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Cylindric plane partitions, Lambda determinants, Commutants in
semicircular systems

Resumé

Cette these se compose de trois parties. La premiere partie est consacrée aux partitions
planes cylindriques, la deuxiéme aux lambda-déterminants et enfin la troisieme aux
commutateurs dans les systeemes semi-circulaires.

La classe des partitions planes cylindriques est une généralisation naturelle de celle
des partitions planes inverses. Borodin a donné récemment une série génératrice pour
les partitions planes cylindriques. Notre premier résultat est une preuve bijective de
cette identité utilisant les diagrammes de croissance de Fomin for la correspondance
RSK généralisée. Le deuxiéme résultat est un (g, ¢)-analogue de la formule de Borodin,
qui généralise un réultat d’Okada. Enfin le troiseme résultat de la premiere partie est
une description combinatoire explicite du poids de Macdonald intervenant dans cette
formule, qui utilise un modele de chemins non-intersectant pour les partitions planes
cylindriques.

Les matrices a signes alternants ont été découvertes par Robbins et Rumsey alors
qu’ils étudiaient les A-déterminants. Dans la deuxieme partie de cette these nous
démontrons une généralisation a plusieurs parametres de ce A-déterminant, general-
isant un résultat récent de di Francesco. Comme le A-déterminant, notre formule est un
exemple du phénomeéne de Laurent.

Les systemes semi-circulaires ont été introduits par Voiculescu afin d’étudier les
algebres de von Neumann des groupes libres. Dans la troiseme partie de la these, nous
étudions les commutateurs dans ’algebre engendrée par un systéeme semi-circuliare.
Nous avons mis en évidence une matrice possédant une structure auto-silimaire intéressante,
qui nous permet de donner une formule explicite pour la projection sur I’epace des com-
mutateurs de degré donné. En utilisant cette expression, nous donnons une preuve
simple du fait que les systéme semi-circulaires engendrent des facteurs.

Keywords:

Cylindric partitions, Borodin’s identity, growth diagrams, local rules, Schur functions,
Pieri rules, Cauchy identity, Macdonald polynomials, commutation relations, RSK cor-
respondence, non-intersecting lattice paths on the cylinder, alternating sign matrices,
domino tilings of Aztec diamond, Bruhat order, lambda determinants, Laurent phe-
nomenon, semicircular systems, von Neumann algebras, free probability theory, Cheby-
shev polynomials.



) Rsum

Abstract

This thesis is divided into three parts. The first part deals with cylindric plane parti-
tions. The second with lambda-determinants and the third with commutators in semi-
circular systems.

Cylindric plane partitions may be thought of as a natural generalization of reverse
plane partitions. A generating series for the enumeration of cylindric plane partitions
was recently given by Borodin. The first result of section one is a new bijective proof
of Borodin’s identity which makes use of Fomin’s growth diagram framework for gener-
alized RSK correspondences. The second result is a (g, t)-analog of Borodin’s identity
which extends previous work by Okada in the reverse plane partition case. The third re-
sult is an explicit combinatorial interpretation of the Macdonald weight occurring in the
(g, t)-analog using the non-intersecting lattice path model for cylindric plane partitions.

Alternating sign matrices were discovered by Robbins and Rumsey whilst studying A-
determinants. In the second part of this thesis we prove a multi-parameter generalization
of the A-determinant, generalizing a recent result by di Francesco. Like the original A-
determinant, our formula exhibits the Laurent phenomenon.

Semicircular systems were first introduced by Voiculescu as a part of his study of
von Neumann algebras. In the third part of this thesis we study certain commutator
subalgebras of the semicircular system. We find a projection matrix with an interesting
self-similar structure. Making use of our projection formula we given an alternative,
elementary proof that the semicircular system is a factor.

Keywords:

Cylindric partitions, Borodin’s identity, growth diagrams, local rules, Schur functions,
Pieri rules, Cauchy identity, Macdonald polynomials, commutation relations, RSK cor-
respondence, non-intersecting lattice paths on the cylinder, alternating sign matrices,
domino tilings of Aztec diamond, Bruhat order, lambda determinants, Laurent phe-
nomenon, semicircular systems, von Neumann algebras, free probability theory, Cheby-
shev polynomials.



Contents

Introduction

I Cylindric Plane Partitions

1 Partitions

1.1 Imteger Partitions . . . . . . . . .. . ...
1.1.1 Inversions . . . . . . . . . . . e
1.1.2  Arms, legs and hooks . . . . .. ... ... L L.
1.1.3 Partial orders . . . . . . ... .o
1.1.4 Horizontal and vertical strips . . . . . .. ... ... .......
1.2 Plane partitions . . . . . . .. ...
1.2.1 Regular plane partitions . . . . . . . .. ... Lo
1.2.2 Reverse plane partitions . . . . . . . . ... ... ... ..
1.3 Cylindric Plane Partitions . . . . . . . . ... ... . 0oL,
1.3.1 Definition . . . . . . . . ...
1.3.2 Cylindric diagrams . . . . . . . . . ... Lo
1.3.3 Cylindric inversion coordinates . . . . . . . . ... ... ... ..
1.3.4 Cylindric hook length . . . . . . .. .. .. ... ... ... ..
1.3.5 Arbitrarily labelled cylindric diagrams . . . . . . ... ... ...
1.3.6 Rotation operator . . . . . . ... ... ... .. ... ...

2 Correspondences

2.1 Robinson correspondence . . . .

2.1.1 Standard Young Tableau
2.1.2  Viennot’s shadow method

2.1.3 Reverse Viennot shadow method . . . .. ... ... .......
2.1.4 Fomin growth diagrams . . . . . ... ... ... ... ......
2.1.5 Skew standard tableau . . . . . . . .. ... ... ... ...
2.1.6 Fomin’slocalrules . . . . ... ... ... ... ... ...
2.1.7 Skew Robinson correspondence . . . . . .. ... .. ... ....
2.1.8 Fomin’s reverse local rules . . . . . . . .. ... ... ... .. ..

2.2 RSK and Burge correspondences

vii

11

13
13
13
14
15
16
17
17
18
19
19
20
21
23
23
24



Vit

Contents

2.2.1 Semi-standard tableau . . . . . ... ..o,
2.2.2 Horizontal and vertical strips . . . . ... ... .....
2.2.3 Block permutation matrices . . . . . . ... ... ...
2.2.4  Growth diagram patches . . . . . . .. ... ...
2.2.5 Reverse algorithm (RSK) . . .. ... ... .......
2.2.6 Forward algorithm (RSK) . . . . ... ... .......
2.2.7 Forward algorithm (Burge) . .. ... ... .......
2.2.8 Reverse algorithm (Burge) . . . . . ... ... ... ...
229 Localrules ... ... ... ... .
2.2.10 Burgelocalrule. . . . . . ... ..o,
3 Symmetric functions and Macdonald polynomials
3.1 Symmetric functions . . . . ... ..o oo
3.1.1 Compositions . . . . . . . . ... . e
3.1.2  Multivariable polynomials . . . . . . . . ... ... ...
3.1.3 Monomial symmetric functions . . . . ... ... .. ..
3.1.4 Infinitely many variables . . . . . . ... ... ... ...
3.2 Plethystic notation . . . . .. .. .. ... oo
3.2.1 Alphabets . . . . . .. ...
3.2.2 Complete and elementary symmetric functions . . . . .
3.2.3 Hall inner production . . . ... ... ... .......
3.3 Schur functions . . . . . ... o oo
3.3.1 Definition in terms of semistandard Young tableau
3.3.2 Cauchy identity and RSK . . . . .. ... ... .....
333 Pierirules . . . .. ...
34 Localrules . ... . . .. ...
3.4.1 Alternative proof of Cauchy identity . . . . .. ... ..
3.4.2 Commutation Relations . . . . . ... ... ... ....
3.5 Robinson correspondence revisited . . . .. ... ... ... ..
3.5.1 Representation Theory . . . . . ... ... ... ... ..
3.5.2 Newton power sums . . . . . . . . . . ... ..
3.5.3 Algebraic proof of Robinson correspondence . . . . . . .
3.5.4 Canonical commutation relations . . . . . . ... .. ..
3.6 Macdonald Polynomials . . . .. .. ... ... .. .. .....
3.6.1 Plethystic notation . . . . . .. ... ... ... ...
3.6.2 (g,t)-Pieri operators . . ... ... ... ... ......
3.6.3 Definition . . . .. ... ...
3.6.4 Hall-Littlewood polynomials . . . . ... ... ... ..
4 Bijective proof of Borodin’s identity
4.1 Symmetric function proof of Borodin’s identity . . . . . . . ..
4.1.1 Notation. . . . . . . .. . . .. o
4.1.2 Algebraic interpretation of cylindric plane partition
4.1.3 Somelemmas . . . . . . ... ...
4.14 Theproof . . . . . . .
4.2 Local rule as higher order function . . ... ... ... .....

4.2.1 Combinatorial formulation. . . . . . . . . .. ... ...

..... 50
..... 51

=

..... 51

=

..... 52
..... 53
..... 54
..... 54



Contents ix
4.2.2 Definition of localrule . . . . . . . ... ... ... ... ... .. 64

4.3 The bijection . . . . . ... 66
4.3.1 Idea of bijection . . . . . .. ... ... oL 66
4.3.2 Cylindric growth diagrams . . . . . ... ... ... ... .. .. 67
4.3.3 The bijection . . . . . .. . L 69
434 Remarks. . . . . . . . . e 70

4.4 The weight . . . . . . . . . 71
4.4.1 Alternative definition of weight . . . . . . ... ... ... ... .. 71
4.4.2 Proof that the bijection is strongly weight preserving . . . . . . . 72

4.5 Conclusion . . . . . . . . .. 74
5 Macdonald polynomial analog 75
5.1 (g,t)-Borodin identity . . . . . . ... ... ..o 75
5.1.1 Statement . . . . ... L 75
5.1.2 Proof . . . . . . e 75

5.2 The Macdonald weight . . . . . . .. .. ... ... 0oL 79
5.2.1 Lattice paths on the cylinder . . . . .. ... ... ... ..... 80
5.2.2 Cubes in lattice path picture . . .. ... .. ... ... ... .. 81
5.2.3 Hall-Littlewood case . . . . . . ... ... ... ... ....... 82
5.24 Bijection . .. .. 82

5.3 Proof of Theorem 12.2.1 . . . . . . . . . . . ... ... ... ....... 85
5.3.1 Plethystic notation . . . . . ... ... 0oL 85
5.3.2 Regrouping terms . . . . . .. ..o 86
5.3.3 Cancellations . . . . . .. .. .. o 86
5.3.4 Switchingmodels . . . . . .. ... ... ... ... ... ... .. 88

5.4 Conclusion . . . . . . . ... 88
II Lambda determinants 91
6 Lambda determinants 93
6.1 Permutations . . . . . . . ... 93
6.1.1 Inversions and dual inversions . . . . . . . .. ... ... ... 93
6.1.2 Determinants . . . . . . . .. ... 94
6.1.3 Posets and lattices . . . . . ... ... 95
6.1.4 Bruhatorder . .. .. ... ... ... ... 95
6.1.5 Monotone triangles . . . . . . . ... L oo 95

6.2 Alternating Sign matrices . . . . . . . ... 97
6.2.1 Inversions and dual inversions . . . . . . . ... ... ... 97
6.2.2 Monotone triangles . . . . . . .. ... Lo 98
6.2.3 Completion of Bruhat order . . . . . . .. ... ... ....... 98
6.2.4 Lambda determinant . . . . . . . ... ... ... ... ...... 99

