RUHR-UNIVERSITAT BOCHUM

FAKULTAT FUR MATHEMATIK
ALGEBRAISCHE KOMBINATORIK

On combinatorial formulas for Schur and
Macdonald polynomials

A THESIS SUBMITTED FOR THE DEGREE OF
MASTER OF SCIENCE

author supervisor
Elena Hoster Prof. Dr. Christian Stump
student number secondary supervisor
108016209800 Jun.-Prof. Dr. Deniz Kus

December 22, 2022



Contents

Mntroduction|

(1

Root systems and Weyl groups|

(1.1 Fundamental domains for the action of W1 . . . . ... ... ... ..
1.2 Realization of root systems| . . . . .. .. ... ... ... ......
1.3 The athne Weyl group| . . . . . . .. .. ... .. ... ... .....
1.4 The extended affine Weyl group| . . . . . . ... ... ... ... ...

Macdonald polynomials|

[2.1 Special cases tor Macdonald polynomials| . . . . . . . ... ... ...

A combinatorial formula for Macdonald polynomials|

BI Alcovewalkd . . . .. .. ...
3.2 A combinatorial formula by Ram and Yip| . . . . ... ... ... ..
[3.3  Combinatorial formulas for special cases| . . . . . ... ... ... ..
3.4 An equivalent combinatorial formula . . . . . ... ... 000

Macdonald polynomials in Type A|

4.1 Symmetric polynomials| . . . . . ... ..o Lo
4.2 Macdonald symmetric tunctions| . . . . . . . ... ... ... ..
4.3 Schur functions| . . . . . . . . ..o

4.4 More special cases of Macdonald symmetric functions|. . . . . . . ..

Combinatorial formulas for Macdonald symmetric functions|

[6

Further examples|

[References]

20
22

23
24
28
34
35

37
38
42
43
44

45
45
48
50
56

61

69



CONTENTS 1

Introduction

This thesis concerns Macdonald polynomials, which generalize several interesting functions,
including the Schur functions and, more generally, Weyl characters. For a fixed Weyl group W
associated to a crystallographic root system, the Macdonald polynomials are defined as a
unique basis of a certain ring of W-invariant polynomials. When W is the symmetric group .S,,,
they become a basis for the ring of symmetric functions.

Macdonald polynomials were introduced in 1987 by Macdonald as a Q(g, t)-basis, which
is orthogonal with respect to a certain inner product. Both, the polynomials and the inner
product, are defined with respect to the two variables ¢ and t. If we fix g or ¢ to particular
values, or if we consider W = §,,, the Macdonald polynomials reduce to other well-known
polynomials.

In the case W = S,,, they become the Macdonald symmetric functions Py, indexed by
partitions A, and form a basis for the ring of symmetric functions Q(q, t)[x]%".

At q = t, the Macdonald polynomials reduce to the Weyl characters, which are the Schur
functions for W = S,,. At t = 1, they become the orbit sums, or the monomials for W = S,,,
which is the standard basis for the ring of symmetric functions.

Further special cases of the Macdonald polynomials for W = S,, are the Hall-Littlewood
symmetric functions at ¢ = 0, and the Jack polynomials.

There is a remarkable combinatorial formula for Macdonald polynomials, due to Ram and
Yip, via alcove walks on an affine Weyl arrangement. Lenart gives a specialized formula for
the case W = S, using nonattacking fillings of tableaux.

In this thesis, we provide both combinatorial formulas and show how to derive Lenart’s
from the formula of Ram and Yip.

In Section [1, we introduce the necessary background on root systems and Weyl groups. We
define Macdonald polynomials and present the mentioned specializations in Section [2 and in
Section [3] we introduce alcove walks and present the formula of Ram and Yip.

In the subsequent sections, we turn our attention to the case W = S,,. In Section
we explain how the Macdonald polynomials specialize to a basis for the ring of symmetric
functions. We then discuss Lenart’s formula in Section [5] In the last section, Section [6 we
present several examples of Macdonald polynomials using both formulas.
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1 Root systems and Weyl groups

Macdonald polynomials are defined for every root system. Thus, we first give definitions and
some properties for root systems and Weyl groups. For this, we follow [8] and [3|, where most
of the notation is from [§].

Let V be a real vector space with inner product (,) and finite dimension n. For each
nonzero vector o € V' we define the reflection as the linear operator on V given by

O.a)

aN — -2
SeA = A= o)

We denote a¥ = 275 5y thus we can write soA = A — A, aV)a.
The reflection s, is an orthogonal transformation: For every A, p in V' we have

(o sapt) = o) — 2829 3 gy @y g Ase) G

(a, @) (a, ) (a,a) Ha,aq)
_ e (N a)(p, @)
A P S
:<)‘7:u>'

Moreover, let H,, be the hyperplane perpendicular to «, then s, is the orthogonal reflection
in H,. To verify this, note that s, fixes H, pointwise and maps « to its negative —a. Since
the orthogonal complement of H,, as subspace of V', is Ra, and since V is the direct sum
of H, and its complement, we can write any A in V as A = ca + h,, where c is a real number
and h,, is a vector in H,. We have

SaA = Sa(ca+ hy) = sa(ca) + so(ha) = —ca + hy.

Definition 1.1. Let ® be a finite nonempty set of nonzero vectors in V. We call ® a root
system in V if the vectors in ® - called roots - span the vector space V and if they satisfy:

(1) $q(®) = @ for each a € P,
(2) ® NRa = {+a},
(3) {(a,BY) € Z for each pair a, € .

The rank of the root system ® is the dimension of V. We call " the coroot to the root a. The
Weyl group W of the root system ® is the subgroup of O(V') generated by all reflections s,
for a € .

Remark. Definition [I.T] defines a crystallographic root system, which omits additional condi-
tions compared to other authors definitions of a root system. Moreover, we assume that the
root systems in this thesis are irreducible, i.e., that they cannot be written as combination
of two distinct root systems. In Section [1.2] we will present all crystallographic root systems
classified by their Cartan types.

Let us have a closer look at the number of roots of a root system ®. Definition [I.1] just
requires ® to be a spanning set of V. Thus, we can ask for a basis of V' consisting of n roots
of ®. In fact, we can say more. Every root system ® contains a basis A = {aq,...,an} C @
of V such that all roots of ® can be written as integer linear combination Y. ; m;a; and,
moreover, the coefficients m; are either all nonnegative integers or all nonpositive integers. We
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call such a basis A a simple system for ® and its elements simple roots. According to this,
call a root a positive root or a negative root depending on the sign of the coefficients m;.
The sets of positive roots ®T and negative roots ®~ are called a positive, respectively, a
negative system. It is clear, that ® = ®TUP ™~ since each root a comes with its 'negative’ —«
and exactly one must belong to the positive system.

A positive system ®T depends on the choice of the simple roots. But every other set
of positive roots is of the form w®™ for a unique element w of the Weyl group W which is
shown in |3, Section 1.4]. Moreover, there are no two simple systems which construct the
same positive system, so we can fix a set of positive simple roots A = {a1,...,a,} from now
on without loss of generality.

The following theorem uses such a fixed simple system to generate the Weyl group by a
more manageable, finite set of reflections.

Theorem 1.1. The Weyl group W is generated by the simple reflections si,Sa, ..., Sp.

The proof uses properties which might be useful to understand the action of the Weyl group
on the associated root system. Therefore, we will give an idea of how to proof Theorem [I.1
although it is a well known fact.

Proofidea. We follow the proof of [3, Section 1.5]. Let W’ = (s1,...,s,) be the subgroup
of W which is claimed to be W. The main part of the work are the proofs of

WA =o (1.1)
and
tsqt™t = s4q for any t € o). (1.2)

For (1.1), we refer to [3]. The conjecture is a straightforward computation.

Let sg be any generator of W. Since sg = s_g and ® = ®T U &, we consider § to be a
positive root. By (1.1), there is a w € W and a simple root « such that § = wa. Then, (1.2)
implies sg = wsqw ™' € W’. Thus, every generator of W can be written as word of the simple
reflections s;, which proves W = W". O

Given a group G with set of generators T, any group element g € G can be written as
a product of elements in 1. The product is called a word for g and a word of the smallest
possible number of factors is a reduced word. The length of g is then the number of factors
in a reduced word, and it is denoted by ¢(g). The length of the identity element is 0.
For an element w € W consider a reduced word for w as a product of the generators s, ..., sy,
say w = S;,8i, - - - Si,. LThe length {(w) of w is then £ and we define

det(w) = (—1)™)
Denote the longest element of W by wg. By [3, Section 1.8], it is unique and satisfies
wyt = wo and U wow) = l(wg) — 4(w) for all w € W. (1.3)
This will be useful in Section [3.21
Definition 1.2. Define a lattice P in V by
P={xeV |\ aY)eZforalacd}.

We call P the weight lattice and its elements weights.
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The Weyl group W acts on the weight lattice since W permutes the hyperplanes H,
perpendicular to positive roots a. Of course, the weight lattice is spanned by the dual basis,
which leads to the following definition.

Definition 1.3. The fundamental weights wq,...,w, are the dual basis to the simple
coroots, i.e., they are defined by

<wi ,a}/) = (5,7‘ .

The elements of the set
Pt={ eV |\ a")eNyforallacdt}

are the dominant weights. Requiring positive integers in P, instead of nonnegative, de-
fines P™T, the set of dominant regular weights.

Note, that we can define the set of weights, dominant weights and dominant regular
weights equivalently by

P:zn:ZwZ, P+:zn:N0wz', P++:§:Nwi-
=1 =1 =1

Likewise to the fundamental weights, the roots form a lattice

Q= Zn: Lo
=1

called the root lattice, which is also W-invariant. Moreover, we define QT = > | Noay; as
in |8 Section 2.1]. Denote A > p if and only if A — € Q. This is a partial order on Q
and we want a similar partial order on weights. Because of Definition (3), each simple
root is a weight, so the root lattice () is a sublattice of the weight lattice P. But given a
root A = > .7, Ny € QT in general, it is not a dominant weight, since (qy , a}/> might be a
negative integer for suitable simple roots «;. Thus, define a partial order on weights by

A>p  ifandonlyif A —peQt. (1.4)

Remark. In many references, the definitions and notations concerning to root systems and
Weyl groups are motivated in the theory of Lie algebras. A root of a complex semisimple Lie
algebra g is a linear operator of the Cartan subalgebra b of g. This leads to the notation by
(instead of V') for the real vector space in which we define roots as vectors. The weight
lattice P is then often denoted by b7, such that, for example, the structure

V=R®zbz
is visible from the notation.

Definition 1.4. Define the dual root system ® to a root system ® to be the set of its
coroots @V = {aV | a € ®}.

Indeed, ®V is a root system in V¥V = V. Let WV denote its Weyl group. Since we consider
a coroot a as scalar multiple of «, the root system ®" has the same Weyl group as @,
meaning
wa" = (wa)Y
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for any w € W. The set of simple coroots AY = {ay, ..., .} forms a simple system in ®" and
it determines the positive system (®V)* = {a" | @ € ®T} in ®V. Unless otherwise defined,
we fix these systems as the simple system and positive system of ®V.

Recall, that any root can be written as a linear combination of the simple roots. The
height of a root a = > | mcy is the integer ht(o) = Y ;" ; m; and it is not surprising to
call the root with the largest height the highest root, commonly denoted by ¢.

Lemma 1.2. The height of a coroot vV in ®V is

where

p=g Y o

acdt

1s called the Weyl vector.

Proof. Let v¥ =37 |, m;a) be a coroot in the root system ®. We claim that p = >""" | w;.
This yields

n n
(Vo) =D mila) p) =) mi=ht(y").
i=1 i=1
Let us prove, that the Weyl vector p equals the sum of the fundamental weights. Definition [T.3]
implies, that w := "' | w; is uniquely determined by:

(w,a”) =1 forall o € A . (1.5)

Fix a simple root « and consider s,(p). By definition, this is

sa(p) =p—(p,a’)a. (1.6)

On the other hand, we have

=3[ X se® | tgsa@=5| X s®] 50 D)

pedt\{a} pedt\{a}

The set &1\ {a} is permuted by s, — this holds for every choice of positive roots and simple
root a (see |3, Section 1.4]). Thus, (1.7) reduces to

salp) =p—a.
Because of (1.6), this implies
(p,a”)y =1 for all € A

so the Weyl vector p satisfies the condition (1.5) which defines w = " ; w; uniquely. This
completes the proof. O

The proof of Lemma implies, that any dominant regular weight u € P™ can be
written as sum p + v for a dominant weight v € PT. In particular, we get the bijection
Pt — Pt
poom ptp
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1.1 Fundamental domains for the action of W

Consider the hyperplanes H,, for positive roots a € ®*, which determine the reflections s,.
The connected components of
v\ | Ha

acdt

are called chambers. The fundamental chamber is defined by
C={xeV |\ a)>0forallacdt}.
We can define C' equivalently as
C={ eV |\ a')>0forallacA} (1.8)

since each positive root can be expressed as a linear combination of some simple roots with
positive integer coefficients. This implies, that C' is bounded by the hyperplanes H,, perpen-
dicular to the simple root o; € A. To prove that C is a chamber, we prove connection first.
Let A\, u € C and consider any vector on the line between them, that is,

v=A+t(p—A) for any t € (0,1) .
For any positive root «, we have
(v.a’) =\, a") +t{u—r,a’) = (1-t)(\,a”) +t{u,a’) > 0.

Thus, C' is connected.
Note a third equivalent definition for the fundamental chamber

C=) Roowi
i=1
and denote the closure of C' by
ZjZZEE:IRzowb
i=1

Define a partial order on V' by

A<p ifandonlyif pu—X\e ZRZOO‘Z"
i=1

It still remains to prove that the fundamental chamber C' is indeed a chamber. This will
follow from corollary [I.5] — which follows from Theorem [I.4] — where we show that C' is a
fundamental domain.

In this thesis, a fundamental domain for the action of W on V is a subset D of V
satisfying the following:

(i) V = Upew w(D) and
(ii) for each A € |J, ey w(D), there is a unique p € D such that w\ = p for a w € W.

Note, that a more common definition of a fundamental domain requires D to be a closed set
and that we can extend the definition for any group which acts on V.
The following lemma is from |3} Section 1.12] and verify condition (i) and a part of (ii)

for D = C.
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Lemma 1.3. For each X € V, there is an element n € C in the W-orbit WX and it
holds A < p.

Proof. Let A € V. Choose a maximal element pu of the set {v € WA | A < v}, which contains
at least A. For each simple reflection s, applies

sau:u—2<ﬂ’a>a€W)\.
(a,a)

Since p is a maximal element, (u,«) > 0 must hold for every simple root . By (|1.8)), this
implies p € C. Ul

Theorem 1.4. The closure of the fundamental chamber C is a fundamental domain for the
action of W on V.

Proof. Let A\, i € C be in the same W-orbit, say w\ = u for a w € W. Since W C O(n), we
have 5 5
O )\ \ — —1 — — \Y
<Ona’) = st a) = o wa) = G wa)

for each positive root o € ®*. This forces w(®*) = & because p € C. By [3, Section
1.8], this holds if and only if w = id, so A = p holds. Together with Lemma the proof is
complete. O

Corollary 1.5. The fundamental chamber C is a fundamental domain for the action of W
onV.

Proof. This follows directly from Theorem [T.4] O

Corollary 1.6. Fach weight has exactly one dominant weight in its W -orbit.
Proof. This holds since P is W-invariant and PT = >""" | Now; C C. O

1.2 Realization of root systems

The root systems are classified by types, that is, up to isomorphism any root system belongs
to one type. The number of these types is finite; we differ between Type A, B, C, D, E, F
and G, where not every Type exist for every rank n. More precisely, any root system is exactly
one of the following:

An (n Z 1), Bn (TL Z 2), Cn (n Z 3), Dn (TL Z 4), EG, E’77 Eg, F4, GQ

where the index is the rank of the system. The Types F,F and G are the exceptional Types,
since they just exist in finitely many dimensions. Note, that some Types are also defined
for a lower rank n than given in the list above. But then, they are isomorphic to another
mentioned Type. For instance, A1 = B; = C; and By = (.

For the details of the finite classification, we refer to [3|. In this thesis, we are just
interested in one representative per Type. Each root system has a standard realization, that
is a common choice of the vector space V and the roots ® with a fixed simple system A.
Indeed, there are differences in those choices up to the authors, but they are all very similar
and of course isomorphic. The examples in this section will follow the constructions in |3,
Section 2.10]. For the sake of completeness, we give a realization for every mentioned Type,
but later we will focus on Type A and rank 2 root systems. Moreover, we will define Type C,,
for n > 2 to visualize the isomorphic rank 2 root systems Cs and Bs.
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Let (,) be the standard scalar product on R", i.e., (¢;,e;) = d;; for the standard ba-
sis €1,...,&, of R™. Although it suffices to choose either the positive or the simple system,
we will give both.

Type A,_1 forn > 2 Let V C R” be the vector space consisting of all vectors A € R such
that their coefficients in A = """ ; \;e; sum up to zero. Let the positive system be

+ . | g 1
T ={e;—¢; | i < j}.
Then, the simple roots are
Q1 i=¢&1 —€2, =€ —E3,..., Opn_1:=Ep-1 — En.

