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Abstract

This thesis is devoted to solution of two classes of enumerative problems.

The first class is related to enumeration of regions of hyperplane arrangements.
We investigate deformations of Coxeter arrangements. In particular, we prove a con-
jecture of Stanley on the numbers of regions of Linial arrangements. These numbers
have several additional combinatorial interpretations in terms of trees, partially or-
dered sets, and tournaments. We study a more general class of truncated affine
arrangements, counting their regions, giving formulas for their Poincaré polynomials,
and proving a “Riemann hypothesis” on location of zeros of the latter. In addition,
we find a couple of new interpretations for the Catalan numbers.

The second class of problems comes from enumerative algebraic geometry and
Schubert calculus and is related to Gromov-Witten invariants of complex flag man-
ifolds. We present a method for their calculation using a new construction for the
quantum cohomology ring of the flag manifold. This construction provides quantum
analogues of results of Bernstein, Gelfand, and Gelfand on this subject and of the
theory of Schubert polynomials of Lascoux and Schiitzenberger. The quantum version
of Monk’s formula is established, and a general Pieri-type formula is derived.

While being remote from each other at first glance, both these subjects can be
attacked with algebraic and combinatorial methods.

Thesis Supervisor: Richard P. Stanley
Title: Professor of Applied Mathematics
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What is this thesis about?

Enumerative problems come up in various areas of mathematical research. Some of
them can be formulated in purely combinatorial terms, while for others even such a
formulation can be the sole purpose of a highly nontrivial investigation.

In this thesis,! I concern with several problems that appear in two different fields
of mathematics.

The first topic is related to the classical question: “On how many pieces a certain
collection of hyperplanes subdivides a linear space?” It is usually not hard to answer
this question for a generic collection of hyperplanes. But for some special hyperplane
arrangements the answer can be much more interesting than for the generic case, and
yet not so easy to gain.

The second task of this thesis belongs to the area of enumerative geometry and
is similar to the (no less classical) question: “How many algebraic curves of a given
degree pass through a given set of points, assuming that the conditions imply that
this number is finite?” This, usually hard, question can sometimes be solved with the
help of recently discovered algebraic structures.

Although our two aims seem to be far from each other, our means are close. These
are the methods of algebraic combinatorics.

Two parts of the thesis are independent from each other and, consequently, the
reader may peruse them in whatever order he or she prefers. A person more inclined
to read about Schubert calculus and quantum cohomology may skip the first part and
directly proceed to reading the second part. On the other hand, a person more at
ease with hyperplane arrangements and combinatorics of trees and posets may choose
to ignore the second part and concentrate entirely on the first part of the thesis.

When determined on which part to start with, the reader should first acquaint
himself or herself with the corresponding introduction, afterwards keep on reading
the remaining sections.

!The thesis contains the results obtained in the papers [17, 20, 42, 43, 44] written in collaboration
with coauthors and without at various time during my graduate studies at M.I.T.






Chapter 1

Hyperplane Arrangements

This part of my thesis is based on a joint work with Richard Stanley [44]. It also
contains the results of [42] as well as some results of [20] obtained in collaboration
with Israel Gelfand and Mark Graev.

1.1 Introduction

The main objects in this chapter are arrangements of hyperplanes. The simplest
invariant of a hyperplane arrangement A in a real vector space is its number of
regions r(.A), i.e., the number of connected components, on which hyperplanes sub-
divide the space. Another invariant is the cohomology ring of the complement to the
complexification of A. It can be shown that the dimension of the cohomology ring is
equal to r(A).

The Coxeter arrangement of type A,,_; is the arrangement of hyperplanes

z—x;=0, 1<i<j<n. (1.1.1)

The regions of this arrangement, n! in number, correspond different ways of ordering
the sequence x1,...,x,. The cohomology ring of the complement was calculated
by Arnold [1]. In particular, he showed that its Poincaré polynomial, which is the
generating function for the Betti numbers, is equal to (1+¢) (1+2¢) -+ (14+(n—1)q).

In this chapter we study a more general class of arrangements which can be viewed
as deformations of the arrangement (1.1.1). One of them is the Linial arrangement L,
given by

v, —x; =1, 1<i<j<n. (1.1.2)

A tree on the vertices labelled by integers is called alternating if the labels along
every path alternate, i.e., form an up-down or down-up sequence. Our main result on
Linial arrangements says that the number of regions of the arrangement L, is equal
to the number of alternating trees on the vertices 1,...,n + 1.

The arrangement L, was first considered by Linial and Ravid. They calculated
the numbers of regions of L, for several first values of n. The statement above
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was conjectured by Stanley on the base of their numerical results. Alternating trees
earlier appeared in [20] in the context of a certain hypergeometric system and a
related polyhedron, then they were studied in [42]. The formula for the number of
alternating trees, proved in [42], thus provides the one for the number of regions of
the Linial arrangements. Explicitly,

r(L,) = 27" Xn: (Z) (k + 1)1,

k=1

In addition, these numbers have several other combinatorial interpretations. For
example, we show that r(£,) is also equal to the number of binary trees on the
vertices 1,...,n such that left children are always less than their parents and right
children are always bigger.

We study a more general class of arrangements called truncated affine arrange-
ments. They are finite subarrangements of the affine type A,_; hyperplane arrange-
ment, and explicitly given by the following equations, where a and b are fixed integers,

xi—xj:k, 1<i<ji<n,—a<k<b. (113)

For instance, the Linial arrangement L£,, corresponds to the case of a = 0 and b = 2.
Remind that the characteristic polynomial of a hyperplane arrangement is related
to the Poincaré polynomial by a simple transformation. For 0 < a < b, we prove
that the characteristic polynomial x2°(q) of the truncated affine arrangement (1.1.3)
equals
X (q) = (b—a) (S + 8 . 4 57 g

where S is the shift operator S : f(¢) — f(¢—1).

As a byproduct of this statement, a “Riemann hypothesis” on zeros of the charac-
teristic polynomial is obtained. Namely, we demonstrate that if a # b then all roots
of the characteristic polynomial x%°(¢q) have the same real part equal to (a+b—1)n/2.
In contrast, for a = b, the roots are real. If a = b — 1 then all roots are equal to na.

An asymptotics of characteristic polynomials of Linial arrangements is found. In
particular, for “big” n, the distance between two adjacent roots of the characteristic
polynomial is “close” to ma, where @ = 1.199678 ... is the root of the equation

e = (a+1)(a—1)"1 a>1.

We also investigate some arrangements related to the Catalan numbers, and prove
a reciprocity result for certain deformations of Coxeter arrangements with and without
central hyperplanes (1.1.1). In addition, we present several interpretations of the
Catalan numbers.

In the rest of Introduction we outline how this chapter is organized. Section 1.2 is
devoted to main definitions and general theorems from the theory of hyperplane ar-
rangements. We discuss regions, Poincaré and characteristic polynomials, intersection
poset, and Orlik-Solomon algebra. In Section 1.2.3 we review several general theo-
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rems on hyperplane arrangements, including a variant of the NBC Theorem, which is
our main technical tool. Then in Section 1.2.4 we apply this theorem to deformations
of Coxeter arrangements.

In Section 1.3 we study the hyperplane arrangements related, in a special case,
to interval orders and the Catalan numbers. In Section 1.3.2 we prove a general
reciprocity result for such arrangements. We also mention several new interpretations
of the Catalan numbers.

A discussion of alternating trees, Linial arrangements, and other related objects
is the purpose of Section 1.4. We give the main result on Linial arrangements and
alternating trees (Theorem 1.4.5), and introduce several combinatorial objects whose
numbers are equal to the number of regions of the Linial arrangement: local binary
search trees, sleek posets, semiacyclic tournaments, FIS and SIF trees. In Section 1.4.6
we prove a theorem on characterization of sleek posets in terms of forbidden subposets.

In Section 1.5 we study truncated affine arrangements. We provide a proof to the
result on numbers of regions of these arrangements and their characteristic polyno-
mials (Theorem 1.5.7). To do that, we first establish in Section 1.5.1 a functional
equation for the exponential generating function of the numbers of regions. Then we
deduce a “Riemann hypothesis.”

In Section 1.6 we study “random” trees and asymptotics of characteristic polyno-
mials.

11



1.2 Arrangements of Hyperplanes

In this section we give main definitions and several general theorems from the theory
of hyperplane arrangements. For more details, see [61, 38, 39]. We prove a generalized
Whitney’s theorem and its corollary—the NBC theorem. Then we apply them for
calculation of the numbers of regions and the Poincaré polynomials of deformations
of type A Coxeter arrangements. Finally, we recall the construction of the Orlik-
Solomon algebra.

1.2.1 Regions and Poincaré polynomials

An arrangement of hyperplanes or hyperplane arrangement is a discrete collection of
affine hyperplanes in a vector space. Let A be a finite arrangement of hyperplanes in
a real vector space V. We will always assume® that the vectors dual to hyperplanes in
A span the space V* and call A a nondegenerate arrangement in this case. A region
of A is a connected component of the complement to hyperplanes in the arrangement.
Let r(.A) denote the number of regions of A.

The Poincaré polynomial is a g-analogue for these numbers. Let A¢ denote the
complexified arrangement A, that is the collection of the hyperplanes H @ C, H € A,
in the complex vector space V®C. A let C 4 be the complement to hyperplanes of A¢
in V. ® C. The Poincaré polynomial Poin4(q) of A is the generating function for the
Betti numbers of C4:

Poiny(q) = Z dim H*(Cy4, C) ¢".

k>0

The intersection poset® L 4 of the arrangement A is the collection of all nonempty
intersections of hyperplanes in A ordered by reverse inclusion. Thus the poset L4
has a unique minimal element® 0 = V. The characteristic polynomial of A is then
defined by

xalg) = > p(0,2) g™, (1.2.1)

z€L 4

where p denotes the Mébius function of L4 (see [51, Section 3.7]). The general
properties of geometric lattices [51, Proposition 3.10.1] imply, for example, that the
sign of u(0, 2) is equal to (—1)cdimz,

The following fundamental result of Orlik and Solomon [38] establishes a relation
between the Poincaré and characteristic polynomials and the number of regions r(.A)
as well as the number of bounded regions of A.

Lwithout loss of generality

2Here and elsewhere the word “poset” stands for “partially ordered set.”

3This poset has a unique maximal element if and only if the intersections of hyperplanes in A is
nonempty. In this case L 4 is a geometric lattice.
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Theorem 1.2.1 Assume that A is a nondegenerate arrangement in an l-dimensional
vector space. Then

xa(q) = ¢' Poing(—¢™"). (1.2.2)

The dimension of the cohomology ring dim H*(C4,C) = Poing (1) = (—=1)'x4(—1) is
the number of regions r(A) of A. Likewise, the alternating sum of the Betti numbers
Poing(—1) = x(1) is the number of bounded regions of A.

A combinatorial proof the last two statements of this theorem in terms of the
characteristic polynomial was earlier given by T. Zaslavsky in [61].

1.2.2 Coxeter arrangements

Let V be a real [-dimensional vector space, and let ® be a root system in V* with
a distinguished set of positive roots &, = {¢1,d2,...,¢n} (see [8, Ch. VI]). The
Cozeter arrangement A(®) is the arrangement of hyperplanes in V' given by

¢i(x) =0, 1<i<N, (1.2.3)

where z € V.
The number of regions (Weyl chambers) of A(®) is equal to the order of the
corresponding Weyl group W.

Figure 1-1: The Coxeter hyperplane arrangement Aj.

In the case of a type A root system it is more convenient to use the augmented
index n = [ + 1. Let V,, denote the subspace (hyperplane) of all vectors (z1,...,z,)
in R” such that x; +--- + x, = 0. The Coxeter arrangement* A, = A(A,_,) is the
arrangement of hyperplanes in V,, explicitly given by

4or Braid arrangement
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To compute the number of regions of this arrangement is not much harder than to
compute the order of the symmetric group S,—both these numbers are n!. Arnold [1]
calculated the cohomology ring H*(C4,,C) (see Corollary 1.2.14). In particular, he
demonstrated that the characteristic polynomial of A, is equal to

XA, (@) = (@—=1)(g—=2)---(g—n+1). (1.2.5)

Brieskorn [9] generalized Arnold’s result to the case of any Coxeter arrange-
ment. His formula for the characteristic polynomial of (1.2.3) involves the exponents
my, ..., my of the corresponding Weyl group W'

XA(«D)(CI) =(g—mi)(qg—mz)---(qg—my).

1.2.3 Whitney’s formula

In this section we prove several essentially well-known results on hyperplane arrange-
ments that will be useful in the sequel.
Consider the arrangement A of hyperplanes in V = R! given by equations

where z € V| the h; € V* are linear functionals on V', and the a; are real numbers.
We call a subset I in {1,2,..., N} central if the intersection of the hyperplanes
hi(x) = a;, i € I, is nonempty. For a subset I = {iy, s, ...,%,}, denote by rk(/) the
dimension (rank) of the linear span of the vectors h;,, ..., h;, .
The following statement is a generalization of a classical Whitney’s formula [57].

Theorem 1.2.2 [44, Theorem 4.1] The Poincaré and characteristic polynomials of
the arrangement A are equal to

Poina(q) = Y (=110 gD, (1.2.7)
I

xalg) = Y (—)!g=D, (1.2.8)

1

where I ranges over all central subsets in {1,2,...  N}. In particular, the number of

regions of A is equal to
r(A) = 3 (=)=,
I

and the number of bounded regions is equal to

S (=

I
We need the well-known cross-cut theorem.
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Lemma 1.2.3 [51, Corollary 3.9.4] Let L be a finite lattice with the minimal ele-
ment 0 and the mazimal element 1, and let X be a subset of vertices in L such that
(a) 0 & X, and (b) ify € L, y # 0 then x < y for some z € X (such elements are
called atoms). Then

pp(0,1) =) (1) ny, (1.2.9)

k
where ny, is the number of k-element subsets in X with join equal to 1.

Now we can easily deduce Theorem 1.2.2.

Proof — Let z be any element in the intersection poset L4, and let L(z) be the
subposet of all elements x € L4 such that x < z, i.e., the subspace z contains z. In
fact, L(z) is a geometric lattice. Let X be the set of all hyperplanes from A which
contain z. If we apply Lemma 1.2.3 to L = L(z) and sum (1.2.9) over all z € L4, we
get the formula (1.2.8). Then, by (1.2.2), we get (1.2.7). O

A circuit is a minimal subset I such that rk(I) = |I| — 1. In other words, a subset
I = {iy,ig,... i} is a circuit if there exists a nonzero vector (Ay, Ag, ..., \,,), unique
up to a nonzero factor, such that A\ih;, + Aahiy, + -+ + A\phi,, = 0. It is not difficult
to see that a circuit [ is central if, in addition, we have \;a;, + X\ea;, +-- -+ Na;, = 0.
Thus, if a; = - -+ = ay = 0 then all circuits are central, and if the a; are generic then
there are no central circuits.

A subset I is called acyclic if |I| = rk([), i.e., I contains no circuits. It is clear
that any acyclic subset is central.

Corollary 1.2.4 In the case when the a; are generic, the Poincaré polynomial equals

Poin(q) = Z g,
I

where the sum is over all acyclic subsets I in{1,2,...,N}. In particular, the number
of regions r(A) is equal to the number of acyclic subsets.

Indeed, in this case a subset I is acyclic if and only if it is central.

Remark 1.2.5 The word “generic” in the corollary means no [ 4+ 1 distinct hyper-
planes in (1.2.6) have a nonempty intersection. For example, it is sufficient to require
that the a; be linearly independent over rational numbers.

Let us fix a linear order p on the set {1,2,..., N}. We say that a subset [ in
{1,2,...,N} is a broken central circuit if there exists i € I such that I U {i} is a
central circuit and ¢ is the minimal element in I U {i} with respect to the order p.

The following, essentially well-known, theorem gives us the main tool for calcula-
tion of Poincaré (or characteristic) polynomials. We will later refer to it as the NBC
Theorem.

15



Theorem 1.2.6 We have
POinA(q) = Z q|I|7
Ji

where the sum is over all acyclic subsets I in {1,2,..., N} without broken central
circuils.
Proof — We will deduce this theorem from Theorem 1.2.2 using the involution

principle. In order to do this we construct an involution ¢ : I +— «(I) on the set
of all central subsets I with a broken central circuit in such that for any I we have
rk(e(I)) =rk(]) and |¢ - I| = |I| £ 1.

This involution is defined as follows. Let I be a central subset with a broken central
circuit, and let s(I) be the set of all i € 1,..., N such that i is the minimal element
of a broken central circuit J C I. Note that s(/) is nonempty. If the minimal element
s, of s(I) lies in I, we define ¢(I) = I \ {s.}. Otherwise, we define +(I) = I U {s.}.

Note that s(I) = s(¢(1)), thus ¢ is indeed an involution. It is clear now that all
terms in (1.2.7) for I with a broken central circuit cancel each other and the remaining
terms yield the formula in Theorem 1.2.6. U

Remark 1.2.7 Note that the number of subsets I without broken central circuits
does not depend on the choice of the linear order p.

1.2.4 Deformations of Coxeter arrangements

In this section we apply the results of the previous section to hyperplane arrangements
in V,, of the form
1) (kiz)

,L'j7...,a/,i] ;

T, —x;=a 1<i<j<n. (1.2.10)
where k;; are nonnegative integers and az(»;) € R.

These arrangements can be viewed as deformations of the Coxeter arrangement
of type A;. We give an interpretations of these results in terms of (colored) graphs.
It will be more convenient to use the index n = [ + 1 instead of the index [ = dim V.

Let A denote the collection of the real numbers az(f) that appear in (1.2.10). We say
that G is an A-colored graph if G is a graph on the vertices 1, . .., n and each edge (i, j),

i < j, of G is labelled by a number (color) ¢ € {agjl-), . 7@5?-,]-)}. We denote the edge
(1,7) of color ¢ by (i,7)¢. We will assume that (i,7)¢ = (j,7)"¢. With a hyperplane
x; —x; = ¢ in (1.2.10), we associate the edge (¢, 7). Then a subset I of hyperplanes

corresponds to an A-colored graph G. A graph G corresponds to an acyclic subset [

if and only if G is a forest. We say that a circuit (i1,12), (i2,73)%, . .., (im, 1) in
G is central if ¢; + ¢y + -+ 4 ¢ = 0 (cf. Section 1.2.3).
Fix a linear order on all edges (i,7)%, ¢ € {ag), . ,agf”)}. We call an A-colored

graph C a broken A-circuit if C' is obtained from a central circuit by removing its
minimal element. In the case when all ag) are zero, we get the classical notion of a
broken circuit of a graph.

16



We summarize below several special cases of the NBC Theorem (Theorem 1.2.6).
Here |F'| denotes the number of edges in a forest F.

Corollary 1.2.8 The Poincaré polynomial of the arrangement (1.2.10) is equal to
PoinA(q) = Zq‘F"
F

where the sum is over all A-colored forests F' on the vertices 1,...,n without broken
A-circuits. The number of regions of arrangement (1.2.10) is equal to the number of
such forests.

One special case is the arrangement (1.2.10) is the arrangement in V; given by
Ty — Tj = Q4y, 1 <1<y <n, (1211)

where the a;; are fixed real numbers.
In this case all k;; = 1 and A-colored graphs are just usual graphs.

Corollary 1.2.9 The Poincaré polynomial of the arrangement (1.2.11) is equal to
Poiny(q) = Y 4",
F

where the sum is over all forests F' on the vertices 1, ..., n without broken A-circuits.
The number of regions of the arrangement (1.2.11) is equal to the number of such
forests.

”) are generic these results become especially simple.
For a forest F' on vertices 1,2, ...,n we will write k¥ := [ k;;, where the product
is over all edges (i,7) in F.

In the case when the al”

Corollary 1.2.10 Let A be an arrangement of type (1.2.10), where the ag-) are
generic real numbers. Then

1. Poinyg(q) = Y k¥¢lf,
2. r(A) =S kF,

where the sums are over all forests F' on the vertices 1,2,...,n.

Corollary 1.2.11 The number of regions of the arrangement (1.2.11) with generic
a;; 15 equal to the number of forests on n labelled vertices.

This corollary is “dual” to the following well-known result (see, e.g., [51]).

