 1, satisfy and are uniquely character-
ized by the following properties:

(i) Yo(w) =0 unless v < w.

i po0)= || B
Bev(R™)NR*
Yos, if €(vsa) < L(v);

(iii) Agipy = {0 if t(vsy) > €(v).

The proof is straightforward from what we already know.



CHAPTER 16. THE ALGEBRA OF DIVIDED DIFFERENCE OPERATORS 315

Proor. Property (i) holds since y(v)|, = 0 if py ¢ Y(v). Prop-
erty (ii) comes from Lemma 2.4. Property (iii) comes from the corre-
sponding formula for D, y(v) (Equation (2) above).

To see that these properties characterize v,, first note that Prop-
erty (i) says ¥, has only one nonzero value, which is specified by
Property (ii). Any v € W may be written as v = wo5,, - - 5o, With
t(v) = €(w.) — ¢, so P, may be computed from 1, using Prop-
erty (iii). O

The proposition makes it possible to calculate any restriction of
a Schubert class, by starting with w, and working inductively in
Bruhat order. In practice, however, one often wants a more direct
way of computing. In Chapter 18 we will see an explicit formula for
every value ¢,(w). Here we give a different formula, for the simple
case of a divisor.

Recall that for each simple root a there is a fundamental weight
@4, characterized by (@, ) = Oap-

LemmMma 2.6. The Schubert divisors restrict as follows:
Y(Sa)lw = @a = w(@a)
and
X(WoSa)lw = Wo(@a) = W(Dy).

(If G is not simply connected, so M € My, then @, may not lie in
M, but the differences on the right-hand sides always lie in the root
lattice Myt € M.)

Proor. We will prove the first formula; the second is similar. Let
us temporarily write 1, for 15 . We know

(*) l;DOZ(e) = 0/

by Property (i) (that is, p. ¢ Y(s.)). For any simple root f # a, we
have Agi, = 0 by Property (iii), so

(**) Eba(wsﬁ) = Pa(w).
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Similarly, Ay o = ¢ =1, 50

(%) Va(wsy) = Ya(w) + w(a).

The function ¢,: W — A is uniquely determined by (%), (++), and
(#*#). (By (##) and (#+*), the difference of two such functions would
take the same values at w and wsg for every simple root §, so it must
be constant; by (#), the constant is zero.)

On the other hand, the function f,(w) = @, — w(@,) clearly
satisfies (*), and it satisfies (++) and (***) since
fa(wsﬁ) =g — wsﬁ(@a)
=Wy — w((Da - 601,3,8)

= fa(w) + bapw(p).

It follows that f, = 1, as claimed. m|

3. Difference operators and line bundles
In Chapter 15, §6, we saw G-equivariant line bundles
Ly =Gx"Cy
for each character A € M, inducing a homomorphism
b: A=Sym"M — H3.(G/B)

of graded rings. (There we used Q coefficients, but the definition of
b is the same for Z coefficients.) And W acts on A, induced by its
action on the character group M.

Exercise 3.1. Show that the fiber of L, at the T-fixed point py
is the representation C(,), so clT (LA)|w = w(A). Conclude that the
homomorphism b: A — H7(G/B) is injective.?

Exercisk 3.2. Show that
] (L2) = ). (A, a")y(sa) + A

a€eA

forany A € M3
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We have seen operators D, on H7.(G/B) and A, on F(W, Q). The
“classical” divided difference operators on A are defined by

utf) = 2T

for each simple root a.

Exercise 3.3. The operators d, also satisfy a Leibniz rule:

da(f - 8) = da(f) - g+ (5af) - dalg)
forany f, g € A.

ProrosritioN 3.4. Forany f € A, we have Dyb(f) = b(ds f). That is,
the diagram

A <2 HL(G/B) — F(W,Q)

&i 1P lAa

A <25 HL(G/B) — F(W,Q)

commauites.

Proor. It suffices to show that the outer rectangle commutes,
since we already know the right square does (Proposition 2.2). That
is, writing b’: A — F(W, Q) for the composition, we must show
AU/ (f) =b'(daf) forany f € A.

First consider the case f = A € M. By Exercise 3.1, the corre-
sponding function b’(A) € F(W, Q) is w — w(A). The operator A,
takes this to the constant function sending w to

ZUSa(/\) - ZU(/\) — —<A av>.

w(a)
On the other hand,

dal) = 22

= _<AI aV>’
so the claim is true in this case.

For the general case, we use induction on degree: since all maps
are additive, it suffices to prove that knowing the asserted formula
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for A and f implies it for A f. For this, we apply the Leibniz formulas
Ia(Af) = da(A) f +5a(A) Du(f)

and

Ag(AP) = Ap(A) ¢ +54(A) Ap(¥),

together with the fact that b’ respects the action of W: for v € W and
f € A, one computes v - b’(f) =b'(v - f). |

It follows that the operators d, satisfy the same properties as D,
and A,. For a sequence of simple roots (a1, . .., a¢), the composition
da, © - 0dy, depends only on v = s4, - -+ 54, if £(v) = € (ie., if the
word is reduced), and vanishes otherwise. Writing

Oy = 0, 0+ 0 D,
for any reduced word (a1, . .., a¢), we have

Ouo  if C(uv) = {(u) + €(v);
d, 00, =
0 otherwise.

Exampre 3.5. In terms of the W-action on H7.(G/B) described in
the last section, we have

Sy X—X
Da(x) = .

b(a)

In particular, taking x = x(s,) and using D,(x(e)) = x(sn), we see
Sq - x(e) = —x(e).

Since x(e) is the class of a point, this means that s, cannot come from
any holomorphic action on G/B.

4. The right W-action

In Proposition 2.3, we have seen one way in which W acts on
H7(G/B), equivariantly for the inclusion H7.(G/B) < F(W, Q) and
the homomorphism b: A — H7(G/B). This action is by A-algebra
automorphisms of H7.(G/B), but as noted in Example 3.5, it does not
come from an algebraic action of W on G/B.
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In fact, this W-action is the same as the one induced by the action
on G/B = K/S discussed in Chapter 15, §6. We can see this alge-
braically, using the projection G/T — G/B. This is a G-equivariant
fiber bundle with fibers isomorphic to B/T = U = AN, so the pull-
back maps

H:(G/B) — H5(G/T) and H(G/B) — H3(G/T)

are isomorphisms. The Weyl group W = N(T)/T acts naturally on
G/T by right multiplication, so gT - @ = gwT. (Choosing a lift
W € Nk(S) € Ng(T), this evidently restricts to the right action of W
on K/S from Chapter 15.) The right action of W commutes with the
left action of G, so it induces left actions on A = HZ(G/B) = HZ.(G/T)
and H}(G/B) = H3.(G/T).

Another way of realizing the same action will be useful. For
w € W, let BY = @wBw™' C G. This is the stabilizer of the point
pwo € G/B. There is a canonical G-equivariant isomorphism ®%
titting into a commuting diagram

.w_l
G/T —— G/T

o Il

G/B —= G/BY,
defined by ®¥(¢B) = g~ 'BY.
LemmMma 4.1. The diagram

H1(G/B*) —— F(W,Q)

@] l
H;(G/B) — F(W,Q)

commutes, where the right vertical arrow is 1) — w -, with the W-action
as in §2.

Proor. For v € W, let py = vB” € G/BY be the corresponding
T-fixed point in G/B¥. It suffices to consider the fixed-point classes
[p?]? € H7.(G/B™), since their images in F(W, Q) form a Q-linear
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basis. On one hand, we have

@) [py 1" = (@) (i)' = [powl”.
On the other hand, letting 1,» € F(W, Q) be the function given by
Ppe(u) = [p¥]" |4, one computes w - Ppo = Py, o

ProrosiTioN 4.2. The W-action on H}(G/B) induced by the right
action on G/T is the same as the action defined in Proposition 2.3. The
W-action on A = HZ.(G/B) is the usual one induced by the action on M.

Proor. The first statement follows from Lemma 4.1, using the
diagram (3). The second statement is Chapter 15, Exercise 6.7. O

5. Left-handed actions and operators

We will see another W-action on H;(G/B), along with corre-
sponding operators D, and A,. In the next section, we use a geomet-
ric construction to realize the symmetry between the two W-actions,
and these two sets of operators.

This W-action comes from left multiplication of N(T) € G on
G/B. Forw € W, let

Tw: H3(G/B) — H7(G/B)

be the pullback homomorphism corresponding to the automorphism
¢B — @ l¢B of G/B. (As usual, this is independent of the choice of
representative @ € N(T).) This automorphism of G/B is equivariant
with respect to the automorphism t + @™t of T. So 74 is not a
A-algebra automorphism; it intertwines the natural action of W on
A. That s, for f € Aand x € H;.(G/B),

4) Tw(f - %) = w(f) - Tw(x),

where W acts on A = Sym” M via its usual action on M.

We will call this the left-handed action of W on H7.(G/B), to dis-
tinguish it from the one defined by Proposition 2.3, which we call
the right-handed action. The terminology will be justified in the next
section, by Theorem 6.3.
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The left-handed action on H7.(G/B) extends to an action of W on
F(W, Q), as follows. For ¢ € F(W, Q) and w € W, define 7,1 by

(tw)(v) = w(p(w ™ 0))

for each v € W. So 7, intertwines the Q-algebra structure of F(W, Q)
by the same twist (4), and preserves F(W, A) € F(W, Q).

Exercise 5.1. Verify that the diagram

H1(G/B) —— F(W, Q)

| Jr

H3(G/B) —— F(W,Q)
commutes, so the action of 7, on F(W, Q) extends the one on H7.(G/ B).*

For a simple root a, we saw formulas for the operators D, and
A, in terms of the right-handed W-action. Operators f)a and ;A:a are
defined analogously, using the left-handed action. Given elements
x € H7(G/B) and ¢ € F(W, Q), let

~ Ta(x) — x
Da(x) = =

and
-~ a(’ub) - ¢
Aa(lp) - a 7

where we write 7, for T5,.

The analogue of Proposition 3.4 holds, with b: A — H3(G/B)
replaced by p*: A — H7(G/B), where p: G/B — pt (so p* gives the
usual A-algebra structure).

ProrosiTioN 5.2. The diagram

PN H:(G/B) —— F(W,Q)

%) b A
A <P Hi(G/B) — FW,Q)

commutes.
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The proof is similar to that of Proposition 3.4, and we leave it as
an exercise.’
The left-handed operators behave similarly to the right-handed

operators. The action on Schubert bases is given by

(5) f)a(x(w)) _ {X(Saw) if f(sau?) > f(ZU),
otherwise;

and

(6) Da(y(w)) = {y (Saw) 1f £lsqw) < £w);
otherwise.

It follows that the compositions f)al 0---0 f)a[ and ;‘:al 0---0 ;‘;W
are zero when the word (a1, . . ., a¢) is not reduced, and they depend
only on v = s,, - - - 5,, When this is a reduced expression. These facts
may be proved directly, but we will deduce them from a geometric
construction which illustrates the symmetry between left- and right-
handed operators.

Examprg 5.3. Consider G = SL,, so G/B = FI(C"), and a sim-
ple root a = t; — tx41. Using the identification y(w) = [Qy]" and
comparing (6) with Chapter 11, Corollary 4.4, it follows that ~D,
corresponds to the “y-variable” divided difference operator 8,{ .

6. The convolution algebra
We have canonical isomorphisms
H;(G/B) = Hy(pt) = A
and
H:(G/B x G/B) = Hy(G/B) = H(G/B),
where G acts diagonally on G/B. In particular, the identification with
H{.(G/BXG/B) offers amore symmetric picture of H;.(G/B), and also

lets us exploit a general algebraic structure on the cohomology of a
product.
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DeriNiTION 6.1. Let X be a nonsingular compact variety with an
action of a linear algebraic group G, so G acts diagonally on X x X.
The convolution product on H:,(X X X) is defined by

X %y = priz,(prigx - pragy)
forx,y € HE(X X X), where the maps prjj: X X X X X — X x X are
the projections.

The convolution product is not commutative, but it is associative
and compatible with the Ag-algebra structure. (For ¢ € AZ and
X eHg(XxX),wehavec-(x*y) =(c-x)xy=(-1)PTxx(c-y).)

Exercise 6.2. Let w be the involution which exchanges factors of
X X X, thatis, w(a, b) = (b, a). Show that

w (@' (x) *xy) = (-1)P1w*(y) * x
for x € HL(X x X)and y € HL.(X x X).®

For X = G/B, the convolution algebra gives a symmetric descrip-
tion of the left- and right-handed actions and operations.

THEOREM 6.3.
(a) Let pri: G/BX G/B — G/B and p: G/B — pt be the projec-
tions, and let b: A — H1.(G/B) be the homomorphism defined by
b(A) = c{(Lr). Under the usual identifications A = HZ(G/B)

and H1(G/B) = H;.(G/B X G/B), we have
p*=pr] and b=pr,
as homomorphisms A — H7(G/B).

(b) For w € W and x € H3(G/B), write T,(x) and w - x for the
left- and right-handed actions, respectively. Let W X W act on
G/T x G/T by right multiplication, and for w,v € W write
(w X v)(x) for the induced action on HZ.(G/T X G/T). Identifying
H1(G/B) = HL(G/T X G/T), we have

Tw(x) =(wXxX1)(x) and w-x=(1Xw)(x).
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(c) Let Z(a) = G - (pe, ps,) € G/B x G/B, and let z(a) = [Z(a)]®
in HZ(G/B X G/B). We have
]5a(x) =z(a)*xx and Dgy(x) =x*z(a)

for x € H3(G/B).

Part (b) says the left-handed action of W on H7.(G/B) comes from
the first factor of W X W, and the right-handed action comes from
the second factor. Part (c) says the actions of D, and D, on H7(G/B)
are given by left and right convolution with z(«a), respectively.

Proor. The G-equivariant isomorphism G x® G/B = G/B x G/B
establishes part (a).
For (b), one uses the commutative diagram

E X% (G/T xG/T) —— ExT (G/T)
E xS (G/T x G/T) —= ExT (G/T)
given by
e, g1, §2] —— leg1, 871 ¢2]

l !

le, §110, g2] ——> [eg1w, W' g7 g2l

to see 74(x) = (1 X w)(x). A similar diagram describes the right-
handed W-action.

In (c), it follows from Proposition 1.2 that D,(x) = x % z(a). For
the left-handed operator D,, we use the involution @ to exchange
factors of G/B x G/B. From (a), we have

' (b(f)) = p*(f)
for any f € A. From (b) we have

w(w - "(x)) = To(x)
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for any x € H7(G/B) and w € W. We compute:

(w* oDy o w)(x) = w* (Sa (@'x) = a)*x)

b(a)
_ @' (84 - (') — 0 (w'x)
- w*(b(a))
Ta(x) —x
=S
= Dy, (x).

So it suffices to observe
w*(w*(x) % z(a)) = z(a) * x,
which follows from Exercise 6.2 together with w*z(a) = z(a). O

Exercise 6.4. For w € W, let z(w) = [Z(w)]® in H.(G/B x G/B).
Show that z(w) = x(w) under the identification of H:(G/B X G/B)
with H;(G/B). Conclude that w*x(w) = x(w™!).

It follows that the convolution algebra has the same structure as
the nil-Hecke algebra of difference operators.

Cororrary 6.5. Using H1.(G/B) = H(.(G/B X G/B), the convolution
algebra structure is determined by

(+) x(u) % x(v) = {X(uv) iff(””? = l(u) + {(v);
0 otherwise;

and

(**) (f.x)*(f/,x/):(f.b(f/)_x)*x,

for f, f" € Aand x,x" € H.(G/B).

Proor. The classes x(w) form a basis for H7.(G/B) over A, so the
formulas (+) and (++) characterize the product. To see that (+) holds,
use Theorem 6.3(c) together with Exercise 6.4 and induction on £(v).
To see (++) holds, write

(f-2) % (f"-x") = (f - ) % (p"(f")x")
and apply Theorem 6.3(a). O
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The formulas for Da in (5) and (6) are immediate consequences,
as is the fact that Dv = Da1 0---0 Da , is independent of the choice of
reduced word for v: we have

f)v(x) =x(v)*x and Dy(x)=x*x(v7")
forany v € W and x € H7.(G/B).

Remark. The nil-Hecke algebra acts as operators on H}. X, for any
left G-space X. One can see this by identifying

H,X = H5(G/B x X).

Then forany z € H.(G/BXG/B)and x € H}. X, one has a convolution
action defined by

ZxXx = pr13*(pr12(z) : PVE;;(X)),

where pr;; are the projections from G/B X G/B x X.
In particular, for each simple root a there are left-handed differ-
ence operators D, acting on H; X by D, (x) = z(a) * x.

Notes

The operators D, were introduced in the 1970s by Bernstein-Gelfand-
Gelfand and Demazure to study the ordinary cohomology, Chow groups,
and K-theory of G/B [BGG73, De74]. Variations were studied further in
the 1980s by Arabia and Kostant-Kumar, [Ara86, Ara89, KoKu86]. The term
“nil-Hecke ring” was coined by Kostant and Kumar. It is also sometimes
called the nil-Coxeter algebra; see, e.g., [FoSt94].

One can define operators %, : H7.(G/B) — A by Z,(x) = p.(x - x(w)).
Equivalently (via Poincaré duality), this operator picks out the coefficient
of y(w) in the expansion of x, that is,

x= ) Lu(x)- y(w).
weW

Arabia considers these operators when x lies in the subalgebra H.(G/B),
which is included in H;.(G/B) via the homomorphism b. Using the identi-
fications H1.(G/B) = HZ(G/B X G/B), x(w) = z(w), b = pr}, and p. = pr1,,
we have

Lo(x) = pro.(prix - 2(w))
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By applying the involution w, the same formula defines Dy, (x), for any x in
H7(G/B) (Proposition 1.2). For x € H:.(G/B), it follows from Proposition 3.4
that %, = dy, as endomorphisms of HE(G /B) = A. A different proof of this
formula is given in [Ara86].

The functions ¢, are often denoted £¥, especially in the literature stem-
ming from [KoKu86]. They were studied in detail by Billey [Bi99].

The left- and right-handed actions of W on H7.(G/B) are sometimes
simply called left and right actions; as group actions they are both left
actions. They were used by Knutson to obtain recurrence formulas for
multiplying Schubert classes in H7.(G/B) [Kn03]. They are also referred
to as the “dot” and “star” actions by Tymoczko [Tymo08a], and by others
following her (e.g. [BrosCh18]).

Subtler versions of convolution algebras have many applications in rep-
resentation theory. For instance, they are used extensively in the book by
Chriss and Ginzburg [ChrGi97].

Hints for exercises

!Apply the projection formula, using y(u) = 7, y[ul, y[v] = ma.y(v), and
mylo] = y(vsa).

The first statement is an easy calculation: for € T and z € C,,
te[w,z] = [tw, z] = [w( ™ tw), z] = [w, A tw)z] = [w, w(A)(t)z].

The composition A — H.(G/B) < F(W, A) is injective, since it sends any f € A to
the function ¢ ¢ defined by ¢ f(w) = w(f).

3Since the fundamental weights are a basis, it suffices to do this for A = @,.
Then one sees clT (Lo,) = @a — Y(sa) by restricting both sides to py, using the
formula for y(sa)|w from Lemma 2.6.

4The fixed-point classes [p,]T € H7;(G/B) restrict to a Q-basis for F(W, Q), so
it suffices to work with these classes. The corresponding function 1, is given by
Vp, () = [Tyr-) B and Py, (1) = 0 for u # v. One checks T4 ([po]") = [pwo]’, so the
claim is that

Tw * d)pv = djpwvf

which is a straightforward calculation.

SUsing Exercise 5.1, the right square commutes, so it suffices to show the outer
square commutes. For f € A, let s € F(W, Q) be the constant function. Then one
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computes
Rao) = L= 90
_sa(Y(s310) = ¢ 4(0)
- a
_ sa(f) = f
B a

which is ¢y, (f), as claimed.

6Use pri2 = @ o priz © w13, where w13 exchanges the first and third factors of
X x X x X. Since w is an involution, we have @* = w. on cohomology, and one can
compute
@ (@ (x) * y) = w'pria, (pri@*(x) - praz(y))

= (w o priz)u(@izprys(x) - @izpr, @ (y))

= (w o pr13 0 w13):(pry(x) - prip;w*(y))

= pri,(prys(x) - pri;@’(y))

= (=DMpris (prip@’(y) - prys(x))

= (-DMw*(y) % x.



CHAPTER 17

Equivariant homology

We have focused on cohomology, but in fact the perspective we
emphasize—using finite-dimensional approximation spaces—is well
suited to homology, and in particular, equivariant Borel-Moore ho-
mology and equivariant Chow groups. Here we introduce these
constructions, as well as the related Segre classes and equivariant
multiplicities. In the next chapter, we will apply properties of equi-
variant multiplicities to study singularities of Schubert varieties.

In this chapter, G is a complex linear algebraic group. When
discussing localization and equivariant multiplicities, we will restrict
attention to tori.

1. Equivariant Borel-Moore homology and Chow groups

Let E — B be a map of nonsingular algebraic varieties which
is principal G-bundle, with HE =0fori < N , so these serve as
a finite-dimensional approximation spaces for defining equivariant
cohomology. In Chapter 3, we also saw relative groups for a G-
invariant subspace Y C X, defined by H-(X, Y) = H(Ex® X, Ex®Y)
for i < N. These have long exact sequences

o> HL(X,Y) — HL(X) » HL(Y) » HEY(X, Y) — -+

coming from the corresponding sequence of the pair (Ex® X, Ex®Y).

The homology groups most useful for algebraic varieties are the
Borel-Moore homology groups, which we denote by H;X. When X
is embedded as a closed subspace of an oriented manifold M of (real)
dimension 7, there are canonical isomorphisms

H;X = H"'(M, M \ X).
329
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Borel-Moore groups are covariant for proper maps X — Y. For
certain maps f: X — Y, there are Gysin pullback homomorphisms
fr: H;Y — H,; 4X, where d = dimg X — dimg Y. For example, these
exist if f is an open embedding, or more generally if it is a smooth
morphism. When X is a compact algebraic variety, Borel-Moore
homology agrees with singular homology. More about Borel-Moore
homology may be found in Appendix A, §2.

Now suppose a G-space X can be embedded equivariantly as a
closed invariant subspace of an oriented n-dimensional G-manifold.
One expects the equivariant Borel-Moore homology groups of X to
satisfy

1) H; (X) = H' (M, M\ X).
This means
E,-G(X) = H"(Ex® M, (Ex® M)\ (E x© X))

when n —i < N,soi > n— N. The space E x® M is an oriented
manifold of dimension n + dimg B = n + dimg E — dimr G, and it
contains EX® X as a closed subspace. So the group on the right-hand
side of the above expression is Hn+dimRB—(n—i) (Ex© X). This suggests
the general definition, where we do not require X to be equivariantly
embedded in a manifold.

DeriniTioN 1.1. Let X be an algebraic variety with (left) G-action,
and let E — B be an approximation space as above. The equivariant
Borel-Moore homology groups are defined as

—G —
2) H; (X) = Hisdimg 3(E x© X),
whenever i > —N.

These groups are typically nonzero for i < 0. For instance, we
have . ’
H; (pt) = HZ'(pt)
More generally, when X is a nonsingular variety of (complex) dimen-

sion n, there are canonical isomorphisms

Hy (X) = HY=(X)
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for all .

To compare groups for approximations E — B and E' — B/,
one uses Gysin pullback maps for smooth projections. Assume that
H'E=HE =0fori < N. Writing b = dimg B and b” = dimg B’, the
maps

Hz’+b(]E XG X) - Hi+b+lo’+dirnR G((E X E,) XG X) — ﬁi+b’(El XG X)

are isomorphisms fori > —N. To determine an element of ﬁic (X), one
must give elements of each of these groups, which map to one another
via these Gysin homomorphisms. For example, a k-dimensional G-
invariant closed subvariety Z of a complex variety X determines a
fundamental class

—G —
(2] = [Ex® Z]° in Hyp(X) = Hoxsdimg B(E X© X).

The functorial properties of equivariant Borel-Moore groups are
similar to those of the non-equivariant ones. A G-equivariant proper
morphism f: X — Y determines pushforward homomorphisms

fur Hf(X) — ﬁ?(Y). There are cap product actions
, —G —G
HL(X) ® H; (X) - Hj(X),

with the usual projection formula.

An advantage of working with Borel-Moore homology groups
is that they fit into long exact sequences. The same is true in the
equivariant setting. If Z C X is a closed G-invariant subspace, with
complement U = X \ Z, there is a long exact sequence

s H(Z) 5 H (X)) > H (U) > Hy(Z2) > -

(Using approximation spaces, this comes from the corresponding
sequence for the closed subspace E x© Z C E x© X.)

Borel-Moore groups are not homotopy invariant. For example,
with G acting on an n-dimensional vector space V via a representa-
tion, one has

Hy (V) = Hy 2, (pt) = HZ " (pt)
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for all i. (Using approximation spaces, this corresponds to the Thom
isomorphism for the vector bundle Ex®V — B.) Via the cap product,

this makes ﬁf(V) into a free module over Ag, generated by the class
[vie.

The same ideas are used to define equivariant Chow groups, in the
context of algebraic geometry over any ground field. One sets

(3) A%(X) = Aip(E XC X),

where b = dimB = dim E — dim G, and the groups on the right are
ordinary Chow groups. Here one takes a representation V of G, with
E C V a Zariski-open subset on which G acts freely. The definition
(3) is independent of E when codim(V \ E, V) is sufficiently large.
Indeed, for fixed i, the Gysin maps (smooth pullback)

Airp(E X X) = Aivprp+dim (B X B') XC X) Ay (B x© X)

are isomorphisms when codim(V \E, V) and codim(V’ \E’, V’) are
large enough.