6.3 Interlacing matrices . . . . . .. ... L 100
6.3.1 Left corner sum matrices . . . . .. ... ... ... ... .. 100
6.3.2 Left interlacing matrices . . . . . . . . .. .. ... ... 101
6.3.3 Inversions . . . . . . . . . . ... 103
6.3.4 Domino tiling of Aztec diamond . . . . . .. ... ... ... .. 103



x Contents
6.4 Duality . . . . . . e 107
6.4.1 Right corner sum matrices . . . . . . . ... ... 107

6.4.2 Right interlacing matrices . . . . . . .. ... 108

6.4.3 Duality between left and right interlacing pairs . . . . . . .. .. 109

6.5 Main Theorem . . . . . . . . . . . . . . ... 113
6.5.1 Notation. . . . . . .. .. .. 113

6.5.2 Statement of theorem . . . . .. ... .. ... ... ... ... 114

6.5.3 Proof of Theorem 13.5.1 . . . . . . ... ... ... ... ..... 114

6.5.4 Specialcase . . . . .. .. 118

6.6 Conclusion . . . . .. ... 118
IIT Commutants in semicircular systems 119
7 Commutators in semicircular systems 121
7.1 Hilbert spaces . . . . . . . . . . e 121
7.2 Chebyschev polynomials . . . . . . .. ... ... ... ... .. 126
7.3 Semicircular Systems . . . . . . ... L Lo 128
74 Mainresult . . . . .. 130
7.4.1 Statement . . . . ... 130

7.4.2 Topological considerations . . . . . . . ... ... ... 131

7.4.3 Commutators . . . . . . . . . ... 132

7.4.4 Projection formula . . . . ... ... 0oL 133

7.4.5 An interesting matrix . . . . .. ... ... 137

7.5 Conclusion . . . . . . . . . e 140

8 Partitions 151
8.1 Imteger Partitions . . . . . . . . . ... L L L 151
8.1.1 Inversions . . . . . . . . . . . . . e 151

8.1.2 Arms, legs and hooks . . . . ... ... ..o 152

8.1.3 Partialorders . . . . . . . . ... ... 153

8.1.4 Horizontal and vertical strips . . . . . .. . ... ... ... ... 154

8.2 Plane partitions . . . . . . . ... 155
8.2.1 Regular plane partitions . . . . . . . . ... ... 155

8.2.2 Reverse plane partitions . . . . . .. ... ... oL 156

8.3 Cylindric Plane Partitions . . . . . . .. ... ... ... ... 157
8.3.1 Definition . . . . . ... 157

8.3.2 Cylindric diagrams . . . . . . . . . ... oL 158

8.3.3 Cylindric inversion coordinates . . . . . . . . ... ... ... .. 159

8.3.4 Cylindric hook length . . . . . ... ... ... ... ... ... 161

8.3.5  Arbitrarily labelled cylindric diagrams . . . . . ... ... .. .. 161

8.3.6 Rotation operator . . . . ... . ... ... ... ... 162

9 Correspondences 163
9.1 Robinson correspondence . . . . . . .. ... 163
9.1.1 Standard Young Tableau . . ... ... ... ... ... .... 163

9.1.2 Viennot’s shadow method . . . . . . . . . . ... ... ... ... 163



Contents i

9.1.3 Reverse Viennot shadow method . . . . . . ... ... ... ... 167
9.1.4 Fomin growth diagrams . . . . . .. ... ... ... ... ... 167
9.1.5 Skew standard tableau . . . . . . ... ..o 170
9.1.6 Fomin’slocalrules . . . . .. .. ... ... ... ... ... 170
9.1.7 Skew Robinson correspondence . . . . . .. .. ... ... .... 171
9.1.8 Fomin’s reverse local rules . . . . . . .. ... ... ... 173

9.2 RSK and Burge correspondences . . . . .. .. ... Lo 174
9.2.1 Semi-standard tableau . . . . . . ... ... 174
9.2.2 Horizontal and vertical strips . . . . . ... ... ... ... ... 175
9.2.3 Block permutation matrices . . . . . . ... ... ... .. 177
9.2.4 Growth diagram patches . . . . . . . ... ... ... .. 178
9.2.5 Reverse algorithm (RSK) . . ... ... ... ... ... .... 179
9.2.6 Forward algorithm (RSK) . . . .. ... ... ... .. ...... 180
9.2.7 Forward algorithm (Burge) . . . ... ... .. ... ... .... 180
9.2.8 Reverse algorithm (Burge) . . . . . .. ... ... ... ..., 180
929 Localrules . ... .. ... .. .. 180
9.2.10 Burgelocalrule. . . . . . . . ... ... oL 181

10 Symmetric functions and Macdonald polynomials 183
10.1 Symmetric functions . . . . . . .. ..o 183
10.1.1 Compositions . . . . . . . . . . . . e 183
10.1.2 Multivariable polynomials . . . . . . .. .. .. ... 183
10.1.3 Monomial symmetric functions . . . . . . ... ... L. 184
10.1.4 Infinitely many variables . . . . . . . . . . ... ... L. 184

10.2 Plethystic notation . . . . . . . . . ... Lo 184
10.2.1 Alphabets . . . . . . . . .. 184
10.2.2 Complete and elementary symmetric functions . . . . .. .. .. 184
10.2.3 Hall inner production . . . . . . .. ... oo 185

10.3 Schur functions . . . . . . . .. L L Lo 185
10.3.1 Definition in terms of semistandard Young tableau . . . . . . . . 185
10.3.2 Cauchy identity and RSK . . . . . .. ... .. ... ....... 186
10.3.3 Pierirules . . . . . . .. L 186

104 Localrules . . . . . . . . .. L 187
10.4.1 Alternative proof of Cauchy identity . . . . .. ... ... .. .. 187
10.4.2 Commutation Relations . . . . . . . .. ... ... ... ..... 188

10.5 Robinson correspondence revisited . . . . . . .. ... L. 189
10.5.1 Representation Theory . . . . . . . . .. .. ... .. 189
10.5.2 Newton power SUMS . . . . . ¢ . v v v v v v v v v e vt e 190
10.5.3 Algebraic proof of Robinson correspondence . . . . . . .. .. .. 191
10.5.4 Canonical commutation relations . . . . . . ... ... ... ... 192

10.6 Macdonald Polynomials . . . . . . . ... ... ... ... ........ 192
10.6.1 Plethystic notation . . . . . . . . ... ... ... ... 192
10.6.2 (g,t)-Pieri operators . . . . . . ... . ... ... ... 193
10.6.3 Definition . . . . . . . ... 193

10.6.4 Hall-Littlewood polynomials . . . .. ... ... ... ... ... 195



Tt Contents

11 Bijective proof of Borodin’s identity 197
11.1 Symmetric function proof of Borodin’s identity . . . . . . . .. ... .. 197
11.1.1 Notation . . . . . . . . . . . . . . e 197
11.1.2 Algebraic interpretation of cylindric plane partition . . . .. .. 198
11.1.3 Some lemmas . . . . . . . . . . ... 198
11.1.4 The proof . . . . . . . . . . 200

11.2 Local rule as higher order function . . . . ... ... ... ... ..... 201
11.2.1 Combinatorial formulation . . . . . . . ... ... ... ... ... 201
11.2.2 Definition of local rule . . . . . . .. .. ..o 202

11.3 The bijection . . . . . . . . .. Lo 204
11.3.1 Idea of bijection . . . . .. . . . .. ... 204
11.3.2 Cylindric growth diagrams . . . . . . ... ... ... ... ... 205
11.3.3 The bijection . . . . . . . . ... 207
11.3.4 Remarks . . . . . . . . . . 208

11.4 The weight . . . . . . . . . . 209
11.4.1 Alternative definition of weight . . . . . . . ... ... ... ... 209
11.4.2 Proof that the bijection is strongly weight preserving . . . . . . . 210

11.5 Conclusion . . . . . . . . L 212
12 Macdonald polynomial analog 213
12.1 (g,t)-Borodin identity . . . . . . . .. ... ... . 213
12.1.1 Statement . . . . . . ... 213
12.1.2 Proof . . . . .. 213

12.2 The Macdonald weight . . . . . . . .. .. .. . . . . 217
12.2.1 Lattice paths on the cylinder . . . .. ... ... ... ...... 218
12.2.2 Cubes in lattice path picture . . . . . . . .. ... ... ... .. 219
12.2.3 Hall-Littlewood case . . . . . . . .. .. ... ... .. ... 220
12.2.4 Bijection . . . . ... 220

12.3 Proof of Theorem 12.2.1 . . . . . . . . . . . . . .. ... ... . ..... 223
12.3.1 Plethystic notation . . . . . . . . ... 223
12.3.2 Regrouping terms . . . . . . . . ... oo 224
12.3.3 Cancellations . . . . . . . . . ... Lo 224
12.3.4 Switchingmodels . . . . . . . . ... . o oL 226

12.4 Conclusion . . . . . . . .. Lo 226
13 Lambda determinants 229
13.1 Permutations . . . . . . . .. ... 229
13.1.1 Inversions and dual inversions . . . . . . . .. ... ... ... .. 229
13.1.2 Determinants . . . . . . . . . ... 230
13.1.3 Posets and lattices . . . . . . . . ... oL 231
13.1.4 Bruhat order . . . . . . .. ... 231
13.1.5 Monotone triangles . . . . . . . . ... 231

13.2 Alternating Sign matrices . . . . . . . . . . ... 233
13.2.1 Inversions and dual inversions . . . . . . . . . ... ... ... .. 233
13.2.2 Monotone triangles . . . . . . . ... Lo 234
13.2.3 Completion of Bruhat order . . . . . . . . ... ... .. ..... 234

13.2.4 Lambda determinant . . . . . . . . . . .. ... ... 235



Contents

13.3 Interlacing matrices . . . . . . .. .. Lo L Lo
13.3.1 Left corner sum matrices . . . ... ... ... ... ...
13.3.2 Left interlacing matrices . . . . . . . . ... oL oL
13.3.3 Inversions . . . . . . ...
13.3.4 Domino tiling of Aztec diamond . . . . .. ... ... ... ...

13.4 Duality . .

13.4.1 Right corner sum matrices . . . . . . . . .. ...
13.4.2 Right interlacing matrices . . . . . . . . ... oo
13.4.3 Duality between left and right interlacing pairs . . . . . . .. ..
13.5 Main Theorem . . . . . . . . . .. . .
13.5.1 Notation. . . . . . . . . ...
13.5.2 Statement of theorem . . . . . . .. ... ... L.
13.5.3 Proof of Theorem 13.5.1 . . . . . . . .. .. ... .. ...
13.5.4 Special case . . . . . . ..

13.6 Conclusion

14 Commutators in semicircular systems
14.1 Hilbert spaces . . . . . . . . . . e
14.2 Chebyschev polynomials . . . . . . .. . ... ... L Lo
14.3 Semicircular Systems . . . . . . .. L L L oL

14.4 Main result

14.4.1 Statement . . . . . . ...
14.4.2 Topological considerations . . . . . . . . ... ...
14.4.3 Commutators . . . . . . . . . . .. L
14.4.4 Projection formula . . . . . . . ...
14.4.5 An interesting matrix . . . . ... ...

14.5 Conclusion
Bibliography

Index

236
236
237
239
239
243
243
244
245
249
249
250
250
254
254

255
255
260
262
264
264
265
266
267
271
274

275

279



Tiv

Contents




Introduction

This thesis is divided into three parts. The three parts are entirely independent and
may be read in any order. The first part is significantly longer than the other two.