17



Proposition 1.2.12 Let Perm,, be the permutohedron, i.e., the polyhedron with ver-
tices (wy,...,w,) € R™ where wy,...,w, ranges over all permutations of 1,... n.
Then the Erhart polynomial of Perm,, is equal to

EPermn (C]) = Z q‘F‘a
F

where the sum is over all forests F' on n vertices. In particular, the number of integer
points in Perm,, is equal to the number of forests on n vertices.

n

The connected components of the (2) dimensional space of all arrangements of
type (1.2.11) correspond to (coherent) zonotopal tilings of the permutohedron, i.e.,
certain subdivisions of Perm,, into parallelepipeds. The regions of a generic arrange-
ment (1.2.11) correspond to the vertices of the corresponding tiling, which are all

integer points in Perm,,.

1.2.5 The Orlik-Solomon algebra

Orlik and Solomon [38] gave the following combinatorial description of the cohomology
ring of an arbitrary hyperplane arrangement. Consider an arrangement A of affine
hyperplanes Hy, Hs, ..., Hy in a complex space V = C! given by

Hil hi(x):ai, izl,...,N7

where the h;(x) are linear forms on V and a; € C.

Recall that subset of indices I = {i1,...,4,} is called central circuit if I is a
minimal subset such that the codimension of the intersection H;, N---N H; , is equal
tom — 1.

Let eq,...,exy be formal variables associated with the hyperplanes Hq, ..., Hy.
The Orlik-Solomon algebra OS(A) of the arrangement A is generated over the complex
numbers by eq,...,ex subject to the relations:

€;€; = —€;€;, 1<i<j < N, (1212)
€ ° " Cjy :0, if Hjlﬂﬂij :m, (].2].3)
Z(_l)j € Ch €y =0, (1.2.14)
j=1
whenever {i1,... iy} is a central circuit. (Here €; denotes that the term e;; is

missing. )
Let C4 =V — |, H; be the complement to the hyperplanes H; of A.

Theorem 1.2.13 Orlik, Solomon [38] Let \; be the cohomology class of the differ-
ential form dh;/(h;(x) — a;) in the (de Rham) cohomology H*(C4,C) of C4. Then
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the map ¢ : OS(A) — H*(C 4, C) defined by
b e N\
1s an isomorphism between the Orlik—-Solomon algebra and the cohomology of C 4.

As an example, consider the case of the Coxeter arrangement A, of type A, 1
given by (1.2.4). The following well-know description of the corresponding cohomol-
ogy was found by Arnold [1].

Corollary 1.2.14 [1] The cohomology ring of the complement to the complezified
Cozxeter arrangement A,, is generated by anticommuting generators e;;, 1 <i < j <mn,
subject to the following “triangular” relations:

€ij€jk — €ijeik + €jkeix = 0,

where 1 <1< j <k <n.

1.3 Catalan Miscellanea

The sequence of Catalan numbers

1 2n
= 1.3.1
Cn n—i—l(n) (13.1)

is, probably, the most famous combinatorial sequence. Some interpretations of the
numbers C,, are can be found in [52, Chapter 6, Exercises].

The best known combinatorial interpretation of the numbers C), is given in terms
of Dyck words. A sequence wy, ws, ..., ws, of 0’s and 1’s is said to be a Dyck word if,
forany k =1,...,2n, we have wy +ws + - +w > k and wy + wg + - - - + wo, = n.
The number of Dyck words of length 2n is equal to C),.

Recall that the generating function for the Catalan numbers is equal to

1—+v1 -4t

L+ Cpt" = — (1.3.2)
n>1

In this section we give several new and old interpretations of these numbers in
terms of hyperplane arrangements, posets, polyhedra, and trees.

1.3.1 Semiorders

A poset P on the vertices 1,2, ..., n with the order relation <p is called a semiorder
if there are real numbers z, 29, ..., x, such that i <p j if and only if z; < z; — 1.
The symmetric group S,, acts on semiorders on n vertices by permuting the vertices.
Two semiorders are equivalent (isomorphic) if they are in the same S,-orbit.

The following is a well-known result of Wine and Freund [58].
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Theorem 1.3.1 [58] The number of nonisomorphic semiorders on n vertices is equal
to the Catalan number C,,.

The set @, = {¢;; | 1 <i < j < n} of positive roots in the type A,,_; root system
can be partially ordered as follows: €;; < ¢ if and only if €;; — ¢;; is a sum of positive
roots, i.e., k<1< 7 <.

In the equivalence class of a semiorder P there is a unique representative which is
determined by a sequence 1, xs, ..., x, satisfying 1 < o < --- < x,,. By Ip denote
the subset in ®, such that ¢;; € Ip if and only if z; < x; — 1. The subset Ip is an
order ideal in the poset ®, i.e., €;; € Ip implies € € Ip for all € > ¢€;;. It is easy to
see that the map P — Ip is a bijection between the equivalence classes of semiorders
and order ideals in ® . The latter are in an easy bijective correspondence with Dyck
words, and thus their number is the Catalan number C,,.

Consider two arrangements of hyperplanes in V,, C R™: the first is given by the
equations

x; —x; = £1, 1<i<j<n, (1.3.3)
and the second is given by
x; —x; =0, %1, 1<i<j<n. (1.3.4)

The regions of (1.3.3) are in a bijective correspondence with semiorders on n ver-
tices. This correspondence is described as follows: take a point (z1,z,...,2,) in
a region of (1.3.3), the sequence xi,zs,...,x, then determines a semiorder. The
symmetric group S, acts on the regions of the arrangement (1.3.4). Every S,-orbit
consists of n! regions and has a unique representative in the dominant chamber, given
by 1 < xg < -+ < x,. The regions of (1.3.4) in the dominant chamber thus corre-
spond to unlabelled (i.e., nonisomorphic) semiorders on n vertices. See [53] for more
results and relations between hyperplane arrangements and interval orders, the latter
generalize semiorders.

We can reformulate Theorem 1.3.1 as follows.

Proposition 1.3.2 The number of regions of the arrangement (1.5.4) is n! times the
Catalan number C,,.

The following expression for the generating function the number s, of regions of
the arrangement (1.3.3), i.e., the number of semiorders on n labelled vertices, can be
derived from results of Chandon, Lemaire, and Pouget [11].

Theorem 1.3.3 The generating function for the numbers s, of semiorders on n la-
belled vertices is equal to

1—+/4det—3
1—1-28”75"— ¢ )
2(1 —et)

n>1
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| '

Figure 1-2: Forbidden subposets for semiorders.

For example, s, = 1, 3, 19, 183, 2371, 38703, 763099, for n = 1,...,9. This formula
is a special case of a more general statement (Theorem 1.3.5) that we prove in the
next section.

The following theorem, due to Scott and Suppes [47], presents a simple charac-
terization of semiorders in terms of forbidden subposets (cf. Theorem 1.4.10).

Theorem 1.3.4 [47] A poset P is a semiorder if and only if it contains no induced
subposet of either of the two types shown on Figure 1-2.

1.3.2 Reciprocity for hyperplane arrangements

Let us fix distinct real numbers ay,as,...,a, > 0, and let A = (aq,...,a,). Let
Cn = C,(A) be the arrangement of hyperplanes in V,, = {xr e R" | 2y + - - - + z,, = 0}
given by

Ti = XTj = 01,02,...,0n, Z#] (135)

Also let C? = CY(A) be the arrangement obtained from C, by adjoining the hyper-
planes z; = z;. Explicitly C? is given by

r;—x;=0,a1,0a9,...,0y, 1] (1.3.6)

The exponential generating functions for the numbers of regions of these arrange-
ments are given by

fa®) = Sr(C) S
9a(t) =3 or(e

The main result of this section is the following:

Theorem 1.3.5 [44, Theoreom 7.1] We have fa(t) = ga(1 —e™") or, equivalently,

r(C0) = 3 eln k) r(Ch),

k>0
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where c(n, k) is the signless Stirling number of the first kind, i.e., the number of
permutations of 1,2,...,n with k cycles.

Note that Theorem 1.3.3 from the previous section is an immediate consequence
of Theorem 1.3.5, for A = (1), and formula (1.3.2).

We now proceed to the proof of Theorem 1.3.5. The symmetric group .S,, acts on
the regions of C,, and C°. Let R, denotes the set of all regions of C,,.

Lemma 1.3.6 We have, 7(C°) is n! times the number of S,-orbits in R,.

Proof — Indeed, the number of regions of C° is n! times the number of those in the
dominant chamber. They, in turn, correspond to S,-orbits in R,,. 0

It was explained in [53] that the regions of C,, can be viewed as (labelled) gener-
alized interval orders. On the other hand, the regions of C? that lie in the dominant
chamber, correspond to unlabelled generalized interval orders. Lemma 1.3.6 says
that number of unlabelled objects is the number of S,,-orbits, which is, of course, a
tautology.

We can apply the following well-known lemma of Burnside. Its proof is straight-
forward, and it is left to the reader.

Lemma 1.3.7 Let G be a finite group which acts on a finite set M. Then the number
of G-orbits in M s equal to

1 .
@ ZFIX(Q, M>7

geG

where Fix(g, M) is the number of elements in M fized by g € G.

By Lemmas 1.3.6 and 1.3.7 we have

r(CY) = Z Fix(w, C,),

wESH

where Fix(w,C,) is the number of regions of C, fixed by the permutation w.
Theorem 1.3.5 thus easily follows from the following statement.

Lemma 1.3.8 Let w € S, be a permutation with k cycles. Then the number of
regions of C, fixed by w is equal to the number of all regions of Cy.

Indeed, by Lemma 1.3.8, we have

r(Ch) = > Fix(w,C) =Y _c(n, k) r(Cr),

wESy k>0

which is precisely the claim of Theorem 1.3.5.

Proof of Lemma 1.3.8 — We construct a bijection between the regions of C,, fixed
by w and all regions of C, as follows.
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Suppose R is a region of C, fixed by a permutation w € S,, and (z,...,z,) € R.
Then z; — x; > a, whenever x,,;y — Ty (j) > as, for any 1, j, s.

The permutation w is a product of several disjoint cycles: w = ¢;...¢,. Let us
denote by X, the collection of the x; for all elements 7 of the cycle ¢,. We write
Xo—Xg>aif x; —x; > aforall z; € X, and z; € X3. The notation X, — Xz < a
has an analogous meaning. We show that for any two classes X, and Xz and for any
s =1,...,m we have either X, — X3 > a, or X, — X3 < a;.

Let z; be the maximal element in X, and let z; be the maximal element in Xg.
Suppose that x; — x; > a,. For any integer p, we have Typ;) — Tur(j) > as, due to
the w-invariance of the region R. Since x; > Zyr(;) (2; is maximal in X, ), we have
Ti—Tyw(j) > as. Thus for any q, Tya() —Tyrta(j) > as. This implies that X, — X35 > as.

Analogously, suppose that ;—x; < a,. Then for any p, we have ) —Tuwr(j) < as.
Since x; > Tyr(j), We have Typ() — 75 < a,. Finally, we obtain zypta() — Twae) < as,
for any integer ¢g. This implies that X, — X3 < as.

Let us choose elements 21, € X7, ...,z € Xi. Then the point 2’ = (21, ..., x)
belongs to some region R’ of C,. Moreover, the region R’ does not depend on the
choice of the x;. Therefore we obtain a map ¢ : R — R’ from the set of regions of
C,,, invariant under w, to the regions of C.

It is clear that ¢ is injective. To show that ¢ is surjective, take a point z’ =
(x1/,...,xp) in a region R of C,. Let x = (x1,29,...,2,) € R™ be the point such
that x; = x, for i in cycle ¢,. Then z belongs® to some region R of C,. According
to the construction above, ¢(R) = R’. Thus the map ¢ is a bijection.

This completes the proof of Lemma 1.3.8 and Theorem 1.3.5. U

1.3.3 Polyhedra and their triangulations

Recall that V11 = {z € R™™ | 214+ 42,41 = 0}. Let €;; = €,—¢j, 1 <i < j < n+l,
where €, €, ..., 6,41 is the standard basis of R"™!. The polyhedron P, in V, is
defined as the convex hull of the origin 0 and the vectors ¢;;, © < j.

The space V,,;1 contains the n-dimensional integer lattice which is obtained by
intersecting Z"™! canonically embedded into R"*! with V,,,;. The volume of any
polytope with integer vertices is a multiple of 1/n!.

Theorem 1.3.9 [20, Theorem 2.3(2)] The volume of P, is the Catalan number C,

divided by n!

Cy

Vol(P,) = e
Below in this section we sketch a proof of this statement.® Let T be a tree on

the vertices 1,...,n + 1, and let A(T') denote the convex hull of the origin and the

vectors ¢;; that correspond to edges (4, ), ¢ < j, of T'.

5We use here the condition that the a, are nonzero.
6The statements below are fairly straightforward and their rigorous proofs are left to the reader.
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Lemma 1.3.10 The polyhedron A(T) is an n-dimensional simplex of volume 1/n!.
Every n-dimensional simplex in P, with integer vertices which contains the origin is
of the type A(T).

We will study subdivisions of P, into simplices A(7"). Let us say that two trees T}
and Ty are compatible if the intersection of two simplices A(7T}) and A(T3) is their
common face. Define a local triangulation T of P, as a collection of trees {17, ..., T)}
such that the following two conditions holds:

e The union of all simplices A(T;) is P,.
e Any two trees 7; and T} in 7 are compatible.

We call such triangulation local, because every simplex A(T;) contain the origin, and
therefore such triangulations are determined by their small neighborhood of 0.

First, we describe pairs of compatible trees. Let G(T3,T3) be the ordered graph
such that (i,j) is an edge of G(T1,T5) if and only if (a) i < j and (¢,7) is an edge
of Ty; or (b) i > j and (j,1) is an edge of Tb.

Lemma 1.3.11 Two trees T} and Ty are compatible if and only if the graph G(T,T")
18 acyclic.

Not every simplex A(T) may appear in a local triangulation. A tree T on a
linearly ordered set of vertices is called alternating if the vertices along every path’
in 7" alternate: --- <a>b<c>d<---.

We will study alternating trees in more detail in Section 1.4.1.

Lemma 1.3.12 A tree T' participates in some local triangulation if and only if T is
an alternating tree.

We say that an alternating tree T  is non-crossing if there are no 1 < j < k < I
such that both (7, k) and (j,1) are edges of T. Analogously, we say that an alternating
tree in non-nesting if there are no i < j < k < [ such that both (i,1) and (7, k) are
edges of T.

Theorem 1.3.13 [20, Theorem 6.3] [20, Theorem 6.6]

1. The set of all non-crossing alternating trees on the vertices 1,...,n+1 is a local
triangulation of P,.

2. The set of all non-nesting alternating trees on the vertices 1,...,n+1 is a local
triangulation of P,.

3. The number of non-crossing alternating trees on n + 1 vertices is equal to the
number of non-nesting alternating tree on n + 1 vertices and is equal to the
Catalan number C,,.

It is an interesting problem to describe all (local) triangulations of P,.

"It is sufficient to require this condition only for paths with three vertices.
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1.4 Alternating Trees and the Linial Arrangement

In this section we study a sequence fy, fi, fo, ... of positive integer numbers which has
several combinatorial interpretations. Here we summarize the main interpretations of
this sequence. For definitions and proofs see corresponding subsections below. The
number f, is equal to:

e the number of regions of the Linial arrangement L,,.

e the number of alternating trees with n + 1 vertices,

e the number of local binary search trees with n vertices,
e the number of FIS trees with n vertices,

e the number of SIF trees with n vertices,

e the number of sleek posets with n vertices,

e the number of semiacyclic tournaments with n vertices,

e the alternating sum > (—1)%%) over all balanced graphs G with n vertices,
where ¢(G) is the cyclomatic number of G.

e the sum

9" kzno (Z) (k+1)"1,

1.4.1 Counting alternating trees

Recall that a tree T' on a linearly ordered set of vertices is called alternating if the
vertices in any path 4q,...,%; in T alternate, i.e., we have 1y < iy > i3 < --- 9 or
i1 > 19 < i3 > -+ ix. In other words, there are no ¢ < j < k such that both (7, j) and
(7, k) are edges in T. Alternating trees first appear in [20] and were studied in [42],
where they were called intransitive trees, see also [53] and [44].

10 7 4 6 9

Figure 1-3: An alternating tree.

25



Let f, be the number of alternating trees on the vertices 0,1,2,...,n, and let
xn
=D Iy
n
n>0

be the exponential generating function for the sequence f,,.

Theorem 1.4.1 [42, Theorems 1, 2] Forn > 1 we have

=2 Z()kJrl (1.4.1)

The series [ = f(x) satisfies the functional equation

f=ertN2, (1.4.2)
The first few numbers f,, are given below.

fo o fo fs fo fs fo f7 fs fo 10

1 1 2 7 36 246 2104 21652 260720 3598120 56010096

We need some extra notation. We say that ¢ is a minimal vertexr in an alternating
tree T if T' contains an edge (i, j) for some j > i. A vertex is called mazimal it is not
a minimal vertex. If a vertex i is minimal (respectively, maximal) then for every edge
(7,7) in T we have j > i (respectively, j < i). For example, the tree on Figure 1-3
has minimal vertices 0, 1,2, 3, 5,8 and maximal vertices 4,6, 7,9, 10.

An alternating tree with a chosen vertex (root) is called a rooted alternating tree.
If the root is a maximal vertex we call such a tree top-rooted.

Proof of Theorem 1.4.1 — First, we prove the formula (1.4.2).

Let fn be the number of all top-rooted alternating trees on the vertices 1,...,n.
It is clear that, for n > 2, the number fn is half the number of all rooted alternatmg
trees on 1,...,n. Thus f, = nfo_1/2; also fi = (fo+ 1)/2 = 1. We obtain the
following expression for the exponential generating function.

~tn
= fus S =t +1)/2

n>1
To get an alternating tree on the vertices 0,1,...,n, take a forest of top-rooted
trees on the vertices 1,...,n and connect 0 to each root. By the exponential formula
(e.g., see [23, p. 166]), we have
ft) =€,

This gives the formula (1.4.2).
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Now we deduce (1.4.1). We have
F=t(1+e))2.

By Lagrange’s inversion formula (see [23, p. 17]), we get

=0 = 55 ()

k=0

where [t"]g denotes the coefficient of ¢" in g. Thus, for n > 2,

1 "\,
fn_l_mz<k)k . (1.4.3)

k=0
The formula (1.4.1) is equivalent to (1.4.3). O

Remark 1.4.2 Tt is also possible to calculate the inverse of the function f(x). Tt
follows from (1.4.2) that x = 2In(f)/(1 + f). One can expand it as the following

- (’;)

n>1 k=0

1.4.2 Local binary search trees

A plane binary tree on the vertices 1,2, ...,n is called a local binary search tree (LBS
tree, for short) if for any vertex i the left child of 7 is less than ¢ and the right child of
is greater than ¢. These trees were first considered by Ira Gessel [21], and were studied
in [42]. The name “local binary search tree” was suggested by Richard Stanley [53],
see also [44].

Figure 1-4: A local binary search tree.

Theorem 1.4.3 [42, Section 4.1] For n > 1, the number of local binary search trees
on the vertices 1,2,...,n 1s equal to the number f,, of alternating trees on the vertices
0,1,2,...,n.
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Proof — Let R, be the set of rooted alternating trees on the vertices 0,1,2,...,n;
and let B,, be the set of LBS trees on the vertices 0,1,2,...,n such that the root has
only one child (left or right).

Clearly, |[R,| = (n 4+ 1)f,. On the other hand, |B,| is n + 1 times the number of
LBS trees on 1,2,...,n. Indeed, for a LBS tree B € B,,, the root r of B can be any
vertex 0 < r < n. Deleting the root r, we get a LBS tree 7" on {0,1,...,n} \ {r}.
Conversely, we can always reconstruct 7' if we know 7”7 and r. In the case when the
roof 1’ of T" is less than r, we set 1’ to be the left child of r; otherwise, if ' < r, we
set r’ to be the right child of r.

In order to prove Theorem 1.4.3, we construct a bijection ¢ : R,, — B,,. Let T" be
a rooted alternating tree 7' € R,. We construct the LBS tree B = ¢(7T') using the
following simple procedure:

First, we orient the edges of T away from the root (e.g. the vertices adjacent to
the root are children of the root).