The Weyl group is the symmetric group .S,,.

We verify, that this defines a root system with Weyl group S,,. Conditions (2) and (3)
of Definition follow directly from the definition of the inner product (,) and the implicit
assumption ® = &+ U (—PT).

To prove condition (1) and to understand the Weyl group, consider a vector A = > 7" | \ig;
and a simple root «; = €; — €;41. The simple reflection s; can be identified by the transposi-
tion (i, i+ 1) € Sy:

sid=X— (A o )i = XA — (N = Xig)ai = Aier + -+ Aip1gi + Aigip1 + - 4 A

Analogously, s, for o = ¢; — ¢ can be identified by the transposition (i, j) € S,,. The Weyl
group permutes the standard basis of R, thus it permutes the roots and is the symmetric
group Sy.

Consider the vectors v; =e1 4+ -+ +¢&; € R for each 1 <7 < n. These vectors satisfy

1 ifi=j
’Uiaa\’/ = \Vi,045) = ’
< ]> < i) {0 else.

In particular, adding a scalar multiple of v,, to any vector v € R"™ will not change the value
of (v, a}/). Thus, the fundamental weights are
i
w; =v;——v, €V
n

forl<i<n-—1.
The highest root in Type A is ¢ = Z;le a; = €1 — &, with height ht(¢) =n — 1.

Example. We start with the only root system existing — up to isomorphism — of rank 1. The
root system A; has a single simple root o = &1 — g9. The roots in A; are a and —a and the
fundamental weight is w = %a, so the weight lattice is P = Zw = %Za.

We draw the vector space as horizontal line and the hyperplane H,, which is just a point,
as a vertical line through this point. The drawn points are the weights — the roots and the
fundamental weights are labeled.
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Example. The rank 2 root system of Type A has simple roots a; = €1 —e5 and as = €9 —€3.
The third positive root is the highest root ¢ = a3 + as = €1 — €,. The fundamental weights
are wy = %al + %Oég and wy = %al + %ag. They determine the weight lattice P = Zwi + Zws:

The weights — pictorially the intersection points of the dashed lines — in the gray area
are the dominant weights. They are non regular if and only if they do not lay on the hyper-
plane H,, or Hy,.

Type B, for n > 2 Let V = R" be the vector space and choose the positive system
Pt ={eite; |i<jtU{e|i=1,...,n} .
Then,
Q] :=E€1 — €9, Q2 :=E9 — €3, ..., Qpn_1 :=¢En_1—Ep and ay := &y,

are the simple roots. The Weyl group W is S,, x (Z/2Z)".
Just as for Type A, we check if this determines a root system, and again, we only verify,
that this satisfies Definition 1). For simplicity, denote

df ={eite;|i<j}, & ={g|i=1,...,n} and &; =} U ()

for i = 1,2. First, consider a positive root o € @f. We claim, that s(®1) = ®;. For any
root g; € <I>2+, we have

er if a=¢p +eg; for any k # 1,

Sa€i =€ — (&, )a = {

g; else.
Vice versa, we have

ex te; if a=e¢g Fe; for any k # i,

Se,o0 = — 2(v, g5)e; =
« else.
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Now, fix a root ¢; € @;, then

8,65 = €5 — (€5,6])ei = € — 2(gj ,&i)e; = {gj ii=,
—e; else,
for any root ¢; € ®;. Since the reflections are linear operators on V, we have s,(®) = ® for
any a € ¢.
The simple reflections s1, ..., s, permute and change signs of the standard basis, thus the
Weyl group W is S, x (Z/2Z)".
The fundamental weights are defined by

% n
1
wi:E g;j forl1<i<mn and wn:§g £j.
j=1 j=1

The highest root is ¢ = a1 + 2> , a; = €1 + €2 with height ht(p) = 2n — 1.

Example. The rank 2 root system of Type B has simple roots a; = 1 — €9 and ag = e9.
The missing two positive roots are a1 + g = €1 and the highest root ¢ = a1 + 2a9 = €1 +€9.
The fundamental weights are w1 = €1 and we = %51 + %62.

HC!1+0t2
H2a1+a2 , N N N , Ha
A P
y

As in the previous example, the weights are pictorially the intersection points of the drawn
lines. Weights in the gray area are dominant and they are regular if and only if they do not
lie on any hyperplane.

Type C,, for n > 2 Type C, is the dual system to Type B,,. Therefore, the vector space
is again V' = R"™ and we choose the positive system
Pt ={g e |i<jlu{2;|i=1,...,n}.
Accordingly, the simple roots are
(] ;= €1 — €9, Qg :=E9 —E3, ..., Qp_1:=Ep_1 — Ep and ay, := 2¢, .

The Weyl group W is the same as in Type B,,.
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Example. The rank 2 root system of Type C' — which is isomorphic to By — has simple
roots a; = €1 — €9 and ag = 2e9. The missing two positive roots are a3 + as = €1 + €9 and
the highest root ¢ = 2a;1 + ag = 2¢1. The fundamental weights are w; = £1 and we = &1 +€9.

Ha1+202

H,,

Type D,, for n > 4 We stay in V = R"” and choose positive roots
Ot ={g;+e;|i<j}.
The simple roots are
Q] i=€] —€2, QA 1 =E9 — €3, ..., Qp_] :=Ep—1 —En and ap i =€p_1 ey .
The fundamental weights are

wi=er+-Fegforl<i<n-—2,

1 n—1 1 1 n
Wn—1 = B ( €i> — §5n and w, = 3 Zsi .
i=1 i=1
and the highest root is ¢ = a1 + ap—1 + an + Z?:}z a; with height ht o =2(n —1) — 1.

Types Eg, E7 and Eg We first give a realization for Fg. The root system is

8

1

O ={te;te; |i<j}U {2 Z +e; | even number of positive signs} ,
i=1

where the choices of the signs in + in the first set are independent of each other. These 240

roots span the vector space V = R8. Fix the simple roots

7
1
=g <€1+€8—2;5i>, ag =¢€1+¢e2 and
1=

Qy = E;—-1 — &;—2 fori:3,...,8.

A realization of the root system of Type Eg can be obtained by fixing a1, ..., ag as the simple
roots and the vector space as their span. For E7, we just add the simple root as.
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The highest root of Eg in this realization is
p =¢e7+eg =201 + 2a9 + 3as + 6ay4 + Has + dag + 3ar + 203

with height ht(¢) = 33.
The highest root of Fy is

¢ =eg —e7 = 201 + ag + 203 + 4oy + 3as + 206 + o
with height ht(¢’) = 15, and of Eg is

5
1
¢/I_<58_57_56+Z€i> :a1+2a2+2a3+3a4+2a5+a6

=1

[\

with height ht(y”) = 11.
Type F; Let V =R* and choose 24 roots
. . 1
O ={te;te; |i<jlU{xe |i= 1,...,n}U{2(5lisgi53i54)}

where the choices of the signs in + are independent of each other. The four simple roots then
are

] = &9 — €3, Qg 1= &3 — &4, Q3 1= &4 and Yy = 5(61—62—83—64) .

The highest root is ¢ = 2a; + 3ag + 4as + 2a4 = €1 + €2 with height ht(p) = 11.
The fundamental weights are

1
wi=¢€1+e2, wr=2+e9+e3, w3= 5(361 +52+83+€4) and wy = €1 .
Type G2 Consider the vector space V C R? consisting of all vectors A\ = Z?:l Aig; such
that the coefficients sum up to zero. The root system G5 and Ay The positive roots are
ot = {Oq, a9, a1 + ag, 201 + as, 3aq + as, 3aq + 2042}

with simple roots

a1 :=¢€1—¢€y and a9 :=—2¢1 +e9+€3.
Thus, the highest root is ¢ = 3a; + 2a9 = 2e3 — €1 — €2 with height ht(p) = 5. The
fundamental weights are

w1 = —€1 — &9 + 2¢e3 and Wy = —&9 + £3.

The weight lattice P in Type Gs is the same as in Type As as you can see in the following
image.
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H,

1

H3041+0t2

—————————————— b3+ 200 - /-

Ha1+042

3o + g

H3a1+2a2

1.3 The affine Weyl group

Let V be a real vector space and (,) a non-degenerated W-invariant scalar product on V.
Let ® be a root system with positive roots ® and positive simple roots aq, ..., a, . Define
(affine) hyperplanes

Hyp = {)\ cV |\ a)= k}

for each positive root a and each nonnegative integer k. Denote the set of those affine
hyperplanes and hyperplanes by H.

Definition 1.5. The connected components of
v\ U Han
aEdt
keZ
are called alcoves. The fundamental alcove is

A={xeV|0<(\,a")<lforallae®}.

Denote the group of affine linear functions on V' by Aff(V'). Likewise to the reflections s,
at the hyperplanes H,, let s, be the affine reflection at the affine hyperplane H, € H,
that is, so 1 € Aff(V) is defined by
SakN) = A= (N, aY) —k)a = sq(N) + ka .

The Weyl group is generated by the reflections s, ¢ for @ in ®* and by Theorem it is also
generated by s; 1= sq,0 fori =1,...,n.
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Definition 1.6. The affine Weyl group W,g is the subgroup of Aff(V') generated by the
reflections s, j for any positive root o and integer k.

We see immediately (by (1.2)), that
WSk = Swa, kW for any w e W,

so the Weyl group W acts normal in Wg.

Analogously to Theorem we want an alternative and smaller spanning set for the
affine Weyl group. For that, determine the walls of the fundamental alcove A, that is, the
(affine) hyperplanes H,, j which bound A. Let ¢ € ®* be the root such that its coroot " is
the highest root ¢V in the dual root system ®Y. By [3| Section 4.2], we have

A=Ccn{reP| (A" <1},

It follows directly, that Hy,, ..., H,, are walls of A. The last missing wall is H, 1.
We denote Hy, = H, 1 and sp = 54,1 such that the walls of A are denoted by

H,,, Hy,,..., H,,
and such that we can describe the affine Weyl group as follows:

Theorem 1.7. The affine Weyl group W,g is generated by the reflections sg, S1,. .., Sn.

We refer to |3, Section 4.3] for the proof of Theorem The proof requires certain
properties about how the Weyl group W and the affine Weyl group W,g act on the collection
of hyperplanes H. For instance, that the affine Weyl group W,g permutes H. These properties
and their proof are given in |3, Sections 4.1 and 4.2].

Unless defined otherwise, we consider every element of W,g as word in the simple reflec-
tions sg, S1, - . -, S, as generators. The length of an element w € Wg, denoted by £(w), is the
number of these generators in a reduced word. This coincides with our previous definition for
the length of an Weyl element w € W.

Note, that the identity element in Wg, denoted by 1, still has length 0.

Example. The highest coroot in Type A, B, C', D and G, respectively, are given in the
following tabular:

® of Type highest root ¢¥ in @V ¢ in &

A, €1 — &p, €1 — En

B, 2e1 g1=a1+ - +a,

Cn €1+ &2 e1+e2=a1 + 202+ -+ 201 +
D, €1+ €2 a1+ 200 + -+ 202+ ap_1 + oy
Go €3 — &2 201 + o

Note that the root ¢ in general is not the highest root in ®. They coincide just in Type A,
since the dual of A, is again of Type A and the roots are all of the same length. Although
Type Gy is also self-dual, the root ¢ = 2a;; + a is not the highest root. The roots in Type Ga
have two different length, thus they can be divided into short and long roots. Taking the dual
of a root system of Type G2 swaps the length of the roots.

We draw the affine hyperplanes H, j in Type By and G>. The fundamental alcove A is
filled in gray, the hyperplanes are the black lines (as in Section and the affine hyperplanes
are the dashed lines. The hyperplane H,, = H,; is drawn in black dashed lines in contrast
to the grey dashed lines of the other affine hyperplanes H,, j.
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For Type Bs, we have

H2061+Ot2

and for Type G2, we have

H0é1+042

H3a1 +2a

Remark. The affine Weyl group is itself a Weyl group for an affine root system on a real vector

., iy but has

space. The affine root system is related to a root system with simple roots aq, ..

an additional simple root «p.
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Theorem 1.8. The fundamental alcove A is a fundamental domain for the action of Wag.
We refer to |3 Sections 4.3 and 4.8] for the proof.
Corollary 1.9. The mapping

War  —  {alcoves in V'}
wo wA

s a bijection.
Proof. This follows directly from Theorem O

Example. We draw the alcoves of the rank 2 root systems As and Bs. In each picture the
gray colored alcove is the fundamental alcove A. The other alcoves are labeled by their cor-
responding element of W,g, given by the bijection in Theorem Moreover, each element
is given as a reduced word such that we also get their length.

For Type A, we get

505152
51525052 Sowo
515250 50 505251
51525051 5052
A Y
A}
\
) }{ag
A Y
A Y
AY
wosSpS1 ‘\ S0S52S50
‘\
WoSo S$9250 .
‘\
A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Vo

A

A
A}

WpSpS2 $95051 ']J
@0

§2815052

$958150S51

Note that some words have wg = s15981 = S98159 as factor. This is for simplicity, and these
words are still reduced if we write wq itself as one of its two reduced words in our used
generators.



1 ROOT SYSTEMS AND WEYL GROUPS 17

For Type Bs, we just label the alcoves corresponding to an element in Wg of length 4 or less.

818281

815258152

. //82818081

1.4 The extended affine Weyl group

Let A € V be a vector and t) be the translation ¢y(x) = A+ x on V. Denote the image of a
set X by tHHrX =2+ X.

The translations ¢y for A € P a weight form a subgroup of Aff(V) and the affine Weyl
group Wag acts normal on ty:

wty =ty w for any A € P and w € Weg. (1.9)

For an affine reflection, we have
Sa,ktr = Ts, (0 Sas (1.10)
SO
txSak = (Sant(-x) " = (tsy w(-0)5a) " = Sats, ,(\):
Thus, t) acts on the set of hyperplanes H if and only if A € P is a weight. In particular,

the translation of the fundamental alcove tyA for A € P is again an alcove and we define
the A-polygon as A + W A, i.e., the translation of the W-orbit of A.
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Example. Consider the rank 2 root systems and let A be a weight. The A-polygon is

A

t)\A‘ t)\A t)\A

in A2 in B2 in 02 in GQ.

As we have seen in Corollary the alcoves in V' are in bijection with the elements
of Wag. The alcoves in the 0-polygon are the Weyl group W under this bijection.

Corollary 1.10. The following mapping is a bijection:

W —  {alcoves in 0-polygon}
W wA

Proof. Like Corollary this follows directly from Theorem O
Definition 1.7. The subgroup of Aff(V)

W={tw|AXeP, weW}
is called the extended affine Weyl group.

The Weyl group W is a normal subgroup of 1% by (1.9). Moreover, the extended affine
Weyl group W acts on the set of alcoves, since Wog does. But note, that this action dif-
fers from the action of Wyg: Recall from Section that the fundamental alcove A has
walls Hy,, ..., H,, and that Wyg is generated by the simple reflections sg, s1, ..., s,. We nu-
merate the codimension one faces of A by integers 0 to n such that face j is on H,,. Because
of Theorem we can extend this numeration to all alcoves by acting on A with the affine
Weyl group Wag.

For the root system As, this is
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This numeration is not invariant under the action of W. More precisely, in contrast to
the affine Weyl group, W is not in bijection to the alcoves, since there can be two different
elements tyw, t,w’ € W such that txw(A) = t,w'(A). Since W € O(V) and the set of
hyperplanes is invariant under the action of W, the numeration of the facets of tyw(A) must
be different from that of ¢,w’(A).

Define the group

Q=W /W = {truWag | A€ P, we W}.

Let g be a representative of an element [g] in ©Q with g(4) = A. Indeed, such an element
always exists. Thus, we can identify (2 as the group of the elements of W with length 0, where
the length of w € W is defined as

Uw) =#{Hax | Ha seperates A from wA} .

By [3 Section 4.5, this definition is equivalent to the previous definitions of the length ¢(w)
for a w € Weg.
We can interpret €2 as follows: An element g € € is a permutation of the walls of A. Any ¢

yields a different "sheet" in © x V' by acting on g(A) with the affine Weyl group W,g, so we
call a g € Q a change of sheet.

Corollary 1.11. The extended affine Weyl group can be identified with the alcoves in 2 x V
by the bijection

W = {alcoves in Q x V}
wo = wA

Proof. In fact, w € W has a unique presentation w = tyw’ for a weight X and w € W.
Suppose w = t,w”, then ty = t,w'w” holds and the A-polygon is tx\WA = t,WA the u-
polygon, so A = u. But then, w’ = w” must hold as well. O

Example. The root system As has three sheets. Three representatives of distinct elements
in  are id, g and g? = gg, where g = t,, s152. The id-sheet is the one given above. The g-sheet
is

If we consider the representatives as permutations, we have g = (012) and g? = (021).
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2 Macdonald polynomials

We use the notations from the previous section. Fix a root system ® with its associated
Weyl group W. Let F' = Q(q,t) be the field of rational functions in variables ¢, ¢ over Q and
let A = F[P] be the group algebra over F' of the weight lattice P. The group operation on P
is addition. Therefore, we denote an element of A corresponding to a weight A by z*, such
that z*a# = 2*#, (2*)7! = 27 and 2° = 1. The 2* form a basis on A, therefore each f € A
can be written uniquely as ), p fra® where fy € F. This is well-defined, since f has finite
support.