As before, a G-invariant k-dimensional closed subvariety Z € X
determines a class [Z]® € AC(X). Equivariant Chow groups are
functorial for proper equivariant maps f: X — Y.

We have AZG(X) = 0 for i > dim(X). For complex varieties,

ﬁiG(X) = 0 for i > 2dim(X), and there are cycle class homomor-
phisms
C —G
AY(X) — Hy(X),
with the usual properties of the non-equivariant cycle class maps.
There is a cell decomposition lemma:

ProrositioN 1.2. Suppose there is a filtration by G-invariant closed
subsets
Q)CXOCXlC"'CXm:X,

such that each X, \ Xp-1 = L1; Uy, j, with Uy, ; = C"P). Then the classes
[Up,j]G form a basis for ﬁf (X) as a Ag-module.
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This generalizes what we have seen for equivariant cohomology
(Chapter 4, Proposition 7.1). The proof is similar, and also establishes
the analogous fact for equivariant Chow groups A% (X).

2. Segre classes

The usual construction of Segre classes extends directly to the

—G
equivariant setting. This class naturally lies in the product [ H; (X)
(or[] AZ.G(X )), which may be viewed as a completion of the direct sum

Hf (X) (respectively, A®(X)). We will use notation for Borel-Moore
groups, but everything in this section applies to Chow groups, as
well.

First we review some basic notions about cones. Let X be a
scheme, and S, = @Sk a graded sheaf of Ox-algebras. We will
always assume Sy = 0%, and that S is coherent and generates S, as
an Ox-algebra. The scheme

C =S5pecS. — X

is a cone over X. There is a natural “zero” section X — C, defined by
the quotient S. — Sp = O%x.

For any cone C = SpecS., we define a cone C & 1 = SpecS.|z],
where S.[z] is graded so that the degree k piece is

SzDk =Sk ®Ske1 - 20 Skn - 22 @Sy - 2F.

The projective cone associated to C is P(C) = Proj S., and the projective
completion of C is P(C®1). Thus C is an open subset of P(C®1), and the
section X — C € P(C & 1) corresponds to the “line” 01— C @ 1.
As with any Proj, these projective cones come with universal line
bundles £'(1).

Suppose G acts on X and on S,, preserving the grading. This
makes C — X a G-equivariant cone. The action extends to C & 1, by
letting G act trivially on the extra factor. We therefore obtain actions
on P(C) and P(C & 1), compatible with inclusions and projections,
and making &'(1) an equivariant line bundle.



334 §2. SEGRE CLASSES

DeriNiTION 2.1. Let p: P(C @ 1) — X be the projection. The equi-
variant Segre class of C is the class

s6C) =p. | . SO ~ [PC @)

i>0

in [] Hzck(X), where 0'(1) is the univeral line bundle on P(C & 1).

When X has pure dimension 7, one writes SkG (C) for the compo-

nentof s¢(C)in an _ok(X). In general, SE(C ) isnonzero for arbitrarily
large k.

Equivariant Segre classes may also be defined in terms of ordinary
ones, as shown in the following exercise.

Exercise2.2. Assume X is an algebraic variety of (pure) dimension
n. Show that the classes

sk(EXC C) € Hap_ok+dimg 5(E X© X)

are compatible with the Gysin pullbacks for different choices of ExB,

and therefore they determine an element of ﬁfn_zk(X). Show that
this class is equal to the class Sl? (C) defined above.!

Basic properties of equivariant Segre classes of cones follow from
the corresponding ones for non-equivariant Segre classes. For exam-
ple, suppose E is a G-equivariant vector bundle on a variety X, and
C — Xis an equivariant cone. Writing C @ E for the cone C Xx E, we
have

4) s°(C®E) =cO(E)™" ~s%(C)
in [TH; (X). In particular,

sO(E) = c“(E)! ~ [X]°
and

sC(Ca1) =5°(0).
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Exawmrik 2.3. Consider the case X = pt. Let C = V be a vector
Space, with a torus T acting by characters x1,..., Xn. Then
I 1
cT(V) (L4 x1)--- (1 +xu)

in the completed ring [] Hé(pt) = Hﬁf(pt). Using the definition
and a localization computation on P", this becomes a nontrivial iden-

(5) sT(V) =

tity:
n+1 ]
(=xx)' 1
6 - ’
© 242 Ty )~ T

where x,4+1 = 0.

When X C Y is a G-invariant subvariety (or subscheme), with
ideal sheaf I C Oy, the normal cone

CxY = Spec (@ Ii/I”l)
i>0

is naturally a G-equivariant cone on X. The equivariant Segre class of
X in'Y is defined as

sC(X,Y) =sC(CxY).

Basic properties of this class follow from the non-euqivariant case.
For example, let f: Y’ — Y be a G-equivariant morphism, inducing
a fiber square

X —Y
)
X—=Y,
so X’ = f~1X. If f is proper and surjective, then
(7) g.s°(X",Y)=d-s°(X,Y),

where d is the degreeof Y’ — Y (sod = 0if dim Y’ > dim Y). If f is
a smooth morphism, then

(8) g'sC(X,Y) =s%(X’, Y.

(This holds more generally when f is flat.)
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3. Localization

There are general localization theorems for the inclusion of the
fixed point set. These are most useful for torus actions. We will focus
on that case here, and prove a simple version which is sufficient for
our purposes.

Let T be a torus acting on a variety (or pure-dimensional scheme)
X. The fixed locus XT C X is closed, so the inclusion ¢: XT «— X
induces a homomorphism

L H (XT) - H (X).

TueorREM 3.1. Let S C A be the multiplicative set generated by all
nonzero characters in M. Then

sl STTH (XT) = STUHL (X)

is an isomorphism of S™' A-modules.

Proor. Applying the long exact sequence for the closed subset
XT ¢ X, we have
—T . =T —T =T T
+—>H, (X')>H,(X)»H.(X\X")>H_(X')>--,

—T
so it is equivalent to show that S™'H, (X) = 0 whenever X' = 0.
To prove this, we can use induction on dim X and the long exact
sequence again to reduce to the case where X is nonsingular. Since

S7VH, (X) = STTH24m X~ (),

this case follows from the localization theorems we have already seen
(Chapter 7, Theorem 1.1). O

As before, in special situations one can be more specific about
which characters are inverted. We will use a construction based on
specialization to the normal cone. For G acting on X, with invariant
subvariety Y, this leads to a specialization map

o: He (X) — Hy (CyX),
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which is a homomorphism of Ag-modules, with

o([X]°) = [CyX]©

and

where [Y]C € Hf (CyX) is the class of the zero section. The construc-
tion and basic properties are reviewed in Appendix B.

In our setting, we have a torus T acting on X. Let p € X! be
a fixed point, with corresponding maximal ideal m C 0%, so the
Zariski tangent space T,X = (m/m?)¥ is a representation of T, and
the tangent cone C, X = Spec (P, m' /mi*1)
subscheme C, X C T, X.

A fixed point p € XT is nondegenerate if the top Chern class

is a closed T-invariant

T
top

on T, X are nonzero. Any nondegenerate fixed point is isolated. (If

C;op(TpX) is nonzero; equivalently, all weights for the torus action
p is contained in a positive-dimensional fixed subvariety of X, then
TpX contains a copy of the trivial representation.) The converse is
not true in general, although it does hold when X is nonsingular, as
we saw in Chapter 5, Lemma 1.5.

ExampLE 3.2. Consider T acting on P3 via characters 0,0, x, —x,
for some nonzero character y. Let X = {x% —x3x4) C P3, s0 X
is T-invariant. The fixed point p = [1,0,0, 0] is isolated in X, but
degenerate, since T acts on T, X by characters 0, x, —x.

Proposition 3.3. If XT consists of finitely many nondegenerate points,
the homomorphism
—T —T
L Ho (XT) = H, (X)
is injective, and becomes an isomorphism after localizing at any multiplica-

tive set S C A which contains cf,,(T,X) forall p € X".

Proor. The argument for injectivity is similar to the one we gave
in Chapter 5, Theorem 1.8. Writing N = #X T consider the maps

AN =H, (X" S H. () S P H. (CX) — (P H.(T,X) = A%N.
peXT peXT
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The composition o o (, is diagonal. For p € X7, with dimT,X = m,
the image of [p]T € Hg (XT) in Hg (T,X) = H%m(pt) is the top Chern
class CL(TPX). Since each of these Chern classes is assumed to be
nonzero, the composed map A®N — A®N is injective, and it follows
that t. is, too.

To see S~!1. is an isomorphism when S contains each ctTop (T, X),
one can again argue as in Chapter 5, Theorem 1.8, since we already
know rk E*TX = #XT by Theorem 3.1. O

Exercise 3.4. Let T = C* act on P! with character f, where f is
coordinate on T, and let X be the nodal curve obtained by identifying
the points 0 and co. (This was considered in Chapter 3, Exercise 5.1
and Chapter 7, Exercise 3.6.)

(i) Show that H*T (X) is a free A-module with generator [X]T in
—T
H; (X).

(ii) Let p € X be the node. The tangent cone C,X = L1 U L,

is a union of two lines; show that E*T (CpX) is generated by
the elements [L1]7 and [L,]" over A = Z[t], with the relation
t-([L1]" = [L2]") = 0.

(iii) Show that the composition
A=H. (p) 5 H (X) 5 H. (C,X) — H, (T,X) = A

sends 1 to —#2.

4. Equivariant multiplicities

Some classes appearing in localization theorems provide a useful
measure of singularities. As in Proposition 3.3, in this section we will
consider a nondegenerate fixed point p € XT. Let n = dim X and
m = dim T, X,som > n, with equality if and only if p is anonsingular
point.

There is a local class 1, X € A, defined by

npX = [CpX]T
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in HZTn(TpX) = H%’”_Z”(TPX) = H%’”_Z” (pt). From the definition,
npX = 1if and only if p is nonsingular. (The local class is defined for
any fixed point, but it may be zero if the fixed point is degenerate.)

Foranyclass a € []; H;(pt), we will write {a}* for the component
of a lying in A% = H%k(pt).

ProrosiTioN 4.1. Suppose X is a T-invariant subvariety of an N-
dimensional variety V, of codimension k = N — n. Assume the point
p € X C V isnonsingular in V. Writing 1,: {p} < V for the inclusion,
we have

(X1 = eq_ (T, VT X) - 0y X = {c (T, V) ~ sT(p, X)),
in H%k(p) = HTZk(p), where m = dim T, X.

Proor. This comes from general intersection theory, where one
computes a pullback by deformation to the normal cone. The class
of C,X CTyVin Hi(T,V) = Ais

[CoX]" = e (TyV/T,X) - ) X,

using the self-intersection formula for C,X € T,X C T,V. Now we
apply the “basic construction” of intersection theory to the situation

ExT {p} —— ExT X

H [

ExT {p} —— ExTV,

noting that the inclusion E X {p} <> E xT V is a regular embedding
(since {p} < V is), and the normal cone to E x” {p} in E xT X is
canonically identified with E x” C,X. O

RemARk 4.2. The same proposition holds more generally, for the
inclusion ¢: Y < V of a nonsingular invariant subvariety. We have

C([X17) = [Cxny XT"

in H%k(N Y v) = H%k(Y). One can also work with any linear algebraic
group G in place of the torus T, using the same arguments.

Now we come to the main notion of this section.
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DeriniTion 4.3. Let p € XT be a nondegenerate fixed point. The
equivariant multiplicity of p in X is the element

ror (XD
& (X) = I (T, X)

of S71A, for any homogeneous multiplicative set S C A containing
T (T, X).
Cu(Ty

The main properties of equivariant multiplicities are summarized
as follows.

ProrositioN 4.4. Let p € X be a nondegenerate fixed point.

(i) The equivariant multiplicity e; (X) is a homogeneous element of
degree —dim X in S™1A, and it lies in the subring A[1/c],(T,X)].

(i) The point p is nonsingular if and only if &, (X) = 1/c;, (T, X).
(iii) When X is an invariant subvariety of codimension k in an N-
dimensional vector space V, we have
{c"(V) ~ sT(p, X)}*
nv)

e, (X) =

(iv) For the inclusion {p} <— X, the fundamental class of X specializes
as
[X]" = ey (X) ~ [p]",
under the composition

H (X) S H (C,X) — H. (T,X) = H2"(pt).

(v) Assume all fixed points of X are nondegenerate. We have

[X]" = > ep(X) ~ [p]"

peXT

under the localization isomorphism S‘lﬁf(X) = S‘lﬁf(XT).
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(vi) Let f: X" — X be an equivariant proper surjective morphism of
degree d, and assume all fixed points of X and X' are nondegenerate.
Then

d-el(X) = Z ep (X)),

pref-t(p)’

Proor. Most of these are very easy. Properties (i) and (ii) are
immediate from the definition, and (iii) is a special case of Proposi-
tion 4.1.

To prove (iv), we may replace X by C, X, since ao([X]") = [CPX]T
and e; (X) = 6;(CPX). Now (iv) follows from (iii), using V = T, X.

To prove (v), recall that the classes [p]? form a basis for S_lﬁ*TX
over S™'A, by the localization theorem. Now apply (iv), using the
fact that [p]” maps to [p]” under the composition

S7H. (p) —» STH. (X) = STH. (C,X) — STH.(T,X),
as in the proof of Proposition 3.3.
For (vi), we have f.[X']T = d - [X]7, and the diagram
H.(XT) — H.(X)
! v

—T —T
H, (X") — H.(X)

commutes. The statement follows from (v), applied to X and X’. O

When X is equivariantly embedded in an N-dimensional nonsin-
gular variety V, with [X]T € H%N ~2"(V), one can characterize the
equivariant multiplicity of p € X in terms of the restriction homo-

morphism, by
X T
9) gZ(X) = E]—h"
cy(TpV)
(Use [X]Tlp =1 [X]T = C%(Tp V)- eg(X), from Proposition 4.1.) This

leads to a characterization of e; (X) as the coefficient of [p]” in [X]T.
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CoroLLARyY 4.5. For an invariant subvariety X of a nonsingular variety

V', we have
(XI"= > e lp)
peVT

in HyV.

The local class 1, X is a polynomial in A, homogeneous of degree
m — n. Similarly, when X C V, the restriction [X]Tlp is a polynomial
of degree N —n. The former is intrinsic to X, while the latter depends
on an embeddingin V; however the two polynomials differ only by
the factor cﬁ_m(Tp V /T, X), as we have seen.

In Chapter 18, we will use equivariant multiplicities to prove a
nonsingularity criterion for Schubert varieties. However, it is not
always easy to identify singular points from the shape of e; (X).

Exercise 4.6. Let T act on P? via distinct characters x1, x2, x3, with
X3 =2x1+ x2. The cuspidal curve X = {x%xz — xg = 0} is T-invariant.
Show that
1
X3 — X1 x1—x2’
although p; = [1,0, 0] is nonsingular in X, and p, = [0, 1, 0] is sin-

e;(X) = and SZZ(X) =

uglar. Verify that

[X]7 = e7.(X) [p1]” + eL,(X) [pa]”
in H:(P2).2

Notes

Asnoted in Chapter 2, equivariant Chow groups were defined by Edidin
and Graham; these authors also defined equivariant Borel-Moore groups
[EdG198, §2.8]. These groups were further studied by Brion [Bri00].

In Chapter 2 we also noted that the space E X© X need not exist as a
scheme; the general theory of equivariant Chow groups requires algebraic
spaces, as in [EdGr98]. For a complex variety X, EX® X is always a complex-
analytic space, and the construction of Borel-Moore groups for such spaces
presents no special difficulties (see Appendix A).

Variations on equivariant multiplicities appear under various names in
several areas of mathematics. For T acting linearly on an N-dimensional
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vector space V, an equivariant coherent sheaf corresponds to a graded R-
module F, where R = C[x1,...,xy]. When the isotypic components F,
(where T acts by the character ) are all finite-dimensional, the generating
function

Z(dimc F,)e*
X

can be written as a rational function in variables e, ..., eX¥, and one ob-
tains a polynomial by extracting the leading term of the numerator. In
representation theory, polynomials arising this way are known as charac-
ter polynomials, Joseph polynomials, or equivariant Hilbert polynomials [Jos84,
BBMS89, ChrGi97]. In commutative algebra, this is often called a mul-
tidegree, especially when F = R/I is the coordinate ring of an invariant
subvariety X C V;in this case, it agrees with what we have called the local
class, 17, X [MiSt05, §8]. These polynomials are cases of Rossmann’s equi-
variant multiplicity, which is defined for an equivariant coherent sheaf on a
complex manifold [Ro89].

Our version more closely follows a construction by Brion, who defined
equivariant multiplicities in Chow groups [Bri97b, §4]. A version of Ross-
mann’s multiplicity for Chow groups is described in [Ny93, §5.2].

The “basic construction” used in Proposition 4.1 is standard in intersec-
tion theory [Ful-IT, §6].

Hints for exercises

'If Cis a cone on Y, and Y’ — Y is a morphism, there is a pullback is a cone
C’ — Y’. This comes with a morphism f : P(C") — P(C), and the universal bundles
arerelated by Op(c)(1) = f*O(c)(1). Apply this to the cones (EXE’)x¢C — ExCC.

2Writing C = ¢! (€(1)), we have [X]T = 3C + 33, since X is defined by the
vanishing of an equivariant section of €(3) ® Cs,,, so [ [X]T = -3xi +3x3.






CHAPTER 18

Bott-Samelson varieties and Schubert varieties

Schubert varieties in G/P admit explicit equivariant desingular-
izations by Bott-Samelson varieties. These are certain towers of P!-
bundles, and their cohomology rings are relatively easy to compute.

In this chapter, we use the Bott-Samelson desingularization to
obtain a positive formula for restricting a Schubert class to a fixed
point. This, in turn, leads to a criterion for a point of a Schubert
variety to be nonsingular.

1. Definitions, fixed points, and tangent spaces

Let G O B D Tbeasusual: Gisasemisimple (or reductive) group,
with Borel subgroup B and maximal torus T. For each simple root
@, we have a minimal parabolic subgroup P,, and the corresponding
projection of flag varieties is a P!-bundle, G/B — G/P,. These spaces
occur frequently in this chapter, so we will write

X=G/B and X, =G/P,

from now on.
For any sequence of simple roots a = (a1, ..., ag), we have a big
Bott-Samelson variety Z(a) = Z(a1, . . ., ag), defined by

Z(g) =X anl X anz s and X.

Since each projection X — X,, is a P!-bundle, Z(a) is a tower of P!-
bundles over X. In particular, it is a nonsingular projective variety
of dimension dim X + d. The group G acts diagonally on Z(a),
equivariantly for each projection pr;: Z(a) — X. (We index these
projections from left to right by 0 < i < d.)

ExampLE 1.1. For G = SL,, so X = FI(C"), a Bott-Samelson variety
can be described as a sequence of flags, with the ith differing from
345
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the (i — 1)st only in position j, if a; = t; — t;41. That is,

Z(a) = {(F(o) F(d))‘ Ez(f) = E}({i—l) forall k # j, }

where a; = ti—tiw

When n = 3, these can be represented as configurations of points and
lines in P2. For instance, suppose @ = t; —ty and f = t, — t3. Then a
general point of Z(«a, B, a, B) looks like a quintuple of flags:

(—e—/ —oe’ ——e\—&/ —;.e\—&r —/fe\—&)-

So from left to right, consecutive flags differ by moving the point,
then the line, then the point, and finally the line again.

The T-fixed points of Z(a) are easily described. An a-chain (or
simply chain) of elements of W is a sequence

v =(v9,01,...,04)

such that for each i, either v; = v;_1 or v; = v;_1 - 5,4,.

Exercise 1.2. Show that the T-fixed points of Z(a) are the 24 - |W|
points
2@ = {po = (Poy, o, -+ Po,)}

where each v is an a-chain.

The (small) Bott-Samelson variety is the fiber X(a) = pry Y(p,), that

is,

X(@) = A{pe} Xx,, X Xx,, - Xx,, X.
The projection X(a1,...,aq) — X(a1,...,a4-1) is a Pl-bundle, so
X(a) is a nonsingular projective variety of dimension d. Since p, is
fixed by B, the Bott-Samelson variety X(a) comes with an action of B
(but not G, in general).

The Bott-Samelson variety X(a) has 2% T-fixed points p,, for
chains v = (e, v1,...,v4). We will index these in two ways: us-
ing the chain v, and using the subset I = {i; <--- <i,} € {1,...,d}
defined by

I = {i|vi =0i-1 'Sai}-
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We often use the notation interchangeably, writing p, = p;. Some-
times we write I = [2 and v = ©! to indicate the bijection between
chains and subsets.

For each subset I C {1,...,d}, there is a B-invariant subvariety
X(I) € X(a), defined by

X(I) = {(xl, ., xg) € X(a)|xj = xj for j ¢ 1}.

In fact, this is canonically isomorphic to another Bott-Samelson va-
riety. Each subset I = {iy < --- < i¢} corresponds to a subword
a(l) = (aiy, . ..,ai,), and we have

X(1) = X(a(D)).

(Use a diagonal embedding of X‘*! in X9*1.) Containment among
these subvarieties corresponds to containment of subsets:

X(J)c X(I) iff JCI

For example, X({1,...,d}) = X(a), and X(0) is the point py.
Each X(I) is the closure of a locally closed set X(I)°, consisting of
the points where x; # x;_1 for i € I. In fact, these are cells.

Lemma 1.3. We have X(I)° = Af, where € = #1.

Proor. It suffices to consider I = {1,...,d}. Here one has the
Pl-bundle X(ay, ..., a4) = X(a1,...,a4-1). The complement of the
locus where x;_1 = x4 is an Al-bundle over X(ay, ..., a4-1), so the
claim follows by induction on 4. O

The subvarieties X(I) therefore determine a cell decomposition of
X(a), and their classes x(I) = [X(I)]" form a basis for HiX(a), as I
varies over subsets of {1, ...,d}. It also follows that

pj e X(I) iff JCIL
We will need a description of the tangent spaces.

Lemma 1.4. Let v = (e, v1,...,v4) be an a-chain. The torus weights
on Ty, X(a) are {—vi(a1), ..., —va(aq)}.

More generally, for K C I, with corresponding chains vX and o', the
weights on Ty, X(I) are —vX(a;) for i € 1.
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Proor. We will find the weights at any fixed point of the big Bott-
Samelson variety . For a chain v = (vg, vy, ..., v4), consider the point
p = po € Z(a). The tangent space to Z(«) at p is the fiber product of
vector spaces

TrX Tp[1>J<Xa1 R Tmz)J(Xaz - TP[dTX“d Tratt
where we have written p; = p,; € X and ppj) = pp,] € Xa to
economize on subscripts. (Note [v;] = [v;_1] for each i, since v is
an a-chain.) We have seen descriptions of each of these spaces in
Chapter 15. The weights are vg(R™), from the first factor, together
with weights —v;(a;) for 1 < i < d, since g_y,(q,;) is the kernel of
Tp, X — Ty Xa-

When vy = e, the variety X(a) is the fiber over p, in the first factor,
so the weights R™ = vo(R™) are omitted, proving the first claim. The
second claim follows from the first, using X(I) = X(a;,,..., @;,). O

2. Desingularizations of Schubert varieties

Let f: X(a) — X be the projection onto the last factor; that is,
f is the restriction of pr;: Z(a) — X. Foreach I C {1,...,d}, with
corresponding a-chain v = (e, v1,...,v4), we have f(pr) = po,. The
subset I corresponds to the subword («;,, ..., @;,) of @, and

Ud = Sa; ** " Say,-

Since f is proper and B-equivariant, f(X(I)) contains the Schubert
variety X(vy) € X. However, if (a;,, ..., a;i,) is not a reduced word
for v, the image of f may be larger.

Lemma 2.1. Let a = (a1, . . ., ag) be a sequence of simple roots. The set
of products sy, - - - Sa;, Over subwords contains a unique maximum element
w(a) € W in Bruhat order, and

f(X(@)) = X(w(a)).

We have w(a) = Sq, * - - Sa, if and only if the word « is reduced.
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Proor. Since X(a) is irreducible, the image of the B-equivariant
morphism f: X(a) — X must be some Schubert variety X(w). It
follows that w = w(a) satisfies the asserted properties. O

In fact, the maximal element w(a) can be easily computed. Let

“",
*

be the associative product on W defined by

ws, if L(wsy) > C(w);
W*Sy =
w otherwise.

This product is called the Demazure product.

Exercise2.2. Show that w(a) = 54, % - -*5,,, 1.€., itis the Demazure
1

product of reflections from a.
Lemma 2.3. The map f: X(a) — X(w) is birational if and only if a is
a reduced word for w = w(a).

Proor. If a is not a reduced word, then w(a) is the product of
reflections for a proper subword, so it has length £(w(a)) < d. In this
case, f cannot be birational by dimension.

If @ is reduced, then w = w(a) = s4, *** Sa,, and f(pq,. a}) = Pw-
The map f: X(a)° — X(w)° is B-equivariant, and therefore also
equivariant for the subgroup U(w) = @wUw™! N U. Since the map
U — U - py defines an isomorphism U(w) > X(w)°®, it follows that
f: X(a@)° = X(w)° is an isomorphism. O

For a reduced word a, one can also establish the birationality of
f: X(a) = X(w) by examining tangent weights. The tangent space

to X(a) at p = py1,..4) has weights

.....

a1, Say(@2), ..., Say - Sa,,(aq),

using Lemma 1.4, for v; = s,, - - - 54,. These are precisely the weights
on Ty, X(w) (see Chapter 15, Lemma 2.2).