If v is a minimal vertex in 7" and iy < 49 < --- < 4; are the children of v in T
(v < 41), then set i; to be the right child of v in B, and i, to be the right child of
ipin B, for k=1,2,...,1— 1.

Analogously, if v is a maximal vertex in T" and j; > jo > --- > j; are the children
of vin T (v > j1), then set j; to be the left child of v in B, and jix,1 to be the left
child of j in B, for k=1,2,...,1— 1.

Clearly, the construction of the map ¢ is invertible. Thus ¢ is a bijection. 0]

1.4.3 On stability and fickleness

Let O, denote the set of rooted trees on the vertices 1,2,...,n with edges oriented
away from the root.
We say that a path iy,is,...,7; in a tree T € O, is stable if all edges (i1,1s),

(i9,13), (i3,14), ... ,(ig_1,1x) are oriented in the same direction, i.e., the path either
approaches the root, or goes away from the root.
We also say that a path ji, ja, ..., jx is fickle if the vertices in it alternate, i.e, we

have j; < jo > j3 < ...Jg Or j1 > jo < j3 > ...Jx (cf. Section 1.4.1).

A tree T in O,, is called a “fickle is stable” tree (FIS tree) if every fickle path in T
is stable. Likewise, a tree T'in O,, is called a “stable is fickle” tree (SIF tree) if every
stable path in T is fickle.

Theorem 1.4.4 The number of FIS trees in O, is equal to the number of SIF trees
i O, and is equal to the number f,, of alternating trees on the vertices 0,1,...,n.

Proof — First, we notice that a tree T' from O, is a FIS tree if and only if every
vertex ¢ in T' has none, one, or two children, and in the last case one of the children
is less than ¢ and the other is greater than . We establish a simple bijection between
FIS and local binary search trees. For a LBS tree, orient its edges away from the
root, and then forget the structure of a binary tree, i.e., forget which child was left
and which was right. We obtain a FIS tree. Thus, by merit of Theorem 1.4.3, the
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number of FIS trees in O, is equal to the number f, of alternating trees on the
vertices 0,1,2,... n.

SIF trees are more similar to alternating trees. In fact, they are almost alternating
in the sense that the condition for alternating tree is satisfied in every vertex but the
root (cf. Section 1.4.1).

A bijection between FIS trees and SIF trees can be constructed in a way similar
to the proof of Theorem 1.4.3. U

1.4.4 The Linial arrangement

Recall that V,, denotes the hyperplane {(x1,...,x,) | 21 + -+ 4+ x, = 0} in R™
Consider the arrangement £,, of hyperplanes in V,, given by the equations

ri—z;=1 1<i<j<n. (1.4.4)

This arrangement was first considered by Nati Linial and Shmulik Ravid. They
calculated the numbers r(L,,) of regions of £,, and the Poincaré polynomials Poing, (¢)
for n < 9.

Figure 1-5: Seven regions of the Linial arrangement L;.

Our main result on the Linial arrangement is the following:

Theorem 1.4.5 [44, Theorem 8.2]  The number r(L,) of regions of L, is equal to
the number f,, of alternating trees on the vertices 0,1,2...,n and, thus, to the number
of local binary search trees on 1,2,... n.

This theorem was conjectured by Richard Stanley, who used the numerical data
provided by Linial and Ravid. In Section 1.5 we prove a more general result (see
Theorems 1.5.1 and Corollary 1.5.9). A different proof of Theorem 1.4.5 was later
given by C. Athanasiadis [3].

Corollary 1.4.6 The Poincaré polynomial of the Linial arrangement is equal to

Poing, () = » _¢" (), (1.4.5)
T
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where the sum is over all alternating trees T on the vertices 0,1,...,n and dr(0)
denotes the degree of the vertex 0 in T

1.4.5 Balanced graphs

Let C' = (¢1, ¢, ..., ¢p) denote a cycle on a linearly ordered set of vertices which has
the edges (c1, ¢2), (¢2,¢3), -+, (Cm—1,Cm); (Cm, €1). (Note that the sequence (cy, . .., )
is defined up to a cyclic permutation.) By convention, ¢y = ¢,,,. We say that an index
1 <i < misan ascent in C if ¢;_1 < ¢;. Analogously, an index 1 < j < m is a
descent if ¢;_1 > ¢;.

We say that a cycle C' is balanced if the number of ascents in C' is equal to the
number of descents in C'. A graph G is called balanced if every cycle in G is balanced.

A graph G on the vertices 1,2,...,n corresponds to a subset of hyperplanes
in (1.4.4): an edge (i,j) of G corresponds to the hyperplane x; —z; = 1, 1 < j.
Geometrically, a graph is balanced if and only if the corresponding hyperplanes have
a nonempty intersection.

Let ¢(G) denotes the cyclomatic number of G, i.e., the number of edges minus the
number of vertices plus the number of connected components. Theorem 1.2.2 implies
the following statement.

Corollary 1.4.7 Forn > 2, the number of regions of the Linial arrangement is equal
to the alternating sum

over all balanced graphs on the vertices 1,2, ..., n. The Poincaré polynomial of this
arrangement is equal to

Poing, (¢) = > (=g )@ ¢,
G

where again the sum is over all balanced graphs on 1,... ,n and |G| is the number of
edges in G.

Orlik and Solomon’s result (Theorem 1.2.13) allows us to describe the cohomology
ring H*(C,,,C) of the complement C,  to the complexified Linial arrangement in
terms of generators and relations.

Proposition 1.4.8 The cohomology ring H*(Cy,,C) is canonically isomorphic to
the algebra (the Orlik-Solomon algebra) generated by e;; = ej;, 1 <i,5 <n, e; =0,
subject to the following relations:

€€kl = —E€EkICij,

67"17"267“27'3 oo eTm,17‘meCmcl - 07 (146)

€ab€bcCac — €abCcCed + €ab€acCed — CbcCacCed = 07
€acCbcCbd — €ac€bc€ad T €acbd€ad — €bc€bdCad = 0.
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where i, 5, k, Ly, ... .rm €{1,...,n} and 1 <a<b<c<d<n (cf Figure 1-7).

Proof — By Theorem 1.2.13, the Orlik-Solomon algebra of the Linial arrangement
is generated by the e;; which are subject to the first two relation in (1.4.6) and also
the relation:

p

Z(—l)jecmec262 . echE €y ieyCopers (1.4.7)

Jj=1

where C' = (¢1,¢a, ..., ¢p) is a balanced cycle (cf. 1.2.14). We will show by induction
on p that the third and the fourth equations in (1.4.6) imply (1.4.7). If p = 4 then
(' is a cycle of one of the four types C;, Cy, C3, or Cy shown on Figure 1-7. Thus C
produces one of the relations (1.4.6). If p > 4, then we can find r # s such that both
C" = (¢ryCrp1y .-, 05) and C” = (¢4, €541, - - ., ) are balanced. The equation (1.4.7)
for C' is the sum of the corresponding equations for C’ and C”. O

This proposition is an analogue to Arnold’s description of the cohomology of the
complement to complexified Coxeter arrangement (see Corollary 1.2.14).

1.4.6 Sleek posets and semiacyclic tournaments

Let R be a region of the arrangement L,,, and let (z1,...,x,) be any point in R.
Define P = P(R) to be the poset on the vertices 1,2,...,n such that i <p j if and
only if ; —x; > 1 and ¢ < j in the usual order on Z.

We call a poset P on the vertices 1,2,...,n sleek if P is the intersection of a
semiorder (see Section 1.3.2) with the chain 1 <2 < --- < n.

The following proposition immediately follows from the definitions.

Proposition 1.4.9 The map R — P(R) is a bijection between regions of L, and
sleek posets on 1,2,...,n. Hence the number r(L,) is equal to the number of sleek
posets on 1,2,...,n.

There is a simple characterization of sleek posets in terms of forbidden induced
subposets (cf. Theorem 1.3.4).

Theorem 1.4.10 [44, Theorem 8.4] A poset P on the vertices 1,2,...,n is sleek if
and only if it contains no induced subposet of the four types shown on Figure 1-6,
where a < b < c<d.

In the remaining part of this section we prove Theorem 1.4.10.

First, we give another description of regions in £, (or, equivalently, sleek posets).
A tournament on the vertices 1,2,...,n is a directed graph T without loops such
that for every i # j either (i,5) € T or (j,i) € T. For a region R of L,, construct a
tournament 7" = T'(R) on the vertices 1,2, ..., n such that for (zq,...,z,) € R if we
have z; —x; > 1,1 < j, then (¢,j) € T, and if x; — x; < 1, i < j, then (j,7) € T.
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a a

Figure 1-6: Obstructions to sleekness.
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Figure 1-7: Ascending cycles.

Let C' = (c1,...,¢cn) be a cycle; and let asc(C') denote the number of ascents and
des(C') denote the number of descents in C. We say that a cycle C' is ascending
if asc(C') > des(C). For example, the following cycles, shown on Figure 1-7, are
ascending: Cy = (a,b,c), C; = (a,¢,b,d), Cy = (a,d,b,c), C3 = (a,b,d,c), Cy =
(a,c,d,b), where a < b < ¢ < d.

We call a tournament 7" on 1,2,...,n semiacyclic if it contains no ascending

cycles. In other words, T is semiacyclic if for any directed cycle C' in T" we have
asc(C') < des(C).

Proposition 1.4.11 A tournament T on 1,2,...,n corresponds to a region R in
L,, e, T =T(R), if and only if T is semiacyclic. Hence r(L,) is the number of
semiacyclic tournaments on 1,2,... n.

This fact was independently found by Shmulik Ravid.

For any tournament 7T on 1,2,...,n without cycles of type Cy we can construct
a poset P = P(T) such that ¢ <p j if and only if i < j and (¢,5) € T. The
four ascending cycles C', Cs, C3, Cy in Figure 1-7 correspond to the four posets on
Figure 1-6. Therefore, Theorem 1.4.10 is equivalent to the following result.

Theorem 1.4.12 [44, Theorem 8.6] A tournament T on the vertices 1,2,...,n is
semiacyclic if and only if it contains no ascending cycles of the types Cy, Cy, Cs, C5,
and Cy shown in Figure 1-7, where a < b < ¢ < d.

Remark 1.4.13 This theorem is an analogue of a well-known fact that a tournament
T is acyclic if and only if it contains no cycles of length 3. For semiacyclicity we have
obstructions of lengths 3 and 4.
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Proof — Let T be a tournament on 1,2,...,n. Suppose that 7" is not semiacyclic.
We will show that T' contains a cycle of type Cy, C;, Cy, Cs, or Cy. Let C =
(c1,¢2,...,¢m) be an ascending cycle in 7' of minimal length. If m = 3, or 4 then C
is of type Cy, C, Cs, C3, or Cy. Suppose that m > 4.

Lemma 1.4.14 We have asc(C) = des(C).

Proof — Since C' is ascending, we have asc(C') > des(C). Suppose asc(C) > des(c).
If C has two adjacent ascents i and i+1 then (¢;_1, ¢;+1) € T (otherwise we have an as-
cending cycle (¢;_1, ¢;, civq) of type Cy in T'). Then C' = (¢, ¢, ..., Ci1,Cix1s -+ Cm)
is an ascending cycle in T of length m — 1, which contradicts our assumption that C'
is an ascending cycle of minimal length. So for every ascent ¢ in C' the index 7 + 1 is
a descent. Hence asc(C) < des(C), and we get a contradiction. O

We say that ¢; and ¢; are on the same level in C' if the number of ascents between

¢; and ¢; is equal to the number of descents between ¢; and c;.

Lemma 1.4.15 We can findi,j € {1,2,...,m} such that (a) i is an ascent and j is
a descent in C, (b) i # j £ 1mod m, and (c) ¢; and cj_y are on the same level.

Proof — We may assume that for any 1 < s < m the number of ascents in {1,2,. .., s}
is greater than or equal to the number of descents in {1, 2, ..., s} (otherwise take some
cyclic permutation of (¢1,¢a, ..., ¢y)). Consider two cases.

1. There exists 1 <t < m — 1 such that ¢ and c¢,, are on the same level. In this
case, if the pair (7,7) = (1,t) does not satisfy conditions (a)—(c) then ¢ = 2. On the
other hand, if the pair (¢, j) = (¢ + 1,m) does not satisfy (a)-(c) then t = m — 2.
Hence, m = 4 and C'is of type C; or Cy shown in Figure 1-7.

2. Thereisno 1 <t < m — 1 such that ¢; and ¢, are on the same level. Then 2
is an ascent and m — 1 is a descent. If the pair (i,7) = (2,m — 2) does not satisfy
(a)—(c) then m =4 and C is of type C3 or Cy shown on Figure 1-7. O

Now we can complete the proof of Theorem 1.4.12. Let 7,5 be two numbers
satisfying the conditions of Lemma 1.4.15. Then ¢;_1, ¢;, ¢j_1, ¢; are four distinct
vertices such that (a) ¢;_1 < ¢;, (b) ¢;—1 > ¢j, (¢) ¢; and ¢;_; are on the same level,
and (d) ¢;—; and ¢; are on the same level. We may assume that i < j.

If (¢j_1,¢i-1) € T then (¢i_1,¢,...,¢j—1) is an ascending cycle in T of length
less than m, which contradicts the requirement that C' is an ascending cycle on T of
minimal length. So (¢;—1,¢j-1) € T. If ¢;_1 < ¢j—1 then (¢j_1,¢j, ..., Cm, €1y, Cim1)
is an ascending cycle in T of length less than m. Hence, ¢;—1 > ¢;_;.

Analogously, if (¢;,¢;) € T then (¢j,¢jy1,...,¢p,C1,...,¢) is an ascending cycle
in T of length less than m. So (¢j,¢;) € T. If ¢; > ¢; then (¢, ¢i41,...,¢5) is an
ascending cycle in 1" of length less than m. So ¢; < ¢;.

Now we have ¢;_1 > ¢;—1 > ¢; > ¢; > ¢;—1, and we get an obvious contradiction.

We have shown that every minimal ascending cycle in 7" is of length 3 or 4 and
thus proved Theorem 1.4.12. O
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1.5 Truncated Affine Arrangements

In this section we study a general class of hyperplane arrangements which contains,
in particular, the Linial and Shi arrangements.

Let a and b be two integers such that a+b > 2. Consider the hyperplane arrange-
ment A% in V,, = {(z1,...,7,) € R" | 21 + -+ + x,, = 0} given by

z; —x; =k, 1<i<j<n, —a<k<b. (1.5.1)

We call A% truncated affine arrangement because it is a finite subarrangement of
the affine arrangement of type A,_; given by z; —x; =r, r € Z.

1.5.1 Functional equations
Let f, = f2 be the number of regions of the arrangement A%, and let
xn
fla)=) fas (1.5.2)
n>0
be the exponential generating function for f,.
Theorem 1.5.1 [44, Theorem 9.1] Suppose a,b > 0.

1. The generating function f = f(x) satisfies the following functional equation:

fo-rt

Ty (1.5.3)

fbfa —e
2. Ifa=b>1, then f = f(x) satisfies the equation:
f=14zf (1.5.4)

Note that the equation (1.5.4) can be obtained from (1.5.3) by I'Hospital’s rule in
the limit b — a.
In cases a = b and a = b £ 1 the functional equations (1.5.3) and (1.5.4) al-

low to calculate the numbers f2 explicitly. The following statement was proved by
P. Headley [24].

Corollary 1.5.2 The number fo* is equal to (an)(an —1)---(an —n+ 2).

The equation (1.5.3) is especially simple in the case a = b+ 1. We call the
arrangement A%**! the extended Shi arrangement. In this case we get:

Corollary 1.5.3 The number f,, of regions of the extended Shi arrangement given by
ri—r;=—-a+1l,—-a+2,...,q, 1<i1<3<n

is equal to f, = (an + 1)"1, and the exponential generating function f = f(x)
satisfies the functional equation f = e*7/".
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In order to prove Theorem 1.5.1 we need several new definitions. A graded graph
is a graph is a triple G = (V, E, h), where V is a linearly ordered set of vertices, E is
a set of (nonoriented) edges, and h is a function h : V — Z, called grading. The
vertices v in V' such that h(v) = r, r = 0,1,2,..., form the r-th level of G. Let
e = (u,v) be an edge in G, u < v. We say that the slope of an edge e = (u,v), u < v,
in E is the integer s(e) = h(v) — h(u). A graded graph G is of type (a,b) if the slopes
of all edges in G are in the interval [-a + 1,b— 1] ={—a+1,—a+2,...,0— 1}.
Analogously, we define graded trees, forests, and circuits of type (a,b).

Choose a linear order on the set {(u,s,v) | u,v € V,u < v, —a < s < b}. Let
C' be a graded circuit of type (a,b). Every edge (u,v) in C' corresponds to a triple
(u,s,v), where s is the slope of the edge (u,v). Choose the edge e in C with the
minimal triple (u,e,v). We say that C'\ {e} is a broken circuit of type (a,b).

We say that a graded forest is planted if each connected component contains a
vertex on the 0-th level.

Proposition 1.5.4 The number f2 of regions of the arrangement (1.5.1) is equal to
the number of planted graded forests of type (a,b) on the vertices 1,2,...,n without
broken circuits of type (a,b).

Proof — By Corollary 1.2.8, the number f, is equal to the number of A-colored
forests I without broken A-circuits. For an A-colored forest F', there is a unique
planted graded forest F' = (V, E, h) with the same sets of vertices and edges and such
that the slope s(e) of any edge e € F is equal to the color of e in the forest F'. Then
F is of type (a,b) and without broken circuits of type (a,b) if and only if F' has no
broken A-circuits. O

From now on we fix the lexicographical order on triples (u, s,v), i.e., (u,s,v) <
(v, s',v") if and only if u < o/, or (u = v and s < §), or (u = v/ and s = §' and
v < v'). Note the order of u, s, and v! We call a graded tree T" solid if T is of type
(a,b) and T contains no broken circuits of type (a,b).

Let T be a solid tree on 1, 2, ..., n such that the vertex 1 is on the r-th level. When
we delete the minimal vertex 1, the tree T" decomposes into connected components
T, Ty, ..., T,. Suppose that each component 7; is connected with 1 by an edge (1, v;)
where v; is on the r;-th level.

Lemma 1.5.5 Let T\11,..., T, v1,...,0m, and 71,...,7,, be as above. The tree T
is solid if and only if (a) all Ty, Ty, ..., T,, are solid, (b) for all i the r;-th level is the
minimal nonempty level in T; such that —a +1 <r; —r < b—1, and (c) the vertex
v; 18 the minimal vertex on its level in T;.

Proof — First, we prove that if 7" is solid then the conditions (a)-(c¢) hold. Condi-
tion (a) is trivial, because if T; contains a broken circuits of type (a,b) then T also
contains this circuit. Assume that for some i there is a vertex v, on the r}-th level
in 7T; such that r; < r; and r; —r > —a + 1. Then the minimal chain in 7" that
connects the vertex 1 with the vertex v} is a broken circuit of type (a,b). Thus the
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condition (b) holds. Now suppose that for some i the vertex v; is not the minimal
vertex v, on its level. Then the minimal chain in 7" that connects the vertex 1 with v/’
is a broken circuit of type (a,b). Therefore, the condition (c¢) holds too.

Now assume that the conditions (a)—(c) are true. We prove that 7" is solid. For
suppose not. Then T contains a broken circuit B = C'\ {e} of type (a,b), where C is
a graded circuit and e is its minimal edge. If B does not pass through the vertex 1
then B lies in T; for some ¢, which contradicts to the condition (a). We can assume
that B passes through the vertex 1. Since e is the minimal edge is C', e = (1,v) for
some vertex v’ on the level v/ in T. Suppose v € T;. If v" and v; are on different
levels in 7; then, by (b), r; < 7. Thus the minimal edge in C'is (1, v;) and not (1,v’).
If ' and v; are on the same level in T; then, by (c¢), v; < v'. Again, the minimal
edge in C'is (1,v;) and not (1,v). Therefore, the tree T' contains no broken circuit
of type (a,b), i.e., T is solid. O

Let I; be the minimal nonempty level in 7}, and let L; be the maximal nonempty
level in T;. By Lemma 1.5.5, the vertex 1 lies on the rth level for some [; — b < r <
L; + a; for each r from this interval there is a unique way to connect T; with the
vertex 1 in the rth level.