Part I deals with cylindric plane partitions. The main tools used are the theory of
symmetric functions and Macdonald polynomials [Mac95] and Fomin’s theory of growth
diagrams [Fom88, Fom95]. The results of this section are entirely my own. They were
presented as a poster at FPSAC 2012 and will appear in the Electronic Journal of
combinatorics.

Part II deals with a multi-parameter generalization of the A-determinant of Rob-
bins and Rumsey [RR86] which was originally conjectured by Alain Lascoux. Our
formula exhibits the Laurent phenomenon [FZ02]. It also generalizes a recent result by
di Franceso [DiF'12]. Our approach is completely different from that of di Francesco. We
follow the original proof of Robbins and Rumsey closely, analyzing carefully the Bruhat
order structure on pairs of interlacing alternating sign matrices (or equivalently, domino
tilings of the Aztec Diamond [EKLP92]). The idea for the proof was suggested by my
advisor, Philippe Biane. This work is not yet published.

Part III is a study of commutators in semicircular systems [Voi90]. This section is
somewhat of a work in progress. Although we have some preliminary results, we have
not yet had the chance to apply them seriously. This is joint work with Philippe Biane.

Cylindric Plane Partitions

Summary of results

There are three main results in this section. The first is a bijective proof of Borodin’s
identity. The second is a Macdonald polynomial analog. The third is a combinatorial
interpretation of the weight function which appears in the Macdonald polynomial analog
of Borodin’s identity.

Our bijection actually proves a refined version of Borodin’s identity. The refined
version of the reverse plane partition case is due to Gasner [GE81]. A bijective proof
using Fomin’s growth diagram framework was previously given in the reverse plane
partition case by Krattenthaler [Kra0O6]. I was inspired to attempt the cylindric case
after reading a well-written paper by Adachi [Ada08].

The Macdonald polynomial analog is also proved in the full generality of the refined
case. The Macdonald analog of the reverse plane partition case is due to Okada [Okal0)].



2 Introduction

The Hall-Littlewood case of cylindric identity is due to Corteel and Savelief, Cyrille and
Vuleti¢ [CSV11]. The commutation relations which are key to the whole approach are
due to Haiman, Garcia and Tesler [GHT99]. When ¢ = 0 our combinatorial formula for
the weight function reduces to the Hall-Littlewood version given in [CSV11].

Bijective proof of Borodin’s identity

Cylindric plane partitions were first introduced by Gessel and Krattenthaler [GK97].
For any binary string 7 of length T', a cylindric plane partition with profile 7 may be
defined as a sequence of integer partitions:

(T p’ = pu"
such that if 7 = 1 then p*/u*~! is a horizontal strip. Otherwise if 7, = 0 then p*=1/u*
is a horizontal strip (see Section 8.1.4).

The weight of a cylindric partition is given by |¢| = |p1|+]|pe|+- - - |pr|. In the special
case where pg = pr = () we recover the usual definition of a reverse plane partition. If,
in addition to this there are no inversions in the profile, we have a reqular plane partition
(see Section 8.2).

For those readers who are more familiar with the definition of a plane partition as an
array of integers which is weakly decreasing along both rows and columns, the bijection
with the “interlacing sequence” model is obtained by reading from right to left along
the NW — SFE diagonals. For example, the plane partition:

413(2(2(0
31211110
1{1{1]0]0
1]0/0]{0]0
0(010]0]0

corresponds to the following sequence of partitions:

c=(0,(2),(2,1),3,1),(4,2,1),(3,1),(1),(1),0)

A regular plane partition may also be thought of as a pair of semi-standard Young
tableauz of the same shape. In the case of our example, the two tableaux are:

4] (4]
4]2 4[3
4]3]1]1]  [4]3][3]1

We are using neither the French nor the English notation for Young diagrams. The first
tableau in the pair corresponds to the first half of the sequence read off the NW — SE
diagonals, from right to left:

0 —(2) = (2,1) = (3,1) = (4,2,1)

while the second tableau in the pair corresponds to the second half of the sequence read
off the NW — SFE diagonals, from right to left:

0—@1Q)—1)—=@31) = (421)
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The RSK correspondence gives a bijection between pairs of standard Young tableau
of the same shape, and integer matrices with non-negative integers. This is essentially
the Cauchy identity for symmetric functions:

Il =, =25

i,jZl ’Lv y]

In 2007 Borodin [Bor(07] gave a symmetric function theoretic proof of the following
hook-product formula for the enumeration of cylindric plane partitions of given profile
7 of length 7" . In 2008, a very different proof involving the representation theory of
sl(n) was given by Tingley [Tin08]:

Z ZM - H Z(n+1 )nT H 1— 2i— z+nT H — i z+(n+1)

ceCPP(m) n>0 1<J i>7
T > TG>T

This identity generalizes, not only MacMahon’s identity for regular plane partitions:

1 n
le] —
> = (1)
ccPP

but also Stanley’s identity for reverse plane partitions:

1
> =11 —=

¢€RPP(r) i
12Ty

The Robinson correspondence [Rob38| gives a bijection between permutations and
pairs of standard tableaux of the same shape. Fomin’s growth diagram framework
[Fom88] gives a particularly elegant way of understanding this bijection. Fomin’s growth
diagram framework is strictly equivalent to Viennot’s geometric construction [Vie77] (see
Section 9.1).

Underlying Fomin’s approach is an action of the Weyl algebra on integer partitions
(see Section 10.5.4). The creation operator ¢ adds a box to a partition in every way
possible. The annihilation operator ¢* removes a box from a partition in every way
possible. The canonical commutation relations:

[¢",c] =1

can be understood as saying that each integer partition always has one more outside
corner than inside corner.

Fomin also showed [Fom95] that his abstract framework can be applied in the context
of a wide class of commutation relations, including those commutation relations between
vertex operators used to study plane partitions by Okounkov Reshetikhin [OR03]. The
specific local rules which are needed in this case were described explicitly by vanLeeuwen
[vLO5]. Interestingly, the local rules which are needed for the full RSK correspondence
can be derived directly from those which apply in the special case of the Robinson
correspondence (see Section 9.2).
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The commutation relations which we are interested in are those between the Pieri
operator Q[Xz] and the dual Pieri operator Q*[Xz]. These operators act on Schur
functions as follows:

O[X2]S,[X] =D SuXh[X]2" = ) S\[X]z
r AU (1)
QV[X2SHh =S\[X +2]= > SuX
HEDy (1)

Here U,(u) denotes the set of all partitions which can be obtained from p by adding
a horizontal r-strip and D, () denotes the set of all partitions which can be obtained
from A by removing a horizontal r-strip.

The Pieri operators satisfy the following commutation relations (see Section 10.4.2):

O [Xu)Q[Xv] =

Q[X 0] [ X u]
— U

In section 11.1 we give a slightly simplified algebraic proof of Borodin’s identity
using only the above commutation relation and a certain “traciality property”. The
definitions in Section 8.3 are necessary to understand the framework of the bijective
proof which is contained in Section 11.2. The bijection itself is described in Section
11.3. The proof that the bijection is weight preserving is given in Section 11.4.

Macdonald Polynomial analog

Macdonald polynomials {P\(X)} [Mac95] are a family of symmetric polynomials over
the ring Q(q,t) of rational functions in ¢ and t. The Macdonald polynomials bear a
number of remarkable similarities with the Schur functions. In particular the Macdonald
polynomials satisfy the following (g, t)-analog of the Cauchy identity (see Section 10.6.3):

(1 — g G)has)+

thy], ' ‘
H Z H (1 — goa(s)+1¢la(s ))P)‘(‘X’ 0, t)PA(Y;q,1)

T
i,j>1 (iy;3q

The Macdonald polynomials also satisfy a (g, t)-analog of the Pieri rules:

Q[Xz)g Pu(Xiq.t) = Y hajula,t) Pa(X;q, )21
AEU (1)

V(X2 PA(X;q.0) = Y cpw q,t) Pu(X;q,t)zM
HED(A

The Pieri coefficients ([Mac95] page 341) are given by:

| ) ] (1)
@)\/N(%t) = H 1— qa)\(s)—l—lté)\(s) H 1— qau(s)tfﬂ(s)—i-l

SEC)\/;L SGCA/H

1 — g () F1a(s) 1 — gon(s)gbuls)+

d})\/u(%t) = H H
_ qax(s)#0x(s)+1 — 0, (8)+144,(8)
ngCA/M 1 q° AP SQCA/‘L 1 qer tte

Here C)/,, denotes the set of columns of A which are longer than the corresponding
columns of p. In Section 12.1 we prove the following (g, ¢)-analog of Borodin’s identity:
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Theorem 0.0.1.

> Wela =TT | ; ( - T (t2'~ r”; D T (w:j‘”((”*ll));;q)oo
’ n+ j—itn it (nt1)T.
c€CPP(m) n>0 < i<j (Z Q)oo i>j (ZJ 7Q)
T > >

where the weight function is given by:

T T
ty=[[ eprsw—r(@t) T[] vur-1/m(a.t) (2)
ﬂ_k::1 ﬂk::O

Our proof relies on the following (g, t)-analog of the commutation relation which is due
to Haiman, Garcia and Tesler [GHT99]:

(tuv; @)oo

Qz,t[Xu] Qq,t[XU] = (uv§q>oo

Qg0 [X0] Qg o[ Xu] 3)

Simplification of weight function

Although we have defined cylindric plane partitions as certain sequences of integer
partitions which differ by a horizontal strip, it is also possible to define them families
of non-intersecting lattice paths on a cylinder (see Section 12.2.1). Using this latter
definition, the weight function W;(q,t) may be greatly simplified.

Recall that in the plethystic notation [GHT99] if:

t) = Z A ¢
n,m

with a,m € Z and ag = 0, then we have:

26o(a.0) = [ 7—ogmyor

)

In section 12.3 we make use of the plethystic notation to give the cylindric weight
function the following explicit combinatorial description:

Theorem 0.0.2.
Welg,t) = Q[(q — 1)De(q, 1)] (4)

where the alphabet D¢(q,t) is given by:

Dc(q,t) = Z qaf(s)t&(s) _ Z qac(s)tﬁc(s) (5)

s€peak(c) scvalley(c)

The precise definition of “valley” and “peak” cubes depend on the lattice path
picture. They are defined in section 12.2.2.
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Outline

For the impatient reader, here is a quick road map. Page links to important definitions
can be found in the index.

The most important part of Chapter 1 is the section pertaining to cylindric diagrams,
cylindric inversion co-ordinates and cylindric hook lengths, as well as the rotation oper-
ator. The purpose of section 8.2 is to act as a motivator for the definition or arbitrary
cylindric diagrams in section 8.3.5. The definition of arms and legs in 8.1.2 will be
needed for the definition of the Macdonald polynomial weight defined in section 10.6.3.

Chapter 2 does not contain original work, and with the exception of Section 9.2.10
is not strictly speaking needed in order to construct the cylindric bijection. It does
nevertheless provide motivation and intuition for understanding Section 11.2.

The introduction to the theory of symmetric functions in chapter 3 is very brief.
The key point is the Pieri formula and the commutation relations in both the Schur and
Macdonald cases. Sections 10.4 and 10.5 attempt to clarify the relation between the
algebra and the combinatorics.

Section 11.1 contains all the algebra that is needed to understand section 12.1. It
is not strictly needed to understand the bijection, since the bijection can be formulated
in a purely combinatorial manner. Section 11.2 sets up notation required for working
with local rules and encoding the recursive structure of the bijection. Section 11.3
defines cylindric growth diagrams and verifies that they act as an “interpolation” object
between the two sides of the identity to be proved. Finally in section 11.4 we verify
that the bijection which has been constructed in the previous two sections is weight
preserving.