Remark. Consider a group G and a ring R. Define §; € R[G] by d4(g) = 1 and d4(h) = 0
for any h € G\ {g}. Since {dy | g € G} is a basis of R[G] and f = 3 . f(9)dg, one can
identify g € G by 6, € R[G] and write f, = f(g). That is why we write f € R[G] as a formal
linear combination of elements in G with coefficients in R, that is,

zzszg‘

geG

In fact, the product * on R [G] satisfies dg * 8, = d4.5,. If the group operation of G is addition,
it is useful to denote ¢, as formal exponential €9, such that we have

edeh =9 (e9) L =e9 and =1,

where + is the group operation, —g the inverse of g and 0 the identity element of G.

The Weyl group W acts on P and we extend this action linearly to get a well-defined
action of W on A, that is,

w(f) =" ha?

AP

for every w € W. Let AW denote the subalgebra of the W-invariant functions in A.

Definition 2.1. Let A be a dominant weight. The orbit sum corresponding to A is

my = g ",

HEWA
where WA denotes the W-orbit of .

Clearly, my is an element in AW for every A € P. But my = my for every w € W, and —
as proven in Corollary — the set of dominant weights P* is a fundamental region for the
action of the Weyl group W. Thus, {my | A € P*} is an F-basis of AW. Another F-basis is
given in |8] by the Weyl characters x,, A € PT, which are defined by

o = 51 Z E(w)ww(/\-i-p)
weW

where

o= H (2212 — z=/?) = Z e(w)z) € A,

acdt weWw
with e(w) = det(w) € {£1} and

1
P=3 Z a € PtT is the Weyl vector.
aedt
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Writing this basis in terms of the orbit sums yields

XA:mA+ZKAumu , where K, € Z . (2.1)
p<X

The sum is over lower weights than A relative to the partial order on weight defined in .

When @ is of Type A, we will see in Section[f.2]that the orbit sums and the Weyl characters
are the well known monomial symmetric functions and Schur functions, respectively. The
coefficients K, in (2.1) — known as Kostka numbers — can then be described by the number
of certain semistandard Young tableaux relative to A and p. We will follow up on this in
Section

The Macdonald polynomials will be another basis of A" — an orthogonal basis relative to
the scalar product on A we define next.

Denote .
(a:0)00 = [] JJ(1 = ad")
aced r=0
and define ( )
% q) oo
Agt = -~ 7=
! Ogb (t2%; @)oo

We will only consider the case ¢ = ¢* for any nonnegative integer k. Otherwise, we refer to [8].
The defined A, reduces to

HHl_qr+kma HH 1—q:z (22)

acd r=0 acd r=0

Since the product in Ag; is over all roots and w® = ® for every w € W, Ay is an element
of AW. Now, let f € A and write f = Y aeP frz?. Define

f= Z Ha?

and denote the constant term fy of f by [f];. The bilinear form (,),; on A, defined by

(f9)qt [fgAq]; 5 (2.3)

1
W
is symmetric and nondegenerate.

Theorem 2.1 (Macdonald). There is a unique F-basis (Py)xep of AW, such that

(i) Px=my+ > uxymy,  where uy, € F,
p<A

(11) (Px,Pu)q: =0 for X # p.
The polynomials Py are called the Macdonald polynomials.

The complete proof is given in |8, Section 2.6 and 2.7]. But we shall sketch the proof given
there very briefly. To prove the existence of the Macdonald polynomials, construct a linear
operator D : AW — AW which satisfies

1. (Df,g) =(f,Dg) for all f,g e AV,
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2. Dmy =3,y caumy, for each A € P*F and
3. ¢ # ¢y for all different A, p € PTT.

The Macdonald polynomials will appear as eigenfunctions of D. To see this, denote for
each dominant regular weight A the eigenfunction of D with eigenvalue cyy by Py. We can
assume that the coefficient cyy of my is 1 (otherwise we normalize Py). Then, Py already
satisfy the first condition of Theorem The second condition of Theorem holds, since

C/\A<P>\aPu> :<DP>\aPu> :<P>\aDPu> :Cuu<P>\7Pu>a

what implies that (Py, P,) = 0 if A # p because of property (3) of D.

Remark. The definition of Macdonald polynomials in Theorem is the very first Mac-
donald gave. He later generalized this definition replacing the variable ¢ in F' = Q(g,t) by
pairwise different t1,...,t,, where m is the number of W-orbits of ®. More detailed, fix
parameters ci, ..., ¢y, (one for each W-orbit) and let t; = ¢“. When ® = A,,, we only have
one W-orbit, so t; =t = ¢* always holds. For simplicity, we assume ¢; = k € N for every root
system in this thesis. The more generalized definition is given in [7].

2.1 Special cases for Macdonald polynomials

The Macdonald polynomial specializes to other basis of AW if g or ¢ are concrete values in F.
We will discuss some of these special cases for any root system ®. In Section [£.2] we will see
further special cases for Type A.

Orbit sums Let t =1, then

A =] (@%@)oc _ 4

ace (B% @)oo

The orbit sums m) satisfy condition (i) of Theorem . Let A\, u € P' be dominant weights
and write my = > .y 27 and my, = ZUGW“ 27 for the orbit sums corresponding to A and p,
respectively. Then,

<m,\,m#>q71 = Z Z (x7,27)

TEWAoeWpn

1 T—0O
= Z Z W [95 L
TEWAoeWpn
1
=2 > w0
TeWAoeWu
_{o i WAN W =0,

2[W A
Wi

else,

since each W-orbit contains exactly one dominant weight. Because of the uniqueness in
Theorem [2.1] the Macdonald polynomials are the orbit sums Py = my, if t = 1.
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Weyl characters Let t = q. We will show that Py, = x), the Weyl character for any
dominant weight A\. We can write the Weyl character as sum of orbit sums like in (2.1). Thus,
we only need to compute the inner product of two Weyl characters.

We claim, that A, , = 65. First, note that

(1—2% o
HH 1—IEO‘ r+1 :]‘_[(1_‘r )

acd r= 0 acd

We have

55 = H (l,a/2 o x—a/2)(x—a/2 - xa/Q)
acdt
= H (1—xa—$_a+x0)
acdt
= I -em -2
acdt

= H(].—l’a),

acd

which proves A, , = §6. Since t only effects A, and since A, 1 = 1, we can write

OO Xidga = (8 xud)1a = Y e(w)e(s) (@ OHe) gty
w,s€W

The weights A+p, p+p are dominant regular, so by Corollary [1.6]they are in distinct W-orbits
if and only if A # u. Therefore,

(XA Xp)gq =0
if A # p, as desired.

Macdonald spherical functions Macdonald spherical functions are defined as the Mac-
donald polynomials for ¢ = 0. As we will see in Section the Macdonald polynomials in
Type A reduce to the Hall-Littlewood polynomials by setting ¢ = 0. Macdonald spherical
functions are their generalization in any root system. If we are in the case t = ¢*, we are
again in the case ¢ = t = 0 and get the Weyl characters. Since we did not introduce the scalar
product in case t # ¢*, we just mention the existence of the Macdonald spherical functions.

3 A combinatorial formula for Macdonald polynomials

In this section, we will give two equivalent combinatorial formulas for the Macdonald poly-
nomials, which will be a sum over folded alcove walks. More accurately, we will construct a
certain walk — that is a sequence of adjacent alcoves — from the fundamental alcove A to an
alcove nearby a given dominant weight A and we will just modify this walk by using elements
of the affine Weyl group. The first formula we present in Section is Ram and Yip’s formula
from [10]. We will then get an equivalent formula by using an equivalent definition for alcove
walks. This second perspective on alcove walks will be needed in Section
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3.1 Alcove walks

Let FF = Q(g,t) be the same field as in Section [2| and let ® be a root system in V of
rank n. Recall the (affine) hyperplanes H,, € H defined in Section |1} which determine
(affine) reflections s, ;. Each hyperplane H, o = H, tiles V' \ H, into two half spaces, called
the positive and the negative side, relative to the sign of the inner product (-,a"). That
is, an element A\ € V belongs to the positive side of H,, if and only if (A, «a") > 0.
Equivalently, the positive sides are determined by forcing C' to be on the positive side of
each H,. We extend this orientation to the affine hyperplanes:

A € V is on the positive side of H, 4 if and only if (A,a") —k > 0.

We want to construct alcove walks as sequences of finitely many steps between alcoves,
where a step from alcove B to By means either

o crossing their common wall if By # By, or (3.1)
o walking towards a wall, turning around and staying in the alcove By = Bs, or (3.2)

o changing the sheet if g(B1) = By for any g € Q.

We use the same notation and construction given in |9]. A step satisfying (3.1) is a crossing,
a step satisfying (3.2) is a fold. Including the orientation of a hyperplane and the numeration
of the facets, we define four types of crossings and folds:

J J J J
-+ — |+ — |+ -+
b —
positive j-crossing negative j-crossing positive j-fold negative j-fold
+ - + -
% % /i fi

The alcove walk algebra is defined in |9] as the algebra over F' generated by 2 and the
steps c;-—L, fji for 1 < j < n subject to the relations

c;r =c; + f;r and ¢ = cf + [ (3.4
gct = c;t(i)g and gfEf = f;?l.)g. (3.5

A sequence of steps satisfying (3.1]), (3.2)) and (3.3) can be obtained by reading a product

of the generators as concatenation. Then, a word in the generators is a concatenations of
arrows and changes of sheets.

Because of the relation in , we can always omit that a change of sheet (a g € Q) can
only be the last step of a walk, that is, the last entry of a word written in the generators. A
step starts or ends at the alcove, where the drawn arrow starts or ends, respectively. The last
step g € () just permutes the numeration of the walls. Thus, we identify an alcove walk by the
start alcove and the sequence of crossings and folds, which leads to the following definition.

Definition 3.1. Let v € W. An alcove walk of type @ = (iy,...,4¢) beginning at v is a
concatenation of £ steps and a g € 2, satisfying

(i) the first step starts in the alcove corresponding to v,

(ii) the kth step starts at the alcove where the (k — 1)th step ends,
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(iii) the kth step is either an ig-crossing ci or an ix-fold fi:,

(iv) if the last step ends in o, the alcove walk ends in gv € w.

By [9], the set of alcove walks beginning at the fundamental alcove A and ending in the
same sheet is a basis for the alcove walk algebra.

Remark. Definition is slightly different from the definition of alcove walks in [9]. There,
the initial alcove is always the fundamental alcove A and a walk stays in one sheet. An alcove
walk is then a word only in the generators c;-—L and fJjE of the alcove walk algebra. In our
definition, there are several alcove walks corresponding to the same word, since the initial

alcove is not fixed and the type does not include the change of sheets g € Q.

Write B(v, @, g) for the set of alcove walks of type & = (i1,...,7s) beginning at v and
ending on the g-sheet of Qx V. We call v = «(p) the initial alcove of p € B(v,w, g) and define
the endpoint end(p) € W of p as the corresponding alcove where p ends. The set B(v, W, g)
includes 2¢ alcove walks since the type of @ has ¢ entries. To differ between them it suffices
to know which step is a fold. For a walk p € B(v,, g) let

f+(p) = {j | step j of p is a positive fold},
f~(p) = {j | step j of p is a negative fold} ,

and let f(p) = f*(p) U f~(p) be the set of fold positions. Note, that f(p) determines fT(p)
and f~(p) (for a fixed type of the walk), so it determines p.

Example. Consider the rank 2 root systems Ay and Cy with multiple alcove walks. We do
not label the walls since the image of the walks does not depend on the change of sheets g at
the end of a walk.

First, have a look at As. The image below shows some alcove walks.

HOl1+042

Let p; be the alcove walk, which lies on the negative side of H,,, and py the alcove walk,
which lies on the positive side of Hy,tay-
The walk p; is of type (2,1,0,1,0,1,2,1,2,1,0) beginning at s; € Wag and with no folds. The
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alcove walk ps is of type (0, 2,0,2,1,2) beginning at so € Wag with folds f(p2) = {4} = fT(p2).
There are three more arrows drawn in the chamber s9s1C. These do not belong to one and
the same alcove walk because any alcove walk concerning just these three steps would breach
condition (i) of Definition But we can define two alcove walks, each with one of the
crossings, and the fold could belong to both of these walks.

Now, consider Type C5. The next image shows two alcove walks — say ¢; and g2 — of the
same type @ = (0,1,2,1,0,2,1,2,0) but beginning at different alcoves and having different
sets of fold positions. Let g1 be the walk beginning at s;ses; € Wag. This walk has positive
folds f*(q1) = {5} and negative folds f~(q1) = {2, 8}.

Ha1+2a2

Let g2 be the other walk, beginning at s1 € W,g and with one positive fold f*(g2) = {4} and
one negative fold f~(q;) = {8}.

The length {(p) of an alcove walk p € B(v,, g) is the number of entries in its type @, and
we call p a minimal alcove walk if ¢(p) is the minimal length for a walk from ¢(p) to end(p).

Example. Counsider the following two walks from 1 (fundamental alcove A) to sgs1525180
(red striped alcove):
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Of course, a minimal walk has no folds and its first step is a positive 0-crossing. Both walks
satisfy these conditions, but only the northern walk is a minimal walk, since it has the same
length as the ending alcove. The type of the minimal walk is @ = (0,1, 2, 1,0).

The alcove end(p) determines a weight wt(p) € P and a ¢(p) € W by

end(p) = tyyp)p(p) € W.
We call ¢(p) the final direction of p and wt(p) the weight of p.

Example. Continue the previous example, let p € B(1, @, g) be the minimal walk given there.
The definition of minimal walk does not depend on the change of sheets g € €, but end(p)
does. In Type Ag, we have 2 = {id, (012), (021)}, where an element g € € is a permutation
of the labels on the walls (in cycle notation).

The labeling for g = id is

in ty\(WA):

/

‘g:id/

g g = (021)
wt(p) = 2wy + 2wo wt(p) = wi + 2we wt(p) = 2wy + we
p(p) = wo ¢(p) = s2 e(p) = s1

= (012)

where the alcove with the squared gray pattern is £y A and the weight of p is the center .

From a different point of view, given a dominant weight x4 € PT there is a unique element
of minimal length in the p-polygon, say ¢,v, for v, € W, and we can construct a minimal
alcove walk p of weight u by forcing ¢(p) = 1 and end(p) = t,v,. We call p a p-path. Note,
that there is a unique g € Q such that g='(t,v,) € Wag. The p-path has type i = (i1, ..., %),
where g7t (t,v,) = si, - - 8i, is a reduced word. Let P(ji) be the set of alcove walks of type ji
beginning at v € W and ending at the same sheet as the u-path.
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Given a minimal alcove walk p in the fundamental chamber C of type (i1, ...,i), denote
sequences ¥ = (V1,...,7¢) and j = (j1,...,je) such that the kth step of p crosses the affine
hyperplane H., j, for a positive root 73 and a nonnegative integer ji. That is,

Ve = £, Tiy - Tip_, B, a positive root, (3.6)
where 8;, = i, i, = s for 1 < i, < n, By is the coroot of the highest root in ®" (see
Section [1.3) and r¢g = sg,. By Section , exactly one sign yields a positive root.

Since p has minimal length and is in C', we have

gr=1{i < k| Bi= B}l (3.7)

Remark. The sequence 7 is a A-chain for a dominant weight \. We will discuss this in the
next section.

3.2 A combinatorial formula by Ram and Yip
In 2008, Ram and Yip provided in |10] the following combinatorial formula for Macdonald
polynomials:

Theorem 3.1 (Ram and Yip, 2008). Let u € Pt be a dominant weight. For a fized u-path,
define the sequences (y1,...,7¢) and (ji,...,j¢) as in (3.6) and (3.7). Then

-1 _ -3(1 — k(Y P)
_ wi(p) 13 (€ (p)) (ot (0)) tTEA 1) 72 (1~ t)g'*t
Py = Z t £ ( H 1 — gie ¢l P H 1 — gietn P '

pEP(f) kef+(p) kef=(p)

Remark. The original formula in |10, Theorem 3.4] is for the generalized definition of Mac-
donald polynomials, which uses several variables ¢; (we mentioned this in Section . But
when t; =t = ¢F for each t; — as we assume — the original formula reduces to the one in

Theorem B.11

If 11 is not regular, the formula computes a scalar multiple of the Macdonald polynomial P,,.
In this case, we just have to normalize the polynomial, i.e., we have to divide it by the leading
coefficient (the coefficient of m,).

Remark. We just have to normalize the polynomial, because we did not introduce the theory
and methods, which provide the Ram and Yip’s formula. In their proof of [10, Theorem
3.4], some terms vanish or are equal to smaller terms under a certain relation. The details
of the applied methods are given in [10, Section 2|. In fact, Ram and Yip state an alternate
formula for the Macdonald polynomials P, when g is not regular. This formula follows from
the property of a p that it is the same as wpu for at least one w € W. That is, the stabilizer
W,, of p is not trivial. The formula in Theorem can then be compressed as a sum over
walks in P(fi), which start in certain representatives of W/W,, multiplied by the Poincaré
polynomial of W,. The concrete formula is given in [10, Section 3.
Indeed, the formula in Theorem can be written as

Po= 3 a0 EeE) - tent) 10 (1 _ gl ( 11 W) ( 11 qjkthtw:))
PEP (i) kef(p) kef=(p)
which follows directly by Lemma [1.2] and (1.3).