Let pux- denote the number of solid trees (not necessarily grounded) on the vertices
1,2,...,n which are located on levels 0,1, ...,k such that the vertex 1 is on the rth
level, 0 <r < k.

Let

pir () = ankr:;_?;a pr() = prr().

n>1

By the exponential formula (see [23, p. 166]) and Lemma 1.5.5, we have

Prr () = exp(bp, (), (1.5.5)

n

where b, (z) = 3,51 bukr 7y and bpg, is the number of solid trees T on n vertices
located on the levels 0,1, ..., k such that at least one of the levels r —a+ 1,7 — a +
2,...,7+b—11is nonempty, 0 < r < k. The polynomial by,.(z) enumerates the solid
trees on the levels 1,2, ..., k minus trees on the levels 1,...,r — a and trees on levels
the r +b,..., k. Thus we obtain

bkr(x) = pk(l') - pr—a(x) - pk—r—b(J/’)-
By (1.5.5), we get

Pl (@) = exp(pi(x) — pr_a(®) — pr_r—s(2)),

where p_1(x) =p_o(x) =--- =0, po(x) = x, p(0) =0 for k € Z. Hence
() =D exp(pi(r) = pra(®) = prrs(@)).
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Or, equivalently,

Mw

() exp(— exp(—pr—a(x)) exp(—pr—r_p) ().

r=0

Let gx(z) = exp(—pi(z)). We have

qu a Qk’ r— b( ) (156)

qg1=qao=-=1Lqg=e7 q(0)=1forkecZ.
The following lemma describes the relation between the polynomials gx(z) and
the numbers of regions of the arrangement A%,

Lemma 1.5.6 The quotient gx—1(z)/qr(w) tends to ), fals as k — oo.

Proof — Clearly, pr(x) — pr_1(x) is the exponential generating function for the
numbers of grounded solid trees of height less than or equal to k. By the exponential
formula (see [23, p. 166]) qx—1(z)/qrx(x) = exp (pr(x) — pr—1(x)) is the exponential
generating function for the numbers of grounded solid forests of height less than or
equal to k. The lemma obviously follows from Proposition 1.5.4. O

All previous formulae and constructions are valid for arbitrary a and b. Now we
take advantage of the condition a,b > 0. Let

ry) = ar(z)y

k>0

By (1.5.6), we obtain the following differential equation for ¢(z,y):

(% q(z,y) = —(ay+y*q(z,y)) - (by + v’a(z,y)),
q(0,y) = (1—y),

where a, :== (1 —y*)/(1 —y).
This differential equation has the following solution:

b, exp
Yy exp

—x-by) —a, exp(—z - ay)

—x - ay,) —y’ exp(—z - by)

q(z,y) = (1.5.7)

(
(

Let us fix some small z. Since Q(y) := ¢(z,y) is an analytic function of y, then v =
() = limg— 00 qr—1/qx is the pole of Q(y) closest to 0 (7 is the radius of convergence of
Q(y) if z is a small positive number). By (1.5.7), v* exp(—z-a,) —7° exp(—z-b,) = 0.
Thus, by Lemma 1.5.6, f(z) = > -, fn“"n—T = v(x) is the solution of the functional
equation a

<o

1— @ 1
—XT f p —X- 1_];

fre - =fe ,

37



which is equivalent to (1.5.3).
This completes the proof of Theorem 1.5.1. 0J

1.5.2 Formulae for the characteristic polynomial

Let A = A% be the truncated affine arrangement given by (1.5.1). Consider the
characteristic polynomial x%(q) of the arrangement A%. Recall that it is equal to
q"'Poin gas (—q ).

Let x®(z, q) be the exponential generating function

X, q) =1+ ) x4 (g) 2" /n!.
n>0

According to [53, Theorem 1.2], we have

X?(x,q) = f(—2)7", (1.5.8)

where f(z) = x®(—z,—1) is the exponential generating function (1.5.2) for numbers
of regions of A%.
Let S be the shift operator S : f(q) — f(qg—1).

Theorem 1.5.7 [44, Theorem 9.7] Assume that 0 < a < b. Then
Xzb<q) — (b - a)—n(sa + Sa-‘rl S Sb—l)n X qn—l' (159)

Proof — The theorem can be deduced from Theorem 1.5.1 and (1.5.8) (using, e.g.,
Lagrange’s inversion formula). 0

There is an explicit formula for x**(q). The following statement, found in [24], is
not hard to derive from Corollary 1.5.2.

Proposition 1.5.8 We have x%*(q) = (¢+1—an)(¢g+2—an)---(¢+n—1—an).

We can analytically extend x%(q) to complex values of a and b, since

Xel(g) = (58" =1)/((S=D)(b—a)" - ¢""

In the limit b — a, application of the I’'Hospital’s rule results in the expression

aa _ alnS " n—1
xn(Q)—<SS_1) q"

8

8Comparing these two expressions for x**(q), we obtain the formula

(eDD_1>n'CJ"1=(q—1)(q—2)--~(q—n+1),

where D = —1In(S) = d/dq. This formula yields an identity that involves the Bernoulli numbers,
which are coefficients of the Taylor expansion of z/(e* — 1), and the Stirling numbers of the first
kind.
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There are several equivalent ways to reformulate Theorem 1.5.7, as follows:

Corollary 1.5.9 Letr =0 —a.

1. We have
X&) =7 (g— (1) — - — p(n)" ",
where the sum is over all functions ¢ : {1,...,n} — {a,...,b—1}.
2. We have
a . no1fn\[(s+n—rl—1
X)) =r Y (=D (qg—s—an)"! :
[ n—1
s,1>0
3. We have
@=rmS (" Y @—am — = (- Dn,)"
" Ny, ...,Ny
where the sum is over all nonnegative integers ny, na, ..., n, such that ny+nqg+
e+ N, =n.
Examples:

1. The Shi arrangement is the arrangement A% given by
x; —x; =0,1, 1<i<i<I+1. (1.5.10)

By Corollary 1.5.9.1, we get the following known formula (see [48, 49])

Xn2(q) = (g —n)""

2. More generally, for the extended Shi arrangement A%**! given by

r—x;=—a+1,—-a+2,...,aq, 1<i<yi<I+1,
(1.5.11)

we have (cf. Corollary 1.5.3)

1

W g) = (g —an)" T

Xn

3. For the Linial arrangement £, = A% (see Section 1.4), Corollary 1.5.9.3 gives

2(q) = 27" no (Z) (¢ — k)™, (1.5.12)

k=

(cf. Theorem 1.4.5)
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4. More generally, for the arrangement A% %2 we have

O (g) = 277 i (Z) (¢ —an— k)"

k=0

Formula (1.5.12) for the characteristic polynomial x%2(¢q) was earlier obtained
by C. Athanasiadis [3, Theorem 5.2]. He used a different approach based on an
interpretation of the value of x,(¢q) for sufficiently large primes q.

1.5.3 Roots of the characteristic polynomial

Theorem 1.5.7 has one surprising application concerning the location of roots of the
characteristic polynomial x%°(q)

We start with the case a = b. One can reformulate Proposition 1.5.8 in the
following way:

Corollary 1.5.10 The roots of the polynomial x“(q) are the numbers an — 1,an —
2,...,an—n+1 (each with multiplicity 1). In particular, the roots are symmetric to
each other with respect to the point (2a — 1)n /2.

Now assume that a # b. We will prove the following “Riemann hypothesis.”

Theorem 1.5.11 [44] All the roots of the characteristic polynomial x%(q) of the
truncated affine arrangement A%, a # b, have real part equal to (a+b—1)n/2. They
are symmetric to each other with respect to the point (a +b— 1)n/2.

Thus in both cases the roots of the polynomial y%*(n) are symmetric to each other
with respect to the point (a + b — 1)n/2, but in the case a = b all roots are real,
whereas in the case a # b the roots are on the same vertical line’ in the complex
plane C. Note that in the case a = b — 1 the polynomial x%(g) has only one root
an = (a + b — 1)n/2 with multiplicity n — 1.

The following lemma is implicit in a paper of Auric [4] and also follows from a
problem posed by Pélya [40] and solved by Obreschkoff [37] (repeated in [41, Problem
V.196.1, pp. 70 and 251]).

Lemma 1.5.12 Suppose that a polynomial f(q) € Clq] is such that every zero has
real part a, and let X be a complex number satisfying |A\| = 1. Then every zero of the

polynomial g(q) = (S —N)f(q) = f(qg—1) — Af(q) has real part a + 1/2.

Proof of Theorem 1.5.11. —  All the zeros of the polynomial ¢"~! have real part 0.
The operator (S + ST + ... + 51 can be written as

Sa(S - )\1) cee (S - Abfafl)a

9Let Xn(q) = x2%(q¢ — (a + b — 1)n/2), its roots are purely imaginary. The following interlacing
property of roots seems also to be valid: Between any two roots of X, (¢) there is a root of X,,—1(q).
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where each ); is a complex number of absolute value one. The proof now follows from
Theorem 1.5.7 and Lemma 1.5.12. 0J

1.6 Asymptotics and Random Trees

1.6.1 Characteristic polynomials and trees

According to Theorem 1.5.7, the characteristic polynomial of a truncated affine ar-
rangement can be easily expressed using the shift operator: S : f(q) — f(q —1).
Let us also introduce the differentiation operator: D : f(q) — df /dq. Then Taylor’s
theorem can be stated as

exp(—D) = S.

Consider the exponential power series
h(t) = ho + hat + hat? /20 + -+ + hyt" JR! + .

where the h; are some numbers and hq is nonzero.
Generalizing the expression (1.5.9), we define the polynomials f,(q), n > 0, by
the formula

falg) = (M(D))" """ (1.6.13)

The polynomials f,(q) are correctly defined even if the series h(t) does not converge,
since the expression for f,(¢) involves only a finite sum of nonzero terms.

Let 7, be the set of trees on the vertices 0,1,2,...,n. We will assume that the
edges of trees are oriented away for the root at the vertex 0. By d; = d;(T") we denote
the outdegree of a vertex 7 in a tree T' € 7,,. Define the weight of T" by

’LUq(T) = qdoilhdl hd2 Ce hd

n

Proposition 1.6.1 1. The polynomial f,(q) is the weight enumerator for trees on
n + 1 vertices, i.e.

falg) =D wy(T).

TeT,

2. The coefficient of ¢* in f.(q) is equal to

n—1
hio ... h

where the sum is over all ky,...,k, > 0 such thatk + ki +---+k, =n— 1.

Proof — Let D®) = D*/k!. Then, for k > 0, we have

m —

41



if m > k and 0 otherwise. By (1.6.13), we have

fule) = BD)"q"" = (D)1 hy, DED gt

k1>0
- n—1 n—1 n—1—-ky __
= h(D) Zh,ﬂ( " >q 1= ...
k1>0
n—1
= iy - h g
Z . o (kakl>k27"'akn)q
Kokt kin >0

where k = n—1—k — -+ — k,. Using Priifer’s coding [45], we obtain the first
statement of the theorem. U

Let o
feg) =1+ fala) .

n>1

Consider also the weighting on trees T € 7, given by

W(T) = hayha, - - - ha,.

n

Let g, = > ez, w(T') be the weighted sum of the trees, and let

In+1
g(x) = Zgn T

n>0

be the exponential generating function for the g,. Note that ng, = f,41(0).

Proposition 1.6.2 We have f(x,q) = exp(qg(x)). The series g = g(z) satisfies the
functional equation

9=z h(g). (1.6.14)

The statement of the theorem is proved by a standard argument with the expo-
nential formula.

1.6.2 Random trees

In this section we calculate the distribution of degrees of vertices of a “random infinite
tree.” We will need these calculations in Section 1.6.3.

We use the notation of the previous section with the assumption that hg, hy, ho, . ..
are nonnegative integer numbers, and hg > 0.

Let I be the set of indices n for which g, > 0. If h; is nonzero for some i > 1,
then [ is an infinite set. For n € I, consider the distribution on the set of trees on
n + 1 vertices given by P(T) = w(T)/g,. Let P,(k) denote the probability that a
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random vertex of a random tree has outdegree k, i.e.,

Puk) = ———— 3" () (T,

(n+1) g 5

where my(T") is the number of vertices in 7" with outdegree k. Also let P(k) =
lim,, .o, P,(k), where the limit is taken over n € I.

Here is an example when we need to be careful about the index set. Assume that
hom = 1 and hg,, 1 = 0, for m > 0, then g,, = 0 for odd n. In this case we have to
take the limit over even n.

We can interpret P(k) as the probability that a random vertex of a random infinite
tree has outdegree k.

Theorem 1.6.3 Assume that the series h(t) converges, h'(t) is unbounded on the
interval (0, +00), and t = « is the minimal positive solution of the equation

t=nh(t)/N(t). (1.6.15)
Then -
Pk) = h(l;) k!

Before we prove this statement, consider several examples. In the case when
hy =1, k > 0, we obtain the uniform distribution on trees.

Corollary 1.6.4 The outdegrees of a random infinite tree have Poisson distribution:

P(k) = e k!

Proof — We have h(t) = e'. The equation t = e'/e’ has a unique solution ¢t = 1. O
Assume that ho, = 1 and hgy 1 = 0, m > 0. We have the uniform distribution

on trees with even outdegrees. We will call such trees even.

Corollary 1.6.5 The outdegrees of a random infinite even tree have the following
distribution:

P(2m) = P(0) a*™/(2m)!,
where a = 1.199678640257733 ... is a unique positive solution of the equation

t+1
ot

t>1 1.6.1
— 1> (1.6.16)

and P(0) = 1/ cosh(a)) = 0.552434124530883 . . ..

Proof — In this case h(t) = cosh(t). The equation t = cosh(t)/sinh(t) is equivalent
to (1.6.16). O
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Proof of Theorem 1.6.3 — Let

p(x) = Y (n+1) Pa(k) gna"/nl,

n>0

d(z) = Y (n+1)gua"/nl.

n>0

Then, by definition, P(k) is the limit of ratios of coefficients of 2™ in p(z) and d(z)
as n — oo. First, we note that if o > 0 is the minimal positive pole of both p(z)

and d(x), then P(k) = lim,_,, p(x)/d(z).
We have d(z) = ¢/(z). By (1.6.14),
d(z) = hlg)+ah'(g)d(z),

i) = h(g)

= — 7 1.6.17
= oh(g) (16.17)
Let g (x,y) be the following exponential generating function
k) z, y Z Z mk (T) n+1/n|
n>0 TeT,
Clearly,
dg
-1 Y9k)
plr)=a"" —— x).
@)=t F0 @
The function g satisfies the equation:
9wy = = (h(gay) + (v = Dhrgy /K.
Then
plx) = xh'(g)p(x) + hig"/k!,
hig"
= : 1.6.18
Let x¢ be the minimal positive number such that
1 — 29 h (g(xo)) = 0. (1.6.19)

Then ¢ is the minimal positive pole of p(x) as well as of d(z). Assume not, then

there is a pole x; of g(z) (or h(g(z))) such that 0 < x; < zq (cf. (1.6.17) and (1.6.18)).

Since h'(t) is unbounded, there is a root of (1.6.19) between 0 and z;. Contradiction.
Therefore, by earlier remark,

ooplx) hi, oF
PR = 0 0 = hl) R

44



where oo = g(zp). The equation (1.6.15) for « follows from (1.6.14) and (1.6.19). O

1.6.3 Asymptotics of characteristic polynomials

It is convenient to introduce the following shift the characteristic polynomial of the
Linial arrangement:

bu(@) = 2"'X02 (g + ) /2).
Then, by Theorem 1.5.7,

o) = (27

5 ) q"' = cosh(D)"¢"".

The first ten polynomials b,(q) are given below:

bi(q) L,

b2(q) q,

bs(q) = ¢°+3,

bi(q) = ¢’ +12g,

bs(q) = q'+30¢*+ 65,

bs(q) = ¢+ 60¢° + 480,

b(q) = ¢°+ 105¢* + 1995¢> + 3787,

bs(q) = ¢ +168¢° + 6160¢* 4 41216¢,

bo(q) = ¢°+252¢° + 157504 + 242172¢° 4 427905,
bio(q) = ¢°+ 360" 4 35280¢° + 10214404> 4 6174720q,

Recall that o = 1.199678640 . .. is a unique solution of the equation
e=0t+1)/t—-1), t>1. (1.6.20)

Theorem 1.6.6 The functions by, (q)/b5,,(0) converges to a limit beyen(q) as m goes
to infinity and
beven(q) = sinh(aq)/a.

Theorem 1.6.7 The functions bay,11(q)/bam+1(0) converges to a limit boaa(q) as m
goes to infinity and
bodd(q) = cosh(aq).

Consider the numbers b, ; given by
bn(Q) - bn,n—lqn_l + bn,n—3qn_3 + bn,n—5qn_5 + bn,n—'?qn_? + ... )

and b, = 0 if n — k is even. Note that b,,_; = 1. Also let b, = by p—1 + by 3 +
bon—s+ - =by(1).
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For example, by, b, ..., b0 =1,1,4,13,96,541, 588, 47545, 686080, 7231801.

We say that T' € 7, is an even tree if the outdegrees dy,ds, ..., d, of all vertices T'
(the root 0 excluded) are even. Equivalently, the degrees of all vertices in T but the
root are odd. Such trees are also called odd degree trees.

By Propositions 1.6.1 and 1.6.2, we obtain the following statement.

Corollary 1.6.8 1. The number b, is equal to the number of all even trees on
the vertices 0,1,...,n such the degree of the root 0 is equal to k + 1.

n—1

2. The number b, is equal to the sum of polynomial coefficients (k .

all even ky,..., k, >0 such thatk+ki+---+k,=n—1.

) over

3. Let
xn
b(r,q) = 14+q) bla)
n>1
p2m+

Then b(x,q) = exp(qg(x)). The function g = g(z) satisfies the functional
equation
g = xcosh(g).

Proof of Theorems 1.6.6 and 1.6.7 — It is enough to show that bay, 2r11/b2m 20 +3
tend to a?(2r +3)(2r +2), and that bay,11.9,/bamr1.2042 tends to a™2(2r +2)(2r + 1)
as m goes to infinity, where « is given by (1.6.20).

By Corollary 1.6.8.2, we have b, j, = ("_1) Cn.k, Where

k
n—k—1
C"vk B Z (kth?"';kn)
Ki,okin
the sum over all even nonnegative kq, ko, ..., k, such that > k;=n —k — 1.
Asymptotically,
bn k Cn,k
— = (k+2)(k+1 ’
bn,k+2 ( )( )n Cn,k+2

as n goes to the infinity with preserving its parity.

Let Méllz be the set of maps ¢ : {1,...,n—k—1} — {1,...,n} such that |¢p~1(:)]
is even for i = 1,...,n. By definition, ¢, is equal to ]Mél,z\

Analogously, denote by MT(LQZ the set of maps ¢ : {1,....n—k—1} = {1,...,n}
such that [¢~'(i) N {1,...,n — k — 3}| is even for i = 1,...,n. It is clear that
n? Cppy2 = \MT(L211|

Also let Mf’g C Mr(f,z be the subset of maps ¢ : {1,....n—k—1} — {1,...,n}
such that ¥ (k) € {¢¥(n — k —2),¥(n — k — 1)} for some k € {1,...,n—k — 3} .
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The simple identity

() =2 (t,) e

>0

implies that |M7S1,2] = \MS’%]

Recall that P(0) = 0.552434 ... is the “probability that a random vertex of a
random even tree has outdegree 0,” which is calculated in Corollary 1.6.5. The
number of elements in Mf,z \ ngglz is asymptotically equal to « |M7§22€|, as n goes to
infinity (k is fixed). The proof of Theorems 1.6.6 and 1.6.7 now easily follows. O
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Chapter 2

Quantum Cohomology of Flag
Manifolds

This part of my thesis contains the results of [17] obtained in collaboration with
Sergey Fomin and Sergei Gelfand as well as the results of [43]. Our notation and
exposition of results are close (though not always identical') to that of [17].