In section 12.1 we prove Theorem 7.5.1. In Section 12.2.1 we describe how cylindric
plane partitions may be interpreted as non-intersecting lattice paths on a cylinder. It is
here that we define peak and valley cubes, amongst other things. The diagonal reading
of a family of non-intersecting lattice paths together with Proposition 12.2.1 is crucial
for understanding the combinatorial reformulation of the weight function. The rest can
be safely ignored.

In section 12.3 we prove Theorem 7.5.2. The key point to understand is that in
the “interlacing sequence” model the cubes are grouped according to which partition in
the sequence they belong to. In the lattice path model, cubes from the same column
number but different partitions are grouped together. To get from one definition of the
weight function to the other, we simply switch between these two models.

Lambda determinants

Main result

An alternating sign matriz is a square matrix of 0’s 1’s and —1’s such that the sum of
each row and column is 1 and the non-zero entries in each row and column alternate in
sign. For example:

00 1 O
01 -1 1
A= 10 0 O
00 1 O



Introduction 7

A permutation matrix is an special case of an alternating sign matrix with no (—1)’s.
The total number of alternating sign matrices of size n is given by:

n—1

k+1)!
A =1] Bk+ 1) 1,1,2,7,42,429,7436, ...
o (n+k)!

The first proof of this result was given by Zeilberger [Zei96]. A much simplified proof
was given by Kuperberg [Kup96]. Kuperberg’s proof made use of ideas from the theory
of integrable systems, the Yang-Baxter equation and the six vertex model with domain
wall boundary conditions. It also made use of a recurrence relation due to Izergin and
Korepin [KBI93].

The theory of alternating sign matrices is currently an active area of research. One
long standing open problem is to find an explicit bijection between the set of alternating
sign matrices and totally symmetric self-complementary plane partitions [MRR86]. Al-
ternating sign matrices also played a key role in the recently proven Razumouv-Stroganoff
conjecture [CS11].

The first time which alternating sign matrices appeared in the literature was in the
famous paper by Robbins and Rumsey [RR86] on the lambda-determinant. The lambda
determinant may be defined as follows:

For each k = 0...n let us denote by z,[k] the doubly indexed collection of variables
Zp|k];; with indices running from 4, j = 1..(n —k+1). One should think of the variables
as forming a square pyramid with base n + 1 by n 4+ 1. The index k determines the
“height” of the variable in the pyramid.

The variables are initialized as follows:

xpl0];; =1foralli,j=1.(n+1)
l’n[l]iJ = Mi,j for all ’i,j =1.n

The value of the remaining variables is calculated via the following recurrence:

Tolkli jonlkliv1 41 + A znlkli jr12n kit (©)

alk+ 1y =
Zalk + 1y Tnlk — it1,41

The end result [RR86] is that:

zalnfig = Y AVE @+ )VE ] Mﬁi,j
BeUn Q=1

Here 2,, denotes the set of all alternating sign matrices of size n, inv(B) denotes the
inversion number of B and N(B) denotes the number of negative ones in B.

Note that the A-determinant exhibits the Laurent phenomenon [FZ02]. From the
recursive definition we expect the value of zy[n]11 to be a rational function. The fact
that it is a Laurent polynomial is very surprising.

When A = —1 the A-determinant reduces to the regular determinant, and the recur-
sive method for calculating the determinant above reduces to the algorithm known as
Dodgson condensation [Bre99].
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Our main result is to replace the recurrence given in equation 7.51 by the following
recurrence:
 Pin—kr1—Tnlkli jTn[Kliv1 41 + N gn ki je12alkliv

| Jis Tplk — 1ip1541 @

This is a more general case of the recurrence considered by di Francesco [DiF'12]. The
closed form expression which we fine for z,[n];; is the following:

Tp[nhig = Z MP H Aij H Hint1—j H (Hin+1—j + Aijj)

|Bl=n (ij)einv(B)  (ij)edinv(B) Bij=—1

where inv(B) denotes the set of inversions of B and dinv(B) denotes the set of dual
inversions of B. Note that our formula also exhibits the Laurent phenomenon.
It is also possible to consider more general initial conditions:

xn[o]i,j = Ni,j for all 1,] = l(n + 1)
ﬂjn[l]i,j = Mi,j for all ’i,j =1.n

and give a closed form expression for z,[k + 1];11. In order to do this we must first
introduce the idea of interlacing matrices, which are closely related to domino tilings of
the Aztec diamond [EKLP92]. We may state the formula here, however the reader will
have to wait until sections 13.3.1 and 13.4.1 for the definitions of F)\(B) and G};(B).

\ . FA(B) GiB) 5 4
dbtha= 2 oy )
| Bl=h,|A|=k—1

The sum is over all pairs of interlacing matrices.

Outline

In Section 13.1 we define the Bruhat order. We show how a permutation can be rep-
resented by a monotone triangle, and look at the inversions and dual inversion of a
permutation.

In Section 13.2 we define alternating sign matrices, and show that they complete the
Bruhat order as a lattice. We extend the definition of monotone triangle to alternating
sign matrices, as well as the definition of inversion and dual inversion.

In Section 13.3 we define left corner sum matrices and left interlacing matrices, We
show that pairs of left interlacing matrices are in bijection with domino tilings of the
Aztec diamond. It is here that we define the notation for F'(B).

In Section 13.4 we define right corner sum matrices and right interlacing matrices
We study the duality between left and right interlacing matrices. It is here that we
define the notation for G(B).

In Section 13.5 we prove our main theorem. The proof is by recurrence and makes
use of results established in Section 13.4.
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Semicircular systems

For any Hilbert space H we may define its Fock space § to be the metric closure of the
tensor algebra of H. That is:

§=T(H)

where:
T(H> = 69nZOlT_I@n

Let us fix  to be some element of H®? of norm 1. For any v € H one can construct
the creation operator:
olrl=veax

as well as the annihilation operator

Q=0

v

clr @y = (v]r)y

An operator of the form A, = ¢, + ¢}, may be thought of as a semi-circular random
variable [Voi90]. Let 2 denote the von Neumann algebra generated by the semi-circular
random variables of the form A,. The map:

A A9

gives an embedding of 2 into § (as a vector space). We are interested in subspaces of
§ of the form:
Va = {[A7 y]vy S Ql}

where A is some fixed element of 2.

In Section 14.4.5 we study the Gramm-matriz of a natural, non-orthogonal basis
of V4. We find that this matrix has a curious self-similar structure. In Section 14.4.1
we find an explicit projection formula for the projection of any B which is not in the
subalgebra of 2 generated by A onto the subspace V4. This allows us to prove, in
particular, that the center of 2 is trivial. Although this is already well known [V0i90],
our proof is particularly simple and elementary.
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1. Partitions

1.1 Integer Partitions

An integer partition is simply a weakly decreasing list of non-negative integers. It is
often convenient to represent an integer partition visually as a Young diagram, which
is a collection of “boxes” in the Cartesian plane which are “stacked up” in the bottom
right hand corner.

L]

A= (5,3,3,2)

Note that our convention differs from both the standard french and English conven-
tions. If the sum of the parts of A is equal to n, then we say that A is a partition of n
and write |[A\| = n. If X has exactly k distinct non-zero parts, then we say that A has
length k£ and write ¢(\) = k. The generating series for integer partitions is given by:

1
[Ale(A) — 1.1
> = ny

n>1

The conjugate of the integer partition A = (A1, Ag,...,\;) is defined to be X =
(A1, A9, ... A7) where \) = #{i|\; > j}. For example the conjugate of the partition
A=(5,3,3,2)is N = (4,4,3,1,1). In terms of Young diagrams, conjugating a partition
is equivalent to reflecting about the main diagonal.

N =(4,4,3,1,1)

1.1.1 Inversions

The minimum profile of an integer partition is the binary string which traces out the
“jagged boundary” of the associated Young diagram. Reading from the top right hand

13



14 Chapitre 1 — Partitions

corner to the bottom left hand corner, a zero is recorded for every vertical step and a
one for every horizontal step. For example the minimum profile of our example partition
A= (5,3,3,2) is 110100110:

110
0]

The minimum profile of an integer partition necessarily starts with a one and ends
with a zero. An integer partition is uniquely determined by its minimum profile.

An inversion in a binary string 7 is a pair of indices (7,j) such that i < j and
m; > m;. There is a natural bijection between the “boxes” of an integer partition A and
the inversions in the minimum profile 7 of the partition A. The box marked with a star
below has inversion co-ordinates (2,6) because the one lying above it is position 2 in
the profile, while the zero lying to the left of it is position 6 in the profile.

11

1[0
1 1/0]*
0]

7 = 110100110

1.1.2 Arms, legs and hooks

Let s be a box of the partition A with profile 7. Suppose that s has “inversion coordi-
nates” (i,7). The arm length of s is given by:

ax(s) = #{i <k < j|m, = 1} (1.2)
The leg length of s is given by:
O(s) =#{i <k <j|m =0} (1.3)
The hook length of s is given by:
ha(s) =ax(s) +ba(s)+1=4—1 (1.4)

The arm length of the box s counts the number of boxes in the same row as s lying
to the left, while the leg length of s counts the number of boxes in the same column as
s but above. The arm length of our example box, marked with a star in the diagram
above, is equal to 1 while the leg length is equal to 2.

A box with arm length zero and leg length zero is said to be an outside corner.
Equivalently an outside corner corresponds to a subword of the profile of the form 10.
An inside corner is defined to be a subword of the profile of the form 01. The outside
corners of our example profile are the following:
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110100110 110100110 110100110
The inside corners of our example profile are the following;:
110100110 110100110

The number of outside corners is always equal to one more than the number of inside
corners. An integer partition always has exactly one more outside corner than inside
corner.

1.1.3 Partial orders

Generalized profiles

A generalized profile is an arbitrary string of zeros and ones. A generalized profile
may be thought of as an integer partition pre-conceived as sitting inside some larger
rectangle. For example the generalized profile of our example partition A = (5,3,3,2)
thought of as sitting inside an 8 by 8 box is 0000110100110111:

o O O O

1 1[0
11 1[0]

Let Bin(n,m) denote the set of all binary strings with n zeros and m ones. This set
is in bijection with the set of all integer partitions whose Young diagrams fit inside an
n by m box. For any pair of integer partitions u and A\ we may find some (n, m) such
that both p and A admit generalized profiles lying in Bin(n,m).

Young lattice

It is possible to define a partial order on the set of all integer partitions. For any two
partitions p and A we say that g C A if the Young diagram of p fits inside the Young
diagram of A. For any pair of partitions « and [ there is a unique smallest partition
containing both o and 8 which we denote by o U 3. Similarly there is a unique largest
partition contained in both « and S which we denote by o N 8. In other words, our
partial order forms a lattice which is known as the Young lattice

(3,3,1) C (5,3,3,2)
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Partial order on binary strings

It is also possible to define a partial order on Bin(n,m) whose covering relations are
given by 7 < 7’ if and only if there is some i such that 7; =0 =7, ; and mj11 =1 =7
and for all other k£ we have 7, = 7. In other words 7’ is obtained from 7 by adding an
inversion.

If ) is the partition with generalized profile 7 and )\’ is the partition with generalized
profile ©’ with 7, 7" € Bin(n, m) then © < 7’ if and only if \' can be obtained from X by
adding a single box.

We shall denote by 7y, the binary string with n zeros follows by m ones and myax
the binary string with m ones follows by n zeros. Note that 7y, corresponds to the
empty partition, while myax = (m,m, ..., m).

Dominance and lexicographic order
Finally, the dominance order on integer partitions is defined by p < A if and only if:

A1 >
A1+ A2 > g+ pe

At At A 2 A pp e

The lexicographical order is a total order defined on integer partitions by A > p if
and only if there exists some m such that A\,, > pm, and A\; = pu; for all ¢ < m. Note
that © < X implies p < X but the converse is false.