The formula in Theorem just needs one alcove walk, namely a p-path. The sum is
then over alcove walks similar to this u-path, but transformed by starting in another alcove
than the fundamental alcove A, or changing crossings into folds. The following lemma shows,
how this affects the weights and final directions of walks in P(f).
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Lemma 3.2. Let p,q,t be alcove walks of the same type & = (i1,...,1¢), beginning in the 0-
polygon and ending with the same change of sheet g € Q. Let f(p) = f(q) C f(t) be the sets
of folds such that f(t)\ f(p) = {j} and let Hy, be the hyperplane which is crossed by the jth
step of p. Then

(i) «(p)~" end(p) = 1(q) " end(q),
(it) «(p) =t wt(p) = t(q) ! wt(q) and u(p)(p) = 1(q)(q), and
(iii) wi(t) = sa,r Wt(p) and o(t) = satp(p)-
Proof. Without loss of generality, suppose ¢(p) = 1 and - because of - suppose g = 1.

(i) The alcove end(p) is then defined as the alcove, where the last step ends. The directions
of the steps are determined by the numeration of the walls, which is invariant under the
action of the affine Weyl group. Thus, if the kth step of p ends at an alcove B, the kth
step of ¢ ends at ¢(q)B. It follows directly, that end(q) = ¢(q) end(p).

(ii) The weights wt(p), wt(q) and the final directions ¢(p), p(q) € W are determined by
end(p) = twt(p)np(p) and end(q) = twt(q)cp(q)
By (i) and (1.9), we have
end(q) = tui(g)(2) = U twip)P(B) = tig) witp(a) " o(D)-
The action of the Weyl group does not change sheets, therefore
wi(g) = (@) wt(p)  and  @(q) = i(a)'e(p)
as desired.

(ili) The first j—1 steps of p and t are the same. Let H, j be the hyperplane which is crossed
by the jth step of p. Recall that the labeling on the facetts of the alcoves is given by
acting on the labeling of the fundamental alcove (on any sheet) with Wog. Thus, if a
step 7 +m of p, m > 0, ends at an alcove v, step j +m of t ends at s, ;0. By ,
the walk ¢ ends at

end(t) = sqk end(p) = saklwi(p)P(P) = Lo, o (wi(p)) SaP(D),

which is on the same sheet as end(p). It follows, that

wt(t) = sqr(wt(p)) and @(t) = sap(p). O

Let p be a minimal alcove walk with sequences v = (v1,...,7) and j = (j1,...,j¢) like
defined in (3.6) and (3.7). For a subset T' = {k1,...,ks} € [{], define

U(T) = S0 Svyede and U(T) = 5y, Sy, (3.8)

Corollary 3.3. Let y € Pt be a dominant weight and define the sequences v and j as in
(3.6) and (3.7) for the p-path. Let v, be its final direction. Then,

— w((T)p) 43 (L(w™ ¥ (T) (v)) —(wow) =|T]) (1 _ 4|7 1 ik $ht (7))
P, = Z X Mtz n 0 (1—1) <H 1_qjktht(v,j)> (H et Tk )

weWw keT —
Teq] keT,,

where T,; C T is the set of negative folds of a walk q € P(fi) with folds f(q) =T and initial
alcove 1(p) = w.
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Example in type Az Recall the construction of the root system As in Section [[.2] We
want to compute the Macdonald polynomial P, for the Weyl vector p = wy + ws.
The minimal length representative of the p-polygon is s9. We have 12 walks of type (0):

[ V o - - —— v_ o ___Nv_____2 [— .
\ / \ /
\ / \ /
\ / \ /
\ / \
\ : p p
\/ /
——g- - - - \———T———/ —————— «-- =Moo Mo Pv ————————— o« - -
\ / \ /
\ \ / / \ /
\ xR
N N
\/ N/
2 Ui Ty i e 20t et o — - - — - - = ==
/ \ /N
/ \ ’ \
/ / \ \ & / \
/ \
/ \ ﬂ
R O Bl ANid Bty N~ ®*-- g TN Tk
’ \
/ \ / \
’ \
/ \
/ \ ’ \
- A A Qo - - - e iy e ==

First, consider the 6 unfolded walks on the left. The corresponding weight to a walk is marked
with an unfilled circle. For each unfolded walk p, we have wt(p) = ¢(p)p and ¢(p) = wot(p)
such that these 6 walks produce the sum

Z X wopl/2(E(wow) —E(wow)) _ Z X" =m, (3.9)
wew weW

in the formula. In fact, the coefficient of m, in P, is one by definition. Since p is a regular
weight, any fold in the walk would lead to a smaller weight than p. Thus, the unfolded walks
are exactly the ones corresponding to the term m,,, like we have also computed above.

The sequences by (3.6) and (3.7) are just

Y1 =0a1 + as and =1
so ht(7y) = ht(a) + o) = 2. Each walk p of the 6 alcove walks with fold satisfy

end(p) = u(p) = ¢(p) and  wi(p) =0.

The fold of a walk with initial alcove 1,s1 or sy is negative, otherwise positive. Thus, the
remaining sum of the formula is

1— 1-
> /2w~ tgw)-1) 1 1) II < L S )

— o2 1 2
weWw 1—qt we{l,s1,s2} 1—qt
1-t¢
and together with (3.9), we have
P,(q,t) :mp+1_7_qt2(t+2+q+2qt). (3.10)

Now, let us compute the Macdonald polynomial for a not regular weight. Let pu = 2ws
be this weight, then we already know which terms appear in the corresponding Macdonald
polynomial:

Py=my 4wy, mey

since wy is the only weight such that p —w; € Q7.
There are two walks per each weight in W pu:
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Using the formula of Theorem the leading coefficient is (t_% +t%) =73 (1+4t). Thus, the
formula must be divided by this scalar to normalize the polynomial. Since P, is symmetric, we
only need to consider the alcove walks in P(/i) with weight w; to determine the coefficient w,,
of my,. These are the following six:

ST A A /f, ,:,,,,;,,,;/f/, . ’l:,
\\ / \\ “ / \\ /
\\ // \\ “// \\ //
777777 wffffﬁfﬁfff 7*77771:77[;7/’#77747 7*77771:7777/#777‘7
\\ ///(:)1' ) \\TQA \\ %90\}1
,,,,,,,,,, Mo N N L e NN N L e NN
/// \\\ \ ///\)/\v /// \\\&§
,,,,,,, VAR SV ANV | SV VA A N V2 VA
'7//7777777l\77 '7//7777777>\;7 7//777'7777l'\77
1=t (,4—1/2 | 1—1/2 1=t (,43/2 | 41/2 (1-t)? 1/2 3/2
(gt e ) gz (a2 +t2) Toaa—em (@t + at??)

where the given terms are determined by the appearing folds T- C T € {1,2} and the
sequences v = (a1 + a9, a3) and j = (1,1). Summarize these terms to get the coefficient
of my, in P,, which is

/ _ _ _ _ _ )2
Uy, = (172 (1 Lqt=1/2 4 ¢71/2) 11_q§2(qt3/2—|—t1/2)+( (1—t) (qt1/2—|—qt3/2))

1+t \ 1—qt 1—qt)(1—qt?)
_ g—qt—t+1
- 1—qt

Example in type B> Recall the construction of the root system Bs in Section Like
in the previous example we want to compute the Macdonald polynomial P, for the Weyl
vector p = w1 +ws. Now, the minimal length representative of the p-polygon is s1595¢, so the
sum in formula of Theorem is over 23 = 8 walks per element of the Weyl group, i.e., 64
walks. Moreover, we already know, which weights of the walks will appear: each weight in
the W-orbit Wy for u < p, that is p1 € {p,w2}. Thus, the Macdonald polynomial P, is

Py =mp + tpunMu,

for a coefficient u,w, € F.

We first have to figure out, which walk belongs to which weight. Lemma tells us, what
the weights (and thus the final directions) of a walk are. Like in the previous example, we
mark a weight by an unfilled circle and by a filled circle if it is the weight corresponding to a
walk with initial alcove 1. Let us start with the 8 unfolded walks:
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Any walk p of type (0,1,2) without folds has weight wt(p) = i(p)p and final direc-
tion ¢(p) = woe(p). It is not surprising, that this yields the term

_ wp
m, = E XWP,
weWw

For every other walk, we need the sequences defined by (3.6) and (3.7), which are
v = (a1 + ag, a1 + 20, a1 + @) and j=(1,1,2)
so ht(7y) = ht(yy) = ht(2ay + o3 ) = 3 and ht(yy) = ht(ay + o) = 2.

In fact, we do not have to consider every walk: the Macdonald polynomial is symmetric by
its definition in Theorem so it suffices to consider the walks with weight wo to determine
the coefficient w,,,. We draw these walks and give their negative folds and the term they
produce:

! ‘ | | 0 P ! \; | il
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o B R TN Lo

‘ I IO ! I IO
,,‘,,,,/L,,fofff/‘ 77777 . S ,,,,L,,,,>‘1,,,J,
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N R AN
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N | N N , | N N
7N N ! [N 7 N | |

T:{g}:Tl :{3}:T31 T:{2}:T827 TS182:®
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2 2 2

+q°t t*+1
= () e {UGRRY
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The coefficient u,, is the sum of the given terms:

Uy =1(1_:]2’?2<q2 +¢*0) + S_‘q’2,< £ __QZ (1+1)
1— 2 1— 2
T T o)
e U g+ S (g+a*t")

(1 —qt?)(1 - qt?) (1 —qt?)(1 = qt*)(1 — ¢°t?)

3.3 Combinatorial formulas for special cases

Recall the special cases for the Macdonald polynomials defined in Section [2.1} the Macdon-
ald spherical functions, the Weyl characters and the orbit sums. We obtain formulas from
Theorem for these polynomials by setting ¢ = 0, ¢ =t and t = 1, respectively.

Given a dominant weight p, let P+ () C P(ji) be the subset of all non-negatively folded
walks in P(i).

Corollary 3.4. The Macdonald spherical function for a dominant weight p is
P, = Z :Ewt(p)t%(e(w(p))—f(ww(p))—\f(p)l)(1 — @,
pEPT ()
Corollary 3.5. The Weyl character for a dominant weight i is

X = ¥ VD)

pePT(iI)
[ (p)|=£(e(p))—€(wor(p))

Setting ¢ = 1 in theorem yields the same formula for orbit sums as in their Defini-
tion 211

Corollary 3.6. The orbit sum for a dominant weight p is

If 4 is a dominant regular weight, the final direction of a p-path is wy (otherwise, the
leading term of the P, in Theorem would not be 1). Thus, for a dominant regular
weight p € PT1, the formula in Corollary [3.4] reduces to

Po= 3 oMo (1 — gl

pEPT(f)

N D)

pEPT(fI)
[f(p)|=£(e(p))

In addition, using Corollary [3.3] we can cancel some exponents and get the next corollary.

and Corollary [3.5] to
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Corollary 3.7. The Macdonald polynomial for a reqular weight p is

_ w((T L0(w)—(wT(T))—|T T 1 e 20t (7Y
PM*ZX(()“)“(() (w¥(T))—| D(l—t)‘ <H1_qjktht(%¥)> Hq]kt ()

;ea}? keT k€Ty
where T,; C T is the set of negative folds of a walk q € P(fi) with folds f(q) =T and initial
alcove 1(p) = w.

Remark. In fact, the formulas for Macdonald spherical functions and Weyl characters were
stated independent of Ram and Yip’s combinatorial formula for Macdonald polynomials and
Theorem reduces to them. For more details, we refer to [12]| for the Macdonald spherical
functions in terms of positively folded alcove walks. An equivalent formula for the Weyl
characters in terms of certain positively folded alcove walks is given in |1] using the Littelmann
path model.

3.4 An equivalent combinatorial formula

Recall Definition [3.1] of alcove walks. As discussed in section 3.1} any alcove walk p is uniquely
determined by

its type o, its initial alcove ¢(p), a g € Q and the set of fold positions f(p).

Let us call them for a moment the defining information. The formula in Theorem [3.1] needs
further statistics about walks — like the weight, final direction and certain sequences of roots —
which are determined by the defining information. Therefore, it might be useful to give an
equivalent definition of alcove walks using those statistics. This subsection will give such an
definition and we will transfer further definitions out of Section [3.1] to this new point of view.
We will finally get an equivalent formula for the Macdonald polynomials P,, with which P,
can be computed without drawing alcove walks. In fact, we get the same formula as stated as
Ram and Yip’s formula in [5]. This formula will be used in Sectionto obtain a combinatorial
formula for the Macdonald symmetric functions. Note that the following definitions are from
[5], but not the explanations why they are equivalent to the previous ones.

Given the defining information but g € €2, the alcove v — the alcove where the fth step
ends — is already uniquely determined. Then, end(p) € {g0 | g € 2} is uniquely determined
either by g € €2, the weight wt(p) or the final direction ¢(p).

Instead of giving the type @ = (i1,...,i¢) and the set of folds, we can give the sequence of
alcoves and walls like in the following definition from [5]:

Definition 3.2. An alcove walk of weight p is a sequence Q = (Ag, F1, A1, Fa, ... Fy_1, Ag, 1)
where Ag, ... Ay are alcoves, A\ € P is a weight, and for each i = 1,...,¢, F; is a codimensional
one common face of the alcoves A;_1 and A;. We call Q a minimal alcove walk if it is a
minimal length alcove walk from Ag to Ay. The weight of the alcove walk is denoted by wt(£2).

Let Q = (Ao, F1, A1, Fy, ... Fy_1, Ag, pu) be a sequence in the sense of Definition [3.2 We
can identify Q as alcove walk by Definition [3.I} The walk begins at the alcove Aj, which
belong to a unique corresponding element v € Wyg by Corollary Let Hy, . be the wall
which includes F; for any 1 < i < n. Since Fj is defined as part of the common wall H,, ¢, the
alcoves A;_1 and A; must be either adjacent or equal. Thus, a consecutive triple (4;_1, F;, 4;)
is either a j-crossing or a j-fold, respectively.
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Definition 3.3. Let u be a dominant weight. Analogously to the definition of a u-path using
Definition 3.1} we define a p-path as minimal alcove walk

(A>F17A17F27'--Ff—laAfnu)

which has weight p, starts at the fundamental alcove A and ends at the alcove Ay, which
has the minimal length representative of all alcoves in the p-polygon. The p-chain is a
sequence of positive roots I' = (v1,...,7,), such that Fj, is part of a hyperplane H, eEH
for every k € {1,...,¢}.

ksJk

A p-chain I' is the sequence we already defined in (3.6). The sequence j = (j1,...,je¢),
defined in (3.7), can be obtained by I'. Thus, the combinatorial formula in Theorem just
needs the p-chain I' = (71, ...,7¢) of a dominant weight .

Because of Lemma [3.2] we define the action of W on alcove walks by

w = (WA, wF, wA;y ..., wFy_1,wAp, wp)

to obtain alcove walks of the same type (relative to Definition but with another initial
alcove. Analogously, if we change a crossing into a fold at the kth step of 2, we can describe
this by an operator F}, which acts on € by

fu(Q) = (Ao, Fo, . .., Ak, F, Sy Akt 15 Sypgin Pl 15 - -+ Sy e Fi-15 Sy At S'Yk:jklu)

Fix a p-chain to a dominant weight p. Let F(T') := {(w,T) | w € W, T C [¢]} and encode
an element (w,T) € F(I') as alcove walk w fr(Q2), where Q is the p-path corresponding to I,
and fr is the concatenation of operators fy, - - - fx,, for T'= {ki,...,ky}. Lemma holds
and we define U(T') and ¢(T') like in (3.8).

Now, we can rewrite Theorem using the notations in this subsection:

Corollary 3.8. Let i € Pt be a dominant weight and T a p-chain. The Macdonald polyno-
maeal is

_ wp(T)pyp 2 (U(w= (T v, ) —b(wow)—|T 1 i ht (7YY
Po= 3 D Uyt IT) (H 1_qjktht(m> I] o)
(w,T)eF(T) keT k€T

where v, is the final direction of the p-path, and T, denotes the set of negative folds of the
walk (w,T).

Corollary 3.9. Let i € Pt be a dominant reqular weight and T' a p-chain. The Macdonald
polynomial is

_ w (T )y % (U(w)—L(wT(T))—|T 1 e 10t (7Y
P, = Z 20 (T g5 (E(w)—L(w¥ (T))—|T]) (Hl—qjktht('yl\g/)> H ¢ort ()
keT keTy

where v, is the final direction of the p-path, and T, denotes the set of negative folds of the
walk (w,T).

This formula gets by so far almost without drawing alcove walks. The remaining question
is, how the negative folds T, can be obtained from 7 without drawing alcove walks. To
answer this, define the most known partial order on the Weyl group — the Bruhat order.
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Definition 3.4. Write w > u for two elements w,u € W if the following two conditions hold:
(i) w=usg fora € P,
(i) L(w) > ().