2.1 Introduction

The purpose to this chapter is to present an algebro-combinatorial method for calcula-
tion of 3-point Gromov-Witten invariants of complex flag manifolds and to investigate
its various consequences. These invariants are structure constants of the quantum
cohomology ring of the flag manifold. In a special case, they are the Littlewood-
Richardson coefficients, which are the intersection numbers of Schubert varieties.

A central open problem of Schubert calculus is to find an explicit rule for calcula-
tion of the Littlewood-Richardson coefficients of flag manifolds that would imply that
they are integer nonnegative numbers. For example, one would like to have a combi-
natorial construction of a set, whose number of elements is equal to the corresponding
Littlewood-Richardson coefficient. We extend this problem to that of finding a rule
for the Gromov-Witten invariants. This extension may lead to a way to solve the
problem, since the Gromov-Witten invariants seem to possess more symmetries.

We give below a brief account of definitions and results related to the classical and
quantum cohomology rings of complex flag manifolds as well as formulate our main
results. Although many of the constructions can be carried out in a more general
setup of an arbitrary semisimple Lie group, only the case of type A, _; is considered.

Let Fl, denote the manifold of complete flags of subspaces in the n-dimensional
linear space C™. There are several ways to describe the cohomology ring H*(Fl,, ,Z)
of the flag manifold.

The additive structure of H*(Fl,,Z) can be obtained from the decomposition
of Fl, into Schubert cells, which are indexed by the elements of the symmetric

1One apparent difference is our extensive use of nilHecke rings.
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group S,. According to classical Ehresmann’s result [15], the Schubert classes o,
w € S,, corresponding to these cells, form an additive Z-basis of the cohomology ring
of Fl,.

The multiplicative structure of H*(Fl,,Z) can be recovered from Borel’s theo-
rem [7], which says that the cohomology of Fl, is isomorphic, as a graded ring, to
the quotient of the polynomial ring:

H*(Fl,, Z) = Z[xq, 2o, ..., 2] [ (e, €5, ... en), (2.1.1)

’rn

where e is the i-th elementary symmetric polynomial in zi,...,z, and (ef,...,e})
denotes the ideal generated by the e!'. (The somewhat unusual notation with upper
indices will be handy when we use elementary symmetric polynomials in different
number of variables.) The isomorphism is given by mapping the generators x, ..., z,
into the first Chern classes of n standard line bundles on F'l,, , which are 2-dimensional
cohomology classes.

A way to relate these two approaches to the cohomology ring was found by Bern-
stein, Gelfand, and Gelfand in [5] and Demazure [14], using divided difference op-
erators. Later, Lascoux and Schiitzenberger [31] further clarified this theory by in-
troducing Schubert polynomials &,, € Z[z1,...,x,], w € S,, whose images in the
quotient (2.1.1) represent the Schubert classes o,, . An algebraic formalization and ex-
tension of Bernstein-Gelfand-Gelfand operators was given by Kostant and Kumar [30],
who studied the nilHecke ring.

A quantum version? of the story surfaced when mathematicians, motivated by

ideas of physicists [60, 56], introduced the quantum cohomology ring QH*(X,Z), for
a Kéhler manifold X (see, e.g., [46, 28, 19] and references therein). This ring is
a deformation of the classical cohomology ring, its structure constants are 3-point
Gromov-Witten invariants, which count the numbers of certain rational curves and
play a role in enumerative algebraic geometry.

As a vector space, the quantum cohomology ring QH*(F'l,,, Z) of the flag manifold
is essentially the same as the usual cohomology, and can be described via Ehresmann’s
result. More precisely,

QH*(Fl,,Z) 2 H*(Fl,,Z) @ Z|q1, - - -, Gn-1]-

However, the multiplicative structure in QH*(F,,Z) is different comparing to that

of the classical cohomology and specializes to the latter when ¢; =--- = ¢,_1 = 0.
A quantum analogue of Borel’s theorem was suggested by Givental and Kim [22],

and then justified by Kim [27] and Ciocan-Fontanine [12]. Let E}, EY,...,E' €

n

Zlxy, ..., Zn;q1,- .., qa—1] be the coefficients of the characteristic polynomial
det(1+ACp) =1+ > EIN (2.1.2)
i=1

2The reader should not be confused by our use of the word “quantum.” The quantization that
we discuss in this chapter does not seem to be related, at least at first glance, to quantum groups.
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of the following 3-diagonal matrix

I a1 0 e 0 0
—1 29 q -+ 0 0
0O -1 23 --- 0 0
C, = ) . . . . (2.1.3)
0 0 0 - Ty Gua
o o0 o0 -+ =1 x,
The E} are certain g-deformations of the elementary symmetric polynomials e}’ and
are equal to them when ¢ =--- =¢,_1 = 0.
Givental, Kim, and Ciocan-Fontanine showed that the quantum cohomology ring
of the flag manifold is isomorphic, as an algebra over Z[qi, . .., g,—1], to the quotient
QH*(Fl,,Z) = Zlxy1, ..., Zni Gy - sQua] [ (ET, ... E)) . (2.1.4)

A natural problem is to find the expansion of the quantum product o, * o,, of two
Schubert classes in the basis of Schubert classes, where “x” denotes the multiplica-
tion in the quantum cohomology ring. Equivalently, one would like to calculate the
Gromov-Witten invariants of the flag manifold. We solve this problem, or at least
reduce it to combinatorics. Our construction provides the quantum analogue of the
result of Bernstein, Gelfand, and Gelfand and corresponding deformation of Schu-
bert polynomials of Lascoux and Schiitzenberger. The solution to the above problem
is essentially combinatorial, and only relies on a few geometrical properties of the
quantum cohomology, which are obvious® from its definition.

Let I be a sequence (iy,...,i, 1) such that 0 < i, <k for all k. Define standard
elementary polynomial e; and quantum standard elementary polynomial E; by the
formulas

_ _ 1 n—1
€r = eil...in_l - eil tte ein71 3 (215)

E; = E,

1.fn—1

=E ---E (2.1.6)
where, by convention, ef = E¥ = 1. The cosets of (quantum) standard elementary
polynomials form linear bases in the quotient rings (2.1.1) and (2.1.4).

For w € S, the Schubert polynomial &, can be uniquely expressed as a lin-
ear combination Y aje; of standard elementary polynomials. Define the quantum
Schubert polynomial &% € Zlxy,...,x0;q1,- -, Gn-1] by

&L= arE;. (2.1.7)
1

Our result on the quantum cohomology of the flag manifolds can now be stated
as follows (cf. Theorem 2.3.6).

3almost
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Theorem 2.1.1 [17, Theorem 1.2] The image of a quantum Schubert polynomial &%
in the quotient ring (2.1.4) represents the Schubert class o, in QH*(Fl,,7Z).

We also prove the quantum version of Monk’s formula, which generalizes the
classical Monk’s result [36]. Let s;; be the element of S, that transposes ¢ and j, and
let s; = s;541, 1 = 1,...,n — 1, be the Coxeter generators of S,,. Let us also denote

Qij = QiGiv1 "+ qj—1, for i < 7.

Theorem 2.1.2 (Quantum Monk’s formula) [17, Theorem 1.3] For w € S, and
1 <k < n, the quantum product of Schubert classes o5, and o, s given by

Osy, ¥ Oy = Z Owsqp + Z Qed Owseq (218)

where the first sum is over all transpositions sq such that a < k < b and l(wsq) =
l(w) + 1 (as in the classical Monk’s formula), and the second sum is over all trans-
positions Seq such that ¢ <k < d and l(wseq) = L(w) — €(Sca) = L(w) —2(d —¢) + 1.

The formula (2.1.8) unambiguously determines the multiplicative structure of the
quantum cohomology ring QH*(Fl,,, Z) with respect to the basis of Schubert classes,
since this ring is generated by the 2-dimensional classes o, .

Our proof of Theorems 2.1.1 and 2.1.2 is based on the study of certain pairwise
commuting elements in the nilHecke ring. They allow us to (combinatorially) deform
a commutative ring* equipped with an action of the nilHecke ring. For instance, the
deformation of the cohomology ring of Fl,, is shown to be equal to the corresponding
quantum cohomology ring.

Another approach to the (quantum) cohomology ring of the flag manifold was
recently highlighted by Fomin and Kirillov in [18], where they studied the ring &,
generated by the elements 7;;, 1 <14 < j < n, subject to the relations

E— (2.1.9)
TijTjk = TjkTik + TikTij 5

TikTij = TikTjk + TijTik

Tij Tkl = Tri Tij ,  for distinct ¢, 7, k, and [.

This ring also contains a family of pairwise commuting “Dunkl” elements defined by

== Ti+Y 7 i=12..n. (2.1.10)

j<i k>i

Fomin and Kirillov demonstrated that the subring generated by the 6; is isomor-
phic to the cohomology ring of Fi,. The isomorphism is given by explicitly specifying
that the generator x; of (2.1.1) maps to 6;.

4Tt deformation is also a commutative ring.
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A deformation £ of the ring &, was also given in [18], along with the conjec-
ture that its subring generated by the Dunkl elements is isomorphic to the quantum
cohomology of the flag manifold. We provide a proof to this statement.

The ring £7 is generated by the elements 7;;, 1 < ¢ < j < n, subject to the same
relations with the 7;; replaced by the 7;;, but instead of the relation (2.1.9) we have

O . forj=1+4+1
Tij Tij = { 0 otherwise. (2.1.11)

Define the elements 6; in the ring £9 by the same formula (2.1.10) with the 7;; replaced
by the 7;;. We can now formulate our result as follows.

Theorem 2.1.3 [43, Corollary 3.5] [18, Conjecture 13.4] The pairwise commuting
elements él, e ,én generate the subring in £ isomorphic to the quantum cohomology
ring of Fl,. The isomorphism is given by specifying that the generator z; of (2.1.4)
maps to éz

We deduce this theorem from a certain general Pieri-type formula. The latter also
implies Pieri’s formula for the product in H*(F,,Z) of any Schubert class o,, with
the class 0k, m), where ¢(k,m) = Sp_p415m—k+2 - - - Sp. This rule was first formulated
by Lascoux and Schiitzenberger [31] and proved geometrically by Sottile [50].

Another corollary is an analogue of Pieri’s formula for the quantum cohomology
ring that was recently proved by Ciocan-Fontanine [13], using nontrivial algebro-
geometric techniques. By contrast, our proof is combinatorial, and does not rely
upon geometry at all—once quantum Monk’s formula (2.1.8) is established. Our
proof seems to be new even in the classical case.

In the rest of Introduction we present the general outline of this chapter. In
Section 2.2, we review the necessary background from the theory of classical coho-
mology of the flag manifold, the nilHecke ring, and Schubert polynomials, together
with quantum cohomology definitions. In Section 2.3, we give a combinatorial con-
struction of quantization for a ring equipped with an action of the nilHecke ring.
This construction is based on a certain family of maximal commutative subrings in
the nilHecke ring. In Section 2.4, we study the standard elementary polynomials and
their quantum analogues. In Section 2.5, we define the quantum Schubert polynomi-
als and give a combinatorial proof of their orthogonality property (Theorem 2.5.5).
We prove an axiomatic characterization of these polynomials (Theorem 2.5.7), which
implies Theorem 2.1.1. We also conjecture there even stronger statement (Conjec-
ture 2.5.8). The proof of quantum Monk’s formula, which is given in Section 2.6,
becomes now almost tautological. In that section we also prove a general Pieri-type
formula (Theorem 2.6.3). As corollaries we obtain Theorem 2.1.3 as well as several
other conjectures from [18].
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2.2 Background

2.2.1 Flag manifold and Schubert cells

We start with a short review of the basic results [5, 7] on the classical cohomology of
the flag manifold. Most of the statements below can be extended to any semisimple
Lie group.

Let Fl,, be the flag manifold whose points are the complete flags of subspaces

U=UcUc---cU,=C", dimU; =1, (2.2.1)

in the n-dimensional linear space C™. This is a projective algebraic variety.

A description of the additive structure of the cohomology ring H*(Fl,, , Z) is based
on a decomposition of Fl,, into even-dimensional cells indexed by the elements of the
symmetric group S,, and called Schubert cells. These cells are described in terms of a
relative position of a flag U, with respect to a fixed reference flag V. € F'l,, , as follows.

Let vy,...,v, be a basis in C", and let V, denote the r-dimensional subspace
spanned by vy, vg,...,v,. For w € S,,, define the Schubert cell Q2 as the set of all
flags U. € Fl,, such that, for all k, r € {1,...,n},

dm(Up,NV,) =#{1<i<k,n+1—-w() <r}.

The cell Q2 is homeomorphic to R*™Y=% where | = ¢(w) is the length of w
(the number of inversions). The collection of all ¢ form a cell decomposition
of Fl,. The Schubert variety €, is the closure of €2 in Zariski topology. Let
Q] € Hyn-1)-2(F1, , Z) be the fundamental cycle of €2, . Define the Schubert class

0w =[] € H*(FL,,Z)

as the cohomology class corresponding to the fundamental cycle [€2,,] under the natu-
ral isomorphism H,,,—1)—o/(Fl, , Z) = H%(Fl, ,7Z). The following result of C. Ehres-
mann [15] is classical.

Theorem 2.2.1 The Schubert classes o, w € S,, form an additive basis of the
cohomology H*(Fl,,,Z) of the flag manifold. Thus the rank of H*(Fl,,7Z) is n!.

The manifold Fl, is equipped with the flag of tautological vector bundles 0 =
To CTh C--- C 7,1 C7y; the fiber of 7; at the point (2.2.1) is the subspace U; .
Consider the ring homomorphism

p: Zxy,. .., x, — H(Fl,,Z) (2.2.2)

given by p(z;) = —ci(7;/Ti-1), where ¢,(7;/T;-1) € H*(Fl,,,Z), i = 1,...,n, is the
first Chern class of the line bundle 7;/7;_1. Let J,, = (e}, e, ..., €}) be the ideal in
2|y, ..., x,] generated by the elementary symmetric polynomials e = e;(z1, ..., x,).
Equivalently, 7, is generated by all symmetric polynomials without constant term.
The following classical result is due to A. Borel [7].
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Theorem 2.2.2 The map p is epimorphism. The kernel of p is the ideal J,,. Thus
the map p induces the isomorphism of graded rings

Zlar, ... 0]/ T0 = H(Fl, L), (2.2.3)

In particular, H?(Fl,,, Z) is spanned by the classes p(z;) = 05, — 0, ,,i=1,...,n,
where, by convention, o,, = 0. There is an explicit rule for multiplying any Schubert
class by a 2-dimensional class oy.

Theorem 2.2.3 (Monk’s formula [36]; cf. also Chevalley [10]) We have, for any
weS, and 1 < k <n,
Osp, Ow = Z Ows;j »

where the sum is over all transpositions s;; such thati <r < j and l(ws;;) = £(w)+1.

2.2.2 NilHecke ring and Schubert polynomials

Bernstein, Gelfand, and Gelfand [5] and Demazure [14] suggested a procedure, based
on divided difference recurrences, that can be used to compute the elements of the
quotient ring Z|xy, ..., z,]|/J, which correspond to the Schubert classes. Even more
explicit combinatorial representatives called the Schubert polynomials were then dis-
covered by Lascoux and Schiitzenberger [31]. In this section, we review the main
definitions and basic facts of this theory. For more details see, e.g., Macdonald [35].

In the symmetric group S, , let s; denote the adjacent transposition (a Coxeter
generator) that interchanges ¢ and ¢ + 1. For a permutation w € S,,, an expression
w = 8;,8;, - -s; of minimal possible length is called a reduced decomposition of w,
and [ = {(w) is the length of w. For example, the transposition s;;, ¢ < j, that
interchanges 7 and j has a reduced decomposition s;; = s;5;41 - 5j_25;-15j-2...5; -

The nilHecke ring N'H,, (see [30] for a general definition) is the ring with 1 gener-
ated by pairwise commuting elements x1, X2, . - ., Xn and the elements 0,05, ...,0,_1
satisfying the following nilCoxeter relations:

0;,0; =0;0; for|i—j|>1,
0; 0i41 0; = 0i41 0; Oig1 (2.2.4)
92 =0,

and also the relations involving both sets of elements:
0ix;=x;0; forj#i,i+1,
Oixi = Xir1 O +1, (2.2.5)
Oixi+1 =Xi0i — 1.

For a permutation w, define the element 9, € NH, by d, = 0;, -+ 0;, where
Siy -+ 8i, is a reduced decomposition for w. It follows from relations (2.2.4) that d,

55



does not depend on the choice of such reduced decomposition. Moreover, for any two
permutations v and w

| O it l(vw) = L(v) + L(w)
DO = { 0  otherwise. (2.2.:6)

Clearly the polynomial ring Z[x1,..., X»] is a subring of N'H,. Every element h
in A’H,, can be uniquely written as the sum h = " fu,(x) 0w , where the f,, are some
polynomials in the x; . Analogously, it can be uniquely expressed as h = >, 0y gu(X),
with g, € Z[x1, -, Xnl-

The symmetric group acts on polynomials f = f(zy,...,2z,) by permuting the
variables x;. Explicitly, w f = f(zy-101),...;Tw-1(n)), for w € S,. In the same
fashion S, acts on Z[x1, ..., Xnl-

The nilHecke ring also acts on the polynomial ring Z[z1, ..., x,] as follows. The
element ; acts as the operator of multiplication® by ;. The action of the element 0
is given by the divided difference operator:

O f= (i —zip1) "1 —s) f. (2.2.7)

One easily checks that Z[x1, ..., z,] is invariant under J; and that these operators sat-
isfy the nilCoxeter relations (2.2.4). The operators corresponding to the elements 0,
are also called the divided difference operators. The reader should not confuse 0, f,
which stands for the product of 9, and f in N'H, , with 9, - f, the latter always
denotes the result of applying the operator 9, to f. Note that the action of N’H,, on
the polynomial ring is exact.

The following “Leibniz formulas” hold the nilHecke ring N'H,, (cf. [35, (2.2), 2.13]).

Proposition 2.2.4 e For any polynomial f € Z[x1, ..., Xn] C NH, and any i,

where f(xq,...,x,) = f -1 is the result of substituting the x; in place of the x;
i f. In particular, 0; commutes with any polynomial which is symmetric in x;
and i1 -

e For a linear form f =\ x;i € NH, , we have

aw f = (U)f) aw + Z()\’L - >\]) awsij ) (229)
where the sum is over all i < j such that {(ws;;) = {(w) — 1.

Let 6 = 0, = (n—1,n—2,...,1,0) and 2° x5 “---x,_1. For each

n—1
= xl
permutation w € S, , the Schubert polynomial &, € Z[x1,...,x,] of Lascoux and

n—2
2

5Notational remark. To avoid confusion, we decided to use two different sets of variables: the z; —
the generators of the polynomial ring—and the y; € ANH,, , which act on the polynomial ring by
multiplication by the x; (cf. also the elements X; defined in Section 2.3).
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Schiitzenberger is defined by applying the divided difference operator to z°:
Gw = aw*lwo : m67
where w, is the longest element in S,,, given by w,(i) = n 4+ 1 — i. Equivalently,

Sy, =2° and Gus, = 0; - S, whenever ((ws;) =/l(w)—1.
(2.2.10)

More generally, for v, w € S,

0, &, — { Gyt if L(wv™) = L(w) — £(v), (2.2.11)

0 otherwise .

The following fundamental result is an immediate corollary of [5] (cf. also [14]).

Theorem 2.2.5 The Schubert polynomials represent Schubert classes under the iso-
morphism (2.2.3), i.e., p(Sy) = 0y.

The Schubert polynomials have the following orthogonality property (see, e.g.,
(35, (5.4)]). For a polynomial f, define

(f) = (O, - 1)(0,...,0) . (2.2.12)

Theorem 2.2.6 For u,v € S,

1 if v=w,u,

(6 6y) = { 0 otherwise. (22.13)

2.2.3 Quantum cohomology and Gromov-Witten invariants

As an abelian group, the (small) quantum cohomology of the flag manifold Fli, is
nothing more than the usual cohomology tensored with a polynomial ring:

QU*(Fl, ,Z) = H*(Fl,,Z) ® Zq1, - . ., Gr] - (2.2.14)

Everywhere in this chapter the letter ¢ will denote the collection of g1, q2,...,¢n_1;
and Z[q] will always stand for the ring Z[qi, . .., gn—1]. Likewise, z will abbreviate the
collection of the ;.