1.1.4 Horizontal and vertical strips

For any pair of partitions A and p satisfying 1 C X\ we say that A/u is a horizontal strip
and write  — X if and only if

A > >N > e >

Equivalently, 4 — X if and only if each column of A contains at most one more box
than the corresponding column of u.

(3,3,3) = (5,3,3,2)

In terms of profiles, A/ is a horizontal strip if and only if the generalized profile
of A can be obtained from the generalized profile of p by “hopping” some of the ones,
which may be thought of as “particles”, a single step to the left.
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0 0 0 0

1.1_0 1 1. 1.0
NN NN
0 1 1 1 0 1 1

—_—_—

0 0

Similarly, for any pair of partitions A and p satisfying © C \ we say that A/u is a
vertical strip and write p — X if and only if

N> pp >N >y >

Equivalently, 1 — A if and only if each column of A\ contains at most one more box
than the corresponding row of u.

(4,2,2,2) — (5,3,3,2)

In terms of profiles, A\/u is a vertical strip if and only if the generalized profile of A
can be obtained from the generalized profile of 1 by “hopping” some of the zeros, which
may be thought of as “holes”, a single step to the right.

o 1 0 o0
| A4 /
o 0O o0 1

If A\/u is a horizontal strip, then the conjugate X' /i is a vertical strip. The profile
of )\ is obtained from the profile of A by reversing the string and interchanging the role
of zeros and ones.

1.2 Plane partitions

Throughout this section, all labels are assumed to be non-negative integers.

1.2.1 Regular plane partitions

A regular plane partition is a labelled rectangle whose labels are weakly decreasing from
north to south, and from east to west. The weight of a regular partition is the sum of
the labels. For example, the following regular plane partition has weight 22:

413

S|

OO~
(e}l Fen)l Fan)l el Fanl

312
1)1
110
0]0
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In general we may think of the rectangle as extending infinitely in both the eastern
and southern directions. We require that only a finite number of labels are non-zero.

Reading from right to left along the NW — SFE diagonals we obtain a sequence of
integer partitions which differ each by a horizontal strip. The sequence increases first,
and then decreases:

c=(0,(2),(2,1),3,1),(4,2,1),(3,1),(1),(1),0)

The generating series for regular plane partitions is given by MacMahon’s famous

o ST () 0

cePP n>1

The right hand side of MacMahon’s identity can be expressed in terms of hook lengths

as follows: . "
1 1
H(l—z") - H 1_Zi+j—1:H1_ZhD(s)

n>1 2,j>1 sel]

The third product is over all boxes of the infinite rectangle which we denote by the
symbol [.

Let us define an arbitrarily labelled rectangle to be a labelled rectangle with no
conditions whatsoever on the labels. For example:

0 0

IO

0
0
1

SIO|IN |+

0
3
0 0

The weight of an arbitrarily labelled rectangle is given by a sum over the boxes of
the diagram of [the label of the box] times [the hook length of the box]. In our example
above the weight is given by:

1%24+2+%34+2%x44+3%x34+1%x7=32
The right hand side of MacMahon’s identity may be interpreted as a weighted sum
over all arbitrarily labelled rectangles.
1.2.2 Reverse plane partitions

A reverse plane partition is a labelled Young diagram with the property that the labels
are weakly decreasing in both the eastern and southern directions. For example:

3[3
4[3]3
4[2]1

[4]4]3]1]1

Reading from right to left along the NW — SFE diagonals we have the following
sequence of integer partitions:

0—=0B)—=G3)=G1)—~421)—4)—=B) =@ —~4) =0
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Let A be the shape of the Young diagram, and let 7 be its profile. An equivalent
definition for a reverse plane partition of shape A is the following;:

Definition 1.2.1. For any binary string m of length T, a reverse plane partition with
profile w is a sequence of integer partitions:

O, p', 1%, ", 0)

such that if 1, = 1 then p*/p*~1 is a horizontal strip, otherwise if m, = 0 then p*=1/u*
1s a horizontal strip.

The following formula for the enumeration of reverse plane partitions with arbitrary
profile 7 is due to Stanley [Sta72]:

PRI | (e (1.6)

¢€RPP(r) s
3 J

Note that the right hand side could have been written in the form:

1 1
11 mznm
SEA

1<J
T >

Let us define an arbitrarily labelled diagrams of shape \ to be a labelled Young
diagram of shape A with no conditions whatsoever on the labels. For example:

0[3
0[1]0
2]0]1

lofofo]1]o0

The weight of an arbitrarily labelled diagram of shape A is given by a sum over the
boxes of the diagram of [the label of the box] times [the hook length of the box]. In our
example above the weight is given by:

3x24+1%x34+2%x24+1x54+1%x7=25
The right hand side of Stanley’s identity may be interpreted as a weighted sum over
all arbitrarily labelled diagrams of shape A.
1.3 Cylindric Plane Partitions

1.3.1 Definition

Cylindric plane partitions were first introduced by Gessel and Krattenthaler [GK97].
We shall work with a modified, though equivalent, definition.
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Definition 1.3.1. For any binary string m of length T, a cylindric plane partition with
profile m may be defined as a sequence of integer partitions:

(NN p = p" (1.7)

such that if 1, = 1 then p*/p*~1 is a horizontal strip, otherwise if m, = 0 then p*=1/u*
1s a horizontal strip.

In the special case where u® = u”" = () we recover the usual definition of a reverse
plane partition.

Definition 1.3.2. A cube of a cylindric plane partition is defined to be a box of one
of the underlying integer partitions.
)

Definition 1.3.3. The weight of the cylindric partition ¢ = (u°, ut, ... uT) is given by

el = It + 12+ ]

In other words, the weight of a cylindric plane partition is the number of cubes.
Note that to avoid double counting, we do not include the boxes of the partition x° in
the definition of the weight of c.

1.3.2 Cylindric diagrams

A cylindric diagram may be thought of as an infinite partition with periodic profile,
which has been wrapped around a cylinder. Here is an example of a cylindric diagram
with profile # = 10100 and period T' = 5. The “fundamental domain” is coloured in
yellow.

1
1[0
0
10
1
0
1[0
1
0
1[0
1
0
0

Note that the profile is read from top to bottom, right to left. The 1’s represent hori-
zontal steps while the 0’s represent vertical steps. Although we have not drawn all of it,
the diagram above is to be understood to extend infinitely in the Eastern and Southern
directions.

Cylindric plane partitions are often represented as labelled cylindric diagrams. For
example, the cylindric plane partition

c=1((3,2,2),(4,3,2,1),(4,3,2),(6,4,3,2),(5,3,2),(3,2,2))
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with profile 10100 may be represented as:

ot
DOJ QO | W | | >

NN [W|wW(Ww]w

OIN|N (NN

||

The individual partitions in the interlacing sequence picture are read off the NW — SE
diagonals in order from right to left.

Lemma 1.3.1. The labels of the cylindric diagram associated to a cylindric plane par-
tition are weakly decreasing along both “cylindric rows” and “cylindric colummns”.

Proof. This is an immediate consequence of the horizontal strip condition on diagonals
O

The following hook-product formula for the enumeration of cylindric plane partitions
of given profile was first given by Borodin [Bor07]. A very different proof involving the
representation theory of sl(n) was later given by Tingley [Tin08]:

1 1 1
> A=11 1— (DT 11 1— zj—itnT 11 1 — Zi—i+(n+1)T (18)

ceCPP(m) n>0 1<j 1>7
TG>T TG>T

Here T denotes the length of the profile .

1.3.3 Cylindric inversion coordinates

It is natural to index the boxes of the cylindric diagram via “cylindric inversion coordi-
nates” (i,j,k) where m; = 1, m; = 0 and if j < ¢ then k > 1 otherwise k£ > 0. Consider
the box labelled * below:

1
1[0
0
10
1
0
100
1
0
10
1[0 *
0
0

It corresponds to the following inversion in the infinite profile:

-++]10100/10100/10100|10100] - - -
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The inversion coordinates of the box marked * are (1,2,2). The 1 of the inversion
occurs in position 1 of the profile. The 0 of the inversion occurs in position 2 of the
profiles. There are two “bars” | between the 1 and the 0, hence the k coordinate is 2.

Here are the cylindric inversion coordinates of each box of our example cylindric
diagram:

i coordinate j coordinate k coordinate
212 113 0]1
4141414 311131 0/0]1]1
5|/5|5|5]5 311(3|1]3 0(0|1]|1]2
21212122 3]113|1]3 1]1(2(2]3
414144 113113 112213
5]5|5 31113 2123

Two boxes lie in the same “cylindric row” if they have the same i-coordinate, and
in the same “cylindric column” if they have the same j-coordinate.

1 1
10 10
110 10
1 110
10 10
1 1
1 1

10 1

0

0 | 0 |

1
1[0
0
10
1
0
1[0
1
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1.3.4 Cylindric hook length

The cylindric hook length of a box is the hook length of the box relative to the larger
partition.

1
0
0

We shall use the notation h;\(ﬂ)(b) to denote the cylindric hook length of the box b
relative to the cylindric diagram ()

Lemma 1.3.2. The cylindric hook length of a box with cylindric inversion coordinates
(i,7,k) is given by j — i+ kT.

Here are the hook lengths of the boxes in our example partition:

114
113|618
204|719 12
41619 |11(14

8]11{13|16

12]14|17

As a consequence of Lemma 8.3.2 Borodin’s identity (equation 8.8) may be rewritten
in the form:

3 zc|:<zzw> 3 1_;“)() (1.9)

¢c€CPP(m) 2 SEX(T)

1.3.5 Arbitrarily labelled cylindric diagrams

An arbitrarily labelled cylindric diagram 0 with profile 7 is simply an assignment of
non-negative integers to the boxes of the associated cylindrical diagram in such a way
that only finitely many of the labels are non-zero. We shall use the notation ALCD(7)
to denote the set of all arbitrarily labelled cylindric diagrams with profile 7.

Definition 1.3.4. The depth of an arbitrarily labelled cylindric diagram 0 is the small-
est k such that all boxzes with cylindric inversion coordinates (i,7j, k") with k' > k have
label zero.
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The weight of an arbitrarily labelled cylindric diagram is given by the sum over
boxes in the cylindric diagram of the label of the box times the hook length of the box:

o = > label(b) | hook(b) (1.10)
beA(m)

For example, the following arbitrarily labelled cylindric diagram has depth 2 and
weight 26.

110
5/0(0]0
0|1|1|1]0
0J0(0(0]|0
00|00
0]J0|0

The right hand side of Borodin’s identity may be interpreted combinatorially as a
weighted sum over pairs (v,0) where v is an integer partition and 0 is an arbitrarily
labelled cylindric diagram with profile w. The weight of the pair (v,0) is given by
T|v| + |[9]. where 7 is an integer partition and 0 is an arbitrarily labelled cylindric
diagrams

1.3.6 Rotation operator

Definition 1.3.5. The rotation operator on binary strings is defined by:

o(7)i = T(i+1) mod T (1.11)
where T' is the length of .

There is a natural bijection between the cylindric diagram with profile 7 and the
cylindric diagram with profile o (7). Nevertheless since the same box will have different
cylindric inversion coordinates, depending on the choice of rotation of the profile, we
prefer to consider two cylindric diagrams which differ by a rotation to be two distinct
objects. Likewise for arbitrarily labelled cylindric diagrams.

Lemma 1.3.3. The rotation operator o naturally induces well-defined weight preserving
maps:
o : ALCD(7w) — ALCD(o(m))
o : CPP(m) — CPP(o(m))



2. Correspondences

Throughout this section, all labels are assumed to be non-negative integers.