The transitive closure of this relation defines a partial order on W, called the Bruhat order.

Remark. For consistency, we use the same definition for the Bruhat order as Lenart in [5].
This definition can also be found in |3, Section 5.9, however, there are equivalent definitions
mentioned. Let w = usg for w,u € W and a reflection sg € W. Then, by (1.2),

w=usg = u(u_lsu(ﬂ)u) = Sy(B)U-

Since u(f3) is a root, we can exchange condition (i) of Definition [3.4{ by w = sgu or u = sgw.
The same argument shows that w > w if and only if w™' > u™!. Let w > u, so w = usg for
a root 8. Then u™! = sgw™!, and hence u~! = w_lsu_1(5). Condition (ii) of Definition
holds, since £(v) = ¢(v1) for any v € W.

By [5], we finally get a tool to determine a negative fold of a walk.

Lemma 3.10. Let ' = (y1,...,7) be a A-chain and let (w,T) € F(T') be an alcove walk with
set of folds T = {t1 < --- <tpn}. A fold ty, in (w,T) is positive if and only if

WSBy « - SB_q = WSBy -+ - SB,_ 15845
where B; =y, fori=1,...,m.
Likewise to [5], use the Bruhat chain
W, WSeyy 'y WSeyy Sayyy +vvy WSy * 0 Sy
to determine all the positive and negative folds in T' = {t; < --- <t }.
Example. Recall the example in Section about P, in Type By with p-chain
v = (a1 + az, a1 + 202, a1 + 2).

Consider the walk in P(p) with initial alcove w = s; and folds T' = {2, 3}, so let 51 = a1 +2a2
and P2 = a1 + ag such that sg, = s1s251 and sg, = s25152. Pictorially, the set of negative
folds is T,, = {2}. The same set of negative folds follows by the Bruhat chain, which is

S1 < wp > S9.

4 Macdonald polynomials in Type A

Historically, mathematicians started studying symmetric functions, which had a partition as
input. It turned out, partitions are in bijection to dominant weights in root systems of Type A.
This leaded to generalizations of symmetric functions by changing the input to weights of any
root system. In this section we will explain the relation between partitions and weights in
Type A, and how this effects the group algebra A = F[P].
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4.1 Symmetric polynomials

Macdonald polynomials are defined in the group algebra F'[P]. If the root system @ is of
Type A,_1, the group algebra becomes the polynomial ring of symmetric functions. We
introduce them similar to [8] and [11].

Consider the polynomial ring Z[x1, ..., x|, where z1,...,z, are independent indetermi-
nates. The symmetric group S,, acts naturally on Z[x1,...,z,] by permuting the z;’s and
the polynomials which are invariant under this action form a subring A, — the subring of
symmetric polynomials in x1,...,x,. In fact, A, is a graded ring, that is

Av=EPA,  and  ApAp = Apym,
r>0

where A] is the additive group of homogeneous symmetric polynomials of degree r. There
is a surjective homomorphism A,; — A,, defined by setting x,+1 = 0. Thus, we consider a

polynomial in A, in
@

r>0

where A" = 1lim A} is the projective limit of A} for r > 0.
<

n
The property of a polynomial to be symmetric does not depend on the ring Z. We can
easily change the ring Z to any ring R and shall write

Ar=A®z R and AR,n:An @z R.

Remark. Let f be a symmetric function in Ag. We write f(z1,...,z,) for the image of f in Ap,
obtaining that z; = 0 for all indices k > n. Thus, the image f(z1,...,2y)isin Ag,,. Instead of
permuting the z;’s, let the symmetric group act on the exponents of the monomials z{* 252 - - -
in f. This provides the same symmetric polynomials as in A,.

The exponents of a symmetric function in are determined by a sequence of nonnegative
integers u = (p1, p2, - - - ), the symmetric group S,, acts on them naturally by permuting the
first n entries:

W = (Hap(1)s Ho(2)s - - - » Bw(n)s Hnt1s g2y - - - )

When the sequence has length n, it suffices to regard it ordered by size — as a partition.
Therefore, many symmetric polynomials of interest are defined corresponding to a partition.

Definition 4.1. A partition of a nonnegative integer m is a sequence A = (A1,...,\,) of
weakly decreasing nonnegative integers which sum up to m. We then write |[A\| = m. The
length ((\) of X is the number of parts n in the sequence. If the sequence is strictly decreasing
and ends with A, = 0, we call A a regular partition.

To simplify the notation of a concrete partition, write A = (171,22 ...) if X\ has m,
parts of size r.
It is convenient to ignore parts of size zero since adding or subtracting such parts only changes
the length. That means especially, we can always assume that a partition of m has length m
by adding or subtracting parts of size zero. To avoid confusion, denote the length of a
partition A\ after subtracting all parts of size zero by fni,. Hence, the length of a regular
partition is £(A) = lpin(A) + 1.

Given two partitions A and p, without loss of generality of the same length n, define the
sum v = A + p as partition with

vi=MXN+p; forevery 1 <i<n.
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This defines an associative operation on the set of partitions of any length.

Definition 4.2. Let A, i be partitions of m, without loss of generality of the same length n.
Write A > p if

MAFN >+
for every ¢ = 1,...,n. This defines a partial order, called the dominance order, on the
partitions of m.

Example. The dominance order is a total order for m = 1,2, 3, 4:

(1)

(2)>(1,1)

(3)>(2,1)>(1,1,1)

4> (3,1)>(2,2)>(2,1,1)>(1,1,1,1).

The two partitions (3,1,1) and (4,2) of 6 are not related to each other, so the dominance
order in indeed just a partial order in general.

The dominance order can be visualized using Young diagrams. We will follow up on this
in Section 5.1l

Theorem 4.1. There is a bijection between the set of partitions of length n — 1 and the set of
dominant weights in Type A,_1, which is compatible with the additions defined on both sides.
The partial order on weights is then identified with the dominance order on partitions under
this bijection.

Proof. Recall from Section the realization for Type A,, so let V' C R"™ be the vector
space consisting of all vectors whose coefficients in the linear combination in the standard
basis sum up to zero, and let w; = v; — %Un for 1 < i < n —1 be the fundamental weights
where v; =1 +---+¢; for 1 <j < n.

Let A = (A1,...,A—1,0) be a partition. We can think of X as vector Y ;" | Aig; in R™, and
Al

we can transform A to a vector in V' by subtracting - v;,,. We prove that

A
,u::/\—uvnev
n

is a dominant weight. Indeed, we can write pu = Z?;ll a;w; for unique coefficients a;, and the
definition of the fundamental weights yields

i — Hit1 = Q4.

On the other hand, we have

A A
i = Hit1 = < z‘_‘)_()\i—&-l_H) = Ai — Ait1
n n

which is a nonnegative integer since A is a partition. Thus, 4 can be written as a nonnegative
integer linear combination of the fundamental weights, as desired.

Vice versa, a dominant weight u = Z:‘L:_f a;w; determines a unique partition A = (Aq,..., A\p—1)
by the rule

n—1
)\k:Zai for1<k<n-1.
i=k
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The described mappings are inverse to each other, so they are bijections. It should be clear
by construction, that this bijection preserves the additions defined on partitions and weights,
respectively. O

Remark. The described bijection in the proof of Theorem [4.1]is a change of bases. A dominant
weight p corresponds to a partition A = (A1, ..., Ap—1, A, = 0) under the bijection if and only

if
n—1 n .
p= Z,ini = Z </\i - ;) €-
i=1

i=1
Analogously, there is a bijection between dominant regular weights and regular partitions
what explains the similar name.

Corollary 4.2. There is an bijection between regular partitions of length n and dominant
weights in Type A,_1, which is compatible with the additions defined on both sides.

Corollary 4.3. The group algebra F[P] in Type A is isomorphic to the ring of symmetric
functions Ap.

We next describe more relations between symmetric functions and the root system of
Type A by considering some well known bases for the ring of symmetric functions Ag. Their
definitions and properties — like to be a basis for A — are from and given in [8, Section 1].

Monomial symmetric function Given a sequence u of n nonnegative integers, consider
the monomial x# = [[i;z*. If X is a partition of length n, we define the monomial
symmetric function m) as sum of all distinct monomials z# such that yu = o(\) for any
permutation o € 5,,. That is,

my = Z z,

BESRA
where S, is the Sj,-orbit of the partition A.
The monomial symmetric functions my form a Z-basis of the ring Ay.

Example. We determine some monomial symmetric functions my. The simplest ones are

M () = Z x* and

m(lm) = E wll o e xlm

11 <<l

where the sum is over numbers between 1 and n = ¢(A). To shorten the index A of my, we
write the partition often of minimal length, and the sum is then from 1 to n for an n > iy ().
In the next sections, in particular in Section [5.3] we will express symmetric functions as linear
combinations of the monomial symmetric functions corresponding to A of m = 1,2, 3,4. These
are the following (except m,,) and mym)):

_ 2
m1) = E LiLyj

i#j
_ 2,
mr) = Z%% ;
i#j
_ 2
m2,1,1) = Z Tixy -
i#4,k

i<k
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Theorem 4.4. The orbit sums in Type A,_1 are the monomial symmetric functions subject
toxy---xy, = 1.

Proof. Let u be a dominant weight in Type A,,—1 and let A = (A1,...,\,—1,0) be the corre-
sponding partition by the bijection in Theorem [£.1], that is

n—1 n ;
w= ;ulwz = ; (x\Z n) €
Likewise to |8} Section 2.3|, let z; = 25~ % where Uy = €1 + -+ +&,. Then, we have
-y =20 =1

Moreover, the orbit sum corresponding to p is then a sum over distinct sequences which can
be obtained by acting on A with the symmetric group S,, and each such sequence w\, w € S,
determines a distinct monomial . In other words, the orbit sum m,, becomes the monomial
symmetric function m. O

Power sums Let r be a nonnegative integer. The rth power sum is
Pr =My = Zx:
i

Given a partition A = (A1, A2, ..., A,), define its power sum py = px,Px, - - D, -
These products form a Q-basis of Ag.

Completly symmetric functions Let r be a nonnegative integer. The rth complete
symmetric function h, defined as
h, = Z my,.

|ul=r

For each partition A = (A1, A2,...,Ap) let hy = hy,hy, -+~ hy,. These products hy form
a Z-basis of Ay.
The complete symmetric function in terms of the power sums is given by

by, = Z Z)Tlp)\a
[Al=n

where

Z\ = H (r"™rm,!)

r>1
for A= (1™ 2m2 . ).
Definition 4.3. Define a scalar product on A by the condition
(hx,mu) = oy
for all partitions A and u.
Indeed, the scalar product is defined on Ag for any Z C R.
Lemma 4.5. For any two partitions X\ and u, we have
(DX s Pu) = Oap2n,

where zy is defined in section 4.1.



4 MACDONALD POLYNOMIALS IN TYPE A 42

4.2 Macdonald symmetric functions

In the following subsections, we will introduce further basis for the ring of symmetric func-
tions Ag, written as a linear combination of the monomials. The ring R = F = Q(q, t) is the
ring we already considered in Section [2| To shorten the notation of a function indexed by a
partition A, we write "lower terms" for a linear combination of monomials m,, with p < A.
In this subsection, we will introduce the equivalent to the Macdonald polynomials:

Theorem 4.6. The Macdonald polynomials P, in Type A,_1 are symmetric functions subject
to the relation x1---x, = 1, and defined by

(i) Py = P\(q,t) = mx+ lower terms,

(i) (Px,Pu)qs =0 if X # p,
where the scalar product is defined by

L)
1 — g
(DA Pudat = Oxp2x H 761 (4.1)

We call them Macdonald symmetric functions.

Proof. The two defining conditions follow directly from the definition of Macdonald polynomi-
als in Theorem [2.1]and Theorem[4.4] More interesting is the equivalent definition for the scalar
product (,)q+ on Ap. Laurent polynomials in z1, ..., z, are polynomials in xil . ,x,iLl. De-
note the F-algebra of those Laurent polynomials by

Ln—F[:E1 ,...,w%l].
Following the construction in the proof of Theorem we set x; = &~ (E1tten), Thus,

for any root a = ¢; — ¢,
-1
J

2 =a"% = px

such that A, ; of (2.2) becomes
(:L'z a
Ay = H : = H H —q Tz
i#£7 ( Lij ’q i#j r=0

an element in L,. Let f,g € Ay r, then the scalar product defined in (2.3) reduces to

(F  9)a = [Fdls

where g = g(mfl, .o.,xyl) in Ly. By [8 Section 1.12], the Py are pairwise orthogonal relative
to this inner product. More precisely, this defines an equivalent scalar product to the one

defined in (4.1)). O

Note that the scalar product defined in (4.1)) is just equivalent to the scalar product ()
defined on F'[P] and restricted to the case, where the root system ® is of Type A.
When ¢ = t, the scalar product (4.1)) becomes

(DA Pu)a.q = Oxp2a

the scalar product in Lemma [£.5]



4 MACDONALD POLYNOMIALS IN TYPE A 43

Remark. A breakthrough in the theory of symmetric polynomials was the proof of the positivity
conjecture. It concerns a modification of the Macdonald symmetric functions H(g,t) via
plethystic substitution. These modified Macdonald polynomials are again a basis for the
ring of symmetric functions. Written as a linear combination in the Schur functions, the
coefficients K, are called Kostka-Macdonald coefficients and Macdonald conjectured, that
they are polynomials in ¢ and ¢ with nonnegative integer coefficients. In 2001, this conjecture
was proven by Haiman in [2] for the first time.

The following corollary follows directly by Theorem [.4] and Section [2.1]

Corollary 4.7. The monomial symmetric functions my are the Macdonald symmetric func-
tions Py att = 1.

The Macdonald symmetric functions generalize further polynomials of interest, like the
Schur polynomials we will define in the next section.

4.3 Schur functions

The Schur functions are a well-studied basis for the ring of symmetric functions. There are
several combinatorial formulas using the strong relation between them and partitions. Of
course, we could define the Schur functions by these combinatorial considerations, but we will
choose an algebraic definition (see [8, Section 1.7]).

First, let us work in Z[x1, ..., z,] again. Given an partition A = (A1, ..., Ay,) of length m <n
we can extend it to a partition of length n by adding parts of size zero. Define

ay = Z e(w)z™ ™,
wESn
wA no o Aw)
where 2" =", ;"""

Considering 0, = (n — 1,n — 2,...,1,0), the minimal regular partition of length n, it yields

as, = 1_[(3:z —xj) the Vandermonde determinant.
1<j
Definition 4.4. Let A be a partition of length n. Define the Schur function corresponding

to \ as
A\+6,

as

S\ —

n

The Schur functions form a Z-basis of A like the following theorem shows.

Theorem 4.8. The Schur function sy can be written as linear combination of the monomials

Sy =m) + ZKAMmM
p<A

for nonnegative integers K, called the Kostka numbers.

We refer to [8, Section 1.7] for the proof of Theorem [4.8]
The Kostka number K, has a combinatorial interpretation as number of certain Young
tableaux related to A and pu. We come back to this in Section [5.2
The Schur functions satisfy condition (i) of Theorem By [8, Section 1.6] it also ap-
plies (sx,su) = 6u. Thus, the Schur functions are Macdonald symmetric functions:

Corollary 4.9. The Schur functions are the Macdonald symmetric functions for ¢ = t, so
they are the Weyl characters in Type A.
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4.4 More special cases of Macdonald symmetric functions

Although the Macdonald symmetric functions are a special case for the Macdonald polyno-
mials, they are themselves a family of some well-studied symmetric functions. Conversely
to the historical order, we define some of them as special cases of the Macdonald symmetric
functions, and follow the notations of [8].

Hall-Littlewood symmetric functions We get the Hall-Littlewood symmetric func-
tions P\ (t) by setting ¢ = 0 for the Macdonald symmetric functions. Thus, they are defined
by

(i) P\(t) = mx+ lower terms,
where the scalar product is given by

ey
(px Pt = (P pu)or = auza [J(L =)

i=1

In fact, a closed formula is known for Py(t) and they form a basis for Az (see [8, Section
1.10]).

Jack polynomials Let ¢ =t“ for a > 0. The limits

P = lim P,

t—1
are called the Jack polynomials. They form a unique Q(«)-basis for the ring Ag(q) satisfying
(i) P/sa) = my+ lower terms,
(ii) (P\”, B™)a = 0if A £ p,
where the scalar product is defined by

(x, D) = P zy.