Givena Schubert variety X(w) C G/B, one obtains a B-equivariant
desingularization f: X(a) — X(w) by choosing a reduced word for
w. For a parabolic subgroup P, the projection G/B — G/P maps
X(w™mM) birationally onto X[w], so we obtain desingularizations of
these varieties, too.



350 §2. DESINGULARIZATIONS OF SCHUBERT VARIETIES

CororLarY 2.4. For a Schubert variety X[w] € G/B, and any re-
duced word a for w™™, one obtains a desingularization X(a) — X[w] by
composing f with the projection G/B — G/P. |

These statements have evident analogues for the subvarieties
X(I) € X(a). If I is a subset, with subword a(I), we will write
w(I) = w(a(l)) for the corresponding Demazure product.

CororrLary 2.5. Let I be a subset, and let v = (v1,...,v4) be the
corresponding chain. The following are equivalent:

(i) The map X(I) — X(w(I)) is birational.
(ii) w(I) = vg.
(iii) €(vy) = #1.
(iv) The subword a(1) is a reduced word for v. O
ExampLE 2.6. Let a = (a, @), for some simple root @. Then X(«a)
is isomorphic to P! x P!. The Demazure product is s, * 54 = 54, and

the map f: X(a, @) — X(s,) is identified with the second projection
P! x P! — P!. The subvarieties X(I) = X(v) are

X({1,2}) = X(sa, e) = X(a),
X({1}) = X(s4, 54) = 6(P') (the diagonal in P! x P!),
X({2}) = X(e,50) = {p.} x P!, and
X(0) = X(e, ) = {(pe, pe)}-

While X(a) always has finitely many fixed points, it often has
infinitely many invariant curves—even when a is a reduced word.

Exercise 2.7. The following are equivalent, for a sequence of sim-
pleroots a = (ay, ..., ay):
(@) X(a) has finitely many T-curves.
(b) The roots ay, ..., ay are distinct.

(c) X(a) is a toric variety for the quotient of T whose character
lattice has basis a1, ..., ag4.

(d) Themap f: X(a) = X(w) is an isomorphism.
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(Use the description of weights on tangent spaces.)?

Another construction of the Bott-Samelson variety X(a) is some-
times useful.

Proposition 2.8. Foraword a = (a1, . . ., ag), there is an isomorphism
Py, XB Py, xP - xB P, /B — X(a),

given by [p1,...,pal — (eB,p1iB,pip2B, ..., p1---paB). This is B-
equivariant, where B acts via left multiplication on P,,. The subvarieties
X(I) € X(a) are identified with

X(I) =A{[p1,...,val|lpiB=eBfori ¢},
and the point p corresponds to [e1, ..., 4], where e; = é for i € I, and
€j =Sq; forj ¢l

Exercise 2.9. Prove the proposition.’

Remark 2.10. Bott-Samelson varieties appear in the geometric
construction of divided difference operators described in Chapter 16,
§1. Let a be a reduced word for w. The big Bott-Samelson variety
Z(ar) maps birationally to the double Schubert variety

Z(w) =G (Pe,pw) S X x X

via the projection prg X prs. Using Chapter 16, Proposition 1.2, the
operator D1 on H} X is identified with prg,pry.

On the other hand, these projections factor as iterated Pl-bundles,
and the diagram

Z(a1) Z(az) e Z(ag)

NS NN,

shows that Dy,-1 = D,, o --- o D,, is independent of the choice of
reduced word. One can also see this by restricting the diagram

Z(a)

P)VO/ \W[d

X X
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. -1 ..
to the fiber pr;~(p.), obtaining

X(@)
SN
Pe

Since f is birational, we have

D,,1(x(e) = pra,pry(x(e)) = LIX(@)]" = [X(@)]" = x(w).

X(w).

3. Poincaré duality and restriction to fixed points

We have seen that the classes x(I) = [X(I)]T form a A-module basis
for H7 X(a). Next we will study their restrictions to fixed points, and
determine the Poincaré dual basis.

Lemma 1.4 leads directly to a description of weights at the fixed
points of X(I) € X(a). Suppose K C I, so px € X(I), and let X and
v! be the corresponding chains. The weights on Ty X(I) are —le(ai)
for i € I. This, in turn, gives a formula for restricting the classes
x(I) = [X(I)]*. For any x € H3X(a), its restriction to the fixed point
p1 is denoted x|;.

CoroLLary 3.1. We have

x(Dlx = {HM vf(—a]-) fRCL;
0

otherwise,

Let {y(I)} be the Poincaré dual basis to {x(I)}, meaning that
p«(x(I) - y(J)) = 01 in A, where p: X(a) — pt is the projection.
As we saw in Chapter 4, §6, such a basis always exists. It is natural to
look for invariant subvarieties Y(I) representing these Poincaré dual
classes. However, no such algebraic subvarieties exist!
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ExampiE 3.2. Consider the variety X(a, @) = P! X P! from Exam-
ple 2.6. The basis {x(I)} consists of the equivariant classes of

x(0) = (Pe/Pe)]T,
x({1}) = [6(PH],
x({2}) = [{pe} x P']", and

[
[
[
x({1,2}) = [P' x P']T.
Even non-equivariantly, the Poincaré dual basis cannot be repre-
sented by algebraic subvarieties: the class y({2}) must have zero
intersection with the diagonal class x({1}), and no algebraic curve in

P! x P! can do this.

Another way of phrasing the conclusion of Example 3.2 is this: we
seek a curve Y({2}) € P! x P! which consists of pairs (L, L’) of lines
in C? such that L # L’—but the complement of the diagonal is affine,
so it contains no complete curves. In fact, this observation indicates
a solution. Using the standard Hermitian metric on C?, we may
consider pairs of perpendicular lines (L, L’); in terms of a coordinate
z on P!, this is the set of pairs (z, —1/Z). This set is a non-algebraic
submanifold Y({2}) € P! xP!, which we orient by projecting onto the
tirst factor. (Projection onto the second factor would give the opposite
orientation, as the coordinate description shows.) Fixing the metric
amounts to reducing GL; to the maximal compact subgroup U(2),
and identifying P! = GL,/B with U(2)/(T N U(2)).

The general situation is similar: we construct (non-algebraic) sub-
manifolds Y(I) € X(a) whose classes represent the Poincaré dual
classes y(I). Let K € G be a maximal compact subgroup, with
maximal compact torus S = T N K, so we have a diffeomorphism
K/S = G/B, and the Weyl group W = Nk(S)/S acts on the right. For
I1C{1,...,d}, we define

Y(I) ={(e,x1,...,x5) € X(a)|x; = xj_1 - So, for i € I}.

This is a C* submanifold, of real codimension 2-#I in X(a), invariant
for the action of the compact torus S. Containment among these
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submanifolds reverses containment of subsets:

Y(K)CY(I) iff pxeY() iff K2I

Lemwma 3.3. Giving each Y (I) an appropriate orientation (to be specified
in the proof), the classes y(I) = [Y(I)]° form the Poincaré dual basis to x(I).

For K D I, with corresponding a-chains vX and v!, the normal space to
Y(I) € X(a) at the fixed point px has characters —le(oci),for i€l

Proor. To compute the tangent spaces of Y(I), and to orient it,
we work from the left, using induction on d. For d = 1, we have
Y({1}) = {$,B} (a point), and Y(0) = X(a) = P!, so these are
already oriented. Proceeding inductively, consider the projection
X(ag,...,a3) = X(aq,...,a4-1). If d € I, this induces an isomor-
phism Y(I) — Y(I \ {d}). Otherwise, if d ¢ I, it induces a P!-bundle,
so there is a fiber square

Y(I) — X(ai,...,a4)

l l

Y(I) — X(a1,...,a4-1),

where we have written T = T as a subset of {1,...,d — 1}. By the
inductive assumption, we have an orientation of Y(I). The canonical
orientation of the P! fiber then induces an orientation of Y(I).

This construction also identifies the tangent spaces: assume d ¢ I,
and for K 2 I, write p = px and P for the image of this point in Y(I).
The kernel of

T,Y(I) - T5Y(I)
is gg, where g = —Ug(ozd).

It follows that Y(I) meets X(I) transversally in the point p;. In-
deed, we have weight decompositions of the tangent spaces as

Ty, X(I) = @ 9o ()

i¢l
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and

Ty Y(D) = 910

i€l
So these are complementary subspaces of T, X(a). By considering
fixed points, we see X(I) N Y(J) = @ unless | C I, and it follows that
the classes x(I) and y(J) form Poincaré dual bases. O

This description of tangent spaces proves a formula for restricting
the classes y(I).

CoRroLLARY 3.4. We have

. Ki_n,. ; .
YDl = {gl of-a) FK21

otherwise.

A more algebraic proof of Corollary 3.4 uses the localization for-
mula. The dual classes y(I) are uniquely determined by

y(Dlk
1) ————— =0y,
PKEZX(]) CtTOP(TPKXU )
for every subset | € {1,...,d}. We know px € X(J) iff K C |, and
in this case ctTop(TpKX(])) = Hie](—v;((ocj)). To prove the claimed
formula for y(I)|k, it remains to establish the identity
1

K:cKc] Hje]\l(—vf(aj))

2) Or1,]-

This is clear if [ = J, orif [ ¢ J. When I C |, the terms cancel in
pairs, as follows. Suppose j is the largest index in | \ I; then for each
K 3 j, there is K’ = K U {j}, and the corresponding terms cancel.
(Indeed, s,;(j) = —aj, so vf/(a]-) = —v]K(a) and the other factors in
the product are equal.)

Remark 3.5. The identification X = G/B = K/S leads to a third
description of the Bott-Samelson varieties. Each K, = KNP, is a
maximal compact subgroup of the minimal parabolic P,, and the
evident map

Ka X5 Ky, X5 -+ % Ky, /S — Py, xB Ky, xB - xB K, /B
1 2 d 1 2 d
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is a diffeomorphism. The submanifolds Y(I) € X(a) are easy to
identify from this point of view:

Yu):{whuqkﬂ|hs:sw5ﬁmie1}
For the corresponding projection f: X(a) — X, one sees

f(Y({ll s Ik})) = Sa1 e Sak : X(SﬂlkJrl ook SOtd)
and
f(YH{k+1,...,d})) = X(Say * - *Sa;) *Sap,y """ Says

where w - X(v) and X(v) - w denote the translations of Schubert
varieties by the left and right W-actions.

4. A presentation for the cohomology ring
Multiplication in the basis y(I) is particularly easy. To simplify
the notation, we will write p; = py;y, pij = Piijy, Yi = y({i}), and
yij = y{i, j})-
If IN] =0, then Y(I) and Y(J) meet transversally in Y(I U J), so

3) y)-y(J)=ydu]j) if In]=0.
Inparticular, y;-y; = yijifi # j,and y(I) = yi, - - y;, if I = {i1, ..., i¢}.
To determine the structure of H} X (a), it suffices to give a formula for
i

Prorosrition 4.1. We have
(4) y2= > (=i, af)) yij + i vi,

j<i

where (o, B) is the pairing between roots and coroots.

Proor. By considering degrees and support, we have
) y2 = Z Cij Yij + Ai Yi,
j#i
for some c;; € Zand A; € M. (Since p; ¢ Y({i}) for j # i, we have
y,-lpj = 0, so the classes y; do not appear. Similarly, pp ¢ Y({i}), so

there is no “constant” term of degree 2 in A.) So we must determine
these coefficients.
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Using the restriction formula from Corollary 3.4, we have
Yilp; = —vi(ai) = a;,
where the chain corresponding to {i} is v’ = (e,...,€,54;,.-.,5a;)-
Since p; ¢ Y({i,}) for j # i, restricting Equation (5) to this point
gives
(i)* = Aiai,

and it follows that A; = «;.

Similarly, we have

= a; ifi <j;
Yilpy Sap(ai) ifi > .
(When i < j, the chain v’ corresponding to {i, j} has v} = s,,, so
y,-|pl.j = —sq;(@;) = a;. Por i > j, the chain has v} = Sa;Sa;s SO
Yilp; = —Sa;Sa;(ai) = sa;(ai).) Likewise,
OtiSa,-(Oéj) ifi <j;
yii'r’ij = e
ajsq (i) ifi>j.
(For i < j, we have v;. = Sa;Sa;, and v} = s,, as noted before, so
Corollary 3.4 gives yijly; = @i - sq,(aj). If i > j, swap the roles of i
and j.)
By substituting A; = a; and restricting (5) to p;;, we obtain

2 2
a; = Cij @ sa/(a,-) +a;j,
for i < j, so cij = 0 in this case. Doing the same for i > j, we obtain
2
Sa;(@i)” = cij aj Sq;(@i) + i Sq (i),

S0 sq,(@i) = cijaj + ;. Since sy (a;i) = a; - (oci,oc].v> aj, the claim
follows. O

As a consequence, we obtain a presentation for equivariant coho-
mology.
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CorOLLARY 4.2. The map n; v y; defines an isomorphism

HyX(@) = Alny, - onal/{ nf + D (i @)y nin = aim;

j<i 1<i<d

Similar formulas determine multiplication in the x(I) basis for
H; X(a).

Exercisg 4.3. Writing 8; = 54, - - - S, , (@), show that
= (=(Bi, BY)) xis - Bixi,
j<i

where x; = x({1,...,d} \{i}) and x;; = x({1,...,d} \ {i, j}).

The equivariant cohomology of G/B embeds in that of a Bott-
Samelson variety. Let (a1, ..., an) be a reduced word for the longest
element w,, so f: X(a) — G/B is birational. From the projection
formula, the composition f. o f* is the identity.

CoroLLARY 4.4. Let
R=A[f"y(sa) : @ € A] € Hr X(a)

be the subalgebra generated by pullbacks of divisor classes. The pullback f*
identifies H}.(G/B) with the subalgebra of H}. X(a) consisting of elements
x such that some integral multiple c - x lies in R.

Proor. Using rational coefficients, we have seen that H7.(G/B; Q)
is generated over Ag = H(pt; Q) by the divisor classes y(s,). (This
follows from the Borel presentation given in Chapter 15, Corol-
lary 6.6. It also follows from Chevalley’s formula, which we will
see in Chapter 19, §1.) Using the splitting f. o f* and the fact that
both H}(G/B) and H; X(«) are free A-modules, it follows that

H3(G/B) = Hr(X(a)) N H7(G/B; Q)
as submodules of H7.(X(a); Q). O
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5. A restriction formula for Schubert varieties

A remarkable formula for the restrictions y(w)|, was discovered
by Andersen-Jantzen-Soergel, and in a different context, by Billey.

THEOREM 5.1 (ANDERSEN-JANTZEN-SOERGEL, BILLEY). Fix a reduced
word (a1, ..., a4) forve W. Foranyw € W,

(6) @) = D Bir-+Bie,

the sum over all subsets I = {iy < --- < i} C {1,...,d} such that
a(l) = (aiy, ..., ai,) is a reduced word for w.

Here B; = 54, - * Sa;_,(@i), as in Chapter 15, Lemma 1.6. By one of
the many characterizations of Bruhat order there exists a subsequence
(aiy, ..., a;,) as in the theorem if and only if w < v, i.e., whenever
po € Y(w).

Considered as a formula for y(w)|,, one appealing feature is that
the right-hand side is positive: the roots ; which appear are all in
R*, and it follows that y(w)|, is nonzero whenever v > w. Another
remarkable consequence of the formula is that the polynomial on the
right-hand side is independent of the choice of reduced word.

We will give two proofs of this theorem: one based on the ge-
ometry of Bott-Samelson varieties, and another using induction and
some algebra. We need an easy lemma.

Lemma 5.2. For any word a = (aq,...,aq) and any w € W, the
pullback for f: X(a) — X is given by

Fry) = > y(),

the sum over all subsets I such that #] = {(w) and the corresponding
a-chain v has vy = w.

Prookr. Let (a,b) denote the usual pairing in cohomology, given
by pushforward of a - b to a point. By the projection formula, we
have (f*y(w), x(I)) = (y(w), f.x(I)). Since f.x(I) = x(vg) when
X(I) — X(vy) is birational, and f.x(I) = 0 otherwise, the lemma
follows from Corollary 2.5. ]
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Remark 5.3. Applying the lemma to divisor classes, we have
fy(sa) = 2 yi, the sum over 1 < i < d such that a; = a. Com-

bining this with Proposition 4.1 gives a method for computing in
H}(G /B).

First PrOOF OF THEOREM 5.1. Let f: X(a) — X is the projection,
and let v = (vy,...,v4) be the a-chain associated to I = {1,...,d},
SO Uj = Sg,***Sa;, and in particular v = v;. Then f(py) = po, so
y(w)ly = (f'y(w))lp,- By Lemma 5.2, this is 3, y(K)|;, the sum over all
K such that #K = ¢(w) and the corresponding a-chain vX has vg =w.
On the other hand, by Corollary 3.4, we have y(K)|; = [[;cx(—vi(ai)).

Since —v;(a;) = Bi, the theorem is proved. O

For the second proof, we use a variation on the functions 1, which
we studied in Chapter 16. These were given by ¢,(w) = y(v)|,. Here
we will use functions ¢, : W — A, defined by

Po(w) = y(w)lo = Pu(0).

Properties of these functions are immediate from the corresponding
properties of 1, (Chapter 16, Proposition 2.5). We only need an
inductive formula.

LemMma 5.4. We have

(7) (Pv(w) = QPus, (w) iff(wsa) > t(w);
B)  po(w) = Qos, (W) — V(@) Pos, (Wsya) if t(wsy) < O(w).

Proor. Using the operators A, from Chapter 16, Proposition 2.5,

we have
Yu(vsa) — Pu(v) = v(a) (Aghy)(0)
)0 if C(wsy) > L(w);
| o(@) s, (0) i E(wsa) < Ew).

This immediately proves (7), as well as (8) with ¢,(ws,) appearing
on the right-hand side in place of @y, (ws,). But by (7), we have
Qo(Wsy) = Qus, (Wsy) (since £(wsy) > L(wsy - 54)). O
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Using the lemma, if we know the function ¢y, for some «a, then
we know ¢,. For instance, we know

(w) 1 ifw=e;
w) =
Pe 0 otherwise

(since p, ¢ Y(w) for w # e). This determines the rest!

SecoND PROOF OF THEOREM 5.1. We use induction on £(v). For
{(v) = 0, so v = e, this is the case observed above, so the theo-
rem holds. In general, fix a reduced word for v as in the theorem.
Set f,(w) to be the right-hand side of the formula (6), and let a = ay.
We assume the formula for ¢y, is known, using the reduced word
(a1,...,a4-_1) for it.

If {(ws,) > €(w), then no reduced word for w ends in a, and it
follows that f,(w) = fys,(w). Since @, (w) = @ys, (w) by Lemma 5.4,
the formula holds in this case.

If {(ws,) < €(w), then no reduced word for ws, ends in . Con-
sider subsets I = {i; < --- < iz} corresponding to reduced words
for w. For those I such that i; = d, the sequence (a;,, ..., @, ,)isa
reduced word for ws,, and B; = —v(a) = (vsy)(a). So the sum of
such terms is

Z Biy -+ Bir1 Bip = —0(a) Qos, (WSa).
I with iy=d
The other terms, where iy < d, sum to @y, (w). Applying Lemma 5.4,
the full sum is ¢, (w), as required. |

ExampLE 5.5. Theorem 5.1 includes a formula for the restrictions of
divisor classes vy(s4)|v, as the sum of those f; for which a; = a. On the
other hand, we saw y(s,) = @, — v(®@,) in Chapter 16, Lemma 2.6.
The latter is often simpler to use in this case. For example, with
G =SL, and a = t; — t», we have

D —0(@a) = a1+ + Ap(1)-1

for any permutation v € S,, without needing to find a reduced
expression.
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Exercise 5.6. Check directly that the two formulas for y(s,)l,
agree: show that

D0 = V(@a) = D Say -+ Sar, ()

Laj=a

for any simple root @, and any reduced word (ay, . .., ay) forv € W.*

ExamrLE 5.7. As noted above, Theorem 5.1 shows that y(w)|, is
nonzero if and only if p, € Y(w). This is a special property of
the standard torus action on Schubert varieties. In general, for an
invariant subvariety Y of a nonsingular variety V, with [Y]" € H:V,
one can have [Y]Tlp = 0 for an isolated fixed pointp € Y.

For example, consider V' = P* with coordinates x1, ..., x5, and a
torus T acting by characters 0, x1, —x1, X2, —X2, where x1 # x2. Let Y
be the hypersurface defined by x2x3 — x4x5 = 0,s0p = [1,0,0,0,0] is
the singular point of Y. Writing C = c{(ﬁ(l)), we have [Y]! = 2C so
Y]}, =0.

Remark 5.8. As we saw in Chapter 15, Equation (9), Schubert
classes in G/P pull back to Schubert classes in G/B. Writing the
projection as t: G/B — G/P, we have *y[w] = y(w™™). This is
compatible with restriction to fixed points, and we have

min) |
v

ylwllo) = y(w

for any coset representative v € [v]. In particular, Theorem 5.1
includes a formula for restricting G/P Schubert classes.

6. Duality

In Chapter 16, §4, we used an isomorphism ®“: G/B = G/BY
to relate difference operators with the right W-action on G/B. The
particular case where w = w,, so BY = w,Bw;! = B~, is especially
useful for passing between formulas involving y(w) and ones involv-
ing x(w). Here we will state several such formulas; their proofs are
all immediate from the functoriality of pullbacks.
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To set up notation, let X = G/B~, with fixed points p,, = @B~ and
Schubert varieties
X(w) = B~ -p, and Y(w) =B P

Let x(w) and y(w) be the corresponding Schubert classes in H} X.
The entire discussion for Schubert classes in X = G/B~ is parallel to
that of X = G/B, except that each root is replaced by its negative. For
example,

vl = || =0y,
Bew(R-)NR+

Let T: A — A be the graded involution which is multiplication
by (=1)" on Sym" M, so t is induced by the involution of M taking
each root to its negative. Then

©) y(w)l5, = t(y(@)lp,)
for every w,v € W.
Write ® = @ for the G-equivariant isomorphism X — X, so
®(gB) = gw.B~. Since D(pyww,) = p,,, We see
O(X(ww.)) = Y(w) and (Y (ww,)) = X(w).

So Oy(w) = x(ww,) and P*x(w) = y(ww,), and we have

X(ZU)lpv = y(wwo)lﬁvwo .

Combining this with (9), we obtain

(10) x(w)|pv = T(y(wwo)|pvwo)-

Next consider the automorphism 7, = 74, : X — X, coming from
the left action of W on G/B as in Chapter 16, §5. The map 7, is
equivariant with respect to the automorphism o: ¢ + wW.gw;! of
G. Restricting o to the torus T C G, in turn, induces the algebra
automorphism w,: A — A givenby A + w,(A) for A € M. Since 7,
maps Pw.w to pw, we see To(X(wow)) = Y(w) and therefore

(11) x(wow)lprv = Wo - (y(w)lpv)-
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Like 7, the algebra automorphism w, sends a product of positive
roots to a product of negative roots—but in general these are different
automorphisms.

Finally, the isomorphism ® o 7,: X — X is equivariant with re-
spect to the automorphism o, and takes Y(w,ww,) to Y(w), so

(12) Y(Wowwo)|p,, v, = Wo + T(Y(W)lp, ).

These identities generalize ones we have seen for Schubert poly-
nomials in type A. For instance, Equation (12) here corresponds to
Chapter 11, §8, Equation (2).

7. A nonsingularity criterion

For v < w in W, when is the Schubert variety X(w) nonsingular
at the fixed point p, € X(w)? We will see a criterion in terms of
equivariant cohomology, due to Kumar.

We need some information about the tangent cone C, X(w). Let

Vy=0oU o' p, C X
be the T-invariant open affine neighborhood of p,, and let
V(w)y = X(w) NV,

be the corresponding affine neighborhood in X(w). We will write
V(w), = SpecA, and m C A for the maximal ideal corresponding to
pv € V(w)y.

Lemma 7.1. For each p € v(R™) such that sgv < w, there is a function
fp € A which is an eigenfunction of weight B for the action of T. (That is,
fe(t71x) = B(t) f(x) forall t € T and x € V(w),.)

Furthermore, the fg generate an m-primary ideal in A. (That is,
fp(po) = 0 for each B, and p, is their only common zero.)

From the description of invariant curves we saw in Chapter 15,
§4, the roots § € v(R™) such that sgv < w are precisely the weights of
the T-invariant curves in X(w) through p,.

We will state the nonsingularity criterion in terms of the equivari-
ant multiplicities defined in Chapter 17.
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TueoreMm 7.2. For v < w, the point p, is nonsingular in X(w) if and
only if
e Xw) =[] 7
pev(R-)

SgUSW

where ¢ X(w) is the equivariant multiplicity of X(w) at p..

Proor. One direction is immediate. If X(w) is nonsingular at p,,
the weights on T,,X(w) coincide with the tangent weights to the
T-invariant curves through p,. (This is a general fact about nonsin-
gular varieties with finitely many invariant curves; see Chapter 7,
Proposition 2.3.) Therefore

Ty, X(w) = EB 3p-

pev(R7)

SgUsW
By an elementary property of equivariant multiplicities, ] X(w) is
the inverse of the product of tangent weights (Chapter 17, Proposi-
tion 4.4(ii)).

Conversely, assume the formula holds. Using the notation of
Lemma 7.1, let A” C A be the subring generated by the functions fg.
Since ¢ X(w) has degree —dim X(w) = —{(w), there are {(w) such
fg’s. It follows that they form a system of parameters for A at m.
So the subalgebra A” = C[{f3 | € v(R™), sgv < w}] is a polynomial
ring, and A is a finitely generated module over A’.