2.1 Robinson correspondence

2.1.1 Standard Young Tableau

A standard tableau is a labelled Young diagram with n boxes for which the labels are
strictly decreasing along both columns and rows, and for which each number from 1 to
n occurs exactly once. For example:

1310
1197
863
12]5]4]2]1

A Yamanouchi word is a word with the property that for any initial subword, and
for any k, the number of times that k& appears in that initial subword is greater than or
equal to the number of times that k& + 1 appears in that subword.

Standard tableau are naturally in bijection with Yamanouchi words. For example,
the tableau above corresponds to the word:

1121123234314

The k-th number in the Yamanouchi word tells you on which row you will find the label
k. Note that we are counting the rows from bottom to top.

2.1.2 Viennot’s shadow method

A permutation is a {0,1} matrix with exactly one 1 in each row and each column.
A partial permutation is a {0,1} matrix with at most one 1 in each row and each
column. Note that a partial permutation matrix need not be square. The Robinson
correspondence [Rob38] gives a bijection between permutations and pairs of standard
Young tableau of the same shape.

Instead of defining the algorithm rigorously, we shall just give an example using
Viennot’s shadow technique [Vie77]. We begin with the matrix of our permutation, but
transformed into the grid. In our case, we have chosen:

_[r234567
5361472

25
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Here is the grid. The large black dots correspond to ones in the permutation matrix,
while the small black dots correspond to zeros.

Next imagine that the sun is shining down from the top left hand corner, and that
it casts a shadow:

T'

We have essentially regrouped the permutation by decreasing sequences:

1 2 4|3 5 7|16
5 3 1](6 4 2||7
Remove the first number from the top row and the last letter from the bottom row
of each block then shift everything across to obtain a partial permutation:

| R I Y M

Now we repeat the process, beginning by drawing the partial permutation onto the
grid:
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The sun shines down from the top left hand corner and causes shadows:

Regrouping the partial permutation into decreasing sequences:

b olle

Extracting the partial permutation:

BT R B A

And once more we draw the partial permutation:

4 5 6 7
5 % *x 06
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The sun shines down from the top left hand corner, casting shadows:

Here is where the algorithm terminates, since the next partial permutation in the

sequence is empty:
H m H H [1 2 34567
— —
5| |6 A1 * % k% ok ok ok ok

Putting all this information together, we obtain the following Viennot shadow dia-
gram:

® 1
o— 1
® ® 2

The pair of standard tableau which we are searching for can now be read, as Ya-
manouchi words from the right most column and the bottom most row. The black path
is labelled 1, the blue path is labelled 2 and the red path is labelled 3. Reading down
the final column we have:

1122331

while reading along the bottom row we have:

1213213
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Thus, under the Robinson correspondence, we have:

1234567|_> 65’ 714
536 1 4 7 2 1 E
[7]2]1 631

2.1.3 Reverse Viennot shadow method

To reverse the algorithm, we begin with the two Yamanouchi words, and the empty
permutation:

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

The largest number, the threes, occur in positions 5 and 6 on the left, and positions 4
and 7 on the right. This gives us:

((1,1,2,2,,.,1),(1,2,1,.,2,1,.)) m m

Next we note that the twos occur at positions 3 and 4 on the left, and positions 2 and
5 on the right:

47|_>.4 .7'_>2457

5] |6 5 .| |6 . 5 3|6 4

(L1,.,.,.,.,1),01,.,1,.,.,1,.)

We are left with:

The ones on the left occur at position 1,2 and 7 while the ones on the right occur at
positions 1, 3 and 6. This gives us:

L e P R L E e T

The final result is the permutation:
v 2
15 3

2.1.4 Fomin growth diagrams

4
1

N
N
[Ea

3 )
6 4

Viennot’s shadow method is strictly equivalent to Fomin growth diagram technique
[Fom88].

We begin by labelling the faces of the first and last rows of our shadow diagram with
the empty partition:
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®
0
.—
0
@ @
0
(] o)
0
® ® ®
0
® ®
0
0

Next we continue filling in the faces of the diagram in such a way that a new box is
added to the first row every time that one crosses one of the black shadows:

¢
0 9) 9) 0| @ @ @ @
. .—
0 9) 9) 0O [ @ @ @ |2
o .
0 0O | @ @
o ]
0 0O | @ @
® ¢ o)
0 | @)
® ®
0 | @
0 | @)

Keep “growing” the diagram in such a way that every time you cross a blue line,
you add a box to the second row:
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O o 0 0 0 0 0 0
®
o 0o o 0o [® @© @O @
o—
O 0 0 0 |]m O O]
[ ®
0O 0| ® @O |®LY LY §L1)](21)
o ®
0O 0] @® @O |@GLY]EY) 21)](22)
® ® O
0 [ @O @Gy @1
@ @
0 | @M | LY ](E1)
0 | @M | LY} Tﬁ
When you cross a red line, you add a box to the third row:
0 0 0 0 0 0 0
¢
0 0 0 o o O O
o—
0 0 0 o o Mm@
®
0 o o |Gy @Y G |1
® ®
0 o O |G| Y @Y |22
[ ®
(1) (1,1) (1,1 [(1,1,1)](2,1,1) (2,1,1)](2,2,1)
¢ ® o
(1) (L, | (2,1) [(2,1,1)](2,2,1) (2,2,1)](2,2,2)
(1) (L,1) | (2,1) [(2,1,1) (2,2,1)](3,2,1) (3,2,2)

The pair of standard partitions may be read of the bottom row and the final column
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as a sequence of integer partitions, each of which may be obtained from the previous by
adding a single box.

2.1.5 Skew standard tableau
A standard skew tableau may be defined as a sequence of partitions:
S=(A\,N,... \p)

such that if ¢ > j then A; C A; and such that each partition in the sequence differs by
at most one box. We say that S is of shape A\, /\1.

It is often convenient to represent a skew standard tableau as a labelled skew diagram.
For example, the skew standard tableau:

S=1(021),(2,2),(2,2),(2,2,1),(2,2,2),(3,2,2))

may be represented by the diagram:

The box s is labelled k if it first appears in the k-th partition of S.
A regular standard Young tableau is a special case of a skew standard tableau in
which A\; = () and for which each partition in the sequence differs by exactly one box.

2.1.6 Fomin’s local rules

Fomin’s local rules [Fom88] tell us how to find the partition A given the partitions p, u
and v and a value of x which may be either 0 or 1, corresponding to a small dot and a
large dot respectively.

The blue data is input, and the red data is output. The rules are as follows:

1. If 2 =1 and 4 = v = p then A is the partition obtained from p by adding a box
to the first row.

2. If x =0and p=v = p then A = p.

3. If x =0 and u = p # v then A = v (this corresponds to the case of a shadow
passing through the face vertically).

4. If x = 0 and v = p # p then A = p (this corresponds to the case of a shadow
passing through the face horizontally).
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5. If z =0 and p, v and p are pairwise distinct then A = p U v (this corresponds to
the case of two shadows passing through each other).

6. If x =0 and p = v # p and p differs from p on the k-th row, then A is the partition
which is obtained from p by adding a box to row k + 1 (this corresponds to the
case of two shadows “bouncing off” each other).

In the diagram below we have highlighted an example of rule 1 in yellow, rule 2 in
blue, rule 3 in red, rule 4 in pink, rule 5 in orange and rule 6 in purple.

o 0 0 0o 0o © © o
@ ©w® o

(2)

O

©
® v o .

: P
. w1 | @1 .
() (1) (1,1,1) (2,1,1

)

® @
0 (1) (2,1,1)[(2,2,1)
0 1 @21 |(2,1,1)](2,2,1)

Although it is not immediately obvious that Fomin’s local rules are exhaustive as
given, one can prove by recurrence that they cover every possible case which can arise,
given suitable initial conditions.

(2,1,1)1(2,2,1)

2.1.7 Skew Robinson correspondence

It is now possible to forget about Viennot’s shadows, and perform the Robinson corre-
spondence using only Fomin’s local rules. In fact, we shall do something slightly more
general.

The input to algorithm is a pair (A, B) of skew standard tableau of shape «/u and
B/ 1 respectively, together with a partial permutation o. The partial permutation must
be compatible with the pair (A, B) in the sense that if there is a 1 in column k then
Ag = Ak, similarly, if there is a 1 in row k then By = By11. For example:
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(1) o ¢y oy Gy @1

Another way of expressing the compatibility condition between (A, B) and o is that
if the partial permutation matrix o is n by m then each of the labels from 1 to m must
occur at most once once either in the labelled diagram for A or in the top row of the
two line notation for ¢. Similarly each of the labels from 1 to n must occur at most
once either in the labelled diagram for B or in the bottom row of the two line notation

for o.
A= B= g:[' - 34 ]
... 1 5 .

Starting from these initial conditions, we may make use of Fomin’s local rules to fill
out the rest of the data in the diagram:

(1) o ¢y Gy 1LY (@21
o
o ©y oy = 2 (22

(1,1 (1,1) (1,1,1) (2,1,1) (2,2,1) (2,2,1)
(L,1) (1,1) (1,1,1) (2,1,1) (2,2,1) (2,2,1)

(2,1)  (2,1) (2,1,1) (2,2,1) (2,2,1) (2,2,2)
[
(2,1)  (2,1) (2,1,1) (2,2,1) (3,2,1) (3,2,2)

The output of the algorithm, may be read off the right-most column and the bottom-
most row:
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(2,2,1)

(2,2,1)

(2,2,2)

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

The output is a pair of standard skew tableaux (A’, B’) of shape A\/a and \/f
respectively.

Note that the label k is missing from A’ if and only if it is missing from both A and
the top row of . Similarly the label k is missing from B’ if and only if it is missing
from both B and the bottom row of o.

We shall say that a growth diagram is standard if it has no repeated rows or columns.
The output pair (A’, B') of a growth diagram will have the property that each and every
label occurs exactly once if and only if the corresponding growth diagram is standard.
The standardization of a growth diagram is the diagram obtained from the original by
removing any repeated rows or columns.

2.1.8 Fomin’s reverse local rules

Fomin’s reverse local rules tell us how to find the pair (p,x) given the partitions A, u
and v.

The value of x may be either 0 or 1, corresponding to a small dot and a large dot
respectively. The blue data is input, and the red data is output. Fomin’s reverse local
rule may be described as follows:

1. If p = v # X and if A differs from p on the first row then p = p and x = 1.
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2. f u=A=wvthen p=AXand z=0.
3. If u=A#vthen p=vand z =0.
4. f v = X # p then p = p and z = 0.
5. If A, u and v are pairwise distinct, then p = pNv and z = 0.

6. If u = v # X and if A\ differs from p on the k-th row for £ > 1 then p is the
partition obtained from p by removing a box on the (k — 1)-th row and x = 0.

Staring with the output configuration from the previous section, one may use Fomin’s
reverse local rules to “grow” the diagram backwards and recover the initial conditions.

This algorithm is slightly more general than we need. It corresponds, in fact, to
the skew Robinson correspondence [Sea90]. We recover the special case of the Robinson
correspondence when (A’, B') are regular standard Young tableau.

2.2 RSK and Burge correspondences

The RSK correspondence and the Burge correspondence both give a bijection between
non-negative integer matrices and pairs of semi-standard Young tableaux of the same
shape.