The multiplication in QH*(FI,,,Z) is a Z[q]-linear operation that is defined by
specifying its structure constants. These can be expressed via Gromov-Witten invari-
ants, to whose geometrical definition we now proceed, see [2, 6, 12, 16, 19, 22, 25, 26,
28, 29, 46] for details.

The homology classes [2,5,], ¢ = 1,...,n — 1, of two-dimensional Schubert vari-
eties form a linear basis in Hy(F1,,Z). We say that an algebraic map f : P! — Fl,
(or a rational curve in Fl,,) has multidegree d = (dy, ..., dp_1) if fo[PY] = di[Qus,] -
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The d; should be nonnegative integer numbers. The moduli space My(P', Fl,) of
such maps is a smooth algebraic variety of dimension

D= (Z) + 2§di . (2.2.15)

For a subvariety Y C Fl,, and a point ¢ € P!, let us denote
Y(t)={f € My(P" Fl,) | f(t) €Y} (2.2.16)

The codimension of Y () in M4(P!, Fi,) equals the codimension of Y in Fl,.

Let wy,...,wy € S,. The Gromov-Witten invariant® associated to the classes
Ow,s - - -, 0wy 1s defined as follows. Let gy, ..., gy be generic elements of GL,, , and let
t1,...,ty be distinct points in P!. Define

# of points in [ (9;Qw,)(t;) if D l(w;) = D,
0 otherwise. (2.2.17)

(awl,...,owN>d:{

The condition > ¢(w;) = D ensures that this cardinality is finite. These invariants
independent of the choice of points ¢; € P! and generic linear transformations g;.

In other words, the invariant (oy,,...,0w,), is the number of of rational curves
in Fl, which have multidegree d = (di,...,d,—1) and pass through some general
translates of Schubert varieties ,,,,...,y, .

Only 3-point Gromov-Witten invariants (for N = 3) are needed to define the
quantum product. The (geometrical) quantum multiplication in the space (2.2.14) is
the Z|[g]-linear operation * given in the basis of Schubert classes by

Oy * 0y = Z Z G (Tus Oy Ow) g Tugro (2.2.18)

weSy d

for any permutations v and v, where d = (dy,ds,...,d,_1), and ¢* = ¢** - 'qZ’fll.
This operation is commutative and, remarkably, associative (see [46, 33]).

By definition, the quantum cohomology ring QH*(Fl,,Z) of the flag manifold is
the linear space (2.2.14) equipped with the operation * of quantum multiplication, as
defined above.

The Gromov-Witten invariants (o, 0., 0y,) (0,0,0) &€ the usual intersection numbers
of Schubert varieties, thus the quotient of QH*(Fl,,Z) modulo the ideal generated
by the ¢; is the ordinary cohomology ring (or, equivalently, the Chow ring) of Fl,.

It can also be shown that the quantum product of several classes is expressed

6This is a special case of a more general Gromov-Witten mixed invariant defined in [46].
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through Gromov-Witten invariants as follows. For any wy,ws, ..., w,, € S,,

o § :E d
O'wl*"'*o-wm— q <O-’u}17"‘70-wm7UUJ>d O-TUOUJ7

weS, d (2.2.19)

where, as before, ¢? = ¢{* - q;li’ll for d = (dy,...,dn_1). Therefore, any Gromov-
Witten invariant can be expressed via 3-point invariants using the associativity con-
dition.

The following description of the quantum cohomology ring of the flag manifold
was suggested by Givental and Kim [22], and then justified by Kim [25, 26] and
Ciocan-Fontanine [12]. Let J9 be the ideal in the ring Z[g][z1, ..., x,] that is gener-
ated over Z[g| by the coefficients ET, ..., E" of the characteristic polynomial of the
matrix C,, given by (2.1.3).

Theorem 2.2.7 [22, 25, 26, 12| The quotient Z[q|[x1,...,x,]/ T2 is isomorphic,
as an algebra over Z[q], to the quantum cohomology ring QH*(Fl,,Z) of the flag
manifold. The isomorphism is determined by specifying that the polynomial x1 + xq +
-+ 4 x; maps into the Schubert class og,, fori=1,... n.

2.3 Combinatorial Quantum Multiplication

In this section we give a combinatorial construction of quantization. First, we describe
a certain commutative subring in the nilHecke ring. Then, using this subring, we show
how to quantize a ring equipped with an action of N'H,,.

2.3.1 Commuting elements in the nilHecke ring

Let us recall that Z[q] = Z[q1, - - ., ¢n—1]. Let NHL = N'H,, ® Z[q| be the nilHecke ring
with coefficients in Z[g|. It will be convenient to denote ¢;; = ¢;qi+1 - - - ¢j—1 for i < j.
Let X1, Xs, ..., X, be the elements of the nilHecke ring N’H? given by’

X = Xk — Z ik Oiry + Z Qrj Okj) 5 (2.3.1)

1<i<k k<j<n

where () = 0s;; = 0i0iq1 -+ 0j 205 10; o+ 0; is the element of NH{ that corre-

sponds to the transposition s;;.

"These elements and the theory developed below in this section can be extended to any semisimple
Lie algebra (and, probably, any Kac-Moody algebra). In the associated nilHecke ring there is a family
of commutative subrings generated by the elements

F+Y_a*(f,aY) 0y,
where f € b* is an element of dual Cartan subalgebra, the sum is over positive roots a € & such

that £(sq) = 2|a — 1, and ¢* = ¢i* - - - ¢;* for &« = c1a1 + - - + ¢y . Note that J;, is the product of
2|a| — 1 generators corresponding to a reduced decomposition of the reflection s, .
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Notice that the X; are homogeneous degree 1 elements in N’H? assuming that
deg(x:) =1, deg(0;) = —1, and deg(g;) = 2.

The following statement is essentially our Theorem 5.1 from [17], it is also related
to Lemma 2.6.2 given in this chapter below.

Theorem 2.3.1 The elements Xy, Xs, ..., X, in the nilHecke ring NHL commute
pairwise. They are algebraically independent over Z|q].

To prove this result, we need the following lemma, in which [z, y] = zy — yz is the
usual commutator.

Lemma 2.3.2 The following commutation relations hold in N'H,, .

1. [O(ac), Xp) = 0 unless a < b < c.
2. [a(ab)a Xa + Xa+1 + -+ Xb] =0.
3. [O(ab): Oteay) = 0 unless b=c or a =d.
4. For a <b < ¢, we have [O(ac), Xs| + [O(ab): Ope)] = 0.
Proof — 1. The element y; commutes with d; unless j =i or j =4 — 1.
2. Follows from x, + - - - + X, being a symmetric polynomial of x,, ..., Xs.
3. Clearly, [O(ap); Ocay) = 0 unless a < c <b<dorc<a<d<b. In the latter case

E(sabscd) < E(Sab) + f(Scd) and thus 8(ab)8(cd) = 5(Cd)a(ab) =0 by (2.2.6).
4. From the “Leibniz formula” (2.2.9) with w = s,., we obtain

a(ac) Xb = Xb a(ac) - 85(105(117 + asacsbc )

which is equivalent to the claim. 0
Proof of Theorem 2.3.1 — By (2.3.1) and Lemma 2.3.2, we have, for a < b:

[(Xa, X)) = [Xa» X — Xb) + [Xa — Xas Xb) + [Xa — Xa» X — X0

= [Xa7 - Z Qib 8(¢b)] + [Z Gaj O(aj), Xb]
i<a

Jj=>b
+ > i [0iay Oa)] + Y daj [Oaby Qo) = D ab [Oaiy; D)
i<a Jj>b a<i<b

= —qab [Xaa a(ab)] + Qab [a(ab)a Xb] + Qab Z [a(ab)a Xz]

a<i<b
= {Gab [8(ab)aXa + Xat+1+ - +Xb] = 07

as desired.
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The nilHecke ring N’H? and thus the elements X}, ..., X,, act on the polynomial
ring Z[q|[x1, ..., x,] via divided difference operators. Since the element A; is equiv-
alent, modulo the ideal generated by the g;, to the element ; in the nilHecke ring,
we have Z[q|[X1, ..., X,] - 1 = Z][q][x1,. .., x,]. The dimension argument shows that
the X are algebraically independent over Z[q]. O

Theorem 2.3.1 implies that the elements X; generate a commutative subring®
Z[q)[X] = Z[q][ A4, . .., X,) in NHE isomorphic to the polynomial ring in n variables
with coefficients in Z[q].

2.3.2 Combinatorial quantization

Let R be a module over the nilHecke ring N’H,, with an element v such that 9;-v = 0
for all ¢ and N'H,, - v = R. The polynomial ring Z[x] = Z[x1, ..., xn] C N'H,, then
acts on R, and Z[x] - v = R, due to (2.2.5). The module R is a quotient of Z[x] and,
thus, is endowed with a ring structure. In this ring v = 1, the identity element.

Equivalently, one can define R as the quotient ring Z|[x1, ..., z,]|/Z, where T is an
ideal invariant under divided difference operators given by (2.2.7). It can be shown
that every such ideal 7 is generated by a sequence of symmetric polynomials. The
nilHecke ring then acts on R ; the 9; act by divided differences and the element x; acts
as the operator of multiplication by x;. By a slight abuse of notation, the x; denote
both generators of the polynomial ring and their cosets in R. Two basic examples are
the polynomial ring R = Z[x1,...,x,) and R = Z|xy, ..., x,]|/ T, the quotient (2.2.3).

Given this data, we construct a quantum deformation R? of the ring R as follows.
As a linear space, R? is the tensor product R ® Z[q]. The subring Z[g|[X] in the
nilHecke ring N’HZ acts on RY by Z[g|-linear transformations and Z[¢][X] - 1 = R%
The linear space R? is then isomorphic to a quotient of Z[g|[X] and, thus, inherits its
multiplicative structure. We will denote this new product on R? by *.

We have actually proved the following statement.

Proposition 2.3.3 There is a unique Z[q]-linear associative operation * on RI =
R ® Z[q] such that, for any generator x; and any g € R,

Moreover, the operation % 1is commutative.

Definition 2.3.4 The operation * that satisfies the conditions of the proposition
above is called the combinatorial quantum multiplication (as opposed to the opera-
tion * defined geometrically in Section 2.2.3). This operation makes the space R? =
R ® Z[q] into a commutative and associative ring called combinatorial quantum de-
formation of the ring R. The tautological map

R® Z[q] — RY (2.3.2)

8In fact, it is a maximal commutative subring in the nilHecke ring.
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is called the quantization map. This map is an isomorphism of Z[g]-modules (but by
no means a homomorphism of rings).

It is clear that the quotient of the ring R? modulo the ideal generated by the g;
coincides with R.

The combinatorial quantum deformation of the polynomial ring Zlxy, ..., z,| is
isomorphic to the polynomial ring over Z[qg]. The quantization in this case is the map
that maps a polynomial f = f(z1,...,z,) to the polynomial u(f) = F(xy,...,x,)
such that

F(Xy,..., %) 1= f(z1,...,2,).

The *-product of several generators is given by

Ty ¥ Tiy ¥ - %2, = Xy, Xy - Xy - L
For example,
o — 2
T1*T1 =27+ q1,

T1*Tg = To*xT1 = T1T2 — (1,

T1¥T1 %X = x:{’ + 2121 + Lo

This implies the following formulas for the quantization map:

,U,(.f%) = ‘x% —dq1,

p(r1xe) = 2129 + @1

() = ot — 2q1x1 — quaa

Recall that R is the quotient ring modulo an ideal Z C Z[z1, ..., x,] generated
by a sequence of symmetric polynomials. (By Hilbert’s basis theorem, it is always
possible to find a finite sequence of symmetric generators.)

Proposition 2.3.5 Suppose that R = Z[xy,...,x,]/Z is the quotient ring modulo
the ideal T = (f1, f2,...) generated by a sequence of symmetric polynomials f;. The
combinatorial quantum deformation of R is the ring R1 = Z[q||x1, ..., x,|/Z?, where
I = (Fy, Fy,...) is the ideal generated by quantizations F; = p(f;) of the f;.

Proof — Clearly R? is the polynomial ring modulo the ideal 79 such that F' € 71
if and only if FI(Xy,...,X,) -1 € Z. All polynomials F; = u(f;) are in Z¢9. The
dimension argument shows that Z9 = (Fy, Fy, .. .). d

This proposition shows that ©(Z) = Z9. The quantization (2.3.2) can be described
as the map that maps the coset of a polynomial f modulo the ideal Z to the coset of
the polynomial p(f) modulo the ideal Z9.

The most important for our purposes example is the cohomology ring of the flag
manifold: R = H*(Fl,,7Z). By Borel’s result (2.2.3), it is isomorphic to the quotient
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Zlxy,...,x,]/ T . The nilHecke ring acts on R via divided differences. The quanti-
zation R? of R is the quantum cohomology ring QH*(Fl,,Z) of Fl, , as defined in
Section 2.2.3, due to the following statement.

Theorem 2.3.6 The operation * of combinatorial quantum multiplication on the
space Zlq) @ H*(Fl,,Z) coincides with the operation x of geometrical quantum multi-
plication, as defined in Section 2.2.3.

As we will see, this theorem is is essentially a reformulation of Theorem 2.1.1 from
Introduction. Until we prove these theorems in Section 2.5.3, we will distinguish the
geometric and combinatorial quantum multiplications.

The construction of the combinatorial quantum multiplication and the quanti-
zation map can be easily carried out for the polynomial ring R = Z[z1,xs,...] in
infinitely many variables. Let us denote by X, the analogue of the element X}, in the
infinite case. Explicitly,

k—1 0
X = Xk — Z ik Oiny + Z Trj Okj) - (2.3.3)
i=1 j=k+1

The X, involve infinite sums, but only finitely many terms survive in X, - f. Thus the
action of the X, on the polynomial ring RY = Zlq1, q2, - . . |[x1, 22, . . .| is well-defined.
This action allows us to define the combinatorial quantum multiplication * on R?.
The quantization map p: R ® Z[q1, q2,...| — R? is now given by

/,Llfl—>F, F(/ﬂ,.??g,...)-lzf(:pl,xg,...). (234)

2.4 Standard Elementary Polynomials

In this section we give another description of the quantization map. First, the case
of the polynomial ring in infinitely many variables is considered. Then we specialize
results to finitely generated rings.

2.4.1 Straightening
Let ef = e;(zy,...,11) be the i-th elementary symmetric polynomial of xy,. .., xy:
k
€ = Z Tj T+ Ty
1<51<je<-+<gi<k
By convention, elg =1 for k£ > 0, and ef =0 unless 0 <17 < k.

The polynomials e generate the polynomial ring Z[x1, Zo, .. .] in infinitely many

variables because xj, = ef — e¥~!. They satisfy the following obvious recurrence:

ef = e pagell (2.4.1)

7
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Lemma 2.4.1 Fori,j,k > 1, the following relations hold:

(b — ebyeb_, = (b — eb) ek, (2.42)
efel = el + ZekH e — Zef_lefﬁ : (2.4.3)
1>1 1>1
Proof — By (2.4.1), we have <€?+1 — eh) eé‘;l = xk+1€§4€§71 = (efJrl — eé‘?) ek ..
Equation (2.4.3) follows from (2.4.2). O

Lemma 2.4.2 For ¢ > 0 and k,l > 1 we have O, - ef = Oy ef:ll, where 0y 1s the
Kronecker delta. In particular, 8; commutes with the multiplication by eF if k # 1.

Proof — 1If k # [, then 9 - e¥ = 0 because e¥ is invariant under interchanging x; and

Try1. For k = [ is it easy to check that O - e = ef 11 The second statement then

follows by (2.2.8). O
For I = (i1,...,4,) such that 0 < i, <k, let

€1 = iy, = €1 Ef (2.4.4)
We will call e; a standard elementary polynomial. (These are the polynomials Py
of [31].) In other words, a standard elementary polynomial is any product of the ef
without repetitions of upper indices k.

Proposition 2.4.3 (Straightening) [17, Proposition 3.3] The set of all standard
elementary polynomials forms a linear basis in L[z, xa, .. .].

Proof — We will first show that every polynomial f € Z[x1, xs,...] is a linear combi-
nation of standard elementary polynomials. As noted above, f is a linear combination
of some products of the ef. Choose such a linear combination and apply to it the
following straightening algorithm.

Suppose that some term in this combination is not standard. Find a term which
has some of its upper indices k repeated, With the smallest possible value of k. Say,
this term contains efe?. Then substitute e¥ by the right-hand side of (2.4.3). Note
that, because of our ch01ce of k, we will not create any new repetition of upper indices
with a smaller k. Repeatedly using this procedure, we can express f as a combination
of standard elementary polynomials.

Now let us show that all standard elementary polynomials are linearly indepen-
dent. For suppose not. Find a nontrivial linear relation L With terms of minimal
possible degree. Let k be the minimal index such that some e¥, i > 0, appears in
some term in L. By Lemma 2.4.2, applying 0, annihilates every term not containing

ek, i > 0, whereas 0y - eFe k+1 ce= ef 116k+1 -+, Therefore applying 0y to L results
in a nontrivial linear relatlon with terms of smaller degree. Contradiction. 0J
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Recall that 7, is the ideal in the polynomial ring Z[z1, . .., x,] that is generated by
et,...,er. Let H, C Z[xy,...,z,] denote the n!-dimensional Z-linear space spanned

by all monomials z{'z3 - - - z"7' such that 0 < ay <n—kfork=1,...,n—1. The
following result appears in [31] and [32, (2.6)-(2.7)]; see also [35, (4.13)].

Proposition 2.4.4 The subspace H, is complementary to the ideal [J,. FEach of the
following families of polynomials is a Z-linear basis of the space H,:

e the monomials x$* - - zo"' such that 0 < ap, <n —k;

o the standard elementary polynomials €;,i,. 4, , ;
e the Schubert polynomials &, for w € .5, .

Thus, the corresponding cosets modulo [J,, form Z-linear bases of Zlxy, ..., xn|/ Ty -

Proof — First note that e;,, ., , € H, . By Proposition 2.4.3, these standard poly-
nomials are linearly independent. As the number of them is n! = dim H,, , they form
a linear basis of H,,. The same arguments work for the Schubert polynomials &, ,
which belong to H,, since &, = 2" '3~ %... € H,, and H, is invariant under the 0,

(cf. (2.2.10)).
Then observe that the quotient Z[z1, ..., x,]/J, is equal to

Zx1, o Ty X1, Tgay - - /(€€ Tpi1, Tngay - ) - (2.4.5)

The ideal in (2.4.5) is generated by the standard elementary polynomials which are
not of the form e; ;, ;, ,. It follows from Proposition 2.4.3 that the cosets of the
polynomials €;,;, ;. ., exactly n! in number, form a basis in Z[zy,...,2,]/J,. In
particular, the dimension of the latter is n!. The same holds for the cosets of Schubert
polynomials G,, , which are related to the standard elementary polynomials by a non-
degenerate linear transformation. 0

2.4.2 Deformation

We show how to quantize the basis of standard elementary polynomials. First we find
the quantum deformations of the elementary symmetric polynomials e¥ .

Recall that EF = E;j(xy, ..., 25 q1, - - -, qr_1) is the coefficient of A’ in the charac-
teristic polynomial (2.1.2) of the 3-diagonal matrix (2.1.3), where n is replaced by k.
By convention, Ef = 0 unless 0 < i < k. Alternatively, one can define the Ef’ via the
following recurrence relations:

Ef = Ef_l + xkEf:ll + Qk—lEf:g )
(2.4.6)
EF=1.

for any k > ¢ > 1, where we assume ¢y = 0.
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It is not hard to calculate the EF explicitly using the following monomer-dimer
interpretation. Let us associate with each variable x; the “monomer” {;j} and with
each ¢, the “dimer” {r,r + 1}. Then E¥ is the sum of all products of the z; and g,
which correspond to disjoint collections of monomers and dimers covering ¢ distinct
elements of the set {1,2,...,k}. The number of monomials in E¥ is thus equal to the
k-th Fibonacci number.