Zonal polynomials Define the zonal polynomial Z) corresponding to a partition A the
Jack polynomials at o = 2, that is, as the unique symmetric polynomial in A satisfying

(i) Zx = mx+ lower terms,
(11) <Z)\ ) ZM>2 =0if A 7é H,
where the definition of the scalar product reduces to
(Px P2 = 032N 2y

We summarize the results and definitions of this section and of Section[2.1] by the following
diagram:
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Macdonald polynomials P,

J Type A

symmetric functions Py(q,t)
qo{

\k:‘ta’ t—1

Hall-Littlewood Pj(t) Jack polynomials P;\a)

t=1 Ja:Z

’ monomial symmetric m) ‘ ’ Schur s) ‘<7
A' A Ty;h\
Y Y
orbit sums m,, Weyl characters x,

5 Combinatorial formulas for Macdonald symmetric functions

In Section [3] we have already seen a combinatorial formula for Macdonald polynomials, so
in particular for those in Type A - the Macdonald symmetric functions. This formula (see
Theorem [3.1)) uses combinatorics based on alcove walks in the affine Weyl arrangement. Since
there is a bijection between partitions and weights in Type A, we ask for a formula using
combinatorics on partitions. Such a formula is given by Lenart in [5]. Before we state Lenart’s
formula in Theorem we will give some definitions on partitions.

5.1 A combinatorial formula using partitions

A partition A is identified with the Young diagram of shape A, which is defined as
{(6,7) e NXN|j < A}

We draw the elements, called cells, as connected boxes. We use the english notation, where
the cells are ordered like the numeration in a matrix. For example, the Young diagram of
shape A = (5,4,4,1) is

The Young diagram visualize many definitions corresponding to the partition. For example,
we can view the dominance order on partitions as bumping down boxes of a Young diagram
into a lower row. As in the corresponding example in Section we have
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=
l
[]

i
=
N

S
CIJI\3
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m:4:D:I:I:|> |‘> > >

A second example is the conjugate N = (\},..., ) ) of a partition A = (A1,..., ). Tt is
defined by \; = # {i | A\; > j}, or equivalently, A} is the number of cells in the jth column of
the Young diagram of shape A.

We define some combinatorial statistics we need in the combinatorial formula in Theo-
rem using Young diagrams. Still considering the english notation for the Young diagram
of shape A, the arm and leg of a cell u = (4, j) of A\ are defined as the number of cells strictly
to the left of u or below u, respectively. Take again the partition A = (5,4,4,1) and denote
the cell @ = (1,2):

elala a\ arm(e) = 3 and leg(e) = 2.

Two cells u, v attack each other if one of the following holds:
(1) w and v are in the same column.
(2) w is in the column to the right of v and in a strictly higher row than v.

We can define functions o : A — [n] for any positive integer n and identify them with
Young diagrams of shape A, where the image of each cell is written in the corresponding box.
Therefore, call such a function a filling. The content of a filling o is

content(c) := (cy,...,¢,), where ¢; == |o71(4)].

Given a partition A = (A1,..., Ag), the statistic

14

n(A) = (i — 1A

=1

can be seen as the sum of cells in the filling 7 : (4,j) — (¢ — 1), which has content A. We will
use this point of view in Section [5.2

The formula in Theorem for Macdonald polynomials in Type A is a sum over certain
fillings:

Definition 5.1. A filling is called nonattacking if any two attacking cells u, v have different
images o(u) # o(v). Denote the set of nonattacking fillings o : A — [n] by T (A, n).
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Example. Let us consider two fillings m,0 : A — [7]:

) =L[2[4]5]1]  ana o) =[3[2]4]6]5
7I7[1]1 1[5]5]4
4[4]2]4 47|16
] 0]

The colored cells in 7 attack each other and have the same filling, thus, m does not satisfy
Definition . It has content content(w) = (4,2,0,4,2,0,2). The filling o is a nonattacking
filling with content(c) = (2,1,1,3,3,3,1).

We define the column reading order on the cells of A as total order, for which a cell (i, j)
precedes a cell (k,¢) if (j,4) precedes (¢, k) in lexicographic order, that is, if either j < ¢ or
ifj=~and i <k.

For the following definitions, let o be any filling of A.

Definition 5.2. A pair of cells (u,v) with o(u) < o(v) is said to be an inversion if u,v
attack each other and u precedes v in column reading order. The set of inversions is Inv(c).

Example. The nonattacking filling o of the previous example has 8 inversions:

3[2[4]6[5] [3]2[4[6]5] [3[2][4[6]5] [3]2[4[6]5] [3[2[4]6]5]
1[5[5]4 1]5[5 4 1[5[5]4 1[5[5]4 1[5[5 4
4[7[1]6 4[7[1]6 47[1]6 4[7[1]6 4|7[1]6
6] 6] 6 ¢ 6]

3[2[4]6[5] [3]2[4[6[5] [3[2[4]6]5] [3]2[4[6]5] [3[2[4][6][5
1[5[5]4 1[5[5 4 1[5[5]4 1[5[5]4 1[5[5 4
4[7[1]6 4[7[1]6 47]1]6 4[7[1]6 4[7[1]6
6] 6] 6] 6] 6]

Definition 5.3. A cell u = (4,7) is called a descent if the cell v = (i,7 + 1) exist in A
and o(u) > o(v). The set of descents is denoted by Des(o). Extend this set to Diff(c) by
requiring different images in the definition of descents.

Definition 5.4. Given a filling o, define two combinatorial statistics:

maj(o) = Z arm(u)

u€Des (o)

inv(o) := | Inv(o)| — Z leg(u)

u€Des(0)

Example. Our running example has 4 descents, which are colored in the left tableaux. The
cells in Diff (o) are colored in the right tableaux.

Des(o) : 3[2[4]6]5] Diff(o) : 3[2[4]6]5]
115|154 11554
47|16 41716
6] 6]

We obtain maj(c) =4+ 1+1+2=8andinv(c) =8—-(3+0+1+2)=2.

Now that we have fixed some definitions on partitions, we can state Lenart’s combinatorial
formula for Macdonald symmetric functions from [5, Thm. 2.12].
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Theorem 5.1 (Lenart, 2008). Let A be a regular partition of length n. Then, we have

: ) 1-¢
_ n(\)—inv(o) ,maj(o) ntent (o)
Palg,t) = Z t ¢ H 1— qarm(u)tleg(u)Jrl e ’
c€T(An) ueDiff (o)

In |5, Lenart shows how to obtain this formula, which is related to partitions, from the
formula of Ram and Yip, which uses combinatorics based on alcove walks we discussed in
Section [3] His proof can be split in two parts. In the first part, he constructs nonattacking
fillings from alcove walks and expresses Ram and Yip’s formula as sum over those fillings. The
second part compresses the result to the formula in Theorem The details of the proof are
given in [5]. Although, we will give the proof of the first part in Section to explain the
relation between nonattacking fillings and alcove walks. But first, we provide a formula for
Schur functions and examples of Macdonald symmetric functions using Lenart’s formula.

5.2 Combinatorial formulas for the Schur functions

By Theorem [.8 we already know, that

Sy =m) + E K)\Mmy
p<A

where K, are the Kostka numbers, which have the following combinatorial interpretation:
A Young tableau of shape A is called semistandard if the numbers in the cells are strictly
increasing in the columns and weakly increasing in the rows. To be exact, a semistandard
Young tableau of shape A is a filling o of A, such that the conditions above hold. The
Kostka number K, is then the number of semistandard Young tableaux of shape A with
content p. Thus, we have a second formula for the Schur functions as sum of semistandard

Young tableaux
sy = Z xcontent(a)7 (51)
o€SSYT())

where SSYT()) is the set of all semistandard fillings of A.

Like we have seen in Section and Section [3.3] we can use combinatorial formulas of Mac-
donald polynomials to obtain Schur functions by setting ¢ = ¢ = 0. In contrast to the previous
given formulas for special cases of Macdonald polynomials, we get a new one for the Schur
functions:

Corollary 5.2. The Schur function for a partition X\ is

sy = Z xcontent(a) (52)
€T (A\n)
Des(o)=0
n(A)=Inv(c)
a sum over nonattacking fillings without descents and with the maximal number of inver-
sions Inv(o) = n(\).

Proof. Consider the formula of Theorem Let A be a regular partition. The used combina-
torial statistics n(A), inv(A), maj(A), arm(A) and leg(\) are nonnegative. We have to determine
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when an exponent of q or ¢ is zero. Remark that a cell with arm length 0 cannot be in Diff ().
Now, we write

P, (q7 t) — Z 7571()\)—inv(cr)qmaj(cr) H 1— tl - :Econtent(a)
c€T(A\n) ueDiff(0) = germtglest s
1-t¢
_ n(A)—Inv(o) content(o)
Z t H 1— qarm(u)tleg(u)+1 z
oc€T (A\n) u€eDiff (o)
Des(o)=0
. 1-1¢
+ 7571()\)—Inv(a)qmau(a) xcontent(a)
067’2(/\ ") ue]g(a) 1— qarm(u)tleg(u)Jrl
Des(o)#0
q=0 n(A)—Inv(o) 1t content (o)
- Z t H 1 — tleg(u)+1 x
€T (An) u€Diff (o)
Des(c)=0
1-t¢
_ n(A)—Inv(o) content (o)
- Z t H 1 — tleg(u)+1 z ’
oe€T(An) u€eDiff (o)
Des(c)=0

This formula reduces to a sum over fillings o (nonattacking and without descents) such
that n(A) — Inv(c) = 0. Recall that a pair of cells (u,v) is an inversion if u precedes v
in column reading order, u and v attack each other and o(u) > o(v). Construct a nonat-
tacking filling o without descents, which has a maximal number of inversions. This is (for
example):

o A = [/

for pairwise different kq, ..., kg, where £ = £(\), that is

kqlky ]ﬁ‘ ......
kolksol - -
k3

Note that there can be other types of fillings with the same number of inversions, but no
filling with more. Construct a second filling

To: u = #{v| (u,v) €Inv(o)},

which counts how many inversions (u,v) a cell u makes up. Let u = (4, 5) be a cell in the jth
column and let X be the number of cells in the kth column for any & = 1,...,A;. The
image 7,(u) is an integer between 0 and )\;. Since A is a regular partition, there are at
least \; — 1 cells in the (j + 1)-th column. In addition, the entries in o are the same for
each row. Thus, 7,(u) = # {v | v in jth column, o(u) > o(v)} counts the number of smaller
entries in the column of u, so each number between 0 and )\9 is exactly once in the jth column
of A\. Ordering each column by size yields a third filling
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T: (i,5) — i—1.

For example, if A = (4,2,1), k1 = 3, ko = 1 and k3 = 2, the three described fillings are

3]3][3]
1

o(A) = T = 1O|O‘ T:()O()|O"
1|1
2]

BEE

EEE

The maximal number of inversions of a nonattacking filling without descents is

Limin(A)
Tov(o)] =) ro(u) =Y 7(w)= > (i—1X\=n()). O
UEN UEA =1

Indeed, if Des(o) is not empty, there are fillings with more than n(\) inversions. But the
proof shows, that a nonattacking filling without descents has at most n()) inversions.

Remark. Lenart calls the difference n(\) —inv(o) the complementary inversion statistic
(see |4, Definition 2.11 and Proposition 2.12]) and denotes it by cinv(c). In addition, he
proves in [4, Proposition 2.12| that cinv(o) counts pairs of cells (u,v), such that the following
two conditions hold:

(1) wis below v and o(u) < o(v) and
(2) if the cell w directly to the right of u exist, then o(v) < o(w).

The stated formula (5.1) for the Schur function looks very similar to the well known
formula (5.2). But in general, they are not the same. That is, the sum is over different fillings
but with the same content as the next example shows.

Example. Compare (5.1) with (5.2) for the partition A = (2,1) and n = 3. The semistandard
Young tableaux which appear in (5.1) are

1] [1]1] [2]2] [1]2] [1[3] [2][3] [1]2] [1]3]
2 3 3 2 3 3 3 2

7

while in (5.2) appear the tableaux

11 [1]1] [2]2] [2]2] [3]3] [3]3] [1]2] [2]3]
2 3 3 1 1 2 3 1

The monomials z123, xlxg and @x% correspond to different tableaux in both equations. The
monomial x1xex3 corresponds to the last two tableaux, but just one of them appears in both
cases.

5.3 Examples of Lenart’s formula

In this subsection, we want to compute the Macdonald polynomial for every regular partition
of m € {1,2,3,4} via Lenart’s formula in Theorem Since Py(q,t) = mx X<\ uauMy
for coefficients uy, € Q(q,t), we will consider each part wuy,m, of the sum individually.
Moreover, we will consider my, € Ap, for a n > m (see the paragraph about monomial
symmetric functions in Section [4.1]).

In fact, given a regular partition A = (A1,...,Ar—1,0), the part of the formula corresponding

Ae—1

to the monomials a:gll -+, is the monomial symmetric function my. This is clear by
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the definition of the Macdonald symmetric functions in Theorem .6 but it is also clear by
Theorem : A nonattacking filling o of A with content (c1,...,¢,), ¢k, = A, must be

kqlky k‘l\ ......
kolksal - -

so maj(c) = 0 and inv(c) = n(A).
A regular partition A of m with length ¢ exists if and only if

Hence, we now only consider partitions of minimal length 1 or 2.

A = (m,0) Partitions of minimal length 1, that is, A = (m, 0), satisfy n(\) = 0, leg(u) =0
for any cell v and Inv(o) is empty for every filling o. The formula in Theorem reduces to

; 1-1¢
P, (q7 t) — Z qmaJ(a) H o= mcontent(a) (53)
o€T(An) 1€Diff (o) 4

where i € Diff (o) means (1,7) € Diff(¢). Since no two cells attack each other, every filling is
nonattacking. A filling o, which has just one integer k as image, generates those parts of the
sum corresponding to the monomial z}*. Such a filling has empty sets Des(o) and Diff(o), so
all those fillings oy, k € [n], generate

n
m
M(m,0) = Z L
k=1

as term of (5.3).
A filling & which has pairwise different images — say &(1,47) = k; — corresponds to the mono-

mial xy, ---xp,,. For a fixed choice of integers ki < --- < k;,, we can get each filling o
with k1, ...,k as image, if we act on the index set with the symmetric group S,,. That is,
each filling o with kq,...,k,, as image can be written as

o =wd where o(1,7) = ky-

A descent of the filling o then becomes a descent of the permutation w, while the set Diff (o)
includes all cells except the last (1, m).
The major statistic of a filling becomes the comajor index

comaj(m) := Z m—i
(i) <m(i+1)

of the corresponding permutation 7. Thus, fillings whose image is a set of pairwise different
integers generate

m—1
usmymmy = > g« (H 11__(17;5) D T,

WESm, i=1 k1<-<km

as term of (5.3). Note that in smaller examples it might be easier to stay with the major
statistic for fillings than the comajor index.
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A =(1,0) Consider A = (1,0), we have
Pooy(g,t) =m0 = Zﬂﬁk
k=1

A = (2,0) We differ between two types of fillings o
and

for different k,¢ € {1,...,n}. Depending on whether £ > ¢ or k < ¢, the statistic maj(o) is
equal to 1 or 0, respectively. Thus, we have

1-t¢

Pooy(g;t) = mg) + (1+q) 1 gt

m(1 1)-

)

A = (3,0) We differ between fillings relative to the number of equal entries: The monomi-
als :L‘i and xrzpr,, 1 <k <l <r <n, correspond to the fillings

and for {K, 0,7} = {k, 0,7},

respectively. The monomial x%:cg corresponds to three types of fillings o and since Py is
symmetric, we only have to consider k < £:

|[k[k[e] [R[CIR] [C1F]F]

o
i € Diff(0) 2 1,2 1
maj(o) 0 1 2
Thus, we have
1—¢t 1—1¢
Pioy(a,t) =m0+ (¢° +2¢° + 2¢ + qo)il mpre gy UL L)

(it ettt
m
1—qt ql—qtl—q2t ql—q2t 1)

(P +q+1)(1 —t)m N (3 +2¢° +2¢+1)(1 —t)?

=M(3,0) T 1= 2t (2.1) I—gh(l—g2) 0
(@ +q+1)(1—1) (g+1)(*+g+1)(1 —t)?
=M(3,0) T 1= 2t m(2,1) I—g)(1—gn e

A=(4,0) Let 1 < k,l,r;s < n be pairwise different. We have five types of monomi-
als. Analogously to the previous examples, the monomials a:% and zpxor.Ts, K, L,1r,8 < N,
correspond to the fillings

and for {K' 0/, '} = {k,{,r, s},

respectively. The monomial x%xg corresponds to four types of fillings and since P, is sym-
metric, we only have to consider k < ¢:

o |[K[R[RLE] [kIKTCTR]) [R[€]R[R] [CR]R]E]

i € Diff(0) 3 2.3 1,2 1
maj(o) 0 1 2 3
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The monomial xix? corresponds to three types of fillings (or 6 if we differ between k& < ¢ and
k> 0):

o ([E[r[e]e] [k[e]e]k] [F]C]k]F]
i € Diff () 2 1,3 1,2,3
maj(o), k< { 0 1 2
maj(o), k> ¢ 2 3 4

The fifth type of monomials is xzmxr and again, we only have to consider & < /¢, r for the
following six types of corresponding fillings:

|[RIRLCIr] [RLCIRIr] [R[CIr[k] [CDRTRIr] [CDRIrDR] [CDrTk]%]

o
i € Diff(0) 2.3 1,23 1,2.3 1.3 1,23 1,2

maj(o), L <r 0 2 1 3 4 2

maj(o), £ >r 1 2 3 3 4 5

Thus, we have

2 2 2
P(4,0) (g,t) =Mm4,0) + (g + 1)(1(]_4(_1312(1 t)m(3,1) + (1+q )((ql jq%:;(ll)(_lq%?(l qt)m(2,2)
(¢° +2¢" +3¢° + 3¢° + 2¢ + 1)(1 — t)?
’ (1— (- ) ey
(@+ 12"+ +2¢> + g+ 1)1 — )
(1—gt)(1—¢*)(1 - ¢3t)
(g+ D+ DA -1) N (®+D(*+q+ 1A -t)(1 —qt)

m(14)

=M(4,0) T 1= gt (3.1) (1= ¢2)(1 — %) m(2,2)
(g+ D¢+ 1)@ +g+ 1)1 -1)
(1-¢’)(1—¢%) &L

(+ 1D+ D +q+1)(1—1t)

R SR T ey

m(14).