2.2.1 Semi-standard tableau

A semi-standard Young tableau is a labelled Young diagram which is weakly decreasing
along rows and strictly decreasing along columns. For example:

=~
N[ [ Ot
=N [ o |~

2]2]1

A semistandard Young tableau may also be represented by a sequence of integer
partitions which differ successively by a horizontal strip. The k-th integer partition in
this sequence is given by the subtableau covered by the first &k labels:

0—(3)—=(5,2)—=(53,1) = (53,3,1) = (5,3,3,2)
The content ¢(T') of a semi-standard Young tableau is the vector:

(c1(T),ca(T),c3(T),...)

where ¢ (T') denotes the number of times the label k& occurs in the tableau 7. The
content of our example tableau is (3,4,2,3,1).

We remark that a regular plane partition may be thought of as a pair of semi-
standard tableau of the same shape. For example, the regular plane partition from
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section 8.2:
41312(2(0
31211110
1(1(1(0]0
110(/0]{0]0
0/0{0[0]|0
is in bijection with the following two tableaux:
(4] 4]
412 413
4]3]1]1]  [4]3][3]1

The first tableau in the pair corresponds to the first half of the sequence read off the
NW — SFE diagonals, from right to left:

0 —(2) = (2,1) = (3,1) = (4,2,1)

while the second tableau in the pair corresponds to the second half of the sequence read
off the NW — SFE diagonals, from right to left:

D—@1Q)—1)—@31) = (421))

The standardization of a semi-standard Young tableau is the unique standard Young
tableau with the following properties:

1. The labels 1,2,...¢1(T) lie on the first row (read from the bottom).
2. The set of labels ¢ satisfying: cx(7") < i < ¢x41(7T") forms a horizontal strip.
3. If e (T) < 4,5 < cp41(T) and i < j then i lies to the right of j.

4. when you replace the first ¢;(T) labels with 1, the next co(7") labels with 2, the
next c3(7T") labels with 3 and so on, you recover the original semi-standard Young
tableau.

The standardization of our example semi-standard Young tableau is the following:

13[10
12[11
9[5
(7]6]3]2

= | o0

2.2.2 Horizontal and vertical strips

A partial permutation matrix o is said to form an increasing chain if there exists k, ¢ > 0
such that after removing the first £ rows and the first £ columns, the remaining matrix
is that of the identity permutation. Similarly, a partial permutation matrix ¢ is said to
form an decreasing chain if there exists k, ¢ > 0 such that after removing the final k rows
and the final £ columns, the remaining permutation is that of the mazimal permutation.

Let us define a properly labelled horizontal strip to be a standard skew tableau with
the property that if ¢ > j then the label ¢ always occurs to the left of label j. The
following important lemma is due to vanLeeuwen [vLO5].
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Lemma 2.2.1. Suppose that the skew Robinson correspondence sends (A, B, o) to (A’, B').
The pair of skew standard tableau A’ and B’ are properly labelled horizontal strips if and
only if the pair of skew tableau A and B are also properly labelled horizontal strips and
if after the growth diagram has been standardized the partial permutation o form a de-
creasing chain.

An example:

21 211 221 221 221

22 221 222 222 222

22 221 222 322 322

22 221 222 322 422

a:[i i g ﬂ A:B: A =B =

We shall say that a growth diagram is of horizontal type if the output tableaux
(A’, B') are both properly labelled horizontal strips.

Similarly, let us define a properly labelled vertical strip to be a skew standard tableau
with the property that if ¢ > j then the label ¢ always occurs to the right of label j.
The following lemma is also due to vanLeeuwen [vL.05]:

Lemma 2.2.2. Suppose that the skew Robinson correspondence sends (A, B,o) to (A’, B').
The pair of skew standard tableau A’ and B’ are properly labelled vertical strips if and
only if the pair of skew tableau A and B are also properly labelled vertical strips and, after
the growth diagram has been standardized, the partial permutation o form an increasing
chain.

For example:
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11 11 11 21 22

® ® o

11 11 21 22 221
® ® o o)

11 21 22 221 2211
® o) o ®

21 22 221 2211 | 22111

© O ® O

22 221 2211 | 22111 221111

a—[l 23 4} A=pB=|2] A =B =

We shall say that a growth diagram is of vertical type if the output tableau (A’, B")
are both properly labelled vertical strips.

In both the horizontal strip and the vertical strip case case the following weight
condition is satisfied. Suppose that A’ is of shape A/« and B’ is of shape A/S while A
is of shape a/p and B is of shape 3/p. If the partial permutation o contains exactly m
ones then:

AL+ Ll = lal + 18] + m (2.1)

2.2.3 Block permutation matrices

Suppose that M is a non-negative integer matrix. Let ¢; denote the sum of the entries
on the k-th row of M and let ¢} denote the sum of the entries in the k-th column of M.
If the total sum of all the entries of M is equal to n, then there are two canonical ways
in which we may associate an n by n permutation matrix P to the matrix M.

In both cases we begin by dividing up our matrix P into “block rows” and “block
columns”. The k-th “block row” of P contains c¢; normal rows of P, while the k-th
“block column” of P contains ¢ columns of P. A “block” of P is an intersection of a
“block row” and a “block column”.

The first way of associating a permutation matrix P to a non-negative integer matrix
M is to place ones into the block matrix P in such a way that:

e The number of ones in the block (,j) of P is equal to M; ;.

e The ones are strictly decreasing from left to right as you move along any block
row.
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e The ones are strictly decreasing from top to bottom as you move along any block
column.

For example:

1 00/000O0
000[10O0O
L3 000[0100
[21]0—> 000[00T10
0 1 0(0 00O
00 1(0 000
L0 0 0[0 00 1]

In this case we shall refer to P as the RSK permutation associated to M. If the row
sums and column sums are known, then this operation is invertible

The second way of associating a permutation matrix P to a non-negative integer
matrix M is to place ones into the block matrix P in such a way that:

e The number of ones in the block (7,7) of P is equal to M; ;.

e The ones are strictly increasing from left to right as you move along any block
row.

e The ones are strictly increasing from bottom to top as you move along any block
column.

For example:

2 i

_ o O o o oo
O = OO O O O
O O Ol O OO
O O RO O OO
S O oo~ OO
OO OO O~ O
OO OO OO+

In this case we shall refer to P as the Burge permutation associated to M. Again, if the
row sums and column sums are known, then this operation is invertible.

2.2.4 Growth diagram patches

Its not hard to see that any subdiagram of a growth diagram is again a growth dia-
gram. In particular, given a block permutation matrix P we may apply the Robinson
correspondence, and then consider each of the blocks as separate, individual growth
diagrams.

Lemma 2.2.3 (vanLeeuwen). If P is an RSK permutation, then each block of P is
of horizontal type. Similarly, if P is a Burge permutation, then each block of P is of
vertical type.
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2.2.5 Reverse algorithm (RSK)

The RSK correspondence may be realized with the aid of the Robinson correspondence.
The reverse algorithm is as follows:
Suppose that your two semi-standard Young tableau are (7, 7T") with content vectors

c=(c1,...,¢) and ¢ = (¢}, ..., ) respectively. For example:
T = 3|3 T = 413
3
13]1]1 3|2]1

We have ¢ = (2,2,3) and ¢ = (1,2,3,1).
The first step is to standardize both T' and T” to obtain a pair of standard tableau
(S,5"). In our case we have:

6|5 , 74
413 5
7121 631

Note that this is the same pair of tableau which appeared in our example in section
9.1.2

The next step is to apply the reverse Robinson correspondence to get some permu-
tation matrix. In our case we have:

s

I
SO = OO OO
[Nl elNell S =)
O O O O oo
OO OO oo
OO o+ O OO
O O O O oo
[=lelelelBel e

Finally we use the content vectors of T' and T” to find the matrix M for which P is
the associated RSK permutation:

r0l0 0]/1 0 0]07
0/0 0/0 0 01
01 0/0 0 0]0 0011
0/0 0/0 1 0[0]|—1]0110
1/0 0/0 0 0]0 1110
0/0 1/0 0 0]0
L 0olo 0ol0o 0 10|

Although in our example the resulting matrix only contains zeros and ones, in general
the entries of M may be any non-negative integer.



42 Chapitre 2 — Correspondences

2.2.6 Forward algorithm (RSK)

Given a non-negative integer matrix M, begin by recording the row and column sums
of M into the vectors ¢ and ¢/. Next, let P be the RSK permutation associated to M,
and apply the Robinson correspondence to P. Suppose that (5,S’) is the resulting pair
of standard tableau. The content vectors (¢, ¢’) may now be used to de-standardize S
and S’ into a pair of semi-standard Young tableau (7,7")

2.2.7 Forward algorithm (Burge)

Given a non-negative integer matrix M, the forward algorithm is as follows:

1. Record the content vectors ¢ and ¢’ by reading of the row sums and column sums
of M respectively.

2. Find the Burge permutation P associated to M.

3. Apply the Robinson correspondence to the permutation matrix P to obtain a pair
of standard Young tableau (5, 5").

4. Conjugate the pair of standard Young tableau (S,S’) to obtain a new pair of
standard Young tableau (R, R')

5. De-standardize the tableau (R, R') using the content vectors (¢, ') to obtain the
final pair of standard Young tableau (T, T").

2.2.8 Reverse algorithm (Burge)

Given a pair (T,T") of semi-standard Young tableau of the same shape, the reverse
algorithm is as follows:

1. Record the content vectors (¢, ') of (T,1").

2. Standardize the semi-standard Young tableaux (T, T") to obtain a pair of standard
Young tableau (R, R').

3. Conjugate the pair of standard Young tableau (R, R’) to obtain a new pair of
standard Young tableau (S,S")

4. Apply the reverse Robinson correspondence to (S, S’) to obtain the permutation
P.

5. Use the content vectors (¢, ') to find the matrix M for which P is the associated
Burge permutation.

2.2.9 Local rules

As a consequence of lemma 9.2.3, both the RSK and the Burge correspondence can be
performed directly, without passing through the standardization and de-standardization
procedure.

The growth diagram for the RSK correspondence looks very similar to that for the
Robinson correspondence, the main difference being that neighboring partitions differ
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by a horizontal strip, rather than a single box. In the case of the Burge correspondence,
neighboring partitions differ by a vertical strip - but the final result is conjugated.

For any partition A let U(\) denote the set of integer partitions which can be obtained
from A by adding a horizontal strip, and let D(\) denote the set of integer partitions
which can be obtained from A by removing a horizontal strip. A forward local rule is a
map with type signature:

a,p : (Zz0, D(a) N D(B)) = Ule) NU(B) (2.2)
such that if A = 4, g(m, 1) then the following weight conditions are satisfied:

Al + lpl = laf + B8] +m (2.3)

A reverse local rules is a map with type signature:

Dap:Ula) NU(B) = (Z>0, D(a) N D(B)) (2.4)

As a consequence of lemma 9.2.1 and 9.2.2, the local rules for both the RSK cor-
respondence and the Burge correspondence may be derived directly from Fomin’s local
rules.

We shall describe here only the local rule associated to the Burge correspondence.
The reader is referred to [vL05] for the RSK version of the local rule.

2.2.10 Burge local rule

In the case of the Burge correspondence, the operator ©, g is defined as follows. Suppose
that (m, ) = D4 5(N). Let A denote the set of columns of A which are longer than the
corresponding columns of a and let B denote the set of columns of A which are longer
than the corresponding columns of 5.

Next, for each i € ANB let §(i) € AUB denote the largest integer such that §(i) < i
and 6(i) # 6(j) for any j € AN B such that j > i. Let:

C=1{6(i)>0]ie AnB)

Finally let 1 be the partition obtained from A by removing a box from the end of each
of the columns indexed by AU B U C and let

m = #{6(i) <0|i € AN B}

Here is an example:

D(6,5,5,3),(6,6,5,2)(7,6,5,3,1) = (1,(6,5,4,2))

The calculation proceeds as follows:

N = (5,4,4,3,3,2,1)
= columns(\/a) = {1,6,7}

A
B = columns(\/3) = {1,3,7}
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{5}
= (47 47 37 3? 27 1)

= Q
I

3
I

The inverse operator i, g is defined similarly. Suppose that A = 4, g(m, i). Let
A denote the set of columns of o which are longer than the corresponding columns of
1 and let B denote the set of columns of S which are longer than the corresponding
columns of p.