For a polynomial F(xzy,x,,...), we denote F(X) = F(Xy, Xy, ...) the result of
substituting the elements X; given by (2.3.3) in place of the ;.

Theorem 2.4.5 [17, Proposition 5.4] Let f be a polynomial in Z[xy,xs,...] which
is symmetric in the variables xy,...,Tpy1. Then EF(X) - f = e¥ f. Equivalently,
ekxf=elf.

Proof — Induction on k. If k = 0, then EJ(X)- f =€) f = f. Suppose k > 0. Then,
using the induction hypothesis, Lemma 2.4.2, (2.4.1), and (2.4.6), we obtain:

Ef(X) - f = (Bf7H(X) + BETHX) + g BIF (X)) - f

= e+ X (L) + e f

k—1 k-1 k—1 k-2
=€ f+ Tp€; 1] — Qkflakflei_l [+ dk—1€;_9o f
k-1 k-1p K
=e [rme f=¢ [,
as desired. O

Corollary 2.4.6 The polynomial E¥ is the quantization u(e¥) of the elementary sym-
metric polynomial ef.

Proof — Set f =1 in Theorem 2.4.5. O

In particular, the quantization map sends the generators e}, + = 1,...,n, of the
ideal J,, to the generators E7* of the Givental-Kim ideal J7.

For a sequence (i1, ...,%,) such that 0 < iy < k, define the standard quantum
elementary polynomial E; by

E;=FE; i, =FE - E".

1...m Tm

Theorem 2.4.7 [17, Theorem 5.5] For I = (i1,...,4y), the polynomial E; is the
quantization p(er) of the standard elementary polynomial ey defined by (2.4.4).

Proof — Repeatedly using Theorem 2.4.5, we obtain:

EzllEZZ<X) .1 = E}l--~E.m_1(X)-em

Im—1 im

:Eill...Em_2(X).(em_lem):...:61 "‘6m7

Tm—2 Im—1 tm
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as needed. O

This theorem gives the following description of the quantization map (2.3.4). It
is a unique map p, linear over Z[q, ga, . . . |, that maps the basis elements e; to the
corresponding Ej :

poer— Er forall I = (iy,...,0m).

The monomer-dimer combinatorial construction can be used to describe the quan-
tization of any square-free monomial x, = x4, %4, ---. Namely, consider the graph
whose vertices are the a;, and whose edges connect a; and a; if |a; — a;| = 1. As-
sign weight z,, to the vertex a; and weight ¢,, to the edge (a;,a; + 1). Then every
matching in this graph (i.e., a collection of vertex-disjoint edges, or dimers) acquires
a weight equal to the product of weights of its dimers multiplied by the weights of
left out vertices. The sum of these weights, for all matchings, is the quantization of
the monomial z, . A similar rule for computing the inverse image (dequantization) of
a square-free monomial can be obtained using Mébius inversion.? The only difference
from the quantization rule is in replacing each ¢; by —g; .

Proposition 2.3.5 and Corollary 2.4.6 imply that the combinatorial quantum de-
formation of the cohomology ring R = H*(Fl,,Z) = Z[z1,...,x,]/T is the quo-
tient ring R? = Z[q|[x1, ..., x,]/J4, which is canonically isomorphic to the quantum
cohomology ring QH*(Fl,,Z), due to Theorem 2.2.7. Thus the quantization map
establishes an isomorphism of Z[g|-linear spaces

H*(Fl,,Z) ® Z[q] — QH*(Fl,,Z).

This however does not prove Theorem 2.3.6, which now amounts to claiming that the
quantization map is the tautological identification of the spaces in the right-hand side
and the left-hand side of (2.2.14).

Recall that H,, is the Z-span of the monomials z{' ---z," 3" such that 0 < a; <
n — k for all k. Let us also denote H! = H,, ® Z[q].

Corollary 2.4.8 The space H! is invariant under the quantization map, and is com-
plementary to the ideal J2. The polynomials E;, ;. | form a Z[q]-linear basis of HY .
Thus their cosets form a Z[q]-basis of the quotient Z[q|[x1,. .., x,]/TJ.

Proof — By Proposition 2.4.4, the space H, is spanned by the standard elemen-
tary polynomials ey, I = (iy,...,4,-1). Consider their quantizations u(e;) = Ey.
Each factor El’fc in E; is a square-free polynomial in xy,...,z,. Hence every mono-
mial z{'---z."7" in the expansion of E; satisfies the condition ay < n — k. Using
Proposition 2.4.4, we conclude that £y € H?. Hence this space is invariant under
quantization. Since the quantization map is a Z[g]-linear isomorphism that fixes HZ
and sends the complementary ideal 7, to J¢ (see Propositions 2.3.5 and 2.4.4), it

follows that H? is complementary to J¢, and the E; form a basis in H?. U

9In general, for monomials with squares, this simple method of dequantization does not work.
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Proposition 2.4.9 [17, Proposition 6.2] For any g € HY, and any polynomial f
symmetric in Ty, ...,T,, we have gx f = gf.

Proof — By Corollary 2.4.8, it is enough to consider the case when ¢ = E;, ; .
The statement then follows by repeatedly applying Theorem 2.4.5. U

Theorem 2.4.10 In the nilHecke ring NHL the element el(xi,...,xn) coincides
with the element EM(Xy, ..., X,). Thus in the ring Z[q|[x1, ..., z,] the combinatorial
quantum multiplication by e} coincides with the usual multiplication by e :

elfxg=celyg, for any g € Z[q)[z1, ..., x,].

Proof — Since the action of the nilHecke ring on the polynomial ring is exact, it
suffice to show that EI'(A), ..., A,) - g = e g for any polynomial g € Z[q][z1, ..., z,].

The polynomial g belongs to the space Hj for some N > n. Let us expand
g in the standard elementary polynomials e;, ;,_,. By Proposition 2.4.9, we have

eNxg= EZN(./'\AH, e ,égN) g = e g. The statement easily follows, because e = el
EN = E and X; = X; modulo the ideal (X411, .., TN, Gn, -, qN-1), O
More generally, the following identity holds in the nilHecke ring N’HY .
Theorem 2.4.11 For every 1 < k < n, we have
00y O (BF(XL,..., ) —ef(x1,...,xx)) =0. (2.4.7)

Proof — For a fixed k, let X, denote the element of the nilHecke ring N'H? given by

X, = Xa — Z ia Oia) + Z Gaj Oaj) -

1<i<a a<j<k

In other words, fa is the image of the element X, in N’H} under the standard embed-
ding NH] € NHZL . Then X,— X, = Z?:kﬂ (aj Olaj) - Let us substitute X, + (X, —X,)
instead of the X, in (2.4.7) and then expand.
Theorem 2.4.10, with n replaced by k, implies

EF, . X)) =€ (xa, o xa) -
To prove (2.4.7), it is thus sufficient to show that

0y O Xy Xiy - Xy, Oay) = 0, (2.4.8)
forany 1 <ig1 <ip<---<i,<a<k<j.

Lemma 2.4.12 For ¢ < d, we have (0c0ct1 -+ 0g)(0eOcr1 -+ ) = 0.
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(The proof is left to the reader.'?)
Notice now that 0(aj) = (0a0a+1---0j—1) - --. The only term in Xj which does not
either commute with 0,0,41 - - - 9,1 nor vanish upon composition with 9,0,+1 - - - 0j_1

iS i, o O3, o) - Moving all irrelevant factors to the right, we can write the expression
in the left-hand side of (2.4.8) as

O O Xy - X (03,05, 41+ Dj_1) -~ .
Repeating this trick r times, we deduce that this expression is equal to
Oy O (805,41 0j1) - =0,
as desired. U

The following quantum analogue of (2.4.2) can be used for the quantum straight-
ening algorithm.

Lemma 2.4.13 Fork>7>0,k>1>0,
EXEE + B, B+ BV BS = BYEMA + B B + BN Y.
Proof — By (2.4.6),

EF(EF — EY,) = EF (w1 BF + @ Ef )

E¥ (B — EF) = EF (xpn EF + @B .

Subtracting the second equation from the first, we obtain the claim. O

2.4.3 Straightforward deformation

Let R = Z[z1,...,x,]/Z be the quotient of the polynomial ring modulo the ideal 7
generated by a sequence of symmetric polynomials f;. Proposition 2.3.5 says that
the combinatorial quantum deformation of the ring R is the quotient ring R? =
Zlq]|x1, . .., x,)/Z9 modulo the ideal Z9 generated by quantizations F; of the f;. It is
thus important to find the quantization of any symmetric polynomial.

For any partition A = (A1, Ag, ..., N), Ay > Ag > -+- > X >0, let
ey :e§163‘2~~e’;l.
Analogously, we define
EY =EY EY, - EY .

Recall that the e} form a Z-basis in the ring of symmetric polynomials of zi, ..., z,
(see, e.g., [34]). Thus any symmetric polynomial is a linear combination of the €% .

10Hint: Use the fact that £(w?) < 20(w) for w = $.Sc41 -+ Sa-
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Corollary 2.4.14 The quantization p(ey) of the symmetric polynomial € in the ring
Zlzy, ..., x,] is the polynomial EY . The same, of course, holds for quantizations in
the ring R = Z|xy,...,x,]/T of cosets of the €% .

Proof — The polynomial e} is not standard, but it is equivalent to the standard

elementary polynomial e, e’;jl e ei\LlJrl_l in Z[xy, ..., Tye—1] modulo the ideal gener-

ated by Zy41,...,Tpyi—1. The statement now follows from Theorem 2.4.7, since EY
is equivalent to EY - ~Ef\ll+l’1 modulo the ideal (Zp 41,y Tnti—1,@ny - -+ Guii—2).

It is thus possible to quantize any Schur polynomial via its expression as the
Jacobi-Trudy determinant. Let X' be the partition conjugate to A, see [34].

Corollary 2.4.15 In the ring Z[z,, . .., x,], the quantization of the Schur polynomial

sy = det (eg\li—i""j) i, jell, .0}
is the polynomial Sy given by an analogous expression

S)" = det (E;\Li*l”rj)

’L,]E{l,,l} ’

2.5 Quantum Schubert Polynomials

In this section we study quantum deformations of Schubert polynomials of Lascoux
and Schiitzenberger. We prove the orthogonality property and give their axiomatic
characterization, which implies Theorems 2.1.1 and 2.3.6.

2.5.1 Simple properties

Definition 2.5.1 For w € §,,, the quantum Schubert polynomial & is the quan-
tization of the ordinary Schubert polynomial &,,. In other words, it is a unique
polynomial in Z[qg|[x1, ..., z,] such that

GZ;(XI;,Xn) -1 = 6w(x1,...7$n) .
The quantum multiplication of ordinary Schubert polynomials translates into the
ordinary multiplication of the corresponding quantum Schubert polynomials.

We can apply Theorem 2.4.7 for explicit computation of the &4 . First, we express
the ordinary Schubert polynomial &, as a linear combination of standard elementary

polynomials
Gw = Z arer.

I=(i1,...,in—1)
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Then we replace each term by its quantum deformation!!:

&L= Y  aE. (2.5.1)

I:(ilv---ﬂ;nfl)

The expansions of Schubert polynomials in terms of the standard elementary
polynomials can be computed recursively in the weak order of S5, , starting from
Suw, = €12..n-1, using the basic recurrence (2.2.10) together with the following rule
for computing a divided difference of standard elementary polynomials, which is an
immediate consequence of Lemmas 2.4.1 and 2.4.2.

Proposition 2.5.2 We have, for 1 <k <n and I = (i1,...,in_1),

8k-eI: E € — E err,

r>0 r>1
where
]7/, = (il, . ,’L.k_g,'l.k—l ‘I’ T,ik — T — 1,ik+1, . ,in_l),
I;/: (il,...,ik_g,ik—’f‘—1,ik_1+T,ik+1,...,in_1).

In more comprehensible terms, the proposition says that the divided difference 0y
acts on the standard elementary polynomials e;, ; _, in the same way as the following
“divided sum” operator'?

f — (.Z‘k — .’L'kfl)_l (1 + 8]671) f (252)
acts on the monomials z 7"~ =2, g1t

For example, we have in Sy:

64321 = Gwo = €123,
G491 = 01 Gy391 = 01 €123 = €023,
Gia12 = 03 G3401 = J3 €023 = €022 — €013 )

and so on. The corresponding quantum Schubert polynomials &¢ are then obtained
by replacing each e;(z1, ..., x;) by its quantum analogue. For instance,

6%412 = By — L1z = !E%% + 212179 — Q2a7§ + qf + 19 -

Lemma 2.5.3 The quantum Schubert polynomials form a Z|q]-linear basis of HZ .

UThis is our original definition of the &9, given in Introduction.
12Such operators, of course, satisfy the nilCoxeter relations (2.2.4).
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qg _ .2
6301 = T2 + 171
a _ q _ .2
So3 =112+ @1 S =21 —q
q _ q _

6?23 =1

Figure 2-1: Quantum Schubert polynomials for S3

Proof — The quantum Schubert polynomials are related to the F;, ; , by an in-
vertible linear map, and thus form a basis of ¢, by Corollary 2.4.8. 0

Let deg be the grading defined by deg(x;) = 1 and deg(g;) = 2.
Proposition 2.5.4 The polynomial &% is of degree {(w), with respect to the grad-

ing deg. Specializing 1 = -+ = o1 = 0 yields 81 = &,,, the classical Schubert
polynomials.

It follows that the transition matrices between the bases {&%} and {S,} are
unipotent triangular, with respect to any linear ordering that is consistent with the
length function ¢(w).

2.5.2 Orthogonality property

The orthogonality of Schubert classes is not hard to establish from the quantum
cohomology definitions. At this point, however, we have not proved yet that quantum
Schubert polynomials &% represent Schubert classes in the quantum cohomology
ring. Moreover, the proof of this fact given in the following Section 2.5.3 relies on a
combinatorial proof of the orthogonality of the &%, provided below in this section.

For a polynomial F' € Z[q|[x1,. .., z,], we define (F')) € Z|[q] by
(F) = (0w, F(X1,...,X,) - 1)(0,...,0). (2.5.3)

If F is the quantization u(f) of a polynomial f then (F) = (f), where (f) is given
by (2.2.12). Note that { F')) depends only on the coset of F' modulo the ideal J7.

From Corollary 2.4.8 and Lemma 2.5.3, we know that Z[q][x1, ..., x,]/J? has the
following Z|[g]-linear bases given by cosets of:

e the monomials x{'z4? - - - 2" such that 0 < ap <n —k,

e the quantum standard elementary polynomials £ ;, ., .,

e the quantum Schubert polynomials &% .

Then (F') is equal, respectively, to the coefficient of:
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e the top monomial 2% = 2} 120 ? - z,_,

e the polynomial Eiy ,—1,

q
wnot

e the quantum Schubert polynomial &

in the expansion of the coset of F' in each of these bases.

The following result is the quantum analogue of Theorem 2.2.6.

Theorem 2.5.5 (Orthogonality property) [17, Theorem 3.9] For u,v € S, ,

{ 1 if v =wou;

0 otherwise.

(61 67) = (2.5.4)

By definition,

<<GZ qu)» = (811) (GZ Gg)<Xla s X)) 1)(07 S 70) =

o

= (B, GU(Xy, ... Xy) - Bylar, ..., 20))(0, ..., 0).

The classical orthogonality property (2.2.13) together with the following identity,
which holds in the nilHecke ring NH? | implies now Theorem 2.5.5.

Theorem 2.5.6 We have, for any u € S,

awo (62(‘)(17 s 7Xn> - GU(Xb s 7Xn)) =0.

Proof — 1t is sufficient to show that, for any I = (i1,...,ip-1),
Ow, (Er(Xy, ..., %) —er(x1,---,Xn)) =0. (2.5.5)

We prove this identity by induction on n. The case n = 1 is trivial. Assuming
that n > 1 and omitting the variables X; and x; for briefness, we can write the
left-hand side of (2.5.5) as follows:

8 en_l (Eil---in—Q - 62'1---7:1'1,—2) + aUJO (En_l - 6n_1 ) EZ

Wo ~ip_1 tn—1 Tn—1 1evin—2

= e} O (Biy i = iy n) + o010y O (B =€)
where w,” denotes the longest element in S,_; acting on the first n — 1 variables,
thus 0,, commutes with e?n__ll—symmetric polynomial in xy,...,x, 1. The first
term in the last expression vanishes by the induction hypothesis and the second term
vanishes, due to Theorem 2.4.11.

This completes the proof of Theorem 2.5.6 and of the orthogonality property. [
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2.5.3 Axiomatic characterization

In this section we provide proof of Theorems 2.1.1 and 2.3.6.

Everywhere in this section QH denotes the quotient ring Z[q|[x1,. .., x,]/T4,
which is canonically isomorphic to the quantum cohomology ring QH*(Fl,,, Z). Recall
that deg is the grading such that deg(z;) = 1 and deg(g;) = 2. Thus the ring QH
acquires the structure of a graded ring since every generator E of the ideal J7 is
a homogeneous degree i polynomial with respect to the grading deg. Let Z,[q]| de-
note the set of all polynomials in the ¢; with nonnegative integer coefficients. Let us
also denote by &% the image of the quantum Schubert polynomial &% in the quotient
ring QH. Likewise, EF € QH is the image of EF, etc. We have the following axiomatic
characterization of the elements &9 .

Theorem 2.5.7 [17, Theorem 9.1] Suppose that the elements b, w € S, form a
Z[q]-basis of the quotient QH and satisfy the following four azioms:

1. (Degree condition) The element b, is homogeneous of degree {(w) with respect
to the grading deg.

2. (Classical limit) Modulo the ideal generated by the q;, the element b, coincides
with the coset of the corresponding Schubert polynomial &,,.

3. (Nonnegativity) The product in the ring QH of any two elements b, and b, is
a linear combination of the b, with coefficients in 7 [q].

4. Any element EF is a linear combination of the b, with coefficients in 7. [q].

Then elements b,, coincide with the corresponding &4,

Let 6, € QH be the element that corresponds to the Schubert class o, un-
der the canonical isomorphism of QH and QH*(Fl,,Z). All four requirements of
Theorem 2.5.7 hold for the elements b,, = . Indeed, the first axiom (degree con-
dition) is just the condition, clear from (2.2.17), that the Gromov-Witten invariant
(Ou, 0y, 0y), is zero unless {(u) + ((v) + l(w) = l(w,) + 2(dy + -+ + dy—1). The
second condition (classical limit) is equivalent to saying that the Gromov-Witten in-
variants (o, 0y, 0y) (0,..,0) are the usual intersection numbers of Schubert varieties,
which are the structure constants in the cohomology ring H*(Fl,,Z). The third
condition (nonnegativity) is simply claiming that the Gromov-Witten invariants are
nonnegative integer numbers, which is apparent from their geometrical definition as
the number of certain curves. At last, the fourth condition is also satisfied, because
a formula proved by Ciocan-Fontanine [12, formula (3)] implies that EF = &),
where ¢(i,k) = Sg_i11Sk—ito " " Sk -

Theorem 2.1.1 from Introduction, which claims that &, = &%, is therefore a
corollary of Theorem 2.5.7. Moreover, Theorem 2.1.1 implies'® Theorem 2.3.6. In-

deed, for any u,v € S, the combinatorial quantum product o, * g, of two Schubert

Band is equivalent to
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classes 0,,0, € H*(Fl,,Z) ® Z[q] coincides with the geometrical quantum prod-
uct o, * 0,, because both these products correspond to the usual product &% &4 of
cosets of quantum Schubert polynomials—the former by definitions, the latter by
Theorem 2.1.1.

Proof of Theorem 2.5.7 — Let us denote by QH_ the Z[g]-span of the elements b,
in QH. According to the nonnegativity condition, QH, is closed under multiplication.