Now, let us compute the Macdonald symmetric functions for the partitions of minimal
length 2: (2,1,0) and (3,1,0). For these partitions, not every filling is nonattacking.

A =(2,1,0) By Theorem[d.1] the partition (2,1) = (2,1,0) is identified with the dominant
weight w1 + we in Type As. We already computed the Macdonald polynomial of this weight
in Section by using Theorem [3.1] However, we will compute it again, but this time with
Theorem [5.1] We differ between two types of fillings:

klk]  and kr] , (5.4)
14 14

for pairwise different k, ¢,r € [n], where the left filling corresponds to the monomial z3xy,
and the right filling to xg, 2k, Tk,. Denote ¢ = (1,1), ca = (2,1) and ¢3 = (1, 2) for the cells
of A. A filling o of the left type corresponds to the monomial :Ez.%'g, has no descent and one
inversion: either (c1,c2) if & > £ or (cg,¢3) if k < L.

now, consider a filling o of the right type in (5.4). It corresponds to the monomial xyxpz,,
and provides Diff (o) = {¢1}. Fix k < ¢ < r, then we have the following six cases:
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o kr\ﬁr\rk‘\kﬁ\
4 k / r k

<

7] [2]%]

maj(o) 0
inv(o) 0
n(\) —inv(o) 1

O = O
O =
o = O
=
— O

Thus, the Macdonald polynomial is

1-t
Pia10) = Z x%xz + Z m(qot +2¢%° + ¢M° 4+ 2¢' ) zpapz,
ke k<t<r

1-1¢
= M(2,1,0) + 1—7qt2(t +2+q+ 2qt)m(13).

Recall our result (3.10) by the formula in Theorem

1—t
Py(g,t) = ?qﬂ(t+2+q+2qt)+ > e

weW
1—1t .
= ?W(t+2+q+2qt)+z$ i
i#]
L—t €i ( €5\ —1
1_7qt2(t+2+q+2qt) +Z(x (259) 7).
i#£]
Using the bijection given in Theorem (or Theorem , this polynomial is isomorphic to

1—1¢ z;

Poro) = T pp(t+2+a+2at) + >

itj Y

subject to the relation xizox3 =

= 1. Thus, multiplying with 1 = x1x9x3 yields the better
known representative

1-—t¢
Ploj0) = 1_7@2@ +24q+2qt) + Y mim;.
i#£]

A=(3,1,0) Let1l <k, ¢ rs <n be pairwise different. By Theorem the Macdonald
polynomial is

Py =my +up@2)m22) + ur@,1,1)M2,1,1) T Ura) M),

so it has four types of monomials: $2$g, :n%w%, l’%:l)gﬂj‘r and zpxyx,xs. The corresponding
nonattacking fillings are
kk|k\ kk|l\ kk|r\ kr|k\ rk|k\ €r|k\ kr|3\ (5.5)
l l l l l k l

where four of them correspond to z2z,x,. A filling of the first type in (5.5) has no descents
and one inversion. Thus, this type produces the term

my = E a:ﬁa;g.

P,
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A filling o of the second type (corresponding to xix?) has a descent if and only if £ > ¢. But
it always has exactly one inversion. Thus, we get the next summand

Up(2,2)M(2,2) = 1_7@((1 gt )mag = 1—7qt(1 +a)m(a2).
Now, let us compute uy,m, for p = (2,1,1), that is, the part of the formula corresponding
to x2zex,. Denote ¢; = (1,1), c2 = (2,1), e3 = (1,2) and c¢3 = (1,3) for the cells of A\. The
set of inversion Inv(o) is a subset of {(c1,c¢2), (c2,¢3)} and inv(o) = |Inv(o)| — 1 if & > r;
otherwise it is |Inv(o)|. Likewise to the previous examples, we only need to consider a fixed

choice {k < ¢,r}. We have

. {<r >
o Diff(¢) maj(o) inv(o) ‘ maj(o) inv(o)

klE[r]] 0 1 0 1
L]

Elrlk] ] ¢ e 1 0 1 1
4]

rlk[k]| 2 1 2 0
4]

Ii rlE ¢ e 1 1 3 0

so the coefficient of z3xz, in P31 1s

une = (1 1) ( 2 (A-t(et+20+3’) ¢+ q2t>
1—qt (1—¢%?)(1 — qt) 1— q¢%t?
24313 — 2312 + 2¢%t3 — 3¢%t% + ¢* + qt® — 3qt +2¢ — 2t + 2
(1—qt)*(1 + qt)

for A\ =(3,1,0) and p = (2,1,1).
We have just one type of filling left which corresponds to the monomial xxzpx,xs, that is

o\ = k|75
=tk 5],

and Diff (o) = {cg, c3} always holds. So the factor

I 1—t _ (1—1t)? (5.6)

_ qarm(o)leg(o)+1 —_ q242 _
webifi(o) L @ OtE (1= ¢*)(1 —qt)

does not depend on o. Nevertheless, we have to differ 4! = 24 cases to determine the statis-
tics maj(o) and inv(o):
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o maj(o) | |Inv(e)| inv(o) | gmai(@)¢nN)—inv(e)
(>s>r>k 0 1 1 1
C>r>ks 1 1 1 2q
k>0>r>s 3 2 1 ¢
k>0>s>r 2 2 1 ¢
r>k>0>s 1 1 1 q
k,s>0>r 2 2 1 2¢°
r>sk>/¢ 1 1 1 2q
s>r>k>/{ 0 1 1 1
s>0>r>k 0 1 1 1
k>r>0>s 3 1 0 >t
L>k>r>s 3 1 0 >t
0>s,k>r 2 1 0 2¢°t
s>E>k>r 2 1 0 >t
r>0>ks 1 0 0 qt
k,s>r >/ 2 1 0 2¢°t
k>r>s>/¢ 3 1 0 >t
s>r>0>k 0 0 0 t
r>s>0>k 1 0 0 qt

Note, that some cases are combined in the first column. The last column gives the term of all
the fillings mentioned in the corresponding row, so that we get kq“t" for u,v € Z if k cases are
mentioned. The coefficient uy, for v = (1%) is the sum of terms in the last column, multiplied
with the factor in (5.6), that is

(1-1)?
1= 2)(1 — qt)
(g+1)(3¢% + ¢ + 2qt +2q +t + 3)(1 — t)?
(1—¢*t*)(1—qt) '
The Macdonald polynomial can know be expressed as
(1-t)(1+q)
1—qt
N 2¢°% — 2¢°1? + 2¢°t% — 3¢°1* + ¢* + qt® — 3qt + 29 — 2t + 2

(3¢3% + ¢ + 5¢°t + 3¢* + 3qt +5q +t + 3)

u)\l/:(

P3.1,00 =m3,1,0) m(2,2)

(1—qt)*(1 +qt)) ey
(q+1)3*t +¢®+2qt +2¢+t+3)(1 — t)2m
(1= 22)(1 —qt) wr
5.4 Proof of Theorem |5.1
In this section, we will see, how the formula in Theorem
_ n(A)—inv(o) ,maj(o) 11—t content (o)
Pa(gt)= > t q 11 x

_ qarm(u)leg(u)+1
oe€T(An) weDitie) L T wles(t)

can be obtained by the formula for regular weights in Corollary

_ W (T)py & (0(w) —£(w¥(T))~|T) I Jnght())
Pu= 3, amiine (H 1_qjktht(w¥)> [T oo
(w,T)eF(T) keT k€T,
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To avoid confusion, we use P\(q,t) if we compute the Macdonald symmetric function via
combinatorics on partitions — that is, if we use Lenart’s formula. Otherwise, we use the
shorter symbol P,.
The bijection between partitions and weight has already been discussed in Section Thus,
the main part of this subsection is to relate alcove walks with nonattacking fillings. We will
consider alcove walks as a pair (w,T) € F(T') to a fixed A-chain I' (see Section [3.4). The
section follows the structure, definitions and proof by [5].

First, we construct a certain A-chain I' for a regular partition A = (A1, Ag,..., A\p—1,0).
Recall the realization of Type A,_; in Section Likewise to the notation of [5], identify
each positive root a = ¢; — ¢; for ¢ < j with the tupel (7, j). Define two sequences of roots

T(k) =((k,n), (kyn —1),..., (k,k +1),
(k—1,n),(k—1,n—1),...,(k—1,k+1),

“ ey

(Ln),...,(L,E+1))
and

(k) =((k,n), (k,n —1),..., (k, k +2),
(k—1,n),(k—Ln—1),...,(k—1,k+2),

ey

('1,n),...,(1,k—|—2)).

We use these defined chains to construct a A-chain I' as concatenation I' = I'y Iy, —1 ... T'g,
where

(5.7)

LT k= min i | 4= A
b I'(\,) else.

This is indeed a A-chain, which follows by an equivalent definition of A-chains given in |6,
Section 4]. But notice that a A-chain there corresponds to a minimal alcove walk from A
to A — X, thus, the definition needs a modification in that sense, that any « in the chain have
to occur one time less than required.

Example. Let n = 4 and A = (4,2,1,0), so its conjugate is \' = (3,2,1,1). The A-chain
(according to the construction via (5.7)) is

I = F4 Fg F2
- (V) (%) (X))
= I'(1) I"(1) I(2)

= ((1,4),(1,3),(1,2), (1,4),(1,3), (2,4),(2,3),(1,4),(L,3) ).

From now on, we always consider I' =Ty, ...I'2 as the A-chain to a regular weight A.
Identify a set of folds T'= {t; < --- < ts} in the sense of Section as the subsequence of I'

T= (rytla'”v’yts)'

It will be clear in the context, whether we consider T as set of folding positions or as a
sequence of roots, so we use the same notation 7.

Write T' = T}, ... T, for subsequences T},,...,T5 of I'y,,...,'s, respectively. That is, T}
consists of the roots in T', which came from I';, in I'.
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Example. Continue the previous example with 7' = (1 < 3 < 4 < 7 < 9) in the sense of
Section Underline the roots in I' at position ¢t € T. These make up the sequence T'.

I = F4 Fg F2
= ((1L,4),(1,3),(1,2), (L,4),(1,3), (2,4),(2,3),(1,4),(1,3) )

T = ( (1’4)7(172)7 (174)’ (2’3)7(1’3) )
= Ty T3 T

To construct a filling of A\ determined by a pair (w,T) € F(T') start with the row fill-
ing 7(i,j) — i for each cell in A. An element w € S,, acts on the filling by acting on the
numbers in the cells, that is, by acting on the images of the filling 7. Define an action of the
folds (viewed as transpositions) on certain columns of the tableau. As discussed in Section|L.2]
the Weyl group of A,_1 is W = S,, and a reflection s, for a = (i, j) is the transposition (3, j).
Thus, the constructed chains can be viewed as sequences or as composition of transpositions.
Let a subsequence Ty, of T act as permutation of .S, on the first £ — 1 columns of the square.

Example. Continue the example with the partition A\ = (4,3,1,0), the row filling 7 and
the folds T' = TyT3T5((1,4), (1,2)|(1,4)[(2,3),(1,3)), where the vertical lines separate the
subsequences Ty, T3, T, visually. Let w = (1243) € Sy (cycle notation). The subsequence Ty,
viewed as permutation, is the composition of the transpositions (14) and (12), where (12) acts
first. Thus, T} is the permutation (14)(12) = (124) € S4 and acts on the columns 1,2 and 3.
Likewise, T3 = (14) acts on the columns 1 and 2, and 75 = (23)(13) = (123) acts on the first
column. The action wT = w1157 on the row filling 7 of \ is

1[1]1] T2 L[1]1] T, [2]4]1]1] 7o, [4]1]2]1] ,», [3]2]4]2]

2 2 3
2 32 32 34 1[3
[ 4] 1] 2]

’oaw.—x

Construct a filling of A to each pair (w,T") € F(I') as follows:

Definition 5.5. Let A be a partition with A-chain I' as defined before. Define the filling
map f from a pair (w,T) € F(T') to a filling f(w,T) = o of A by

o(i,j) = mi(i),

where
Ty = wT/\lT)\l_l ce Tj+1

for a column j=1,..., A1 in A.

Example. In our running example, the filling map f maps (w,T) to

24]2].
3

f(w7T) =

BEE

The permutations 7; appear in the Bruhat chain of (w,T')

Ty = W,..., ’R’)\l,l:wT)\l,..., 71'2:’UJT)\1...T3, ey T :wTAl...ngwT.



5 COMBINATORIAL FORMULAS FOR MACDONALD SYMMETRIC FUNCTIONS 59

This is a chain of permutations, so we can read the words as well from left to right if we
make use of their inverse: Consider the partition A as part of a A\; X A; square and fill the
boxes of this square by the row filling. The permutations then (considered from left to right)
act on the rows, not on the filling. The permutation w sends row r to row w~!(r) for every
row r = 1,...,n. A transposition (7, j) in T} switch the cell in row ¢ with the cell in row j in
every column 1,...,k — 1.

In the previous example with A = (4,2,1), w = (1243) and T' = ((1,4), (1,2)|(1,4)|(2, 3), (1, 3)),
we get

w w(14) wTy wTyTs wTyT5(23) wTyT3Ty
212]2]2] [3]3[3]2] [4]4]4]2] [2]2]4]2] [2]2]4]2] [3]2][4]2]
4[4 44 3[3 3[3 13 1[3
1 1 1 1 3 2
- [4 o o o 3

1[1]1 1[1]1 1[1]1 1[1]1 1[1]1 111
1313[3]3] [2]2]2]3] [2]2]2]3] [4]4]2[3] [4]4]2]3] [4]4]2]3

The blue cells are the ones which have swapped.

The sum in Theorem is over nonattacking fillings, which were defined in Definition [5.1
and each filling o generates a term corresponding to the monomial z¢°™%(@)  The filling map
provides these conditions, as the following two corollaries show.

Proposition 5.3. Let u be the weight corresponding to a partition X (by the isomorphism in
Theorem|4.1|). For any element w € W and set of folds T, the content of f(w,T') corresponds
to the weight of the walk (w,T) € F(T'), that is wi(T)p.

Lenart proves Proposition by an induction on the length of T', so he explains, how the
weight changes by adding a fold after the last one of a fixed walk. The change in the filling
then corresponds to the change in the affine arrangement. To identify the concrete affine
hyperplane, where the fold is at, he considers certain parts of the filling and their number of
entries related to a particular root. For details, we refer to |4, Proposition 3.6 and section 5|.
In addition, the proof implies for (i, k) € Tj, that

Ktht(’yv) _ arm(Lj—l)tk—i

q q

where H, , is the affine hyperplane at which the fold (i, k) is.

Proposition 5.4. The filling f(w,T) is nonattacking. Moreover, the filling map is surjective
when A is reqular.

Proof. The proof follows those to |5, Proposition 3.6 and Proposition 3.7].
Let 0 = f(w,T) be the image of a pair (w,T) € F(X) and let u = (i,j — 1) be a cell of A.
Let v = (k,j — 1) be a cell in the same column as u, but below, so k > i. Then,

o(u) =mj—1(i) and o(v)=mj_1(k)

are different, since 7; is a permutation. Therefore, o fills a column with pairwise different
integers.

Let w = (4, j) be the cell to the right of u. If o(w) = o(u), then o(u) differs from every entry
in the column to the right, so in particular to the images of those cells, which are in an upper
row.
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Thus, assume o(w) # o(u). Consider the subsequence T; = {r,..., 7t} of T = Ty, ...T5,
and the Bruhat chain of (w,T)

w,. ..o, wIy,, .o wT Ty, —1,. .., wTy, ... Ty = wT.
In particular, we just need the subchain from 7; to m;_1, that is
mp=wly, ... Tjpq1, wly, ... Tjpam, ..., wly, ... Tjpam .. .11, wTy, ... Tj = mj_1.

Let s = (i,7), 7 < i, be a cell above u. A permutation T} changes the first £ — 1 columns,
so mj(u) = mj(w) = mj—1(w).

Thus, there must be a permutation 7 in this subchain, such that = (r) = o(s), so it writes o(s)
into row 7.

To show, that the filling map f is surjective, note, that a pair (w, T') is uniquely determined
by its Bruhat chain. Thus, we construct a Bruhat chain, that is, a chain of permutations,
such that two consecutive permutations only differ by an transposition (so they are in relation
by the Bruhat order). For a nonattacking filling of A, construct the chain as follows:

Set m € S, by m (i) = o(i,1) for each row i = 1,...,\]. We construct the chain
recursively and assume to have constructed mq,...,mj_1. So let m; = m;_; first. Now, for
each row i from 1 to M}, compare the consecutive cells (i,7 — 1) and (i,7). If they differ,
redefine 7; by swapping the entries ¢ and (7, j) (in the image of ;).