Let V = V(w), = SpecA and V’ = Spec A’, and write t: V — V’
for the corresponding equivariant map of affine varieties. Letp” € V'
be the origin, and note that this is a nondegenerate fixed point, since
the tangent weights § are all nonzero. Since the functions fg are
a system of parameters, we have n!(p’) = p,. It follows from
another property of equivariant mulitplicities (Chapter 17, Propo-
sition 4.4(vi)) that

EZUV =d- EZ,V’,
where 4 is the degree of the finite map t; since equivariant multiplic-
ities are local, we have ¢! X(w) = E;DV. On the other hand, p’ € V' is



366 §7. A NONSINGULARITY CRITERION

nonsingular, with tangent weights 8, so as observed above we have

Tyrr _ -1
€y V' = 1_[ B .
Bev(R-)
SpUSW
It follows that d =1, so A = A’ is a polynomial ring, and V' = At@),
In particular, p, is a nonsingular point. |

The criterion may be rephrased in terms of restrictions of Schubert
classes.

CoroLrLary 7.3. For v < w, the point p, is nonsingular in X(w) if and
only if
x@h= || 8
pev(R-)NR-
spvtw

Proor. We have

x(w)lo = 3y (Tp, X) - £ X(w)

= [ 8] esxw),
peo(R-)
using another characterization of equivariant multiplicities (Chap-
ter 17, §4, Equation (9)). Dividing both sides by ¢ (T, X), the asser-
tion follows from Theorem 7.2. (For any f € v(R™) N R~, we have
spv < v < w, so these weights cancel.) m|

Using the duality identities from the previous section, it is easy to
deduce corresponding nonsingularity criteria for opposite Schubert
varieties Y(w). Using the notation of §6, the automorphism 7, sends
Pw.v t0 pp and X(wo.w) to Y(w), so p, is nonsingular in Y(w) if and
only if py., is nonsingular in X(w,w). We obtain the following:

CoroLLARY 7.4. For v > w, the point p, is nonsingular in Y (w) if and

only if
ywl=[] &

pev(R™)NR*
SpUEW
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In this case, the tangent space Tp,Y (w) has weights p € v(R™) such that
SpU = W.

(Applying Equation 11, it suffices to verify that
{BevR)Ispv # w} =ws({y € wov(R7)|sywov ¥ wow}),

which is straightforward, using w.v < w.w iff v > w.)
Combining this with the restriction formula of Theorem 5.1, we
arrive at a combinatorial criterion for nonsingularity of Y(w) at po.

CoroLLARyY 7.5. Fix a reduced word o = (a1, ..., aq) for v, and write
Bi =Sa, **Sa,_, (). Then p, is nonsingular in Y (w) if and only if
dBb= ] B
pev(R™)NR*
SpUEwW
where the sum on the left-hand side is over all I C {1, ...,d} such that the
corresponding subword a(1) is a reduced word for w.

Exercise7.6. If £(v) = €(w)+1,show thatp, € Y(w)isnonsingular.
Conclude that Schubert varieties are nonsingular in codimension one.
(That is, the singular locus has codimension at least two.)’

Exercise 7.7. For G = SL,, and a = t; — ty41, SO So = Sk, show that
the (opposite) Schubert variety Y(sx) € SL, /B is singular at w if and
only if #{i < k|w(i) > k} > 2.°

Exercise 7.8. Use G143 = (x1 —y1)(x1 + X2+ X3 —y1 — Y2 — y3) to
determine the singular locus of Y(2143) = (143 C FI(C*).

Remark 7.9. Using the Bott-Samelson resolution, the additivity
property of equivariant multiplicities (Chapter 17, Proposition 4.4(vi))
leads to another formula for ! X(w). We have

) -1
ﬂ(—vi(ai))) ,
i=1

where a = (a1, ..., ar) is a fixed reduced word for w, and the sum

(13) ebX(@w) =)

4

is over all a-chains v = (e,vy,...,v¢) such that vy = v. (These
correspond to the fixed points p, € X(a) mapping to p, under the
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resolution X(a) — X(w), and the corresponding term is ¢l X(a).)
Clearing denominators, one obtains a formula for x(w)|s, which is
different from the one deduced from Billey’s formula. In particular,
note that the chains indexing terms of the sum need not correspond
to reduced words for v.

Remark 7.10. As noted in Remark 5.8, knowing about Schubert
varieties in G/B is enough to say something about Schubert varieties
in G/P. The projection m: G/B — G/P makes X(w™) — X[w]
and Y (w™") — Y[w] into fiber bundles, with nonsingular fiber P/B.
So a point p[,] € X[w] is nonsingular if and only if p, € X(w™®) is
nonsingular, for any coset representative v € [v]; and similarly for
Plv] € Y[w]. So Theorem 7.2 and Corollary 7.3 provide nonsingular-
ity criteria for Schubert varieties in G/P.

Notes

Bott and Samelson gave a construction similar to the one indicated in
Remark 3.5, and used it to study the cohomology of G/B = K/S [BoSa55].
In particular, they prove a non-equivariant version of Corollary 4.4. The
algebraic version which is more commonly used in Schubert calculus and
representation theory was introduced by Demazure [De74] and Hansen
[Han74], and for this reason the varieties X(«) are sometimes called Bott-
Samelson-Demazure-Hansen (or BSDH) varieties. The non-equivariant part
of the formula for x% (Exercise 4.3) appears in [De74, §4.2].

Corollary 3.4 was proved by Willems, using a localization argument
similar to the second proof we gave [Wi04]. Our geometric argument,
using the submanifolds Y(I), appears to be new.

Theorem 5.1 appears as an exercise (without proof) in a book by An-
dersen, Jantzen, and Soergel [AJS94, p. 298]. Billey discovered the formula
independently, emphasizing the connection with Schubert calculus [Bi99].
Her proof proceeds by decreasing induction on w, with a separate argu-
ment that the polynomial is independent of the choice of reduced word.
The result is sometimes known as the AJSB formula.

Example 5.7 is due to Brion [Bri00].

Among simple linear algebraic groups, the automorphisms 7 and w,
(from §6) are equal precisely in types By, Cy,, D2y, E7, Eg, F4, and G; see,
e.g., [Hum81, §31.6].
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Theorem 7.2 is due to Kumar [Ku96, Theorem 5.5]. A simplified argu-
ment was given by Brion [Bri97b, §6.5], and this is essentially the one we
use. Lemma 7.1 follows from a result of Polo [P094, Prop. 2.2]; see also Ku-
mar [Ku02, Prop. 5.2]. A more detailed study of the tangent cones C,, X (w)
has been carried out by Carrell and Peterson; see, e.g., [Ca94].

The formula (13) for ¢! X(w) is due to Rossmann [Ro89, (3.8)].

Hints for exercises

1Use the subword characterization of Bruhat order, and a greedy algorithm to
see that Say " Saj, < Say*c *Say for any subword of a. See [KnMi04, Lemma 3.4].

2Consider the point p = py1, 4y € X(a). Using terminology from Chapter 7, §2,
the tangent space T, X(a) contains parallel weights whenever a is a non-reduced
word; in this case there are infinitely many T-curves through a neighborhood of p.
Whenever the sequence a has a repeated root, an instance of the variety considered
in Example 2.6 occurs as a subvariety of X(«), and this has infinitely many T-curves.

To see that X(a) is toric when all roots are distinct, look at the tangent space
to py: the characters form part of a basis for M, so there is a dense T-orbit. To see
that f is an isomorphism in this case, keep track of fixed points.

3Use induction on d. The same argument shows that the analogous map
GxB Py xB-.xBP,, /B — Z(a)

is an isomorphism.

*Argue inductively as in the second proof of Theorem 5.1. It is obvious for
v = e. Suppose the equality is known for v, and f is a simple root such that
t(vsg) = {(v) +1. If B # a, the right-hand sides are clearly equal for v and
vsg; since sg(@a) = @4 for p # @, so are the left-hand sides. If f = a, then the
difference of the right-hand sides is v(a), and the difference of the left-hand sides
is v(@y) — vsa(@y) = v(a).

°The claim about p, € Y(w) being nonsingular follows easily from Billey’s
formula for y(w)|,. Using B-equivariance, one sees that the nonsingular locus of
Y (w) contains the union of Schubert cells Y(v)° forv > w and £(v) < €(w)+1. (The
conclusion also follows from the general fact that Schubert are normal.)

®Use the formula for y(s, )|, in Chapter 10, Exercise 7.2.
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Structure constants

A major problem in combinatorics and geometry is to deter-
mine the structure constants for multiplying Schubert classes in G/P.
The ultimate goal is a positive combinatorial formula akin to the
Littlewood-Richardson rule for Grassmannians, and in this sense the
problem is open for most cases.

Here we will prove an equivariant version of Chevalley’s rule for
multiplying by a Schubert divisor. As we saw for Grassmannians
and type A flag varieties, this recursively determines all equivariant
structure constants. We conclude with two proofs of a theorem due
to Graham, which specifies the sense in which equivariant structure
constants are positive.

1. Chevalley’s formula

We start with Schubert classes in G/B. Let a be a simple root,
so y(sa) € H3(G/B) is a divisor class. The equivariant Chevalley
formula expresses y(s.) - ¥(v) as a sum of classes y(w). Such a
product takes place in Y(s,) N Y(v), so the classes y(w) which appear
will have w > v (that is, w > v with {(w) = €(v) + 1), together with
w = 0.

Using the characterization of Bruhat order from Lemma 2.1(9),
the covering relation w > v may be described as follows.

Lemma 1.1. We have w > v if and only if £(w) = €(v) + 1, and there is
a positive root B, with y = v(p) also positive, such that w = vsg = s, v.

(If (a1, . .., a¢) is a reduced word for w, so that (a1, ..., ak,..., ar)is
areduced for v, then = s,, - - Sq,,,(ak).)
Here is the formula.

371
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THEOREM 1.2 (EQuUivaRIANT CHEVALLEY FORMULA). For a simple root
o and v € W, we have

() Y6a) Y(©) = (@0 - 0(@a) @)+ Y (@a, ) y(w)

wW=0v sg
L(w)=L(v)+1

in H3.(G/B).

As remarked in Chapter 15, §1.2, using a W-invariant inner prod-
uct (, ) one can write the coefficients as

(a, )
(@a, By =ny - ,
B G )
where ng‘ is the coefficient of @ when f is written as a sum of simple

roots.

Proor. Asnoted above, for degree and support reasons, the terms
appearing in y(s,) - y(v) must be those y(w) for which w > v and
{(w) < €(v) + 1. By Lemma 1.1, these are the ones appearing on the
right-hand side of (+). For each such w, except v itself, p, ¢ Y(w). So
restricting both sides of (*) to p,, we obtain

y(sa)lo - y(@)o = A - y(@)]o +0,

for some A € M. Since y(v)|, # 0, it follows that A = y(s,)|,, and we
have seen the formula for this restriction (Chapter 16, Lemma 2.6).
So we have the first term.

The other coefficients are classical, but it is easier to compute them
equivariantly. By Poincaré duality, the coefficient of y(w) is

pe (y(sa) - y(©) - x(w)),

where p: G/B — ptisthe projection. For {(w) = £(v)+1, the Schubert
varieties Y(v) and X(w) meet transversally in the T-invariant curve

E=Y@)NX(w) =Gy py

containing the fixed points p, and Ps,o = Posg- This follows from
the fact that Schubert varieties are nonsingular in codimension one.
(See Chapter 18, Exercise 7.6.) Since the subspace Ty, X (v) C Tp,, X(w)
has codimension one, and meets T}, Y (v) transversally, it follows that
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T,,X(w)NT,, Y(v)is one-dimensional; and similarly for the subspace
Ty, X(w)NTp,Y(0).

From the characterization of invariant curves, E has character y,
with tangent weight y on T, E and —y on T, E. By transversality of
the intersection, we have

y(0) - x(w) = [E]".

Writing f: E < G/B for the inclusion, and 1: E — pt, an application
of the projection formula shows

P+ (y(5a) - y(v) - x(w)) = 1. (f*y(sa)) -

Now we use localization to compute this integral. The restriction
of f*y(sa) to pw is y(s4)|w, and the restriction to p, is y(s4)|v, SO using
the formulas we know for these, we have

Y(sa)lw + y(sa)lo
)4 -V
_ Y(sa)lw — y(sa)lo
)4
0(@0q) — w(@4)
y .

pe (¥(sa) - y(v) - x(w)) =

Since w = s, v, we can write
0(0a) — w(@qa) = v(@q) — Syv(@a)
= (v(@a), 7") 7,

and it follows that the desired coefficient is (v(®@,), y"). Since the
pairing is W-invariant and y = v(B), this is equal to (@,, "), as
claimed. O

Exercise 1.3. Prove that the same coefficients give the correspond-
ing formula for multiplication by B-invariant divisor classes x(wo5,):

X(WoSa) - x(w) = (X(WoSa)|w) - x(w) + Z(wa/ ﬁv> x(v),

the sum over v < w with £(v) = £{(w) — 1, where v = wsg.!
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Exercisk 1.4. Prove Chevalley’s formula for G/P. For a € A\ Ap

and v = v™" a minimal representative for [v] € W/Wp,

ylsal - y[0] = (@ —v(@)) y[o] + ) (@, ) ylw],

w=yMingg

Note that the coefficients (@, — v(®,)) and (@, ") appearing in the

the sum over w > v™" with {(w) = €(v™") + 1 and [w] # [v].

formula are independent of the choice of coset representative.

Recall that the G-equivariant line bundle £, = G xB C, has
C{(L/\)lw = w(A). Since Y(5q)|w = @0 — w(®,), We see that

y(sa) = ClT(L—(Da ®Cp,) = ClT(L—@a) + @gy.

There is a similar formula for multiplying by ¢ (£,).

Exercise 1.5. For any weight A € M, show that
cT(£L2) y() =w(A) - y() + D (A, BY) y(w)

w=0sp

in H7.(G/B), the sum over w such that {(w) = €(v) + 1, as before.?

Remark 1.6. To compute in H7.(G/P), one can use pullback by the
projection : G/B — G/P to embed the problem in H7.(G/B). This
gives ' y[w] = y(w™™) for any coset [w] € W/Wp. For a simple root
a € AN Ap, we have *y[s,] = y(s.), and the formula

ylsel - ylol = (@0 = 0(@a)) - ylo]+ > (@a, ) ylw]
w=vmin5ﬁ
follows from Theorem 1.2, where the sum is over all w such that
{(w) = €(v™™") + 1. (Terms with B € Rp do not appear, so w = v™"sy
is minimal in its coset. Indeed, (@,, ') = 0 for such B.)

2. Characterization of structure constants

No formula as explicit as Theorem 1.2 is currently known for
multiplying two general Schubert classes. However, the general co-
efficients are characterized by a recursion similar to what we have
seen for Gr(d,C") and FI(C").
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For u,v,w € W, let c7, € A be defined by
y() - y(0) = > clly y(w)
w

in H7.(G/B). As before, special cases of these coefficients appear as
restrictions of Schubert classes.

Exgrcise 2.1. Show that ¢, = y(u)|,. In particular,
c=ywlo=[] B
peu(R-)NR*
Recall that w>v if and only if there is some positive root  such that

w = vsg and {(w) = £(v) + 1. In this situation, it will be convenient
to use the notation

ca(v, W) := (@4, B”)
when stating the recursive characterization.
Tueorem 2.2. The polynomials %, homogeneous of degree €(u)+£(v)—

t(w) in A, satisfy and are determined by the following properties, for all
simple roots o € A:

o) =[] B

peu(R-)NR*
() (Yl = ya)lo) iy = D calv,0%) ks,
and o
(Y6l = y(s)h) = Y- calu,u*) e,
ut>uy
(i) - ) calw™,w)cl,,
w-<w

where the sums are over v* such that {(v*) = €(v) + 1, u™ such that
t(u™) =€)+ 1, and w™ such that {(w~) = {(w) — 1.

The proof goes as in Chapter 9, Theorem 6.4, and Chapter 10,
Theorem 7.4, using the following observation.

Lemma 2.3. For any u # v in W, there is a simple root a such that
Y6l # Y(sa)lo-
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Proor. Using y(sq)|y = @q — u(@y), this follows from the fact that
the fundamental weights @, form a basis for the vector space Mg,
and W acts faithfully on this space. m|

The involutions we used in Chapter 18, §6, apply to give identities
among structure constants for various bases. Recall that 7 is the
automorphism of A induced by A — —A for A € M, and w, is the
one induced by the usual W action, i.e., A — w,(A) for A € M.

ProrosiTioN 2.4. With notation as in Chapter 18, §6, we have

Y() - j5(0) = Y () (w);

w

x(uw,) - x(vw,) = Z T(cyy) y(wws);
x(wott) - x(wov) = Z wo(c¥)) x(wow);
y(wouw,) - y(wovw,) = Z WoT(Chpp) Y(WowwWs).

Note that w,T = Tw,, and this preserves products of positive roots.
For general G/P, with cosets [u], [v], [w] € W/Wp, we write

in H1.(G/P). Since H7(G/P) embeds in H1.(G/B), these coefficients

occur among the ¢, but they can be characterized directly.

Tueorem 2.5. For [u], [v], [w] € W /Wp, fix minimal representatives
u=u™n p =™ gpdw =w™", The polynomials C{uw]][v]’ homogeneous
of degree £(u)+€(v)—€(w) in A, satisfy and are determined by the following
properties, for all @ € A\ Ap:

- [ul  _
(0 = |1 B

peu(R-)NR*

min

(ji) (y[sa“[u] — y[sa]l[v]) C[u][v] = Z Ca(U, ZJ+) C{Z}[Uﬂ’

vt>v
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and

(w]  _ [w]
(Yl = Yl ety = D cal,u®)efed
ut>u
- [w™]
(i) - 3 catw, w)ell L
w-<w
where the sums are over v* such that {(v*) = €(v) + 1, u™ such that
t(u™)=€(u)+1,and w™ such that {(w~) = {(w) — 1.

The proof goes as usual, using the fact that for any distinct cosets
[u] # [v] € W/Wp, there is a simple root @« € A \ Ap such that
uU(@q) # v(@4). This is a consequence of a basic lemma:

Lemma 2.6. Let Mp € Mg be the subspace spanned by @, for simple
roots &« € A\ Ap. The isotropy group for the action of W on Mp is precisely
the subgroup Wp C W.

3. Positivity via transversality

When £(w™™) = £(u™") + £(v™"), the coefficients c[uw for mul-

|
tiplying Schubert classes in the ordinary cohomology IEir]l[;]H “(G/P)
are nonnegative integers. This is proved by an easy transversality ar-
gument, which we will review below. A subtler positivity property
holds for the equivariant structure constants. Let us write the simple

rootsas A ={a1,...,a,}.

Tueorem 3.1 (GraHam). Consider multiplication in H7.(G/P) with

respect to the basis {y[w]}. The corresponding structure constants CE:’]][U]

are polynomials in the (positive) simple roots with nonnegative coefficients:
[w]
[u][e]

The theorem includes the statement that the structure constants

c EZZ()[O(L...,O(,].

are polynomialsinroots: thatis, theyliein the subring Ayt = Sym™ My,
of A = Sym" M. This can be deduced from the characterization in
Theorem 2.5, but it is easy to see directly.

[w]

LemMma 3.2. The structure constants Clullo] lie in the subring Ayt € A

of polynomials in roots.
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Proor. The adjoint group G* = G/Z(G) has parabolic subgroup
Pad = P/7(G) and maximal torus T?¢ = T/Z(G). The map on char-
acter groups corresponding to the quotient map T — T34 is the
inclusion of the root lattice Myt € M, so Araa = Ay. There is a
canonical isomorphism G/P — G?d/pad and the action of T factors
through that of T2, so the structure constants in H;ad(G /P) lie in
Art. The change-of-groups homomorphism embeds H_,(G/P) as a
subalgebra of H}.(G/P) and preserves the Schubert basis, so the claim

follows. a

We will see two proofs of the positivity theorem. The first
uses a refinement of the transversality argument which proves non-
equivariant positivity, this time applied to certain fiber bundles. Later
we will see a second proof via degeneration, which leads to a more
precise result.

As a warmup, let us quickly review the reason why the non-
equivariant structure constants are nonnegative integers. The basic
tool is a weak version of the Kleiman-Bertini transversality theorem.
Recall that two subvarieties Y, Z C X intersect properly it Y N Z is
either empty or pure-dimensional, with codimension (in X) equal to
codimy Y + codimy Z.

LemmMma 3.3. Let T be a connected algebraic group acting transitively on
an irreducible variety X, and let Y, Z C X be irreducible subvarieties. There
is a dense open subset I'° C I such that gY meets Z properly for all g € I'°.

The proof is not difficult. The main point is to show that the action
morphism q: I X Y — X is flat.3

We need a basic fact from intersection theory: If Y and Z are
subvarieties of a nonsingular variety X which intersect properly, then

[Y]-[2] = > my[V]
1%

in H*X, where the sum is over irreducible components V C Y N Z,
and the intersection multiplicities my are nonnegative integers. (See
Proposition 3.3 of Appendix A.)
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[w]
[u]lv]
case. Writing f : H'(G/P) — Z for the pushforward to a point and

using Poincaré duality, we have

ol /y x[w].

The intersection Z = Y[v] N X[w] is proper (and transverse at the

Now let us calculate the coefficients c in the non-equivariant

generic point), so y[v]- [w] = [Z]. Applying Lemma 3.3 withT =G,
X = G/P,and Y = Y[u], we can find ¢ € G so that gY meets Z
properly. Since G is connected, we have [¢Y] = [Y] for all g € G, and
then

where V ranges over components of ¢Y N Z. The pushforward f [V]
is equal to 1 if V is a point and 0 otherwise, and my > 0 always, so it
follows that C{Z)]][v] > 0.

Our plan here is to prove Theorem 3.1 by imitating the above
argument for positivity of the non-equivariant coefficients. We will
show that cgf]][v] represents the class of a (possibly reducible) subva-
riety of an approximation space—that is, it is an effective class. The
main obstacle in applying the Kleiman-Bertini theorem directly is
that the approximation spaces are not homogeneous. However, a

small refinement suffices.

LemmMma 3.4. Let I be a connected algebraic group acting on a nonsingular
irreducible variety X with finitely many orbits X1, ..., X,. Let Y C X be
an irreducible subvariety, and assume it meets each I'-orbit properly. Given
another irreducible subvariety Z, there is a dense open subset I'° C I such
that gY meets Z properly for all g € T°.

Proor. Let us write Y; = Y N X; and Z; = Z N X; for the intersec-
tions with each orbit. If ¢ = codimy Y, then also ¢ = codimy, Y; for
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each i, by the assumption that Y meets orbits properly. Let d = dim Z
and d; = dim Z;. For each i, we may apply Lemma 3.3 to find a dense
open subset I'’ C T consisting of ¢ such that dim(gY; N Z;) = d; — ¢
forall g € T?. We claim that I'* = (\;_; I'? is the desired open subset.

Since X is nonsingular, for any g € I, every nonempty component
of ¢Y N Z has dimension at least equal to d — c. So it suffices to show
that when ¢ € I'°, each component of this intersection has dimension
at most d — c. Since Z is irreducible and Z = [[; Z;, there is a unique
j such that Z; C Z is dense; in particular, dj =d = dimZ,and d; < d
for all i # j. For each ¢ € I'°, we have gY N Z = []; gY: N Z;, and
dimgY;NZ; = d; — ¢ < d — c, with equality exactly for i = j. So
gY;NZ; C ¢gYNZisdense, and the claim follows. m|

Now we return to the situation of Theorem 3.1. First we must
characterize effective classes. Any choice of basis t1,...,t, for M
determines an isomorphism A = Z[tq,...,t;]. According to our
standard conventions, the positive classes naturally determined by
such a basis are polynomials with nonnegative coefficients in the
negative variables —t1,...,—t,. To see why, we employ the corre-
sponding isomorphism T = (C*)" along with approximation spaces
E = (C"\0) and B = (P"!)" (for m > 0). The variables are
identified as t; = c1(pr;0(-1)), so —t; = c1(pr;0(1)) is a hyperplane
class. Then a homogeneous polynomial in A = Z[ty, .. ., t,] is effec-
tive if and only if it is a nonnegative combination of monomials in
—t1,...,—t;.

With Lemma 3.2 in mind, we will assume G = G2 for the remain-
der of this section, so that M,y = M and Ay = A = Z[ay, ..., a,]. We
tix the basis of negative simple roots —ay, . .., —a, for M and use this
to identify T = (C*)", so that the effective classes for the correspond-
ing approximation space B = (P"~!)" are given by polynomials in
Zzo[al, ey Oér].

- [w]
We wish to compute Clullo]

show that it is an effective class. To apply Lemma 3.4, we need an

via an intersection on E x” G/P, and

appropriate group action on this approximation space.
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First we set some notation. Let X = E XT G/P be the approxima-
tion space, so X — B is a fiber bundle over B = (P"~!)" with fibers
G/P. Similarly, let Y[w] = E xT Y[w] and X[w] = E xT X[w].

Consider T acting on G by conjugation, so t - ¢ = tgt™!, and let
G = E xT G. The projection G — B makes this a group scheme over
B, acting on X by

Gxg X —> X, (e, gl,[e, x]) — [e, gx].

Writing U € B C G as usual for the unipotent subgroup whose roots
are R*, we have a subgroup U = E xT U of G, also acting on X.