The fourth axiom implies that the E¥, and thus all £; = E}l - B are in QH, .

n—1>
Let us now fix a nonnegative integer | < ¢(w,). By Proposition 2.4.4, the poly-
nomials &,,, {(w) = [, are related to the e; with |I| = ¢, + - +i,.1 = [, by a
non-degenerate linear transformation. Moreover, each e; is a nonnegative integer
combination!® of the &,,. Every &,,, £(w) = [, should enter the expansion of at least

one ey, |I| = 1. Therefore
E €r = E awGw )
I:|I|1=l L(w)=l

with certain positive o, . By (2.5.1) and the fact that E; € QH, , we obtain:

> 0,6l € QH, . (2.5.1)

L(w)=l

The first two axioms imply that each &9 is equal to b, plus a Z[g]-linear combi-
nation of some b, with ¢(v) < {(w). It follows that

Z &4 = Z Qv by, + (linear combination of b, with ¢(v) < ¢(w)),
L(w)=l L(w)=l

and (2.5.1) yields

(&1 — b,) € QH, . (2.5.2)
L(w)=l

Let J = (j1, ..., Jn-1) be such that
g1+t gaer > l(we) — 1. (2.5.3)
Since £; € QH + , the nonnegativity condition implies that, for any w,
(Esba) € Z.0al. 254

Likewise, (2.5.2) gives ;) w (E; (6%, —by,)) € Zi[g). Using Theorem 2.5.5
(orthogonality property) and (2.5.3), we write the last statement as

> aw{(Esb,) € Z.q) . (2.5.5)
L(w)=l

10Of course, this fact is well-know, but it also follows from axioms 2, 3, and 4.
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Recall that the «,, are strictly positive. Comparing (2.5.4) with (2.5.5), we con-
clude that <<EJ b >> = 0, for any [, any w of length [, and any J satisfying (2.5.3).
Therefore << @Z)ovbw >> =0, for any v € S, satisfying ¢(v) < ¢(w). Once again using
orthogonality, we conclude that the expansion of b, via the G&¢ contains no terms
with £(v) < ¢(w), meaning that b, = &% , as desired.

This completes proof of Theorem 2.5.7 and thus of Theorems 2.1.1 and 2.3.6. [

It seems that a stronger statement than Theorem 2.5.7 is true, which does not
include the last axiom—the only condition for b,, = o, not immediately clear from
definitions.

Conjecture 2.5.8 [17, Conjecture 9.3 In terms of Theorem 2.5.7, the first, second,
and third axioms imply that b, = &,,, the coset of quantum Schubert polynomial.

This conjecture has been verified for all S, n < 4.

2.6 Monk’s Formula and its Extensions

In this section, we prove the quantum Monk’s formula (Theorem 2.1.2), and then
we investigate its consequences and extensions. We give a general Pieri-type formula
following the approach developed by Fomin and Kirillov in [18] and obtain several
conjectures posed in their paper. As corollaries, a new proof of classical Pieri’s formula
for cohomology of complex flag manifolds, and that of its analogue for quantum
cohomology are provided.

2.6.1 Quantum version of Monk’s formula

By the classical Monk’s formula (Theorem 2.2.3), quantum Monk’s formula (Theo-
rem 2.1.2) can be formulated as follows.
Recall the notation g¢;; = ¢igiy1 - -~ gj—1, for ¢ < j.

Theorem 2.6.1 We have, for w € S, and 1 < k < n, the geometrical quantum
product of oy, and o, is equal to

O % Oy = Og, Oy + Z Qij Owsijs (2.6.1)

where the sum is over all transpositions s;; such that i < k < j and l(ws;;) =

l(w) — (sij) = L(w) —2(j — i) + 1.

We note that o, corresponds to xy 4 -+ - + .

Proof — More generally, for any linear form f = > \;z;, we have

[5Gy =Ff56,=[6u+> (Ni—X)a;Gus,,

summed over all ¢ < j such that {(ws;;) = {(w) — ¢(s;;). The fist equality holds
by Theorem 2.1.1, which was at last proved in the previous section, and the second
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equality holds by the definition of combinatorial quantum product (Definition 2.3.4)
and (2.2.11). O

2.6.2 Quadratic ring

Let £ be the ring generated by the elements 7;; and p;j, 4,5 € {1,2,...,n}, subject
to the following relations:

Tij = —Tjiy, Tig = 0, (2-6-2)
TS = Dij, (2.6.3)
TijTjk + TjkThi + TkiTij = 0, (2.6.4)
[Dij, Prt] = [pij, Tia) =0, for any 4, j, k, and [, (2.6.5)
(755, ) = 0,  for any distinct ¢, j,k, and [. (2.6.6)

Here [a,b] = ab — ba is the usual commutator. It follows from (2.6.2) and (2.6.3) that
pi; = pji and p; = 0. This ring was defined'® by Fomin and Kirillov [18, Section 15].

The commuting elements p;; can be viewed as formal parameters. The quotient &,
of the ring £ modulo the ideal generated by the p;; was the main object of study
in [18]. Also a ring £ was introduced in that paper. It can be defined as the quotient
of P by the ideal generated by the p;; with |i — j| > 2. The image of p;;41 in £7 is
denoted g;.

Following [18, Section 5], define the “Dunkl” elements 0;, i = 1,...,n, in the
ring &P by

j=1

The following important property of these elements is not hard to deduce from
the relations (2.6.2)—(2.6.6).

Lemma 2.6.2 [18, Corollary 5.2 and Section 15| The elements 6,0, ...,0, com-
maute pairwise.

Let x1,29,...,2, be a set of commuting variables, and let p be a shorthand for
the collection of p;;’s. For a subset I = {i,...,4,} in {1,2,...,n}, we denote by
xy the collection of variables x;,,...,x;, . Define the quantum elementary symmetric

15in slightly different notation
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polynomial Ey(xr;p) = Ex(xiy, Ty, ..., x;,,;p) by the following recursive formulas:
Eo(xiy, @iy, ... xi,50) =1, (2.6.8)
Ek<xi17 Ligs e+ v xlm7p> = Ek(xiuxiw ct ximfﬁp)

+ Ek—l(xilaxiga oo axim_1;p) Ly, (269)

m—1
+ E Eypo(Tiy, o Tiy o Ti 3D) Diyin »
r=1

where the notation r; means that the corresponding term is omitted.

The polynomial Ej(zr;p) is symmetric in the sense that it is invariant under the
simultaneous action of S, on the variables x;, and the p; ;. One can directly verify
from (2.6.8) and (2.6.9) that

El(xi17xi27"'7xim;p) = Ty +xi2 + - +xim7

Ey(@iy, Tig, - - - @i, P) = Z (i, iy, + Piaiy) -

1<a<b<m

The polynomials Ey(xr;p) have the following elementary monomer-dimer inter-
pretation (cf. Section 2.4.2). A partial matching on the vertex set I is a unordered

collection of “dimers” {aq, b1}, {az, b2}, ... and “monomers” {c1}, {2}, ... such that
all a;,b;,c, are distinct elements in /. The weight of a matching is the product
Pay b1 Pasby " ** TeyTey -+ + - Then Ei(xr;p) is the sum of weights of all matchings which

cover exactly k vertices of I.

For example, we have

Es(1, 22, T3, T4 p) = T12203 + T122%4 + T12T3L4 + T2T324
+ p12 (w3 4+ z4) + P13 (T2 + z4) + P14 (T2 + 3)
+ pas (1 + T4) + poa (x1 + x3) + p3a (X1 + 22) .

Specializing p;; = 0, one obtains Ej(z;0) = ex(x;), the usual elementary sym-
metric polynomial. Assume that p;;41 = ¢, ¢ = 1,2,...,n — 1, and p;; = 0, for
|i — j| > 2. Then the polynomial Ey(xy,...,z,;q) is the quantum elementary poly-
nomial Fj, which is a coefficient of the characteristic polynomial of the 3-diagonal
matrix (2.1.3). Here and below the letter ¢ stands for the collection of q1, qa, . . ., ¢n_1.

2.6.3 General version of Pieri’s formula

For a subset I = {iy,...,i,} in {1,2,...,n}, let 6; denote the collection of the
elements 6;,,...,0; , and let Ex(0;;p) = Ex(6;,,...,6;,;p) denote the result of sub-
stituting the Dunkl elements (2.6.7) in place of the corresponding z; in E(xr; p). This
substitution is well defined, due to Lemma 2.6.2. We can state our result as follows.
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Theorem 2.6.3 (General Pieri’s formula) [43, Theorem 3.1] Let I be a subset in
{1,2,...,n}, and let J ={1,2,...,n} \ I. Then, for k > 1, we have in the ring E~:

Ek(QI;p) :ZTalhTazbg"'Takbka (2610)

where the sum is over all sequences ay, ..., ag, by, ... by such that (i) a; € I, b; € J,
forj=1,... k; (ii) the ay,...,a; are distinct; (iii) by < -+ < by.

The proof of Theorem 2.6.3 will be given in Section 2.6.5. In the rest of this
section we summarize several corollaries of Theorem 2.6.3.

First of all, let us note that specializing p;; = 0 in Theorem 2.6.3 results in
Conjecture 11.1 from [18].

Corollary 2.6.4 [43, Corollary 3.2] [18, Conjecture 15.1] For k = 1,2,...,n, the
following relation in the ring EF holds

E(01,05,...,0,;p) =0.

Proof — In this case, the sum in (2.6.10) is over the empty set. O

Define a Z[p|-linear homomorphism 7 by
7 Llxy, o, ..., Tp;p] — EP
X, — 0;.
Corollary 2.6.5 [43, Corollary 3.3] The kernel of w is generated over Z[p| by

Er(xry,z9,...,20;p0), kE=1,2,....n. (2.6.11)

Proof — All elements (2.6.11) map to zero, due to Corollary 2.6.4. The statement
now follows from dimension argument (cf. [18, Section 7]). O

In particular, we can define a homomorphism 7 by

T Lxy,. .., 2] — &,

Tox; — 0,
where 6, is the image in &, of the element 6;.

Corollary 2.6.6 [18, Theorem 7.1] The kernel of @ is generated by the elementary
symmetric polynomials

er(xy, @, .. xn), k=1,2,....n.

Thus the subring in &, generated by the 0; is isomorphic to the cohomology of Fl,,
which is isomorphic to the quotient (2.1.1).
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Likewise, let §; be the image in &1 of the element 6;, and let 7 be the Z[g]-linear
homomorphism defined by

~

T Ly, ..., w05 q) — EL,
0;

T: T —

Corollary 2.6.7 [43, Corollary 3.5] [18, Conjecture 13.4] The kernel of the homo-
morphism 7 is generated over Z[q| by

Ex(z1, 29, ..., 20;q), k=1,2,....n.

Thus the subring in £ generated over Z[q] by the 0; is isomorphic to the quantum
cohomology of Fl,, the latter being isomorphic to the quotient (2.1.4).

2.6.4 Action on the quantum cohomology

Recall that s;; is the transposition of ¢ and j in S,,, s; = s;;41 is a Coxeter generator,
and qij = 9i%i+1 """ qj—1, for i < j

Let us define the Z[qg]-linear operators t
cohomology ring QH*(Fl,,,Z) by

ij; 1 <1 < j < n, acting on the quantum

tij(ow) = @ij Ows,; i L(wsy) = l(w) = 2(j —i) + 1,
0 otherwise. (2.6.12)
By convention, t;; = —tj;, for ¢ > j, and t;; = 0.

Quantum Monk’s formula (Theorem 2.1.2) can be stated as saying that the quan-
tum product of o, and o, is equal to

O, * Oy = Z tap(0w) -

a<m<b

The relation between the ring £¢ and quantum cohomology of F,, is justified by
the following lemma, which is proved by a direct verification.

Lemma 2.6.8 [18, Proposition 12.3] The operators t;; given by (2.6.12) satisfy the
relations (2.6.2)—(2.6.6) with 7;; replaced by t;;, piiv1 = Gi, and p;; = 0, for|i—j| > 2,

Thus the ring €7 acts on QH*(F,,Z) by Z|g]-linear transformations
Tij P e d tl](o-w) .

Monk’s formula is also equivalent to the claim that the Dunkl element 0; acts on
the quantum cohomology of Fl, as the operator of multiplication by x;, the latter is
defined via the isomorphism (2.1.4).
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Let us denote c(k,m) = Sy_gr1Sm—ks2 - Sm and r(k,m) = Spik—1Smak—1""* Sm-
These are two cyclic permutations such that c¢(k,m) = (m—k+1,m—k+2,... ,m+1)
and r(k,m)=(m+km+k—1,...,m).

The following statement was geometrically proved in [12] (cf. also [17]). For the
reader’s convenience and for consistency we show how to deduce it directly from
Monk’s formula.!®

Lemma 2.6.9 The coset of the polynomial Ey(xy,...,xmy;q) in the quotient (2.1.4)
corresponds to the Schubert class oc(m) under the isomorphism (2.1.4). Analogously,
the coset of the polynomial Ey(Zmi1, Tmia, ..., Zn) corresponds to the class Tr(kym) -

Proof — By (2.1.4) and (2.6.9), it is enough to check that

Oc(k,m4+1) = Oc(k,m) + (Usm+1 - Usm) * Oc(k—1,m) + AmOc(k—2,m—1)-
This identity immediately follows from Monk’s formula:
(O-sm+1 _O-sm)*o-c(kflm - Z tm—i—lb_ Ztam gck 1m))
b>m—+1 a<m
The claim about o,(x,) can be proved using a symmetric argument. 0

It is clear now that Theorem 2.6.3 implies the following statement. This statement,
though in a different form, was proved in [13].

Corollary 2.6.10 (Quantum Pieri’s formulas) Forw € S,, and 0 < k < m < n, the
product in QUH*(Fl,,Z) of Schubert classes oopmy and oy, is given by the formula

Uc(km * Ow = Ztalbl as by " akb ( w), (2613)

where the sum is over ai,...,ak, by,... by such that (1) 1 < a; < m < b; < n for
j=1,... k; (ii) the ay,...,ax are distinct; (iii) by < --- < by.

Likewise, the quantum product of Schubert classes oy m) and o, is given by the
formula

) ¥ Oy = thn ditesdy " ey dy (Uw) (2.6.14)

where the sum is over cy,..., ¢, b1,...,dg such that (i) 1 < ¢; < m < d; < n for
Jg=1,...k; (ii) 1 < -+ < ¢, (il) the dy, ..., dy are distinct.

We would like to emphasize that Corollary 2.6.10 does not imply Theorem 2.6.3 (or
even its weaker form for £7), since the representation 7;; — ¢;; of £ in the quantum
cohomology is not exact.

16 A less obvious statement that, the opposite is true, i.e., that Monk’s formula follows from the
claim of Lemma 2.6.9 has been actually demonstrated in previous sections.
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2.6.5 Proof of general Pieri’s formula

For a subset I in {1,2,...,n}, let Ek(] ) denote the expression in the right-hand side
of (2.6.10). By convention, Fy(I) = 1. For k = 1, Theorem 2.6.3 says that

S Y=Y = B,
i€l j¢I el j=1

which is obvious by (2.6.2).

It suffices to verify that the Ej(I) satisfy the defining relation (2.6.9). Then

the claim Ey(6;;p) = Ej(I) will follow by induction on k. Specifically, we have to
demonstrate that

E (IU{j}) = Ex(I) + Exr (1) 0+ > Eva(I\ {i}) pij »
i€l (2.6.15)

where I C {1,2,...,n} and j ¢ I. To do this we need some extra notation. For a
subset L = {ly,ls,...,l,} and r ¢ L, denote

L‘T E TuirTugr " " Tumrs

where the sum is over all permutations wuy, us, ..., Uy, of l1,1lo, ..., Ly.

For I and j as in (2.6.15), let J = {1,2,...,n}\ I = {j1,72, ..., ja} With j; = j.
Then the first term in the right-hand side of (2.6.15) can be written in the form

ExD)= Y (Lli) (Bli)-(1alja), (2.6.16)

.. 14Cgl

where the notation I ... [;Cyl means that the sum is over all pairwise disjoint (pos-
sibly empty) subsets I, I», ..., I4 of I such that ) _|I;| = k. Let

En(I) = A, + Ay, (2.6.17)

where Aj is the sum of terms in (2.6.16) with I; = () and A, is the sum of terms with
I, # (). Likewise, we can split the left-hand side of (2.6.15) into two parts:

E(Tu{jh = > (Il5) {55 1d) - (L] ja)

I--T,CpIU{j}

_B 4B, (2.6.18)

where Bj is the sum of the terms such that j ¢ I, U--- U I}, and Bs is the sum of
terms with j € I, U--- U ;. We also split the second term in the right-hand side
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of (2.6.15) into 3 summands:

Ek_l(f) ‘9]' - Z <<I |j1 Id |]d ZTJS

I dgCral el (2.6.19)
=C,+Cy +Cs,
where C) is the sum of terms with s € I\ (I{ UIJU---UI]); Cy is the sum of terms

with s € IJ U I U--- U] U J; and Cy is the sum of terms with s € I7.
It is immediate from the definitions that A; = Bj. It is also not hard to verify
that Ay + C; = 0, since for I; # ()

(L) =D (0N} ) 7, -

el

To prove the identity (2.6.15), it thus suffice to demonstrate that

By = (s, (2.6.20)
Cs+ Y Epo(I\{i})py =0. (2.6.21)

The following lemma implies the formula (2.6.20).
Lemma 2.6.11 For any subset K in {1,2,...,n} and j, | € K, we have

(KU D)= (LI (ENLIG) D 7. (2.6.22)

LCK seLU{l}

Indeed, let T = (I} | ja) - - - (I} | ja) be a term of By. Then j € J/ for some r. By
Lemma 2.6.11, T' is equal the sum of all terms (17 | j1))--- (L7 | ja) 7js in Cy with
fixed Il = I! for all u # r such that s € I’ U {j,} and the subsets I U I =1\ {j}.
Thus Bg = CQ.

Proof of Lemma 2.6.11 — Induction on |K|. For K = (), the both sides of (2.6.22)
are equal to ;. For |K| > 1, the right-hand side of (2.6.22) is equal

DOALID (ENLLG) D

LCK seLU{l}
=D D (LD 7 (ENLNGY ) Y m | + (KD Y 7
LGK \i€K\L seLU{l} se KU{l}
=D 7 ((ENGHUGH D+ (KD D 7
€K se KU{l}

= {(KU{j}[1).

The second equality is valid by induction hypothesis; the remaining equalities follow

83



from (2.6.4) and (2.6.6). O

Using a similar argument to the one after Lemma 2.6.11, one can derive the
formula (2.6.21) from the following lemma:

Lemma 2.6.12 For any subset K in {1,2,...,n} and j € K, we have

ST ) mt D (L 1) (K\NL\{s} | 5)pss | =0.

seK LCK\{s}

This statement, in turn, is obtained from the following “quantum analogue” of
Lemma 7.2 from [18]. Its proof is a straightforward extension.

Lemma 2.6.13 For i,uy,us, ..., uy, € {1,...,n}, we have in the ring EP

E TiuTTiuT_._l e TiumTiu1Tiu2 e Tiur

= Zpiur Tur wrg1 Tur urgo """ Tur e Tur ur Turug * " " Tup up—q s (2'6'23)
r=1
where, by convention, the index w1 1s identified with u;.
Proof — Induction on m. The base of induction, for m = 1, is easily established

by (2.6.3): Tiu,Tiu, = Piu,- Assume that m > 1. Applying (2.6.4) and (2.6.6) to the
left-hand side of (2.6.23), we obtain:

TUPr "2 Upr41 1 Um—1 (;7,um;zu1) ;7,12 ;’L’U,r
+
r=

m

- TiurTiur 10T Tium,1 (Tiu17—u1 Um + TumulTium) TiuQ e Tiur
+

=1

<

m—1
= TzurTzuH_l : Tzum 1 Tiuy Tiug * " Tiuy Tui um
r=1

+ T ul ( E TiurTiuT_H e TiumTiugTiig e Tiur> .

r=2
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By induction hypothesis, this expression is equal to

m—1
E Pivr Tupurg1 Tururgo * " Tur um—1 Tur ur Turug " Turup—r | Tug um

r=1

m
T Tupw E DPivr Tur wryr Tur urgo " T i Tur ua Tur ug * " Tatp up g
r=2

= piul TuiusTuius " Tug um +pzum T ut Tum us *°° Tumum_1
3

m—1
+ E Pivr Tupuryr " Tup um—1 (Tur wr Tug i, T wy Tuy um) Turus """ Tupup_q -
r=2

The latter expression coincides with the right-hand side of (2.6.23).

This completes the proof of Theorem 2.6.3.
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