Proceed like this for 711 to my; and set w := my,. By the definition of =}, it is ;T = m;_1,
so we obtain a Bruhat chain to (w,T). O

For the moment, the formula by Ram and Yip in Corollary derives to

P\ = Z xwt(wT)t%(f(w)—f(WT)—lTl)(1 — )T
(w,T)eF ()
1 arm(i,j—1)  k—1
X H 1— qarm(i,jfl)tkfi H q t
2<5<N 2<5<0
(4,k) ET; (4,k)ET;

It remains to compress this formula identifying and summarizing the coefficient to the (w, T"),
which correspond to the same nonattacking fillings in 7 (A, n). That is, we have to consider
the sum over walks (w,T) € f~! of the coefficients. By [5, Theorem 3.7, this sum for a fixed
o compresses to

>

(w,T)ef~1(o)

so that we finally obtain

Py, = Z xcontent(o)t%(E(w)—f(wT)—|T|)(1 _ 7§)|T| %

o€T(A\n)
1 arm(i,j—1)  k—i
X H 1— qarm(i,jfl)tkfi H q ¢
2<5<M 255 <M
(i,k) €T (4,k)ET;

The proof of this last compression part requires a lot of notations, which we want to spare
the reader. [5] considers consecutive columns of nonattacking fillings and associate folds to
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statistics on these columns, like the inversions, descents and differences. He also splits the A-
chain I' and the folds, to consider smaller parts of the sum, expresses them in terms of ¢, ¢
and desired statistics of the filling, and rearranges the result.

6 Further examples

By now, we have seen the following examples for Macdonald polynomials P, in Type A:

7 A An_1 formula is given in
Ram and Yip Section (3.2
witw,  (21,0) A2 Lenart ' Section [5.9
29 (2,2,0) A,  Ram and Yip Section [3.2
mwi (m,0) form>1| A;  Lenart Section [5.3| (just a reduced form)
w1 (1,0) A;  Lenart Section [5.3
2wy (2,0) Ay Lenart Section [5.3
3w (3,0) Ay Lenart Section [5.3
4wy (4,0) A;  Lenart Section 5.3
2w +wy (3,1,0) A,  Lenart Section [5.9)

where A\ denotes the corresponding partition to the weight u by Theorem The formula of
Ram and Yip is the one in Theorem [3.I} the formula of Lenart is given in Theorem

Let us complete the computation of Py for all partitions A of m = 1,2, 3,4, so that we have
used both: Theorem and Theorem In fact, since Theorem is just for regular
partitions, we just have to make use of Theorem for the partitions (3,1,0) and (m,0). In
the following, we give alcove walks in P (i) to a weight u. To avoid confusion, we do not draw
every alcove walk in P(ji) for a fixed set of folds T, but we mark every weight. Denote wt(T")
for the weight of the alcove walk in P(ji), which has folds 7" and begins at the fundamental
alcove A. Likewise to the examples in Section mark the weights wt(7") with a filled circle,
and mark weights of alcove walks with a different initial alcove by an unfilled circle. For
Ay, we use the same image as before, where the fundamental alcove A is the gray colored
alcove. Note, that in our examples the last arrow of each walk points at its weight, since the
constructed p-walks points at . Additionally, we give the term in the alcove walk formula in
Theorem [3.1] which is generated by the walks (w,T) for the fixed set 7.

Ap,—1: partition (1™) By the definition of the Macdonald symmetric functions (see The-
orem [4.6)), the partition (1™) corresponds to

P(lm) = mim.

The corresponding weight in Type A,,_1 is 0, and by the definition of Macdonald polynomials
in Theorem [2.1] we have
P() =mgy = 1.

These two polynomials are the same under the bijection described in Theorem

Aj: partition (3,1,0) The partition (3,1,0) corresponds to the weight p = 2wy + ws.
Then, the p-path is of type (0,2,1). Although the walks to one weight per orbit suffice to
compute the coeflicients of the corresponding orbit sum in P, we give every walk in P (i) for
a fixed T, unless they overlap. The Macdonald polynomial is by definition

Py = my + U200, M2wy + Up o Moy -
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The first term m,, corresponds to the following six walks:

NN
SN N T = Q), Wt(T) = pu = 2w1 + w2
B

. N \
RN/ v [ VA N M
R N
RN / \

/ \

/ \

/ \
e il < -

To determine the coefficient w, 2., we consider every walk in P (i) with weight 2ws. These
are the walks in the following image with inital alcove 1 and s;:

L+ 1)
NN A NN, Uiy = AT VA=
D ERRb U Rl el E CE P CEEEE o L —qt
e R '
X O A
\ \B//// \\\\ké
ffffffffffff e
// &\/\ \\ /'
,,,,,,, 7//7777?}777\7}%777777

Any walk in P(ii) with T # 0,{2} has its weight in Ww;. Thus, consider the walks with
weight w; (these are two per image) and summarize their terms to get wy, ., .

N A T={3}=T1y =T, =T,

\ . . / . 527
777777 \7\\;"7@77;'7777}/:777;,;7 Wt(T) = w1
Q \\\\ , /// H » 1—¢ ) )
R i e A e s (@ +at)
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\ 7\ /
\ 7N ’
\ \ /
N \ N
Y L/ N
”””” NS T T AT T T TS T T T
\ /N 70 N
\ / / ‘\
N \ /
N/ Ny \'\Uf'
************ S R AN
/N /N /
RS
\ 7
777777777777 A—-———%————®— - — = /= — == — =
/N
X 7 \
\ 7 \
,,,,,,,,,,,, 6 - - — - N_ N
/N \
/ \
/ \
N N \
,,,,,,, [N V2 A
AN \
/ / \
/ \
/ \
/ \
A s
/ \
\ / N
VR Lo PV
\ A AN
\ \ 7 .
\ A /
A \ N
Y N/ L/
,,,,,,, e T
\ /N 2
\ 4 /
R

/ / A\
/ é%/ \
N N \
,,,,,,, Yo N____ Mo __ M
AN \
/ /A \
7 \
/ \
Ny \
B e < -
2R \
\ Ny N
[ VAR Moo £ -
\ A AN
\ 7N ’
\ N /
N N N4
\/ N/ v/
”””” N T T T TN T T T AT T T T
\ /N 2R N
\ / / \
A Ny N
\ / Ny \'\uj'
************ [ e i
/N /N / VAN
™QA T 2 /
N/ \ oy
777777777777 L e el i e A i
ﬂ /N /N
/N A
/7 \é \
/ ﬂ N
,,,,,,,,,,,, G- -5 - v N
/ \
/ \
/ \
N N \
,,,,,,, [V VA V2
AN \
/ /A \
7 \
/ \

T = {1}, Wt(T) = W9 — W1

T={2,3} wt(T)=ws—w

(1-1t)?
(1—qt)(1 —q%t?)

w1

(¢*t+q)

T={1,3}, wt(T)=w2—w;

(1-t)?°
(1—qt?)(1 — ¢*t?)

w1

(qt + qt)

63
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wt(T) = wy — wq

Ny\i\:”,f\” if‘”i;;” T ={1,2},
”””” ANRANAN (1— 12
L J gy ! (¢t +1)
777777777777 *ﬂ“ (1—qt?)(1 — qt)
@S
s
,,,,,,,,,,,, /é/,,ﬂ,,\f\'\,,,,,,,,,,;,
AN AN T=1{1,23}, wi(T)=uw
7777777 \7\”if‘””/ﬁ”f”f? (1—1)3 2,2
\ )/ b ! (¢ + ¢°t%)
VAR VARV VAN Vi o (1= )1 — gt)(1 — ¢21)
AT
QRPT TR 2
,,,,,,,,,,,“,,‘H,,;/,,H,,, ,,,,,,,,,,,,,
TG
,,,,,,,,,,,, P
The coefficient u,,,, is therefore
- )+ —— 1+t
U 1—q2t2(q +4q )+(1—qt2)( + )
(1-1)?° 3 (1-1)?°
t t t
Timai-ee T YT T ea - o) (ot +at)
(1—t)°
32y (4 + 7°t%)

(1-1)?
@+ D)+ T = — g

+
(1 —qt*)(1 —qt)
2q3t3 — 2q3t2 + 2q2t3 — 3q21t2 + q2 + qt3 —3qt +2q — 2t + 2
(1—qt)*(1 +qt) '

Hence, the Macdonald polynomial P, for the weight p = 2wy + wo is

(I+q)(1—1)
PM =m, + 1_—qtm2w2
2033 — 2312 + 2¢°t3 — 322 + P+ qt? — 3qt +2¢ — 2t + 2
My -
(1—qt)*(1 +qt) o
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As we have seen in Section [5.3] Lenart’s formula yields

(1-t)(1+q)
1—qt
N 20313 — 20512 + 2¢%t3 — 3¢ + > + qt® — 3qt +2q — 2t + 2
(1 —qt)*(1+qt))
(q+1)(3¢%t +¢® +2qt +2q +t + 3)(1 — )2
(1—¢*t*)(1—qt)

for the corresponding partition (3,1,0) to pu by Theorem By this theorem, or more
precisely under the bijection in Theorem these two polynomials are indeed the same:
The partition (2,1,1) is the same as (1,0,0) in Type Az, so the monomial symmetric func-
tions m(y 1,1 is the orbit sum my,. Analogously, m 2 o) is mw,. Moreover, we consider the
polynomials in Apg, i.e., zxy = 0 for £ > 3. Thus, the monomial symmetric function mj4)
vanishes in P,.

P31,0) =m3,1,0) + m(2,2)

m(2,1,1)

m(14)

Aj: partition (m,0) Recall the short example for a realization of Type A;. The corre-
sponding weight in Type A; to the partition (m,0) is mw. The mw-path is of type (0,1)™,
meaning the sequence of alternating 0’s and 1’s, with length 2m and beginning at 0. Since «
is the only root, we get the sequences

vy= ()™ and j=(1,2,...,m).

The weight mw — v for a dominant weight v = fw is in QT if and only if m — £ is even. By
definition, the Macdonald polynomial P, is then

N SE

Il
—

U, 2iM 24w if m is even,
K2

Prw = M + 1

3
[

2
Y Umm—2it1M(m—2i1)w else,
=1

where Up, ¢ = Um0, are the unique coefficients in Q(q,t). In the following paragraphs, we
will compute P, for m = 2,3,4.

Aj: partition (2,0) By the previous paragraph, we only need to compute the coeffi-
cient ug o of 2%, We have six walks, two walks per a set of folds (drawn below the vector
space R):

1 | 1 W 1 |
| | = | = | |
The Macdonald polynomial is therefore
1-—t +1)(1—t¢
Poy = may + ——(q+ 1)mo = may, + ler ) =1) .

1—qt 1—qt

Aj: partition (3,0) By the previous paragraph, we only need to compute the coeffi-
cient ug o of 2. We have six walks, two walks per a set of folds (drawn in the vector space R):
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e

The Macdonald polynomial is

P N 1—t 5, 11—t N (1 —1t)?
=m m
3w i 1- q2tq 1—qt (1—gqt)(1 - q2t)q 0
(¢ +g+1)(1-1)
1—q%t

=m3, + w -

Aj: partition (4,0) We have to consider the walks with weight 2w and 0. We have four
walks with weight 2w:
| e

| N R R g—

]

—~~

—= .
which determine the coeflicient
1—t 1—t (1—1)? 5 (1—-1)2

3
¢ + + q q
1— g3t 1—qt  (1-¢*)(1-q°) (1 —qt)(1—¢?)

(¢+ 1)@+ -1
1— g3t

Ubw 20 =

And we have six walks with weight 0:

: o | =0 :

S =

| | T | |

| | | pum} | |

: : : —= : :

| | \: | | |

| | ::: | | |

which determine the coefficient

L—t o (1—1)° 3 (1—1t)° 4, 2
Ude,0 = qg +1)+ q+q°)+ q +q
0Tt )Y Ty YO T AT ma —eoa—gn @ T

(P HD(P+g+1)(A -1 —qt)
(-1 —¢*)
Then, the Macdonald polynomial is

(+D(@+ D=1 (@+1)(@+a+ 1)1 -t)(1—qt)
1— g3t 2 (1-¢?)(1—q) '

Py, =myy, +



6 FURTHER EXAMPLES 67

Aj: partition (m,0,0) Before we compute the Macdonald polynomials for a concrete
partition (m,0,0), we list some general statements. By the definition, the Macdonald poly-
nomial P, to the weight ;1 = mwy, which corresponds to the partition (m,0,0), is

P,=m,+ Zuw,my .
v<p
A weight v appears in the sum, if v is dominant and p — v € Q™, that is
v=p— (ujag +ugas) = mwi — ug(wy — we) — uz(ws — wy)

= (m —uy + ug)wi + (U1 — u2)we

for u1,ug nonnegative integers such that m — u; + uo,uq1 — ug > 0. So, uo < uy < m + usg.
The p-path is of type (0,1)™, that is a sequence of alternating 0’s and 1’s, with length 2m
and beginning at 0. Thus, we get the sequences

v = (a1 +ag,a2)™ and j=(1,1,2,2,...,m,m)

by their definitions (3.6) and (3.7), respectively. The final direction of the py-path is v, = s152.
Consider the formula in Corollary [3-3] and reduce the following terms:

+3 (C(w™ " U(T) (vp)) —E(wow)—T)) _ 45 (E(w)—L(w™"W(T)(s1))~|T])

and for any k € [2m],

k
, 2t if k is even,
q]ktht(%z) — qk+1 )
q 2 t° else.

We do not have to compute every coefficient u,,, of the m,, for v < pu: We already computed
some of them regarding the Macdonald polynomial for Type A;. For example, (k, k) is the
same partition as (0,0) under the bijection between partitions and weights. For more details,
let us consider certain partitions in the next paragraphs.

Aj: partition (2,0,0) By the definition, the Macdonald polynomial is
P(2w1) = m2w1 + u2w1,w2mw2-

The weight ws corresponds to the partition (1,1,0) = (1, 1) which corresponds to the weight 0
in Type Aj. So we get the same representation as for P, in Type Aj;.

Aj: partition (3,0,0) By the definition, the Macdonald polynomial is

P(3w1) = m3w1 + u3w1,w1+UJ2mw1+w2 + u3w1,0m0-

The weight w; + wy corresponds to the partition (2,1,0) = (2,1), which corresponds to
the weight w in Type Aj. Then, the coefficient usy, w,+w, (Type As2) is the same as us, 4,
(Type Ay), so
(> +q+1)(1-1)

1—q%t '
It lasts to consider 30 walks with weight 0. Since the weight is not regular, we have to
normalize their terms multiplying with t_1/2(1 +1).

U3wy w1 +ws =
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Depending on the set of folds T, they generate the following terms:

T term
_ N2
(L4} o0 (PP + Pt + g + gt +¢* + 1)

_ )2
(2,3} goinem (Pt+ P+t +at+g+1)

3
(1,24} ooy (26°t+ ¢ + ¢ + 2qt)

_+)3
(1,34} gomindsmd—ry 0%t +¢' + 2¢°1 + qt)

e
{1,2,3,4} (1—qt2)(1(—1qt§)(1(—1:2t22)(1—q2t) ((15753 + q4t2 + q3t3 + q3 + q2t + Q)

Thus, we have

(g +1)(* +g+ 1)1 —1)
(1—qt)(1 - ¢t)

and the Macdonald polynomial in Type As to the weight 3w is

U3w,,0 =

(P+q+1)(1—1t) (q+1)(*+q+1)(1—1t)?

Pa =
e N (e )

Aj: partition (4,0,0) By the definition, the Macdonald polynomial is
P(4w1) = M4w, + Ul ,2w1 w2 201 +wo + Udwy wy Ty + U4e1,01T20-

The weight 2w; + wy corresponds to the partition (3,1,0) = (3,1), which corresponds to the
weight 2w in Type A;. Then, the coefficient wsw,; 2u,+w, (Type A2) is the same as w4y 4
(Type A1), so
(¢+ 1)@+ ~-1)

1— g3t ’
The weight 2wy corresponds to the partition (2,2,0) = (2,2), which corresponds to the

weight 0 in Type A;. Thus, the coefficient w4, 2w, (Type Az) is the same as w4, 0 (Type A1),
SO

Udwy 2w1+wz =

U4 2w0 =

(@ + 1)@ +q+1)(A—t)(1 - qt)
(1—g*t)(1 —¢%) '
It lasts to consider the walks with weight wy. They will generate the coefficient

(+ D@+ 1)+ q+1)(t—1)?
(1—q?t)(1 - g3t)

Then, in Type Ao, the Macdonald polynomial to the weight 4w is

Udwywy =

(q+1)(¢*+1)(1—1¢)

P4w1 =14, + 1— qgt M2wy +wo
L@@ e HA-HA —gt)
(1—2t)(1 - ¢3)

(+D(@+1)(P+q+1)(t—1)?
(1—q?t)(1 - ¢3t)

My, -
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