As a variety with T-action, U is isomorphic to the vector space
&b geR* Cg, where Cg is the one-dimensional representation with
character . Writing § = n1a1 +-- - + n,a, in terms of simple roots, it
follows that

as varieties, where
O(p) =pr0(m)®---@pr.0(n;)

is a line bundle on B = (P~ 1)".

The key observation is this: since f8 is a positive root, each &'(p) is
a globally generated line bundle, so U is generated by global sections.

Let 'y = I'(B, U) be the space of global sections; this is a group
by pointwise multiplication, and it is a finite-dimensional complex
vector space, so it is connected. For any given b € B, there is an
evaluation homomorphism I'y — U, which we denote by ¢ > gy.
This is surjective, since U is globally generated. The group I'; has a
natural “fiberwise” action on X, by ¢-[e, x] = [e, gp - x], wheree € E
maps to b € B.

The group (GL,)" acts transitively on B = (P"~1)", and this action
lifts to the standard action on E = (C" \ 0)". This induces an action
of (GL,)" on X, by h -[e,x] =[h-e, x].

These two actions naturally intertwine: (GL;)" acts on I'y by
(h-g)y = gy1p forany h € (GLy)", g €Ty, and b € B. Let

T'=Tf5%(GLy)
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be the corresponding semidirect product. Since (GL;,)" and I'y are
connected algebraic groups, so is I'. This group acts on X by

(g, h)-[e,x]=[h-e, gno-x],
for g €Ty, h € (GLy)", x € G/P and e € E mapping to b € B.

Lemma 3.5. The orbits for the action of I on the approximation space
X = E xT G/P are the approximation spaces X [w]° = E xT X[w]° for
Schubert cells.

Proor. The projection X — B is equivariant with respect to the
projection I' — (GL,,)", and (GLy,)" acts transitively on B = (P""~1)".
So to determine the orbits of I on X, it suffices to determine the orbits
of I'y on any fiber. For a point b € B, the fiberwise action is given by
the evaluation homomorphism I'y — U. Since this homomorphism
is surjective, the orbits of I'y on a fiber are the same as those of U on
G/P, and the claim follows. O

In particular, there are finitely many orbits, and Y [u] = ExT Y[u]
intersects each of them properly. Now we can prove the positivity
theorem, by applying Lemma 3.4 to the action of I'on X.

First PROOF OF THEOREM 3.1. Let p: G/P — pt be the map to a
point, with corresponding pushforward p.: H3(G/P) — A. Using
Poincaré duality, we know

C{Z]]][v] = p.(ylul - ylv] - x[w]).

[w]
[u][o]’
compute all of them using a single approximation space E = (C" \0)"

There are finitely many structure constants c SO one can

for m sufficiently large. (In fact, m > €(w™") = dim G/P suffices,
since this is the largest possible degree of C{Z]]][v].) Fixing suchE — B,
and writing X = EX! G/P as above, let p: X — B be the projection.
Using the identification H'B = A’ for i < 2m — 1, we have

¥ =Y ]l [Y[oll - [X[w]))
p.([YTull-1Z]),
where Z = Y[v] N X[w

—_
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The hypotheses of Lemma 3.4 are satisfied, for I' acting on X,
so there is a ¢ € I such that gY[u] meets Z properly. Since T’ is
connected, it follows that

[Y{ull-[Z2]=[gY[ull - [Z] = [gY[u] N Z].

[w]
[u][o]
class. By basic properties of Gysin maps, pushforward preserves
w]
u][v]
proving the theorem. |

Now ¢ = p.[gY [u] N Z] is the pushforward of an effective

effective classes (see Appendix A, §6). It follows that c{ is effective,

ExawmrLEg 3.6. Consider T = (C*)" acting C" by standard charac-
ters t1,...,t,, and on the complete flag variety FI(C") in the usual
way. (This is not the adjoint torus!) The approximation space
E — B is identified with (C™ \ 0)" — (P"™7!)" using the basis
—t1+ty, ..., —ty_1 + t,, —t, for the character lattice of T to define
the action on E. Let

M;=pr;0(1) and Li=M;® - ®M,,

so ¢1(M;) = t; — tiy1 and c1(L;) = t;. Forming the vector bundle
V=L1®---®L, onB, we have

End(V) =P Li® L.
ij

By construction, End(V) has global sections in upper-triangular ma-
trices; thatis, L; ® LJTl is globally generated if and only if i < j. In this
setting, the group I'y is formed by taking global sections of L; ® L]T1
fori < j.

This construction also identifies Ex’ FI(C") = F1(V'), and choosing
opposite flags Ep =L1®---®Lyand E, = Ly4+1-p ® -+ ® Ly, we have
X (w) = Qu.w(Es) and Y (w) = Qy(E.) inside FI(V).

4. Positivity via degeneration

Here we will use a degeneration to prove the positivity theorem,
closely following the argument originally given by Graham. We
are concerned with the action of a connected solvable group B on
a nonsingular variety X. Let T be the maximal torus. Our goal is
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to write the class of a T-invariant cycle in X as a sum of classes of
B-invariant cycles, keeping control over the coefficients. To begin, we
consider a basic example.

ExampiE 4.1. Let B act on P! via a homomorphism B — GL,,
given by
b | X 9
0 1
where y: B — C* is a character, and ¢: B — Al = G, is a regular
function satisfying the identity

@(b1b2) = @(b1) + x(b1)p(b2)

for by, by € B. Note that ¢(t) = 0 for t € T, since T consists of
semisimple elements of B, which must map to diagonalizable ele-
ments of GL,. The torus T therefore acts on C? by the characters y
and 0.

As we have seen (Chapter 2, Example 6.2),

H;P! = A[C]/(C+ x)C,

where C = clT(ﬁ(l)). The point 0 = [1, 0] is fixed by B, and oo = [0, 1]
is fixed by T, and we have

[0]"=C and [eo]” =C+x.
The relation
(1) [oo]" = [0]" + x

writes the class of the T-invariant cycle co as a sum of the classes of
the B-invariant cycles 0 and P!, with coefficients 1 and x, respectively.

Next we consider a situation which will be used in the induction
step of the main theorem. Let U C B be the unipotent radical, so it
isnormalin B,withB=U-Tand UNT = {e}. Let U’ C Ubea
normal subgroup of B, with dim(U/U’) = 1, so U /U’ is isomorphic
to the additive group G,. (Such a U’ exists, by solvability.) The action
of T on U by conjugation determines an action of T on U/U’ = Al
by a character y. Equivalently, if u D u” are the corresponding Lie
algebras, then y is the weight of T acting on u/u’.
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Let 0: U — G, be any homomorphism with kernel U’, deter-
mining another isomorphism 0: U/U’ — G,. This is unique up to
multiplication by a nonzero scalar.

These two pieces of data, U’ € U and 0: U — G,, will determine
a homomorphism B — GL; and an action as in the above example.
To see how, we record two lemmas.

Let B = U’ - T, a non-normal closed subgroup of B, with B
acting on B/B’ by left multiplication. Combining the isomorphisms
0: U/U’ = G, and U/U’ = B/B’, we obtain an action of B on G,.

LemmMma 4.2. The above action of B on G, is given by
(2) b-z=0(u)+ x(t)z
forb=utwithuel,teT,andz € G, =C.

Proor. Consider an element vU’ € U/U’, for some v € U. Using
the isomorphism U/U’" = B/B’, the element b = ut acts on U /U’ by
b-oU =u-(tot HU’. (To check this, write

b-vB =utvB = u(tot " )tB’ = u(tvt™")B’

in B/B’.) Using the isomorphism 6: U/U’ — G,, sending vU’ to
z=0(v),weseeb -z = 0(u(tvt™!)) = O(u) + O(tvt™!) = O(u) + x(t)z,
as claimed. O

Given a character y: T — C*, let x: B — C” be the unique exten-
sion to a character of B, so x(ut) = x(t).

Lemma 4.3. With 6 and x as above, define : B — Cby (ut) = 0(u).
Then the zero scheme of ¢ is B’, and @(b1bz) = @(b1) + x(b1)@(b2) for
b1, by € B. So the map

. [ x(®) 9(b) l
0 1 |

is a homomorphism from B to GL,.

Proor. By our choice of 0: U — Gy, its zero scheme is U’ C U,
and it follows that the zero scheme of ¢ is B’. Writing b; = u;t; for
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i =1,2, we compute

@(b1ba) = p(urtiust]! - tito)
= O(uq - tust] ")
= O(u1) + x(t1)0(u2)
= @(b1) + x(b1)@(b2),

as claimed. 0

So B acts on P!, preserving A! = {[z,1]|z € C} = B/B’ and
fixing the point 0 = [1, 0]. Now suppose B acts on an n-dimensional
nonsingular variety X, with subgroup B’ C B and character x as
above. The following proposition provides the main ingredient for
an inductive proof of the positivity theorem.

ProposrtioN 4.4. Suppose Y C X is a B’-invariant effective cycle of
dimension k. There are canonically defined B-invariant effective cycles Z4
and Z,, with dim Z1 = k and dim Z, = k + 1, such that

(3) [Y]" = [Z1]" + x[22]"

in Ha"=2kX.

Proor. It suffices to make the construction when Y is an irre-
ducible subvariety. If Y is B-invariant, then Z; = Y and Z; = 0 are
the canonical choices. Otherwise, let W be the closure of B - Y in X;
this is a subvariety of dimension k + 1. Let

V=BxPY,

with the natural left action of B. This is a fiber bundle over B/B’ = Al,
with fiber Y. The mapping V — Alx X, sending [b, y] to ((b), b-y),
is a B-equivariant closed embeddding, where B acts diagonally on
Al x X.

Using the action of B on P! which results from the two lemmas, we
have a B-equivariant compatification A’ c P1. Let V be the closure
of V in P! x X, so this is a B-invariant subvariety of dimension k + 1
which maps onto W C X by the second projection. Using the first
projection P! x X — P! to pull back the relation (1), we obtain a
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relation
(4) [cox X]" =[0x X]T + x

in H2(P' x X).

We can intersect both sides of this relation with [V]'. On the
left-hand side, co X X meets V scheme-theoretically in co X Y C V.
This is because the zero scheme of ¢ is B/, which preserves Y.

On the other hand, V — P! is dominant, so V meets 0x X properly
in a positive k-dimensional cycle of the form 0 X Z;. Since V and
0 X X are B-invariant subvarieties of P! x X, so is their intersection,
and therefore Z; C X is a B-invariant k-cycle. It follows that

[cox Y]" =[0x Z1]" +x - [V]"

in HZ'~2+2(P! x X). Pushing forward by the projection P! x X — X
gives

YT =[Z:]" + x - d[WT",
where d is the degree of the map V. — W. So Z; and Z; = dW are
the required positive B-invariant cycles. O

With the same setup, so B is a solvable group acting on a nonsin-
gular variety X, suppose we have chosen a chain of subgroups

U:UNDUN_1:>~~:>U1:>L[0,

all normal in B, with dim U;/U;_1 = 1. Let x; be the character of T
on the Lie algebra u;/u;_1, and write B; = U; - T.

TueorEM 4.5. Suppose Y is an effective Bo-invariant k-cycle in X. There
are canonical effective B-invariant cycles Z; for each subset I € {1,...,N},
with dim Z; = k + #I, such that

(5) Y"=> (]_[ xi) (2]

I iel

in H2"=2kX.

Proor. We use induction on N, the base case N = 0 being trivial.
So assume the result for N — 1. For | € {1,...,N — 1}, we have
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nonnegative cycles Z’, invariant for B’ = Uy-1 - T, such that

MEDNINEA A

] \i€l
Applying Proposition 4.4 to each Z’, we may write

[Z}]T =[Z/1" + x:[Zjopny )"

for some nonnegative B-invariant cycles Z; and Zj(n}, and the result
follows. o

Let u = P u, be the weight decomposition. In each monomial
coefficient [[;c; xi from the theorem, no x occurs more often than
dimuy. In particular, if each weight space u, is one-dimensional,
these coefficients are square-free.

Remark. There are many ways to choose a chain of subgroups U,.
These choices may be organized as follows. Begin by choosing 17 to
be any one-dimensional subspace of any weight space u, such that
X is not the sum of two other weights of u. Inductively, one takes
;41 = 1;@®0, where v C 1, is a one-dimensional subspace and y is not
the sum of two weights of 1/1;. The chain U, uniquely determines
the positive cycles in Theorem 4.5, but different chains can produce
different cycles.

For B acting on X, we will apply Theorem 4.5 to the action of
B=(UxU)-Ton X x X, and deduce the positivity of structure
constants. Choose any chain of normal subgroups U, with Uy being
the diagonal U € U x U and Uy = U x U. So By = B, and By = B
acting diagonally on X.

If Y is a B-invariant positive cycle in X = 6(X) C X x X, then
Theorem 4.5 produces nonnegative B-invariant cycles Z; in X x X
such that

(+4) [T ="

I
in H7(X X X), where 6: X < X X X is the diagonal embedding.

l_[)(z‘) [Z1]"

iel
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If U acts on X with finitely many orbits, we can be more precise
about the cycles Z;. In this case, B=(UxU)-T acts on X x X with
tinitely many orbits, and each B-orbit is of the form V° X W?°, where
V° and W° are B-orbits in X. (This is because U-orbits and B-orbits
on X are the same, both being orbits of T-fixed points.) It follows that
X is a finite union of (U X U )-orbits V° X W¢, the orbits of (T x T)-fixed
points.

Let N = dimU, and let x1,..., xn be the weights of u, with
repetition according to multiplicity.

CoroLLARY 4.6. Suppose U acts on X with finitely many orbits, and let
Y be a B-invariant positive cycle. There are B-invariant subvarieties Vi and
Wi of X, and nonnegative integers my, indexed by I € {1,..., N}, such

that
[T = > my (1_[ Xi

I i€l

[V x Wi]”

in Hi.(X x X),

Proor. Since the B-invariant subvarieties of X x X are all of the
form V; x Wi, each cycle Z; appearing in () may be written as
2. mr(Vr X Wr). The weight spaces associated to a chain from U to
U x U are the same as those occuring in U itself, since u @ u/6(u) is
T-equivariantly isomorphic to 1. O

The case of Corollary 4.6 where B is a Borel subgroup of G and
X = G/P implies the positivity theorem. As noted above, the fact
that weight spaces of 1t are one-dimensional (with weights being the
positive roots) implies that the coefficients are squarefree monomials.

CoroLLARyY 4.7. For the diagonal embedding 6: G/P — G/P x G/P,
we have
_ [w]
Su(x[w]) = Z el Xlu] x x[o],
[u],[]
in H3.(G/P X G/P), where each coefficient @l s g nonnegative sum of

[u][o]
squarefree monomials in the positive roots.
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[w]
[u][o]
the corollary are the same as the structure constants for multiplying

This proves Theorem 3.1, since the coefficients ¢ appearing in

in the basis {y[w]}, by Poincaré duality (Chapter 3, Proposition 7.2).

Notes

Chevalley proved the non-equivariant version of Theorem 1.2 for G/B
(which is the main case) [Ch94]. He also gave a direct argument that
the intersection Y(v) N X(w) is transverse when f{(w) = {(v) + 1. The
corresponding formula for G/P, as in Exercise 1.4, appears in [Ful Wo04].

Lemma 2.6 is proved in [Hum90, §1.15].

The Kleiman-Bertini theorem (Lemma 3.3) was proved by Kleiman,
who gives a more refined statement [K174]. Further generalizations and
refinements, akin to Lemma 3.4, were given by Speiser [Spe88].

The fact that U-orbits and B-orbits coincide when there are finitely many
U-orbits is proved in [Gra01, Lemma 3.3], where it is attributed to Brion.

The positivity theorem (Theorem 3.1) was conjectured by Billey and by
Peterson; see [Bi99, §8, Remark 3]. The transversality argument given in
§3 is based on [An07b, AGM11]. Graham’s argument via degeneration, as
in §4, was built on similar constructions by Kumar and Nori, who studied
varieties with finitely many U-orbits [KuNo98]. See also [Ku02, §11.4].

Hints for exercises

1Use x(w) = wo - y(wow) and x(w)|y = wo - (Y(Wow)|w,»), as in Chapter 18, §6.
Note that the roles of v and w are swapped relative to Theorem 1.2.

2Either using the above formula for y(s,) to reduce to Theorem 1.2, or argue
more directly by imitating the proof of the theorem and computing the degree of

Lile.

3See [K174, Theorem 2(i)]. Consider the diagram
7 — 7

r
T (T I'xY T) X,

where (g, y) = g - y is the action map, and p is the projection onto the first
factor. One uses generic flatness together with homogeneity to show that g is flat.
Then it follows Z’ is pure-dimensional, with dim Z’ = dim Z + dimI" — codimx Y.
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From the theorem on dimension of fibers, it follows that r~(g) has dimension
dim Z — codimy Y for all ¢ in an open dense set I° C T. But r~1(g) = ¢Y N Z by
definition.






APPENDIX A

Algebraic topology

This appendix collects some basic facts from algebraic topology
needed for our development of equivariant cohomology. Our basic
references are the books by Dold [Do80] and Spanier [Spa66] on gen-
eral algebraic topology, together with Appendix B of Young Tableaux
[Ful-YT].

1. Homology and cohomology

We use H;X and H'X to denote the singular homology and co-
homology of a space with coefficients in Z (except in §8, where we
use Cech-Alexander-Spanier cohomology). Some basic properties
are these:

e Homology is covariant for continuous maps, and cohomol-
ogy is contravariant, so there are pushforward and pullback
homomorphisms

fooHiX - H;Y and f*:H'Y — H'X

associated toa continuousmap f: X — Y. Both are invariant
under homotopy: if f, g: X — Y are homotopic, then f. = g.
and f* = g".

e H*X is a graded-commutative ring (with unit) under cup
product, written c - d. This means
c-d=(-1)d-c
when ¢ € H'X and d € H/X.

e H.X is a graded module over H*X via cap product, given by

H'X ® H;X — Hj_iX.
393
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There are relative groups H'(X, A) for a subspace A C X, with a
long exact sequence of pairs

.- — H(X,A) - H(X,B) - H'(A,B) » H*Y(X,A) — - --

when B € A C X. There is a similar sequence for relative homology
groups H;(X, A).

If U and V are open sets in X, there is a long exact Mayer-Vietoris
sequence
... > H(UUV) > HU®H'V - HUNV) > HY'(UUV) > --- .
For subspaces U € A C X, there is also a canonical excision isomor-
phism

H(X,A)=H' X\ U A\ U)

whenever the closure of U is contained in the interior of A. (See
[Spa66, Chapter 4, §6].)

The universal coefficient theorem says there is a natural exact se-
quence

0 — Ext'(H,_1X,Z) —» H'X — Hom(H;X,Z) — 0.

(See [Spa66, Chapter 5, §5].) The Kiinneth theorem gives natural short
exact sequences

0— EB H X®H;_1Y — Hi(XxY) — EB Tor(Hy X, Hi_1_1Y) — 0.
k k

Combined with the universal coefficient theorem, in cases where Ext!
and Tor; vanish, one obtains an isomorphism

H'(XxY)=HX®HY.

For example, this holds when H;X and H;Y are free, for all i.

There is a tautness property for nice enough spaces. Suppose X
is locally contractible, paracompact, and Hausdorff, and A € X is a
closed subspace. Then there is an isomorphism

. i ~ i
lim H'(X, U) = H'(X, A),
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the limit over all open neighborhoods U of A in X. (This comes from
the tautness property of Alexander-Spanier cohomology, together
with the fact that this cohomology theory agrees with singular coho-
mology under the stated hypotheses [Spa66, Chapter 6, §6, §9].)

The map X — pt determines a canonical pullback homomor-
phism Z = H*(pt) — H*X, which is injective, being split by the
pullback H*'X — H*(pt) for the inclusion of any point. Often it
is notationally convenient to consider the reduced cohomology groups
H*X := H*X/H*(pt). Of course, ﬁl(X) = H'X fori > 0, and H°X has
rank one less than HX (so it is zero if X is path-connected).

For any space X, the cohomology with compact support is
H!X =1lim H (X, X \ K),
H

the direct limit over all compact subspaces K C X. This is not homo-
topy invariant in general, and it is contravariant only for proper maps,
i.e., maps so that the inverse image of a compact setis compact. When
X is compact, however, HéX = H'X.

When M is an oriented n-manifold and K € M is a compact
subspace, there is an orientation class uxg € H,(M, M \ K). (This is
a local section of the orientation sheaf U — H,(M, M \ U). See, e.g.,
[Do80, §VIIL.2].) Capping with the orientation class defines maps

Hi(M,M \K)—> H,-iM, c+—c~ ux,
inducing the Poincaré isomorphism
H!M = H,_;M.

When M is compact, the Poincaré isomorphism is given by cap prod-
uct with the fundamental class uy € H,M. In this case, one has
Poincaré duality, which says that the bilinear map HM x H" "M — Z
given by

(e,d) = [ (e-d)i= pulle-d) ~ pa)
is a perfect pairing. Here p. is pushforward by p: M — pt.
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One can interpret this as giving an isomorphism (modulo torsion)
H'M — Hom(H"'M, Z),

defined by ¢ - (d — f ¢ - d), which factors into the Poincaré isomor-
phism H n=iM = H;M and the Kronecker isomorphism, which identifies
H'M = Hom(H;M, Z) (modulo torsion).

Suppose that {a;} and {b;} are bases for H*M which are dual
under this pairing, so (a;, bj) = 6;;. We say {a;} and {b;} are Poincaré
dual bases in this setting. For any class ¢ € H*X, basic linear algebra

c = Z(C, b,) ai.

2. Borel-Moore homology

gives

We will use a “non-compact” homology theory which pairs with
H* the way H. pairs with H;. In reference to [BorMo60, BorHa61],
this is usually called Borel-Moore homology now, but it is closely related
to constructions worked out by others. (See especially [Ma78].) We
will define these groups only for spaces X which can be embedded as
a closed subspace in some oriented n-manifold M. (By the Whitney
embedding theorem, one may take M = R".) Our assumption that
X be embeddable in an oriented manifold holds whenever X is a
complex algebraic variety. Indeed, a variety can be covered by finitely
many affine varieties, which embed by definition, and it follows that
X itself embeds. (See [Do80, §IV.8].)

The definition is this:

H;X = H" (M, M \ X).
Here are some basic properties.
e The group H;X is independent of the choice of embedding
X — M.
e Borel-Moore homology is covariant for proper maps, so there
is a pushforward f.: H;X — H;Y whenever f: X > Yis
proper.



APPENDIX A. ALGEBRAIC TOPOLOGY 397

e There is a restriction homomorphism H;X — H;U for open
subsets U C X. (This follows immediately from the inclusion
of pairs (M°, M° \ U) — (M, M \ X), where M° C M is an
open set so that M° N X = U.)

e There is a long exact sequence
---ﬁiZ —>ﬁ,-X—>ﬁ,-u —>Hi_1Z —

when Z C X is closed and U = X \ Z. (Use the cohomology
exact sequencefor M\ X C M\ Z C M.)

e If X is an oriented n-manifold, H'X — H,_; X. (Use X =M
and independence of choice in the definition.)

e If X is compact and locally contractible, then H,;X = H;X.

e If X embeds as a closed subspace of an n-manifold, then
H;X =0fori > n.

(The last property can fail for singular homology! For example,
if X is a countable union of 2-spheres in R3, all tangent at the origin,
then H;X # 0 for all i > 1 — in fact, these groups are uncountable.
This computation is due to Barratt and Milnor [BaMil62].)

Examrre 2.1. We have

TR Z ifi=mn;
1 0 otherwise.

In particular, H;X is not homotopy-invariant. (It is invariant for
proper homotopies, i.e., if F: X x[0,1] — Y is proper, then fy and f;
induce the same homomorphisms H;X — H;Y)

3. Class of a subvariety

A closed subvariety of a nonsingular algebraic variety defines
a canonical class in cohomology. We will need a straightforward
generalization of this construction to include subvarieties of complex
manifolds.
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A complex analytic space (or complex analytic variety) has a sheaf of
holomorphic functions, and is covered by open sets which are iso-
morphic to the zero sets of finitely many holomorphic functions in
some domain in C". The dimension of an analytic space may be
defined as the maximal dimension of its local rings. Any analytic
space has a unique decomposition into irreducible components, and
its dimension is equal to the maximal dimension of irreducible com-
ponents. The singular locus Vsing of an analytic space V' is a closed
analytic subspace; the smooth locus Vim = V \ Vjpg is a complex
manifold. (The book by Grauert and Remmert [GrRe84] is a good
reference for details on analytic spaces.)

We will only consider finite-dimensional complex analytic spaces
which can be embedded as closed subspaces of a Euclidean space.

Prorosrition 3.1. Let V be a complex analytic variety of dimension
k. We have H;V = 0 for i > 2k, and HyV = @Z, the sum over
k-dimensional irreducible components.

The proof is identical to the one given in [Ful-YT, §B.3] for alge-
braic varieties, using the fact that dim Ving < dim V.

In particular, if V is irreducible, then it has a fundamental class
nv € HyV. This has the characterizing property that under the
canonical isomorphism

0= EZk Vsing — EZkV - EZk Vsm — H2k—1 Vsing = 0,

we have ny — 1y, where 1y, is the fundamental class of the
(oriented!) complex manifold Vip,.

If V C Xisacodimension-d closed irreducible analytic subvariety
of a complex manifold, we obtain a class [V ] € H 24X as the image of
nv under

HyV = H(X, X\ V) - H¥X.

A useful property of the fundamental class is that it is local.
Suppose X° C X is an open set such that V° = V N X° is connected.
(For example, X° could be a small ball around p € V.) Then the
restriction szV - szV" is an isomorphism, and it sends ny to

nve.



APPENDIX A. ALGEBRAIC TOPOLOGY 399

We can describe how the class of a subvariety behaves under
pullbacks and products. In §6 we will see how these classes behave
under pushforward.

Let f: X — Y be a map of complex manifolds, with W C Y a
closed analytic subvariety of codimension d. Let Y° C Y be an open
set so that W° = W N Y° is smooth and connected, and W° C Y°
is defined by local holomorphic equations h; = --- = hy = 0. Let
V=f1lwcX.

ProposiTioN 3.2. If Y° can be chosen so that V° =V N f~1Y° is also
connected, smooth, and defined by equations hyo f = --- = hgo f =0,
then f*nw = ny in H*(X, X \ V). In particular, f*[W] = [f'W] in
HX.

The proof is given in [Ful-YT, §B.3]. A particularly useful case
is when f: X — Y is a submersion of complex manifolds, or a
smooth morphism of nonsingular varieties: then the hypotheses of
the proposition are satisfied for any pure-dimensional closed analytic
subspace W C Y.

Now consider a complex manifold X with closed analytic subva-
rieties V and W, of codimensions d and e, respectively. Under good
conditions, we have [V]- [W] = [V N W] in H*"*2¢X. More precisely,
we have:

Prorosition 3.3. Suppose V and W intersect properly, meaning that
each irreducible component Z C 'V .N'W has codimension d + e. Then

[V]-[W]= > mz[Z]
for some nonnegative integers mz.
This can be deduced from the previous proposition, applied to
the diagonal map A: X — X X X. In fact, the product class [V] - [W]

comes from 7y - nw, which in turn can be constructed from by a
homomorphism

H2(X, X\ V)® H*(X, X \ W) > H2*2(X x X, (X x X) \ (V x W))
— H22(X X\ (VN W)).
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A similar argument appears in [Ful-YT, §B.3]; see also [Ful-IT, §8].
The product ny - nw is supported on V N W regardless of whether
the intersection is proper. A particularly useful consequence is that
[V]-[W]=0whenever VNW = 0.
A useful application of these ideas provides bases for cohomol-
ogy, under assumptions that often hold. This is a kind of “cellular
decomposition” lemma.

Proposrition 3.4. Let f: X — Y be a morphism of complex manifolds,
and suppose there is a filtration

@CXOCX1C"'CXm:X

by closed analytic subsets, such that for each p > 0,

Xp\Xp1 = | [ Uy,
J
is a disjoint union of (irreducible) complex manifolds. Assume that for some
N < oo, the homomorphisms H'Y — H'U, ; are isomorphisms for all p,
all j, and all i < N. Let V,; = Up,]' C X, a closed irreducible analytic
subvariety of codimension d(p, j), defining a class [V, ;] € H*P)X. Then
forany k < N, any c € H*X has a unique expression

c= Z ap,ilVp,il = Z(f*“p,j)[vpff]
P )

for some a, ; € H*=24P. Dy,

Proor. The hypotheses imply that the Borel-Moore long exact
sequence for X;,_1 C X, breaks into split short exact sequences

0 — H;iXp1 — HiX, = Hi(X, \ Xp-1) —> 0

foralli > 2dim X — N, since the classes [U} ;] € E*(Xp \ Xp-1) freely
generate over H'Y in this range, and they come from [V, ;] € H.X,.
Applying induction on p proves the claim. O

In the very special case where Y = ptand U, ; = C"?/) (so each
Uy, is a cell), the proposition says that the classes of the closures of
cells form a Z-basis for H*X. This is the usual cellular decomposition
statement found in [Ful-YT, §B.3].
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If N = oo, the conclusion says that the classes [V} ;] form a (free)
basis for H*X as an H*Y-module. Many applications are a particular
instance of this, where each U ; — Y'isalocally trivial bundle whose
tibers are affine spaces.

When X and Y are algebraic varieties and the filtration is by
algebraic subsets, the same conclusion holds for Chow groups (by
the same argument), so long as each U, ; — Y is an affine bundle
with affine-linear transition functions.

Exercise 3.5. Suppose a connected Lie group G acts by holomor-
phicautomorphisms on a complex manifold X. Show that[gV] = [V]
for any analytic subvariety V C X and any ¢ € G.

Exercisk 3.6. Let H C P"~! be a hyperplane, with class 1 = [H] in
H?P"1. Show that H*P"*~! = Z[h]/(h").

4. Leray-Hirsch theorem

A continuous map p: X — Y is a locally trivial fiber bundle, with
fiber F, if there is a covering of Y by open sets U so that p~!U = U XF,
compatibly with the projection to U. The following is a basic fact
about the cohomology of such bundles.

Tueorem 4.1. Let p: X — Y be a locally trivial fiber bundle, with fiber
F =F, = p~X(y), and N a positive integer or co. Assume that for each
i < N there are finitely many elements c;; € H' X restricting to a Z-basis for
H'(F,), forall y € Y. Then for all k < N, every ¢ € H*X can be written

uniquely as
c= Z AijCij,
i,j

for some a;j € H*'Y.

The case N = co appears in Hatcher’sbook [Hat02, Theorem 4D.1],
and the general case is given as an exercise on the companion website.
We will briefly sketch an argument.

Proor. The basic case where the bundle is trivial, so X = Y X F,
follows from the Kiinneth theorem. When Y can be covered by
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finitely many trivializing open sets, one uses induction and the
Mayer-Vietoris sequence to deduce the conclusion. (In particular,
this suffices for compact Y.) A simple Mayer-Vietoris argument also
gives the conclusion for an arbitrary disjoint union of open sets, when
the result is known for each open individually.

The general case requires a bit more care, because the cohomology
groups of an arbitrary union of open sets may not be the inverse
limit of the cohomology groups of those opens. One may use CW-
approximation to conclude the argument (as is done in Hatcher’s
book). Here is another way to conclude the proof, which works for
all spaces of concern to us.

Assume Y is locally compact, Hausdorff, and o-compact—so it is
a union of nested compact sets K,, with K, C int(K,,+1). Each “band”
K, \ int(K,,-1) may be covered by an open set U,, C int(K;+1) \ K;,—2,
which is a finite union of open sets for which the bundle is trivial. By
the previous case, one knows the result over each of

U = U Uzy, V= U Usps1, and W= U Uspi2,

as well has over their pairwise intersections. Since Y = U UV U W,
another Mayer-Vietoris argument proves the theorem in this case. O

The analogous statement holds for fiber bundle pairs (X, X") — Y,
with the same proof. (That is, X’ C X is a subspace which is also a
locally trivial fiber bundle over Y with fibers F/,, and the hypothesis is
that there are classes in H'(X, X’) restricting to a basis for H(F vy Fy))

For instance, if 7: E — Yisa (real) vector bundle of rank r, a Thom
class is an element yr € H"(E, E \ 0) which restricts to a generator of
H"(Ey,Ey\0) = Zforall y € Y. (Such a class exists if and only if E
is orientable.) A special case of the Leray-Hirsch theorem for pairs is
the Thom isomorphism

H'Y = H""(E,E\0), bycr m'c-yE,

foralli > 0.
Another special case is often useful:
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CoroLrary 4.2. If f: X — Y is a locally trivial fiber bundle and
Hi(f"Wy)) =0 foralli < N, then f*: HX — H'Y is an isomorphism
foralli < N.

The following is proved in the same way as Theorem 4.1.

LemMma 4.3. Let

X / > X’
Ny
Y
be a map of locally trivial fiber bund?es, induci'ng maps of fibers X, — X,
fory €Y. Assume the pullbacks H' X}, — H'X, are isomorphisms for all

ye€Yandalli < N. Then f*: H X" — H'X is an isomorphism for all
i <N.

5. Chern classes

For this section, all spaces are at least paracompact and Hausdorff,
so that partitions of unity exist. (Any complex analytic space or
algebraic variety satisfies these conditions.)

For a complex vector bundle E on a space X, there are Chern classes
ci(E) € H? X satisfying the following formal properties.

(1) For any continuous map f: X’ — X, f*ci(E) = ci(f*E).
(2) ¢ci(E) =0unless 0 < i < r:=rk(E), and co(E) = 1.
(3) For an exact sequence of vector bundles

0—->E —-E—-E'"—QO,

there is the Whitney sum formula
ce(B) = D cilE) - ¢j(E).
i+j=k

Writing c(E) = Y, c;(E)u’ for the total Chern class (where u
is a dummy variable), the Whitney formula is equivalent to
c(E) =c(E’) - c(E").
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There are also geometric properties, for which we assume X is
a nonsingular algebraic variety or complex manifold. (Versions of
these properties do hold more generally.)

(4) For line bundles L and M, we have ¢1(L® M) = c1(L)+c1(M).

(5) If s: X — L is a nonzero section with zero locus Z(s) C X,
then [Z(s)] = c1(L) in H%X.

(6) For the projective bundle of lines in E, t: P(E) — X, with
tautological line bundle &(-1) C ©*E and its dual &/(1), we
have

H'P(E) = (H'X)[CI/(C" = c1t(ENT ™ + -+ + (=1) ¢, (E)),
where C = c1(0(1)).

The splitting principle is useful when computing with Chern classes.
Given any vector bundle E — X, there is a map f: X’ — X so that
f 1 H'X — H*X'isinjective,and f*E = L1®- - -®L, splits as a sum of
line bundles on X’. (One can take X’ to be the flag bundle FI(E) — X,

with tautological flag S; C --- € S, = f*E, and choose a Hermitian
metric to split this filtration into its factors L; = S;/S;-1.)

Exercisk 5.1. Deduce the following properties from (1)-(6) above.

(7) If E splits as a directsum L1 @ - - - ® L,, with x; = c1(L;), then
ci(E) = ei(x1, ..., x;), the elementary symmetric polynomial
in the x variables.

(8) ci(EY) = (=1)'ci(E).

(9) If s: X — E is a section whose zero locus Z(s) € X has pure
codimension r = rk E, then [Z(s)] = ¢,(E) in H*" X.

(10) For a projective bundle 7: P(E) — X with tautological se-
quence 0 — 0(-1) - n'E - Q — 0, and any a € H*X, we
have

a ifj=r-1;

(e i(Q) = {

0 otherwise.
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There are also Chern classes for virtual bundles E — F, defined by
the formula
¢(E) 1+ c1(E)u + co(E)u® +---
c(F) 1+ci(Fu+c(F)u?+---'

where one expands this rational function in power series about u = 0,

c(E-F)=

so cx(E — F) is the coefficient of u* in this expansion. This formal
notation is often useful when dealing with degeneracy loci.

Exercise 5.2. Prove the following properties of Chern classes for
virtual bundles.

(11) For a vector bundle E of rank r, and a line bundle L, we have
cr(E®L")=c,(E-L).
(In particular, if s: L — E is a twisted section whose zero
locus Z(s) has pure codimension 7, then [Z(s)] = ¢,(E - L).)
(12) (=c1(L))" - cp(E—=L) = cq4p(E—L) foranya > 0and b > r.

6. Gysin homomorphisms

Borel-Moore homology can be used to define a Gysin pushforward
homomorphism for a proper map f: X — Y of complex manifolds.
Writing d = dim Y — dim X, the homomorphism

fo: HX — H*y
is defined as the composition
H'X = Hydimx-iX = Hadimx-i Y = H*Y.

A basic instance is when the map p: X — Y is a smooth fiber bundle,
with compact fibers. Here p. may be identified with integration
over the fiber. Another basic case is the that of a closed embedding
1: X < Y. Here we have ,(1) = [X] € H?Y, from the definitions.
Some general properties of Gysin homomorphisms are these.

(1) (Functoriality) For proper maps X N y 5 Z, the pushfor-
ward by the composition is the composition of pushforwards:

(g0 f)=g:f
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(2) (Projection formula) For b € H'Y and a € H*X, we have

f(f*b-a)="0"- f.a.
(3) (Naturality) For a fiber square

x5 x

Lol

Y/ é Y/
with f (and hence f’) proper, and d = dimY — dimX =
dim Y’ — dim X’, we have ¢" f. = f/(g’)". (In the case where
X" = 0, here we use the convention that dim( can be any

integer, so this equation holds and says the pushforward-
pullback composition is the zero homomorphism.)

(4) (Self-intersection) If 1: X < Y is a closed embedding with
normal bundle N of rank d, then (*t.(a) = c4(N) - a for any
ae€ HX.

(5) (Finite cover) If f: X — Y is proper, V C X is an irreducible
subvariety (possibly singular), and W = f(V) C Y, then

£IV] = deg(V/W)[W] if dimW =dimV;
' 0 otherwise.

7. The complement of a variety in affine space

Prorosiion 7.1. If Z ¢ CN is a Zariski-closed set, of codimension
d, then 7;(CN\Z) = 0 for 0 < i < 2d — 2. This is always sharp:
T24-1(CN N\ Z) # 0 if Z is nonempty.

Proor. (D. Speyer.) Identify C" with R*". For a smooth (C*) map
f:S' = C"\Z,let.” = {p € (real) line between Z and f(S)}. (This
is analogous to a secant variety in algebraic geometry.) Consider the
number

dimp . = dimg Z + dimp f(S’) + dimgp R

<2n-2d+i+1,
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since smoothness of f implies dim f(S?) < i. The condition that this
number be less than 2n is exactly that i < 2d — 2. For such i, then,
& ¢ C"; therefore we can find a point p ¢ .. Since p does not lie
on any line joining Z and f(S?), the set of line segments between p
and f(S') lies in C" \ Z. Use this to extend f to a map of the ball
f: D'*! — C" \ Z, thus showing that f is null-homotopic.

Since every continuous map between smooth manifolds is homo-
topic to a smooth map (see [BoTu95, 213-214]), the homotopy groups
can be computed using only smooth maps. Thus 7;(C" \ Z) = 0 for
i<2d-2.

On the other hand, it follows from this, together with the Hurewicz
isomorphism theorem, that 7;_1(C" \ Z) = Hp;_1(C" \ Z) and
Hy32(C" \ Z) = 0. By the universal coefficient theorem and the
long exact sequence for the pair (C",C" \ Z), we have

Hyq_1(C" \ Z)"

[l

HZd—l(Cn N Z)
H?(C",C"\ Z)
= Hyy24Z,

IR

and we know this top Borel-Moore homology group is nonzero. O

8. Limits

In this section, we use Cech-Alexander-Spanier cohomology. As
noted earlier, this agrees with singular cohomology for locally finite
CW complexes—or more generally for locally contractible paracom-
pact Hausdorff spaces—but it is different for some common examples
of infinite-dimensional spaces. For instance, the theories may differ
on the inverse limit of locally contractible spaces (which need not be
locally contractible).

Consider a directed system {X,,} of topological spaces, with di-
rect limit X = h_n)an There is always a canonical homomorphism
H*X — yLnH*Xn, and a naive expectation is that this should be
an isomorphism. Similarly, given an inverse system {X,} of spaces,
with inverse limit X = yLIIXn, there is a canonical homomorphism
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lii>nH "Xy — H*X, and one naively expects this to be an isomor-
phism. We will identify some hypotheses which make these naive
expectations true, and which are commonly satisfied in applications
to algebraic geometry.

For direct systems, we consider CW complexes {X,}, where for
eachn < n’, the map X, — X, is a closed embedding of complexes.
The direct limit is the union

X =1lim X, = |_J X,,
and is also a CW complex. Then for each i, there is a natural exact
sequence
0— yLanf—lxn — H'X - limH'X, — 0,
n n

where anl is the derived functor of gn In particular, if H*X,
vanishes in odd degrees for all 1, then there is a natural isomorphism
H*X = @H *Xy. (See [Hat02, Theorem 3F.8].)

For inverse systems, we consider arbitrary (paracompact Haus-
dorff) spaces { X, }, where for n < n’, the map X,» — X, is surjective.
It follows that the inverse limit X = m X, maps surjectively to each
Xy,. Under these conditions, Cech-Alexander-Spanier cohomology
satisfies the continuity axiom, which says

limH*X, - H'X

0
is an isomorphism. (When all X, are compact Hausdorff, no sur-
jectivity conditions are needed; see [Spa66, Ch. 6, Sec. 6]. For non-
compact spaces, see [Wa87]. Note that in general, the limit X need
not be paracompact!)

These isomorphisms are natural. Suppose we have a map of direct
systems { f,: X, = Yy}, so that each diagram

Xn H Xn’

fu] Iz

Yn —> Yn’
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commutes, inducing a map f: X — Y of direct limits. Then the
induced homomorphism @H Y, — @H *X, is the pullback ho-
momorphism f*: H'Y — H*X. The same holds for inverse limits of
spaces.

Under further conditions, one can define Gysin pushforwards.
Suppose each f,: X, — Y}, is a proper map of complex manifolds,
with d = dimY,, — dim X,, constant for all n. Furthermore, assume
each square

An,n’

Xn —> Xn’

fu] . iz

Yn — Yn’
is a fiber square, so that 8}, . (fw)« = (fu).a;, ,, by naturality of Gysin
homomorphisms. Then the pushforwards (f,). define a Gysin ho-
momorphism
fo: HX — HIt2y
on the cohomology of limit spaces.

One also has fundamental classes of subvarieties. First we con-
sider a direct system of complex manifolds {X,}, with union X.
Suppose V,, C X,, is a direct system of closed subvarieties, such that
Vi N X, =V, for all n < n’; suppose also that this intersection is

transverse, so that Oé:,,n,[Vn'] =[V,], and each V,, C X,, has the same
codimension, say d. Then the classes [V,] € H 2dx  define an element
([Vn]) in &nszXn. We take this as a definition of [V] € H%X, for
the closed subspace V = h_r)n Vi € X.

Next we consider an inverse system {X, } of spaces, with limit X.
For fixed n, suppose a closed subspace V,, C X, has a fundamental
class [V,] € H*X,. This determines a class in the limit, by the
canonical homomorphism H?/X, — H?¥X. For any n’ > n, let
Vi, = n;l,lann C Xy If, for all n’ > n, the maps 7y n: X — X,
are such that n;,/n[Vn] = [Vy] in H*X,,, then the classes [V,/] all
determine the same class in H2? X. We denote this class by [V], where
V= n,‘lan C X. For example, this holds if all 7, ,,: X,» — X, are
smooth maps of complex manifolds (Proposition 3.2).
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ExampLE 8.1. Let X,, = P"1 = P(C"), with X,, — X, 41 given by
the linear embedding of C" as the span of the first n standard basis
vectors in C"**1, Then X = |J X,, = P*, so

H*P® = lim H*P" !
b
— 13 n
= ignZ[t]/(t )
= Z[t],

recalling that this is the inverse limit in the category of graded rings.

Let H, C P"~! be the hyperplane spanned by the last n—1 standard
basis vectors. Then H = |JH,, € P is the subspace where the first
coordinate is zero, and H N P*! = H,,, transversely for all n. Thus
we can identify t = [H] in H'P™.

ExamrLE 8.2. Fix a basepoint p € P®. Let X,, = [[;_; P*, embed-
ded in X, 41 by (p1,...,pPn) = (p1,--.,Pn, p). The direct limit is the
restricted product of projective spaces,

X =limX, = [ [P~
k>1
whose points are countable tuples (p1, p2, . . .) such that p; = p is the
basepoint for all but finitely many coordinates. The inverse limit of
cohomology rings is

H'X = linH X, = liLnZ[tl,...,tn] ZZ[[tl,tz,...]]gr.

Here the notation Z[[tlg; = Z[[t1, t2, . . .]lgr is used for the graded formal
series ring. This ring consists of formal sums }; c,t“, where each
t* = t]'t;? - - is a monomial in finitely many ¢-variables, and ¢, € Z;
the sum may have infinitely many terms but the total degree must be
bounded. (For example, t; + t + - - - is an element of this ring.)

Note that H2X has uncountable rank as a Z-module, and it is not
free. (It is isomorphic to the direct product of countably many copies
of Z. This is the dual of H,X, which is isomorphic to the direct sum
of countably many copies of Z.)

ExampLE 8.3. Consider X,, = [[;_; P* as in the previous example,
but as an inverse system via the projection X, — X,,_1 on the first
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n — 1 factors. Then
X=lmX, =[ |P
k>1
is just the usual product of countably many projective spaces. Its
cohomology ring is

Hlei_r)nH X, :h_r>nZ[t1,...,tn] =7Z[t,t,...],

the polynomial ring in countably many variables.
Fix i, and let V (i), C X,, = ]—[,’:=1 P* be the subspace where the
tirst coordinate of the ith factor is zero; in the notation of Example 8.1,

this is
i—1 n
V(i) = HP‘X’ x H x ﬂ P,
k=1 k=i+1
Then [V (i),] = t; in H*X,, = Z[t1,...,t,] for all n, so [V (i)] = t; in
H*X.
Comparing with the previous example, the embedding of [}, P*
in [[5>1P* induces aninclusion of rings Z[t1, t3, . . .] = Z[[t1, t2, .. Jlgr-
This example also provides an instance of the distinction between
singular and Cech-Alexander-Spanier cohomology. Since the Cech-
Alexander-Spanier cohomology H?X is a free module of countable
rank, it cannot be the (algebraic) dual of any Z-module, violating the
universal coefficient theorem for singular cohomology. (Here X is
paracompact and Hausdorff, but not locally contractible.)
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Specialization in equivariant Borel-Moore homology

Let Z be a complex variety or algebraic scheme, and lett: Z — Al
be a mapping such that 7= 1(A! \ {0}) — A! \ {0} is a locally trivial
topological fibration. Write Zg = 7~1(0) and Z; = " !(1). There are
specialization homomorphisms

(O szl — HkZO.

Roughly speaking, specialization spreads out a k-cycle on Z; to a
(k +1)-cycle on 771((0, 1]) = Z; % (0, 1], and takes the limiting k-cycle
on Zo = 71(0) obtained by taking the closure and restricting to the
tiber over 0. The bivariant language of [FulMac81] is a convenient
tool for making this precise. Given a in HZ1 = H*(Zz, —» {1}),
there is a unique a in H™%(Z — [0,1]) which restricts to a at 1.
The specialization o(a) is defined to be the restriction of a at 0, in
H*Zzy — {0}) = Hr(Zo). Here the bivariant group H?(X — Y) is
defined as the singular cohomology group HP*"(Y xR", Y XxR" \ X),
for a closed embedding of X in some Y X R" compatible with the
given mapping from X to Y. For details on this construction of
specialization see [FulMac81, §3.4].

We will use this in the setup of the deformation to the normal cone
[Ful-IT, §5.1]. Let X be a subvariety (or closed subscheme) of a
variety (or scheme) Y. One constructs the space

M® = MY = Blxx oy (Y x A\ Y,

where Y is the proper transform of Y X {0} in the blowup. This comes
with an embedding X x A! < M°. The projection

m: M°® — Al

413
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is trivial away from 0, that is, 71(A! \ {0}) = Y x (Al \ {0}), with
X x (Al \ {0}) embedded naturally. The special fiber is 7~1(0) is
the normal cone CxY to X in Y, which comes with a zero section
embedding of X in CxY and a projection from CxY to X. We obtain
specialization maps

0=0x/y: HkY — EkCXY.

LemmMma. The specialization to the normal cone satisfies the following
properties:

(1) Let f: Y — Y beasmooth morphism of relative (complex) dimen-
siond. Let X" = f~1(X), so f induces a morphism

f:CxY =CxY xx X' — CxY,

also smooth of relative dimension d. Then the diagram

— Gx/y —
HyY —— H;CxY

rl I
ox )y

Hi2aY' —— Hii2aCxrY’
commutes.
(2) Let c € H'Y, a € H;Y. Then
ox,y(c ~a)= ¢ (c) ~ ox/y(a),
in Hy_i(CxY), where @ is the composite CxY — X — Y.

(3) If V is a closed subscheme of Y of pure dimension n, then Cxny V
is a closed subscheme of CxY of pure dimension n, and

ox;y([V]) = [Cxnv V]

in Hy,CxY . In particular, if Y and X are pure-dimensional, then
ox/y([Y]) = [CxY]and ox/y([X]) = [X].

Proor. We use the basic notions of [FulMac81].
(1) The morphism M3, Y’ — Al factors as

MY 5 MY 5 Al
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with F smooth of relative dimension d. Restricting over the interval
[0, 1], we have mappings

M —- M —[0,1].

The first map has a canonical orientation class 0 in H 24(M" — M),
which is the restriction of the orientation class of the smooth mapping
F. Letain H¥(M — [0, 1]) restrict to a in H¥(Y — {1}) = Hx(Y) at
1. The product 0 - & in H=24=%(M’ — [0, 1]) restricts to f*(a) at 1 and
to 7*(0;( sy(a)) at 0. This gives the required equation ox+/y/(f*(a)) =
f (ox/v(@)).

(2) With the notation just set up, let ¢ € H!(M) be the pullback of
¢ by the projection M — Y x [0,1] — Y. Then ¢ - a restricts to ¢ ~ a
at 1 (since bivariant products and pullbacks commute), so it restricts
to ox/y(c ~ a) at 0. But ¢ restricts to ¢*(c) and a restricts ox,y(a) at
0, so their product ¢ - a restricts to ¢*(c) ~ ox/y(a) at 0, as required.

(3) This follows from the fact that [M5,, V] restricts to [V] at 1

and to [Cxny V] at 0. O

Using this lemma, we can define specialization in equivariant
Borel-Moore homology. Let X C Y be a G-invariant closed subvariety
or subscheme. For any approximation E — B to EG — BG, we have
specialization maps

(B.1) Hi2p(E XS Y) — Hypp(E X© CxY)

where b = dim(B) = dim(E) — dim(G). If E’ — B’ is another approx-
imation, the two specialization maps can be compared by using the
product EXE’ — B x B

Hpsp(E XCY) ———— Hyyop(E xC CxY)

! !

Hipopr (B X B XCY) —— Hyyop(E X E' xC CxY)

T T

Hiop (B X6 Y) ———— Hypop (B X6 CxY)



416

where b’ = dim(B’) and b” = dim(E) + dim(E’) — dim(G). This
diagram commutes by (1) of the lemma. Hence we have well-defined
equivariant specialization maps

—G —G
(B2) oy : H(Y — H{ CxY,

defined to be the maps of (B.1) for any approximation that is suffi-
ciently contractible for the given k. These take [V]C to [Cxny V]C for
any pure-dimensional closed G-invariant subscheme V of Y, by (3).
In particular, for Y and X pure-dimensional,

o3 ([YI?) =[CxY]® and o} ([X]°) = [X]°.

It follows from (2) that ag jyisa homomorphism of Ag-modules.

A similar specialization map is defined for equivariant Chow
groups. In this case, the construction is more direct: one uses the
setup of [Ful-IT, §5.2] applied to approximation spaces. Part (3) of the
lemma shows that the specialization homomorphisms commute with
the canonical maps from equivariant Chow groups to equivariant

Borel-Moore homology groups.



APPENDIX C

Pfaffians and Q-polynomials

The main goal of this appendix is to provide a characterization
of certain symmetric functions, known as double Q-polynomials,
which is analogous to the interpolation characterization of the double
Schur polynomials (Chapter 9, §4). As preparation, we provide some
background on Pfaffians and the classical (single) Q-polynomials.

1. Pfaffians

We quickly review some basic facts about Pfaffians. This is stan-
dard material; Knuth’s article [Knuth96] is a good source for refine-
ments and historical context.

Let M = (mjj)1<ij<or be a skew-symmetric matrix of even size,
with entries in a commutative ring. The determinant of such a matrix
has a canonical square root, called the Pfaffian. It may be defined as

Pf(M) := Z(_l)g(n)mn(l)n(Z) M r—1)m(2r)s
TT

the sum over all matchings m € Sy,—that is, permutations such that
n(2i — 1) < w(2i) for all i, and (1) < m(3) < --- < m(2r — 1). For
example, the Pfaffian of a 2 X 2 matrix is Pf(M) = m1», and for a 4 x 4
matrix, it is

My M3 Mig
|l ma3 Maq |
P o = M1pM34 — M13M24 + M14M23.
. ) ”

Just as for determinants, if the 2r X 2r matrix M has rank less than
2r, then Pf(M) = 0. Pfaffians generalize determinants, in the sense
417
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that if M is a block matrix of the form

then Pf(M) = + det(A). (The sign is (—1)(3).)
A Laplace-type expansion formula is useful for computing recur-

sively:
2r-1

PEM) = > (=1)" i, PEM; 5),
i=1

where M7 is the (2r — 2) X (2r — 2) submatrix obtained by removing
the i-th and j-th rows and columns.

Like the determinant, the Pfaffian is multi-linear in the rows and
columns of a matrix, but to preserve skew-symmetry, one must mod-
ify rows and columns simultaneously. More precisely, let M = (m;;),
M = (m;].), and M” = (m;;.) be skew-symmetric matrices of the same
size. For some fixed k, suppose m;x = a m;k +b m:;c foralli,and m;; =
m;]. = m;; forall i, j notequal to k. Then Pf(M) = a Pf(M’) + b Pf(M”).

In particular, the Pfaffian is unchanged by adding a multiple of
one row to another, and simultaneously doing the same for corre-
sponding columns. (Take the kth row and column of M" to be equal
to the £th row and column of M’.) For a skew-symmetric matrix M
and any 2r X 2r matrix A, we have

Pf(ATMA) = det(A) - PE(M).
Finally, Schur’s identity

X; —Xj X; — Xj
pr( ) [
x,-+x]- x,-+x]-

i<j

plays a role analogous to that of the Vandermonde identity for deter-
minants.

2. Schur Q-polynomials

Before discussing the double Q-polynomials, we review some
properties of the “single” Q-polynomials which they generalize.
These are classical symmetric functions defined by Schur in his study
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of projective representations of the symmetric group. More details
and proofs may be found in Macdonald’s book [Mac95, §III.8].

2.1. Pfaffian formula. We consider formal variables 41, g2, . . .,
with go = 1, often writing g =1+ g1 + g2 + - - - for the corresponding
generating series. Our Q-polynomials will be elements of the poly-
nomial ring in these variables. We will define Q, = Qx(g) for any
sequence A = (A1, ..., As) of nonnegative integers.

Fors =1, weset Q) = 1.

For s = 2, we set

b
(C.1) Qab = Ga gy + 22(_1)iqa+i qv—i
=1

= G0 b = 2Ga+1 Go-1 + 2 a2 Go—2 — - + (=1)"2 oy
In particular, Q,0) = Q) = qa-
Fors > 2, we define a skew-symmetric matrix M, () by specifying
its entries m;; for i < j, as follows. If s is even, then M, (q) is the s X s
skew-symmetric matrix with entries m;; = Qy; 1 ;- If s is odd, we
append As1 = 0 and set M) (q) = M(y,,...A,,0)(q)-

DeriNntTioN. The Schur Q-polynomial Q) = Qa(q) is defined to be
the Pfaffian

Qalg) = PE(Ma(q)).

In particular, Q) = Qa0 = g4, and Q4 ) = Qup-
The Laplace-type expansion formula gives an alternative way to
compute Q, for a strict partition with an odd number of parts:

Q= Z(—l)i_l% QT As)”

For example,

Q(ﬂ/bfc) = anbc - Qanc + QCQab and
Qubed) = QavQed — QacQpd + Qad Que-

The second reduces to the first when d = 0.
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2.2. Raising operators. Another way of formulating the defini-
tion of Q, will be useful when discussing double Q-polynomials. We
consider formal, labelled, monomials q(1),, - - - (s)a,, allowing nega-
tive indices a;. For i < j, the raising operator R;; acts on such labelled
monomials by taking one away from the jth index and adding it to
the ith index. That is,

Rij+ (- qa,(i) - qa,(j) ) =+ Gapu1 (i) -+ a1 () - -

A monomial R in R;;’s is also called a raising operator.
By taking linear combinations one obtains compact formulas. For

example,
_1-Ryp
Qv = 17R, q(1)a q(2)p,
as can be seen by expanding the fraction as
1-Rqp2

=1- +2R2, — 2R3, +---
1+ R12 1 2R12 12 12

More generally, the Pfaffian formula for Q-polynomials takes the
form

Qi = 1_[ 1 " Ilzzj ~q(Way - q(8)a,,
<]

regardless of the parity of s. To see this, first write R;; = T;- T]._l, where
T; is the operator which adds 1 to the ith index. In the case where
s is even, let A be the diagonal matrix with entries g(1),,,...,q(s)a.,
and let M be the skew-symmetric matrix with entries

1-R;j T;-T;

1+R,‘]' - T]'+T,'.

So the matrix ATMA has entries

_ 1o Ry
Aikj = 1+ Ri]'

: Q(Z)/\Z Q(])/\/

Applying Schur’s identity and using Pf(ATMA) = Pf(M) - det(A), we
obtain the asserted equality between the Pfaffian and raising-operator
formulas for Q,. The case where s is odd can be reduced to the even
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case by appending A1 = 0 as before, because in the expression

1-R;;
l_[ L1ga, -+ q(s)a, - q(s + 1o,

A 1+ R,']'
1<i<j<s+1

no terms involving s + 1 remain after evaluating q(s + 1)o = 1 and
g(s +1), =0fora < 0.

See [Mac95, §1.1, §1.3, §I11.8], and [AnFul18, §A.1] for more details
on raising operators and Pfaffians.

2.3. The ring of Q-polynomials. We are particularly interested
in the images of the Q-polynomials in a certain quotient ring.

DeriniTION. Let

I'= Z[‘h/ qz,. - -]/(Qpp)p>0/

where the relations

Qpp = q;27 -2 dp+19p-1 +2 p+2qp—2— """

are as in formula (C.1) from §2.1.
Forn > 0, let

r(n) = I—‘/((]n+1/ qn+2, - - )
= Z[‘h/ ceey qn]/(Qpp)KpSn-

We will recycle notation, writing g and Q for their images in I' or
(™. The relations Qpp = 0imply Qup = —Qy, for all a, b, and more
generally, that Q, is alternating in the indices A. In particular, Q,
is zero if A contains repeated indices, so we may consider only the
polynomials indexed by strict partitions A = (A1 > --- > Ag > 0).

Just as the Schur polynomials s, form a basis for the ring of
symmetric functions, the Q-polynomials are a basis for I'.

Exercise 2.1. Show that T™ has a basis of squarefree monomials

1—'(7’1) — @Z.q/\l...q/\s’
A

inqi,...,q,. Thatis,
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where the sum ranges over strict partitions A with no part larger
than n. Conclude that T™ is free of rank 2. Then deduce that I has
a basis of squarefree monomials in g1, g2, . . .; that is, of monomials

g, - -qa, as A ranges over all strict par’citions.1

Exgrcise 2.2. Show that {Qi(g)|A =(n > Ay > --- > A > 0)}
form a basis for T). Similarly, show that {Qx(q)|A = (A1 > -+ >
As > 0)} form a basis for I'.2

2.4. Symmetric functions and a tableau formula. The classical
Schur Q-polynomials are obtained by further specializing the q vari-
ables. Let x = (x1,xp,...) be a set of variables, and consider the

evaluation
1+x i

1—x,-'

g q(x):=
i>1
Since g(x) - g(-x) = 1, the relations Q,, = 0 hold for p > 0, so this
specialization descends to I'. In fact, it defines an embedding of I" into
the ring of symmetric functions in x. For a strict partition A, Schur’s

Q-function Q,(x) is the image of Q, under this homomorphism.
The Q-polynomial Q4 (x) = Qa(x1, ..., x,) is defined similarly for

a finite set of variables, by specializing

n
q = q(x):=
i=1
There is a combinatorial tableau formula for Q,(x), analogous to
the one for Schur functions s,(x) in terms of semistandard Young
tableaux. This will be a sum over certain fillings of the shifted diagram
of a strict partition: one writes represents A by placing A; boxes in the
ith row, as usual, but the ith row is indented by i — 1. For instance,
A =(6,4,2,1) has shifted diagram

A shifted primed tableau of shape A is a filling 7 of the shifted diagram
using the ordered entries 1’ < 1 < 2’ < 2 < ---, so that rows and
columns are weakly increasing; furthermore, the unprimed entries
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strictly increase down columns, and the primed entries strictly in-
crease along rows. The corresponding monomial weight x” records
a factor x; for each i or i’ appearing in 7. For example, with
A =(6,4,2,1), the tableau

M[ZT2[3]4]
2|12]13|5
34
4/
has weight x7 = x2 x5 x3 x3 xs.
Then
Qux)= Y 7,
T

the sum over all shifted primed tableaux of shape A. (See [Mac95,
§II1.8], where this is deduced from a version of the Pieri rule for
Q-polynomials.) To obtain a formula for Q,(x1, ..., x,), one simply
restricts the entriesto 1’ <1 < --- <n’ < n.

From the rule defining a shifted marked tableau, it is easy to
see that the entries along the main (southwest) diagonal may be
freely chosen between primed or unprimed labels. It follows that
the symmetric function Q,(x) is divisible by 2°, whenever A has s
nonzero parts.

Furthermore, the entry in the ith position along the main diagonal
must be greater than or equal to i’. From this one concludes

(C.2) Oalx1,...,x,) =0 ifn<s,

that is, when the number of variables is less than the number of
nonzero parts of A.

Exercise 2.3. Show that Q,(x) = 2°s,(x), where p = (s,s —
1,...,1)is the staircase par’cition.3

3. Double Q-polynomials and interpolation

The double Q-functions were introduced by Ivanov [Iva05], and
their connection to the equivariant cohomology of the Lagrangian
Grassmannian was established by Ikeda [Ike07] (see also [IMN11]).
These authors consider functions in two sets of variables x and y,
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which specialize to the Schur Q-function Q4 (x) when the y variables
are 0.

Werequire a variation which is based on work of Kazarian [Kaz00],
and specializes to Ivanov’s polynomial. Our Q(g|y) is a polynomial
in two sets of variables, g4 and y, which specializes to the polynomi-
als considered in the previous section when y = 0: QA(g]0) = Q(g).
Our main goal is to prove a theorem which characterizes these poly-
nomials by their interpolation properties.

Here we will always assume the g variables satisfy the relations
Qpp = 0, so they belong to the ring I', and the double Q-polynomial
liesin I'[y].

DeriNiTION. Fix a sequence A = (A4, ..., A;) of nonnegative inte-
gers. Let

gk)=q-1+y1)---Q+yr-1)
foreachl <k <s,so
qk)a =qa+e1(y1, .., Yr-1) a1 + -+ ea(y1, ..., Ya,-1),

where the ¢; are elementary symmetric polynomials. The double Q-
polynomial is

1-R;;
QAUHV)=( [ ]_+R;).QGJM..qﬂshy

1<i<j<s

As with the single Q-polynomials, this raising operator formula
is equivalent to a Pfaffian formula. We define

b
Qub(@ly) = 900 9@ + ) (<19 (Vari 91,
i=1

where (1) =q-(1+y1) - (1+y,—1)and g(2) = g-(1+y1) - - - (1 +yp-1).
Let Ma(q]y) be the matrix with entries m;; = Q1,,1,(q]y). Then

Qalqly) = PE(Ma(qly)).

where as before one augments A by adding As;1 = 0 in case s is odd.
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For example, if s = 1, s0 A = (a), we have
Qu(qly) =q9(Wa = qa +e1(y1, .- -, Ya-1) a1+ - -
+ea-1(y1, - -+, Ya-1) 71
(Note e (y1, . .., Ya—1) = 0.) Similarly, we have Q4,1 (q]v) = Qup(qly).

Exercise 3.1. Verify that the matrix M, (g|y) is skew-symmetric;
thatis, Qas(71y) = —Qee(qly) and Qaa(gly) = 04

It follows from this exercise that Q.(g|y) is alternating in the
indices A, so from now on we will consider only strict partitions
A=A >-->As >0).

Exercise 3.2. Show that the polynomials Q,(g|y) form a basis for
I[y] over Z[y].°

Given a set S of positive integers, we define a specialization ho-
momorphism I' — Z[y; | i € S] by sending g to

qls = yS =

Up to sign, when S = Z., this gives the standard embedding of T’
into the ring of symmetric functions in y. For S = {iy,iy,...}, the
image of the (single) Q-polynomial Q,(q) under this specialization
is the Schur Q-function Q\(-yi,, = Vi, - - -)-

A strict partition u = (g > --- > p, > 0) may be regarded as a
set 5, and we use the notation g[, = y# to denote the corresponding
specialization.

Here is the main theorem about the polynomials Q.(g|v).

TueoreM. The double Q-polynomials satisfy and are characterized by
two properties:

(+) QM =] []Cve-va0- [ [we-va)
k=1 €<Ag <Ay
teA fgA
and

(++) QM) =0  ifp2A.
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Proor. To prove (*), we need an easy fact (cf. Appendix A, §5 (12)).
Suppose we have a series ¢ = 1+ ¢ +c2 +- - - which can be written as

c - (a polynomial of degree < d).

- 1+z
Then
(C.3) (=2)" - cp =cpyq foranyp >d.
Now let
— Q+ya) - A+ ya,)
3k) = — 4 Tl gl

T (A-ya) A=y

- 1 + Ya, i iyl)”.(l iy/\k_l)(l _yAk)r

foreach1 < k <s. (The factoris 1+ y;ifi € A,and 1 - y; ifi ¢ A, but
this point is immaterial to the proof.) By (C.3), we have

(—y)\k)” 'ﬁ(k)p = ﬁ(k)pm

forp > Ay.
The claim in (%) is that

QM y) =q(W)a, - 7).,

since one checks

G, = [ [Cye=wo) - [ e =)
<Ay <Ay
feA {gA

We will show
(C.4)

1-R;i | _ _
1<E][<s 1+ Ri; gy - q(r =Da,y - q()ala---q(8)aa

r=1<j

1- Ry
= el T Ry . e
) 1<E[<S 1+ Ryj G -=-4a, - q(r+ Dacla---q($)ala,

r<j
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for each 1 < r < s. This establishes the claim: at r = 1, the left-hand
side of (C.4) is the left-hand side of (+); at r = s, the right-hand side
of (C.4) is the right-hand side of (*).

We can write

1-R;j ﬁ 1Ry
1<i<i<s 1+ Rj; o 1+ RZ, , 1 + RZJ
r=1<j r<j

Forp1 > Ay,...,pr 2 Ay, we have

r—=1
— — 1- Ry
q(W)p, - q(r)p, :( 1+ R;
i:1 ir

W), - q(r =1) - q(r)y, a,

using (C.3) together with

1
-l
=1 p

for all p. The identity (C.4) follows, so (*) is proved.

For (#+), suppose u 2 A, and let k be the smallest index such that
pr < Ak, 80 U1 = A1, ..., k=1 = Ag-1. For £ < k, we have

_ 1- Y 1- Yura
0= () - () - 02 w0

In particular, for £ < kandp > Ay,

q(f)ph.l = ﬁp + el ﬁp_l + tte + eA[—l ﬁp_/\f"t‘l,

where g = q|{y“1 Vig_o} and e; = eij(xy1,...,£yr,-1). (The main

.....

point here is that p — /\g +1>0.) For ¢ > k, q({),|, may be written as

q(f)ph-l = ﬁp +aq ﬁp—l +-- ap/

where the a; are some homogeneous polynomials in the y variables.
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By expanding the q(£), according to the above expressions, and
using the multi-linearity of Pfaffians, we can write

1-R;;
QA(y”y) = (n 1 +Ri;) : q(l)/hhl e 'q(S)Ashl

i<j
= Z av@vr

4
the sum taken over partitions v with at least k nonzero parts, where
Q, = Qv(=Yyuy, -+ -, —Yu,) is the (single) Schur Q-polynomial, and
the coefficients a, are some homogeneous polynomials in y. Each
év = 0 by (C.2) from §2.4, since it involves fewer variables than v has
parts. So (x¢) is proved.

Finally, suppose F(q|y) is a homogeneous polynomial of degree

|| which satisfies (+) and (++); we will show F(q|y) = Qa(q|y). Since
the double Q-polynomials form a basis for I'y], we can write

Fgly) = )" av Qu(gly)

v
for some homogeneous polynomials a, € Z[y], with the sum over
lv] < |A

Using induction on the set of strict partitions v partially ordered
by containment, we see @, = 0 for v # A in this sum, by considering
the specialization F(y"|y). (We assume by induction that a;, = 0 for
all u € v. So the only term that survives is

E(y"ly) = av Qv(y'ly),

which equals zero since v 2 A. By (), we know Q,(y") # 0, and it
follows that a, = 0. The base case v = () is similar.) The same rea-
soning shows that F(y*|y) = ax Q1(y*|y), and since F(q|y) satisfies
(#), it follows that oy = 1. O

Remark. Ivanov’s polynomials Q,(x|y) are recovered from our
1+x;

Qa(qly) by specializing g = [] {=*. The evaluation q > y* can be
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written by further specializing these x variables as

o {—yi ifi € y;
0 ifi ¢ u.
With this specialization, Ikeda uses the interpolation property and
the localization theorem to show that Q. (x|y) represents an equi-
variant Schubert class in the Lagrangian Grassmannian.
A different specialization of the g variables is more directly con-
nected to the geometry of Lagrangian Grassmannians. Suppose the
x and y variables satisfy relations

(C.5) ek(x%, x%, L) = ek(y%, y%, o)

for all k, where ¢ is the elementary symmetric function. Then we
may set

(C.6) q|—>l_[1_xi

7
i>1 1+yi

since (H %;—;z) . (H %f—;) = 1. Now the evaluation g — y" is obtained

by specializing the x variables as

o Yi ifi € y;
-y ifi¢[,l.

Let us write é A(x]y) for the image of Qi(q|y) under the sec-
ond specialization (C.6). The “single” polynomials é Ax) = é 1(x]0)
were introduced by Pragacz and Ratajski in the study of the co-
homology of the Lagrangian Grassmannian and degeneracy loci
[Pra88, Pra91, PraRa97]. The double polynomials é A(x]y) are the
natural generalizations to equivariant cohomology. These are dis-
tinct from the Schur and Ivanov Q-functions.

To explain the connection with geometry precisely, let V be a 2n-
dimensional symplectic vector space, with a torus T acting by char-
acters —y,,...,~Y1,Y1,..., Yyn. Let E C V be the isotropic subspace
spanned by the last n basis vectors, and let S C V be the tautologi-
cal subbundle on the Lagrangian Grassmannian. The Chern classes
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¢ = c¢I(V — S - E) may be written as

1—x,-
1+yi’

n
'(V-s-E)=c""-E) = |
i=1
where x and y are equivariant Chern roots of S and E, respectively.
The relations (C.5) follow from the identity ¢ (S + SV) = ¢T(E + EV)
(both sides being equal to c*(V)). In this setting, Pragacz and Ratajski
show that the cohomology class of a Schubert variety () is equal to
é A(x). Theorem 2.2 of Chapter 13 shows that the equivariant class
of Q) is equal to QA(xly).

Hints for exercises

1Use the relations Q,) = 0. See [Mac95, §IIL8, (8.6)].

2From the raising operator formula, one has

Qr=q1+ Z Ary Gu,
u>A
for some integers a,,, where > is the “dominance” partial order on partitions,
generated by R;jA > A. Now apply the previous exercise. See [Mac95, §IIL.8, (8.9)].

3Construct a weight-preserving bijection between (1) the set of primed tableaux
on the shifted diagram of p, in which all entries along the main diagonal are
unprimed; and (2) the set of semistandard tableaux on the usual diagram of p. See
[Mac95, §II1.8, Ex. 3(b)] for another argument.

4Use the relations Q,, = 0, together with the fact that an elementary symmetric
polynomial vanishes when the degree is greater than the number of variables.

50One can write
Qi(gly) = Q@+ > auQu(q)
|pl<IAl
for some polynomials &, in the y variables, by expanding the entries of the Pfaffian
which defines Q(q|y) and using multi-linearity. Since the Q(gq) form a basis for
I over Z, the claim follows.
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Schubert conventions

The literature contains many conflicting conventions for describ-
ing and notating Schubert varieties, and especially in the equivariant
situation, it is important to know exactly which set of conventions
are in use. The following glossary is not meant to be a guide to the
literature, but rather to the several sets of notation used in the book.
We illustrate the translations with a running example.

Throughout, V is an n-dimensional vector space, often identified
with C" via a standard basis {e1, ..., e, }.

1. Grassmannians

Start with Gr(d, V). Schubert varieties are indexed in three ways:

(1) by partitions A fitting inside the d X (n — d) rectangle;
(2) by d-element subsets I € {1,...,n};
(3) by 01-sequences of length n, with d terms equal to 1.

The translation between the second two is easy: simply record the
positions of the 1’s in a 01-sequence to get a subset I. The first two
indexings are related as

A=A =2 1320) & [={ij<--<ig}
Ak=k—-d-1+igy1x © ix=k+ Agy1x

Graphically, we usually represent A by its Young diagram—a
collection of boxes, with A boxes in the kth row. As a subset of the
d x (n —d) rectangle, the diagram is also determined by its southwest
border—the path from the lower-left corner of the rectangle to the
upper-right corner tracing the borders of the boxes. There are n steps
in this path, and we get the corresponding d-subset I by recording
the vertical (upward) steps.

431
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Here is an example:

[ A=(5,3,1,1), d=4,n=9
I1=1{2,3,6,9}
b = 011001001

There is a duality which is important in this story. Given A,
the “dual” partition A" is the complement of A in the d X (n — d)
rectangle, rotated 180 degrees. The dual subset [V and 01-sequence
b" are obtained by reading the southwest border backwards. In
formulas:

A=A 2N 215 20)
AV=m-d-Ag>2n—-d-Ag_1>--->n—-d—-2A1>0)
(thatis, A} =n —d — Agy1-p);

I={i1<i2<---<id}
IV={n+1—id<n+1—id_1<---<n+1—i1}

(that is, i,\(/ =n+1-igy1-1);

b=0biby---by
b =buby_1---by.
In pictures, continuing the above example:

AV=(4,4,2), d=4,n=9
IV =1{1,4,7,8}
b = 100100110

The sizeof Ais |A| = A1+ -+ + A4. In terms of the subset I, this is
equalto#{j <iliel,je{l,...,n}\I}.

1.1. Degeneracy or incidence locus version. The standard flag
E*hasET = (ey, ..., e4+1). Theopposite flag E*hasE7 = (e1,...,en—g)-
The spaces E7 and E have codimension g in V. We write E; = E"™1
and Eq = E""1 for the corresponding g-dimensional subspaces.
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The Schubert variety Q) = Q,(E,) is
Q, = {F c C"| dim(F N E4F4) > k, for1 < k < d}
D1 = {F C C"| 1k(F — C"/E M) < d — k, for1 < k < d}

It has codimension |A|in Gr(d, C"). Its equivariant cohomology class
is the double Schur polynomial s, (x|y), where

x1,...,x4 are Chern roots of S*

and -y, ..., —yn are characters of T acting on C". (Chapter 9, §4).
This Schubert variety is the closure of the Schubert cell

dim(F N E) =i for
sen—-d+k—-Ag,n—d+k—Aks1], k=0,...,d

Q) - {F
(D2) = {F| dim(FNE™Y) = d -k for s € (if, irs1],0 < k < d},

using the conventions Ag = n —d and Ag4; = 0, and ip = 0 and
igy1 =n+ 1.

It is useful to parametrize the cells with matrices. Our convention
(suggested by group actions) is that spaces are column-spans, so a
point in Gr(d,C") is represented by an n X d matrix. A point in
Qf = )} is uniquely represented by a matrix with “pivot 1’s” forming
an identity matrix on the rows iy, ..., i4, zeroes above these pivots,
and arbitrary entries elsewhere.

Ford =4,n=9,and A = (5,3,1,1),s01 = {2,3,6,9}, the cell is
this:

[0 000 4
1000 4
0100 3
« % 00 2
Q5 = « 00| 1 2 tdim(FNE;).
010 2
+ % % 0 1
+ % % 0 1
0001 1
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The numbers on the right record intersection dimensions with the
fixed flag E,; note that jumps occur at rows labelled by I, which is
also where the pivots are.

The opposite Schubert varieties Q) are defined similarly, but with
respect to the flag F.. Hereis the oppositecell, for A = (5,3,1, 1) again
(soAY =(4,4,2)):

[ . * % % ] 0
1 000 1
0100 2
0 0 = = 2
Q=100 = = ! 2 ¢ dim(F N Ejy).
0010 3
0 00 = 3
0 00 = 3
i 0001 ] 4
The basic fact is that
Q1 NQyv = pA,

and this intersection is transverse. The intersection point py = p; is
represented by the matrix with identity matrix on rows I, and zeroes
elsewhere.

1.2. Orbitversions. The group GL, actson Gr(d, V) viaitsaction
on V = C". Consider the subgroups
P = block-upper triangular matrices of block sizes d and n — d,
B = upper-triangular matrices,
B~ = lower-triangular matrices.
The subspace E = Ed = (e1, ..., eq) is stabilized by P, identifying the
Grassmannian with GL, /P (and this is the reason for using column

spans). The flag E, is stabilized by B~, and E., is stabilized by B.
The “degeneracy locus” varieties satisfy:

Q, is: B -invariant, of codimension |A|;
Q, is: B-invariant, of codimension |A|.
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In the context of representation theory, it is common to have
Schubert varieties with dimension | A|—so we define “orbit” Schubert
varieties X(A) = X(I) and Y(A) = Y(I) satisfying

X(A) is: B-invariant, of dimension |A|;
Y(A) is: BT -invariant, of codimension |A|.
They are closures of cells:
X(I)* =B -pr;
Y(I)° =B~ - py.
A feature of these conventions is X(A) N Y(A) = p,, transversally.

For example, with A = (5,3,1,1) and I = {2,3,6,9}, recall that
pa = pi is the subspace ey, e3, €5, €9). The cells are

£ ohox (000 0]
1000 1000
0100 0100
0 0 * = * + 0 0
XI)©=10 0 = and YI)°=|=* = 00
0 01 0010
00 0 = * o+ %+ ()
0 0 0 = £k 0
| 0001 0001)]
So it is easy to see:
(D.3) Q,=XAY) and Qi =Y().

2. Flag varieties

Next consider FI(C"). The indexing set is S,, the group of
permutations of n letters, which we write in “one-line” notation:
w = [w(l), w(?2), ..., w(n)]. (Sometimes we omit the brackets and
commas.) The longest permutation is w, = [n, n -1, ..., 1].

For w € S, the corresponding permutation matrix A, has 1’s
in positions (w(7), i), and zeroes elsewhere. This is compatible with
matrix multiplication: A,, = A,A,. So it is just the standard repre-
sentation of S, on C".
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The rank function and dimension function are defined as
ro(p,q) =#{i <plw(@) <q} and ky(p,q)=#i <p|w(i) > q}.

So r4(p, q) is the rank of the upper-left 4 X p submatrix of Ay, and
kw(p, q) is the rank of the lower-left (n — q) X p submatrix.
The length of w is {(w) = #{i < j|w(i) > w(j)}.

ExampLE. The permutation w =2 3 6 9 1 4 5 7 8 has length
{(w) = 10. Its matrix A, and rank function r,, are shown below.

laq

cCcoo R, o oo oo
N el = N =l N = S = N
cCoo0oocoococ o o R
cCooc oo RO oo
cCooc o= oo oo
cCco~r oo oo oo
NN NNNRNRN R~ O
W W W WNNNRO
B W W WNNRNR~R O
G s R W@ W W N
o Ul Ul Ul R N R
NN Ul W RN R
W NN Ul R WN R

O O O O O o o - O
O O O O O O =, O O
O R O O O O O O O

[ )
O 00 I O U1 b WO N =

BN
S
ﬁ
S

2.1. Degeneracy-locus version. The flag variety has universal
bundles

S1—>8H = —>§,=C"=Q, » - »Q~»Qq.
For a fixed flag E*® as above, set

Qu(Ed) = {F.

- {F.

(D4) = {F.

tk(F, — C"/ET) < ry(p,q) for1 < p,q < n}

tk((C"/ET)Y — F;/) <rw(p,q)forl <p,q < n}

dim(F, NE7) > ky(p,q) for1 <p,q < n}.

(The equality comes from p — 14 (p, 9) = kw(p, q).) This has codimen-
sion ¢(w). Its equivariant cohomology class is the double Schubert
polynomial S, (x|y), where

xi=—c{(Si/Si-1) and y;=—c{(E""/E").
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(Chapter 10, §6.)
The Schubert variety is the closure of a Schubert cell, which is
defined by replacing inequalities with equalities:

Q2 (E.) = {F.

tk(F, = C"/ET) = ry(p,q) for 1 < p,q < n}

(D.5) = {F. dim(F, NE7) = ky(p,q) for1 < p,q < n}.

By taking column spans, a flag can be represented by an n X n matrix.
The flag corresponding to the matrix A, is the point py; it is

Pw = {€w1)) C {Cw(), ew2)) T+ C {Cw(), Cw(@) - - - Cw(m)) = C".

In particular, the point p;, lies in the cell Q7. Points in ()7 may
therefore be represented by matrices whose rank functions are the
same as that of Ay,. More precisely, they have pivot 1’s in positions
(w, i), zeroes below and to the right of the pivots, and free entries
elsewhere.

Examrre. For w = 236914578, the Schubert cell Q7 is shown
below, along with the rank function r,.

(0 00010000| [00O0OO0DT1T1111
100000000 111122222
+ 10000000 122233333
« »00=1000 122234444
« + 00 %+ 100 122234555
+ + 1000000 12334566 6
+ + % 0 %= %= = 1 0 1 233456 77
e S | 12334567 8
+++»100000|] [123456789
rk(F,—C" /ET)

It has dimension 26 = 36 — 10 = dim FI(C°) — £(w).

The conditions on Fs (the bold column) are the same as those
defining Q) c Gr(4, C?), for A = (5,3,1,1). In fact, these are the
only relevant conditions: the other entries of the rank table are the
smallest possible ones consistent with the fourth column.
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In general, the relation between Schubert varieties in Gr and FI is
as follows. Given any partition A in the d X (n — d) rectangle, there is
a Grassmannian permutation w(A) defined as

w(A) =iviz---ig ji o ju-d
where I = {i; < --- < iy} is the subset corresponding to A, and
J={j1 < - <ju-a} ={1,...,n} \I. Then
Q) = Quy,
where nt: FI(C") — Gr(d,C") is the projection.
As before, the opposite Schubert varieties are defined using the

opposite flag, i.e., f)w = Qw(E.). From the matrix point of view, it is
easy to check that

Qw = wO N Qw,
SO ﬁw contains the point w, - py = pw.w. We have
Qyp N Ejwow = {Pw}/

transversally.

2.2. Orbit versions. The upper-triangular Borel group B fixes
pe = E., and the flag variety is identified with GL,/B. The “orbit
Schubert varieties” are defined as before:

X(w) is: B-invariant, of dimension {(w);
Y(w) is: B -invariant, of codimension {(w);

they are closures of orbits:
X(w)* =B - Pw;
Y(w)® = B™ - pu;

and intersect transversally in X(w) N Y(w) = py.
Comparing with the degeneracy locus versions, we have

(D.6) Qu = X(wow)  and Qg = Y(w).
Note that Y(w) = w, - X(wow).
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3. General G/P

For a general homogeneous space G/P, fixed points and Schubert
varieties are indexed by cosets W/Wp. Here Wp is the Weyl group of
the parabolic P. Write WP
maximal-length coset representatives in W. Since minimal represen-

and W[ for the sets of minimal- and

tatives are used more often, WX means erlm.

For any coset [w] € W/Wp, write w™" € WP and w™™> e WE_

for its minimal and maximal representatives. These are related by

™Max — gpmin ZUf,

where w! € Wp is the longest element.
Write py,,; = wP/P for the fixed point in G/P corresponding to
w € WP, and define

X[w]o =B- Plw)s
Y[w]® =B~ - pru);

(One could take any w € W, since X[w] = X[w’], etc., whenw = w’ in
W /Wp. However, to get dimension counts right, one needs minimal
representatives.) The closures of these cells satisfy

X[w] is: B-invariant, of dimension €(w);

Y[w] is: B -invariant, of codimension £(w);
and X[w] N Y[w] = {p[y]}, transversally.

In the case where G/P = Gr(d,C") is a Grassmannian, the no-
tation corresponds as follows. For a partition A in the d X (n — d)
rectangle, the Grassmannian permutation w(A) is a minimal rep-
resentative in WP. Minimal representatives for the Poincaré dual
classes are given by w(1Y) = wow(A)w?.
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Characteristic classes and equivariant cohomology

The fiber bundles arising in the Borel construction of equivari-
ant cohomology—and their finite-dimensional approximations—are
universal among all fiber bundles, in a sense to be made precise here.
It follows that calculations in equivariant cohomology determine for-
mulas for general fiber bundles.

We fix a category of (locally trivial) fiber bundles £: X — B, with
tiber X and structure group G. Main examples include topological
fiber bundles, Zariski-locally trivial bundles, or étale-locally trivial
bundles. Any such bundle may be realized as X = E xC X, for some
principal G-bundle E — B (see, e.g., [Hus75, Ch. 5]).

We also fix a cohomology theory H*, with the following key
properties: it is a contravariant functor from spaces to (graded-
commutative) rings, and pullback via an affine space bundle is injec-
tive. Main examples include singular cohomology and Chow coho-
mology.

By a characteristic class (with values in H') of fiber bundles with
fiber X and structure group G, we mean an assignment a of a class in
H' to each fiber bundle, which satisfies the following compatibility.
For every & thereis a() € H ¥, and for every fiber square

¢ Ty
&| le
BB,

—_—

so &’ = f*&, we have a(f*E) = f a(&). Characteristic classes with
values in H* form a graded-commutative ring under “pointwise”

product: by definition, (a - f)(&) = a(&) - B(E).

441
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TueOREM. The ring of characteristic classes is naturally identified with
the equivariant cohomology ring H. X.

Any characteristic class a certainly produces an equivariant class,
by applying « to the bundle E,,G x¢ X — B,,G. (Here the bundles
EnG — B, G are finite-dimensional approximations to the classify-
ing space.) Conversely, any characteristic class is induced from an
equivariant class, in the following strong sense.

ProrosiTioN. Given a fiber bundle & and an integer i > 0, there exist
finite-dimensional approximation spaces E,,G — B,,G and fiber squares

x & x Py E GxCX
5l lé’ Jew
B< B — yB,G,

such that 7" is injective and H.X = H'(E,,, G X© X).

Proor. Write & as E X® X — B for some principal G-bundle
E — B. Then take approximations B,,G = (V \ S)/G follow-
ing Totaro, for some sufficiently high codimension closed subset
S in a G-representation V. Setting E’ = E x (V \'S), the bundle
& B’ xC X — E’/G = B’ does the trick. o

Proor oF THEOREM. Given any characteristic class a with values in
H, it follows from the proposition that the values a(&) on every fiber
bundle £ are determined by a(&«) € HéX . Indeed, onehas @ a(&) =
(&) = P a(éx). To prove the theorem, it only remains to check
compatibility with products. This follows by a similar argument:
with notation as in the proof of the proposition, the pullback maps

@' H'(E,G x° X) — H*(¥)

are ring homomorphisms, and by choosing an appropriate approxi-
mation space, the product in H*(E,,G x© X) agrees with that of H{X
in any given degree. O

The cases where G is GL,, or the subgroup of upper-triangular
matrices, are particularly relevant to the study of degeneracy loci.
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ExamriE 1. In the case G = GL,, the Proposition takes on a
concrete form. Let E be a rank n vector bundle on a variety B.
Then there is a variety B’, together with morphisms p: B — B and
f:B" — Gr(C™,n) (for m > 0), such that (1) p*: H'B — H'B’ is
injective, and (2) p"E = f*Q, where Q is the tautological quotient
bundle on B,,GL, = Gr(C™, n).

This follows from the Proposition, but here is an alternative ar-
gument. First suppose B is affine, with coordinate ring A. Then
E corresponds to a finitely generated and locally free A-module M.
Choosing m generators, one has A®" —» M; that is, a surjective
homomorphism &g™ —» E. By the universal property of the Grass-
mannian, this determines a morphism f: B — Gr(C™, n) such that
fQ=E

Next assume B is quasi-projective. There is an affine variety B’,
with a morphism p: B’ — B which is locally trivial with affine space
tibers. (This is known as “Jouanolou’s trick”, and an exposition can be
found in [As09], along with some generalizations. In our context, the
construction is an easy and pleasant exercise.) So p*: H'B — H*B’ is
injective, and we can apply the argument of the previous paragraph
topEonB’.

For a general variety B, one can reduce to the quas1-pro]ect1ve case
by means of a Chow envelope B — B; thismeans B is quasi-projective
and the corresponding pullback homomorphism is injective on co-
homology. So one obtains maps B’ — B — B whose composition
has the desired properties.

If one has a flag of quotient bundles E,, corresponding to the case
where G = BisaBorel subgroup of GL,, is entirely analogous: such a
flag is pulled back from a universal flag, using B,,B = FI(C";n, ..., 1)
and its tautological quotient flag Q, in place of the Grassmannian.
Flags of subbundles are obtained by dualizing.

This argument is sketched in the final paragraphs of [Gra97]; as
noted in the proof of the Proposition, the statements are implicit in
[Tot99]. See Chapter 11, §6 for applications.
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ExampLE 2. Let E and F be vector spaces of respective dimensions
n and m, and let X = Hom(F, E), with the natural action by G =
GL(E) X GL(F). There is a characteristic class D, for this situation, for
each nonnegative integer r.

This is the class corresponding to [D,]¢ € H{ X, where D, € X
is the locus of homomorphisms of rank at most r. As a polynomial
in H.X = Zlay, ..., an,b1,...,by], D, is computed by the Giambelli
determinantal formula. (Chapter 11, §1.)

ExampLE 3. With notation as in the previous example, fix complete

tlags

F1C---CFy,=F and E=E,—»---—>»E

of sub- and quotient spaces. Let X = Hom(F, E) as in the previous
example, with a reduction of structure group from G = GL(E)xXGL(F)
to the Borel subgroup B = B(E,) x B(F.) which fixes the flags. In this
situation, there is a characteristic class D, for each n X m irreducible
rank function 7. (A rank function is a matrix of nonnegative integers
r = (r(p,9)1<p<ni<q<m. It is irreducible if it arises from a partial
permutation matrix, i.e., 7(p, q) is the rank of the upper-left p X g
submatrix of some 01-matrix with at most one 1 in each row and
column.)

This class corresponds to [D,]? € H;X, where D, C X is the
locus of homomorphisms ¢: F — E such that the composite map
®pq: Fg — E, has rank at most 7(p, q). As a polynomial in Hy X =
Z[x1,..., X, Y1,---,Ym), Dy is equal to the Schubert polynomial
Sw(x;y), where w = w(r) is the minimal permutation such that
the upper-left g X p submatrix of the associated permutation matrix
has rank r(p, q). (Chapter 11, §2—4.)

ExampLE 4. Given a homomorphism ¢: F — & of vector bundles
on a variety Y, one has the degeneracy locus D,(p) € Y of points
y € Y where the corresponding linear map ¢, : ¥, — &, has rank at
most r. Writing £ : X — B for the vector bundle Hom(¥, &) — Y, the
fibers are identified with X = Hom(F, E) as in the above examples,
where dimE = k& and dimF = rk#. The homomorphism ¢
corresponds to a section of this bundle. Since ¢ is a vector bundle,
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there is a canonical isomorphism H*X = H*B. We use this to identify
D, with ¢*D;, for any section ¢.

The homology class D,(&) ~ [Y] is always supported on the de-
generacy locus D,(¢). When Y is nonsingular, D, (&) ~ [Y] = [D/(¢)]
if and only if D, has expected codimension (m —r)(n —r)in Y.

Conversely, if D,(£) ~ [Y] € H.Y is not an effective class—that
is, if it is not represented by an algebraic subvariety—then there is
no homomorphism ¢: ¥ — & whose degeneracy locus D,(¢) has
codimension (m — r)(n — r). (Effectivity of the class D,(&) ~ [Y] can
often be checked using the determinantal formula for D,.)
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parabolic subgroup, 290-296
cohomology of, 34
maximal, 290, 295
minimal, 290, 295, 308
stabilizer of point in

Grassmannian, 56

partial flag variety, 181-183, 290-296

partition, 43
complementary, 58
conjugate, 44, 195, 215
dual, 143, 257
strict, 247, 248, 255-257, 421, 425

permutation, 161
Grassmannian, 188, 215, 295
matrix, 161, 198
partial, 197-200
signed, 256-257
vexillary, 236

Pfaffian, 248, 253, 417418
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formula for degeneracy locus,
269-270
Laplace expansion, 418, 419
multi-linearity, 418, 427
multi-Schur, 266-267
Schur’s identity, 418
piecewise polynomial function,
130-131
in equivariant Chow cohomology,
132
Pieri rule, 64, 146-147
Pliicker embedding, 48
Poincaré dual basis, 40, 41, 396
for G/B, 290
for G/P, 294
for Bott-Samelson variety, 352-355
for flag variety, 171-172
for Grassmannian, 58-60, 142-144
for isotropic flag variety, 263
from transverse subvarieties, 61
Poincaré duality, 4042, 395
in Schubert basis, 142-144, 172,
263,290, 294
toric varieties, 129
Poincaré isomorphism, 395
polytope, 122
f-numbers, 130
h-numbers, 130
simple, 122
positivity
in cohomology of Grassmannian,
153
in Schubert calculus, 6, 63, 179,
359, 377-390
in Schur expansion, 47, 64
of polynomial in Chern classes, 46
principal bundle, 11-14
associated to vector bundle, 12
locally trivial, 13, 305
universal, 14, 442
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projection formula, 38, 327, 358
projective bundle, 12
cohomology of, 4, 26
constructed from frame bundle, 12
projective line
as T-curve, 104
cohomology of, 39
localization, 107
projective space
as homogeneous space, 36
cohomology of, 36, 50-51
equivariant cohomology of, 26
fixed points, 67
localization, 67, 107-109
T-curves, 105
proper intersection, 378, 399
pullback, 31

Qa(c), 248,419
Qu(qly), 424
Q-polynomial, 247-248, 418-430
and cohomology of Lagrangian
Grassmannian, 250
basis for I, 421
double, 266268, 278, 423-430
interpolation property, 267,
425-428
Pfaffian formula, 419
raising operator formula, 420
represents Schubert class,
267-268, 429
tableau formula, 422-423
quaternionic Grassmannian, 299
Quillen-Suslin theorem, 127

R*, 282

R}, 290

Tw, 161

raising operator, 420421

rank condition, 7, 162, 196, 204-205,
211

rank function, 161, 196-200, 202, 206
reduced expression, 170, 284
reduced word, 284, 348, 349, 358
reductive group, 68, 281
reflection, 282

simple, 284
representation, 20

dual, 215

of GL,, 46

of torus, 20

standard, 20
restriction, see localization
Richardson variety, 172-174, 190
root, 282
root lattice, 282-284, 315
root subgroup, 283

s 184
Cuw(x;y), 7
Symm(x), 226
oy, 144
Ow, 172
oy, 144
Ow, 172
sp, 282
sa(xly), 140
sa(x), 43
Sw(c; x;y),229
SG(c;ix;y), 272
Schubert basis, 63
for G/B, 289
for G/P, 293
for flag variety, 163, 182
for Grassmannian, 135
for isotropic flag variety, 263
for projective space, 63
Schubert calculus, 6, 133-159
equivariant, 63, 145-149, 152-157
Schubert cell
in G/B, 287
in G/P,292



in flag variety, 162-165
in Grassmannian, 133-135
in isotropic flag variety, 260262
in partial flag variety, 181
opposite, 143, 171, 261
Schubert class, 6
interpolation property, 139, 265,
277
restriction to fixed point, 138-139,
165, 277, 314-316, 359-362
stable, 184-185, 223-224, 227-229,
263-265
Schubert divisor, 361, 374
restriction to fixed point, 179, 315
Schubert polynomial, 6-8, 174-179,
189, 271-278
back-stable, 236
basis for polynomial ring,
186-187, 231, 276
characterized by interpolation,
188, 236-237, 276-277
duality property, 204, 210
for infinite flag variety, 229, 280
for isotropic flag variety, 271-275
represents degeneracy locus, §,
202,207, 232-235
represents Schubert class, 7, 176,
182, 185, 273
stability, 183-186, 231, 235, 271,
279
structure constants, 187, 217-218
universal property, 211-212
Schubert variety
as degeneracy locus, 194, 202
in G/B, 287-288
in G/P, 293
in flag bundle, 163
in flag variety, 162-165
in Grassmannian, 134-135
in infinite flag variety, 227-232
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in isotropic flag variety, 260262
in Lagrangian Grassmannian, 265
in partial flag variety, 181
is closure of Schubert cell, 169-170
is Cohen-Macaulay, 190
matrix, 218
nonsingular in codimension one,
367,372
nonsingularity criterion, 364-368
opposite, 143, 171, 261
Schur Q-function, 247, 253, 270,
419-423
Schur determinant, 45, 194, 254
basis for cohomology of flag
variety, 58
basis for cohomology of
Grassmannian, 54
basis for polynomial ring, 56
multi-, 136, 150
Schur function, 43-47
as sum over tableaux, 44
basis for symmetric functions, 45,
56
double, 140-142, 158
represents Schubert class, 142
Schur module, 46
Segre class, 333-335
Segre variety, 195
self-intersection formula, 38, 73, 138,
339
semisimple group, 281
adjoint, 284
simply connected, 284
shelling, 123
signed permutation, 255-257
Grassmannian, 257, 278
simple transposition, 170
simply connected group, 284
slice theorem, 68-69, 82, 106
smooth morphism, 399
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special group, 27, 305
special linear group, 22, 70
specialization homomorphism,
413416
spherical variety, 97
split Grassmannian, 23
splitting principle, 23, 404
stack, 8
standard flag, 162, 244
Stanley-Reisner ring, 125-130, 132
Steiner’s problem, 85, 97
Stiefel manifold, 11
structure constant, 6
for G/P, 371-390
for flag variety, 179-182
for Grassmannian, 145-149
for projective space, 63, 64
inductive characterization,
148-149, 158, 180, 374-377
submersion, 399
subword, 170
Sumihiro’s theorem, 100, 117
support
of cohomology class, 206
Sylvester identity, 77, 83
symmetric function
complete homogeneous, 44, 141
elementary, 44
ring of, 45, 226
Stanley, 237, 280
super-, 225-226, 232
symmetric group, 285
symmetric map, 241, 249
symplectic form, 242
symplectic group, 244
cohomology of, 24, 299-300

Tw, 320
T-curve, 104
tangent cone, 337
to Schubert variety, 369

tangent weight
relatively prime, 112
to G/B, 289
to G/P, 291
to Bott-Samelson variety, 347
to flag variety, 164
to Grassmannian, 138
to invariant curve, 312
to isotropic flag variety, 260

to Lagrangian Grassmannian, 259

to Schubert variety, 138, 165, 262,
289,293
Thom class, 402
Thom isomorphism, 402
toric variety, 121-132, 350
cohomology of, 123-125
invariant divisors, 124
torus, 29-30
cohomology of, 2
maximal, 281
transversality
for flag bundles, 380-383
Kleiman-Bertini, 6, 378-383
of opposite Schubert varieties,
144, 262
Poincaré dual bases, 61
trivial action, 35
tubular neighborhood, 69

Up, 291

Upg, 283

U,, 121

U~ (w), 165

U(w), 286

unipotent group, 34, 281
unipotent radical, 34, 282, 291
universal coefficient theorem, 394
universal principal bundle, 14

V(t), 122
Vy, 46



Veronese surface, 85
in space of conics, 89
tangent weights, 91

Wp, 291
W, 284
w, 197
w(a), 348
w™, 181, 291
w™n, 181, 291
Wo, 168
w?, 291
weight diagram, 91
weight lattice, 282-284
Weyl group, 284-286, 291
action on cohomology of G/B,
313, 318-320
dot and star actions, 327
invariants, 300-304
left- and right-handed actions,
320, 323, 327
right action on G/B, 298-299,
318-320, 356
Whitney formula, 19, 403
for relations in cohomology, 50,
52,250, 251

X(X), 121
X(a), 346
X(w)°, 287
X[w]°, 292
x(I), 347
x(w), 289

Y(w)°, 287

Y[w]°, 292

y(I), 352

y(w), 289

Yamanouchi word, 153

Young diagram, 43
shifted, 255, 265, 422
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Young subgroup, 181
Young tableau
reverse barred v-bounded, 154
semistandard, 43-44, 47, 140, 153,
167
shifted primed, 423

Z(a), 345
Z(v), 309
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