Next, for each i € AN B let €(i) ¢ AU B be the smallest integer such that (i) > i
and €(i) # €(j) for any j € AN B with j <. Let

C = {e(i)|i € AN B}

Finally let D denote the first m elements of the complement of the set AUBUC and let
A be the partition obtained from g by adding a box to the end of each of the columns
in AUBUCUD.

Here is the inverse of our example:

U(6,5,5,3),(6,6,5,2) (1, (6,5,4,2)) = (7,6,5,3,1)

The calculation is straightforward:

o= (4,4,3,3,2,1)
A = columns(a/p) = {3,5}
B = columns(8/u) = {5,6}

m=1

¢ ={7}
N =(5,4,4,3,3,2,1)



3. Symmetric functions and
Macdonald polynomials

In this chapter we recall some of the theory of symmetric functions.

3.1 Symmetric functions

3.1.1 Compositions

A composition is simply a list of non-negative integers. For example:
c=1(2,0,1,2)

The symmetric group S,, acts naturally on the set of compositions with m parts.
Each orbit of §,,, contains a unique partition. For example, the partition corresponding
to our example composition above is:

A=(2,2,1,0)

Note that we allow for the possibility of trailing zeros. For any composition A let
r(A, 1) denote the number of parts of A equal to i. and let:

= Hr()\, i)!

i>0

Then 7y is the order of the subgroup of S, that stabilizes the composition A\. The
number of distinct elements in the order of A is equal to m!/ry. In our example ry = 2
and the number of distinct compositions is equal to 12.

3.1.2 Multivariable polynomials

Consider the multivariate polynomial ring Q[z1, . .., 2;,]. Each monomial in Q[x1, ..., zy,]
corresponds to a composition. For example, the monomial x2x3z% in Q[x1, va, T3, 74]
corresponds to our example composition (2,0,1,2).

For notational convenience, if n = (91,72, ...,7m) is a composition, then by X" we
mean the monomial 2" zJ? ... z;". There is a natural addition on the space of compo-
sitions which corresponds to multiplication in the polynomial ring. if n = (91,...,7m)

and v = (1, -, Ym) then 7+ = (M + 71, T + Ym), and X7 = X1X7.

45
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3.1.3 Monomial symmetric functions
For each partition A we define the monomial symmetric function to be:
1
mA(X)=— Y x°W
D)
ocESh

In other words the monomial symmetric function my(X) is the sum of all distinct
permutations of the monomial X*. An example:

2,2 2, .2 2,2 2,2 2, .2 2.2
M (2,2,1,0)(X) = 212523 + 70273 + X17523 + TIT3T4 + T]T2T] + T1T57Y
+x%x§x4 + x%xgxi + xlsc%xi + x%x%m + x%xgsci + xzxgxi

The monomial symmetric functions have the property that they are invariant under
the action of the symmetric group on the set of variables. Furthermore, any function
which is symmetric under the action of the symmetric group on the variables may be
expressed as a linear combination of monomial symmetric functions.

3.1.4 Infinitely many variables

If there are m variables, then we only need to consider integer partitions with at most
m parts. Sometimes it will be necessary to work with an infinite number of variables
{z1,29,x3,...}. In this case we take any partition which is padded at the end with an
infinite number of zeros.

3.2 Plethystic notation

3.2.1 Alphabets

We shall use the notation A to denote the ring of symmetric functions, in infinitely
many variables, over the field of rational numbers [Mac95]. In what follows we shall
make extensive use of the plethystic notation [GHT99, Las03].

In the plethystic notation addition corresponds to the union of two sets and multi-
plication corresponds to the Cartesian product. For example, we write:

X=x1+z0+ """ (3.1)
to denote the set of variables {x1, z2,...}. We also write:
XY =@+z+-)ytyt...) (3.2)

to denote the set of variables {z1y1, z1y2, ..., Z2y1, ... Tay2 .. .}.

3.2.2 Complete and elementary symmetric functions

The complete symmetric functions may be defined by their generating series:

Qs = [[—— =3 ha(X)2" (3.3)
>0

L1 — 2z
1>1 n>
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The generating series for the elementary symmetric functions may be expressed
using the plethystic negation of an alphabet [Las03, GHT99]:

O-Xz] = [J(1 - 2i2) =) _(—1)"en(X)z" (3.4)

i>1 n>0

It helps to think of the generating function for the complete symmetric functions as
a sort of exponential function:

For any integer partition A we define:

ha(X) = hoy (X)hoy (X) By (X)) - - (3.7)
ex(X) = ex, (X)er, (X)exs (X) -+ (3-8)

One can show that, just like the monomial symmetric functions {my(X)} both
{hx(X)} and {ex(X)} are bases for the ring of symmetric functions.

3.2.3 Hall inner production

It is a straightforward exercise to verify that:

oxvy] =[]

ij>1

= Z ha(X (3.9)

The Hall inner product (—|—) may be characterized by th property that:

1 — x4

(mA(X), hu(X)) = Oap (3.10)

Equivalently, the Hall inner product is characterized by the fact that for any pair of
bases {f)\(X)} and {gx(X)} such that:

<f>\(X)agu(X)> = 5)\,/.L

we have:

Q[XY] =

_1 = AE)Y) (3.11)
iYj X

3,7>1
3.3 Schur functions

3.3.1 Definition in terms of semistandard Young tableau

The most important basis for the ring of symmetric functions is the Schur basis. There

are many different ways in which the Schur functions may be defined. Each has its

advantages and its disadvantages. For now we shall make use of the following definition.
For any integer partition A, the Schur function is given by:

Z JICI(T cz ;3(T) .. (3.12)

Tesh(A
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where the sum is over all semistandard Young tableau of shape A and:

(c1(T),ca(T),...)

denotes the content vector of T. Note that it is not immediately clear that the Schur
function as defined above is symmetric, See [KKB95] for a proof.

3.3.2 Cauchy identity and RSK

The Cauchy identity is an immediate consequence of the definition of Schur functions
in terms of semi-standard Young tableau:

1
oxv] =[] o= D SA(X)SA(Y) (3.13)
ij>1 iYj A

The left hand side may be interpreted as a weighted sum over non-negative integer
matrices. The refined weight of a matrix M is given by:

d) d
(225 ) (v )

where dj, is the sum of all the entries in the k-th row of M and dz, is the sum of all the
entries in the k-th column of M.

The right hand side may be interpreted as a weighted sum over pairs of semi-standard
Young tableau of the same shape. The refined weight of a pair of semi-standard Young
tableau (7,7 is given by:

€1 ,.C2 €1, ch

(@' ) (' yy® )
where (c1,co,...) is the content vector of T while (¢}, c,...) is the content vector of
T'. This is none other than the RSK correspondence (see Section 9.2.5). We remark
that MacMahon’s identity may be obtained from Cauchy’s identity by specializing the
variables to:

_1

3.3.3 Pieri rules

The following recurrence is an immediate consequence of the definition of the Schur
function given in equation 10.12:

MX 2= > X)L (3.14)
reD ()

Here D(A) denotes the set of partitions which can be obtained from A by removing a
horizontal strip. This is known as the dual Pieri rule.
Assuming that we have proved the symmetry of the Schur function, we may write:

X)=> Kyumu(X) (3.15)
w

where K, is the Kostka number which counts the number of semi-standard Young
tableau of shape A and content ji (see Section9.2.1). Note that K, = 0 unless X is
greater than p in the dominance order (see Section 8.1.3).
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Since Cauchy’s identity tells us that the Schur-functions form an orthonormal basis
with respect to the Hall inner product, we have by duality that:

Su(X) =D K uha(X) (3.16)
A

The following recurrence is an immediate consequence of equation 10.16:

Q[Xz]S,[X] = > Sy[X] I (3.17)
AU (k)

where U(u) denotes the set of partitions which can be obtained from p by adding a
horizontal strip. This is known as the Pieri rule.
Combining equation 10.17 and equation 10.15 and using another duality argument,
we discover that:
Q[ X 2]S)\[X] = SA[X + 7] (3.18)

where 2*[Xz] is defined to be adjoint to the operator Q[X z] with respect to the Hall
inner product.
(f(X) [ [X2g(X)) = (QX2]f(X) | 9(X)) (3.19)

3.4 Local rules

To show how these ideas are connected, let us assume that the Pieri rule and the dual
Pieri rule are true and attempt to deduce Cauchy’s identity as a consequence. We will
then prove an important commutation relation between the Pieri operator and the dual
Pieri operator

3.4.1 Alternative proof of Cauchy identity
Proposition 3.4.1. If X, is the alphabet X,, = x1+x2+---+x, and Y, is the alphabet
Yo=vy1+yo+ -+ yn then:

n

S SIS Yal = [[ —
A

1 — x5
ig=1 T

Proof. The case n = 1 is trivial. We assume that the result is true for all £ < n. By
the Pieri formula (equation 10.17), and the induction assumption, we have on the right
hand side:

RHS(n) = (Z hr[Xn_ﬂxz> (Z m[%-ﬂyi) (Z Su[Xn—ﬂSu[Yn*Q 1—1:;,

r

1
— o B
= § SalXn-1]S5[Yn-1] TE— E o/l y18/ul
a,pB peD(a)ND(B)

while by the dual Pieri formula (equation 10.18), we have on the left hand side:
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LHS(n) = Sa[Xn-1 + 2] S\ [Xn-1 + yn

A
= Sal[Xn-1]Ss[Yn-1] ST alelylve
B AU (a)NU(B)

In order to complete this proof, we need, for any given o and 3 a bijection between
the set of pairs (m, u) with u € D(a) U D(B) and m a non-negative integer and the set
of partitions A € U(a) UU(B) in such a way that:

Al = [l + |B] = |l +m
A local rule is just such a bijection (see section 9.2.9).

Uo g = (Z20, D(e) UD(B)) = U(e) UU(B) (3.20)

3.4.2 Commutation Relations

Proposition 3.4.2. The operators Q[ Xv] and Q*[Xu| satisfy the following commutation
relations:

0" [Xu] O[X0] = - _1w QX 0] O [ X1 (3.21)

Proof. For any integer partition A we have:

Q[ Xu] QX 0]SA(X) = Q[(X + u)v]Sa(X + u)
= Quv]Q[Xv] Q[ Xu]S\(X)
1

= QXU [Xu]S)(X)

O]

A local rule may be thought of as a bijective proof of proposition 10.4.2, which may
be expressed in the form:

(Sa [ [Xu] Q[X0] Sp) =

T (Sa | QX0 [ Xu|Sg) (3.22)

for all integer partitions a and . In other words, a local rule is a map with type
signature:

Dap: Ula) NU(B) = (Zzo, D(e) N D(B)) (3.23)

Such that if (m, u) = D4 g(A) then the following weight conditions are satisfied:
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(Aol = [8/ul+m (3.24)
IA/B] = le/ul +m (3.25)

By adding these two weight conditions together and dividing by 2 we obtain:
(Al = la] + (8] = |u] +m (3.26)

This is precisely the inverse of the local rule described at the end of proposition
10.4.1. Again see section 9.2.9.

3.5 Robinson correspondence revisited

3.5.1 Representation Theory
Permutations

Any permutation may be expressed as the product of disjoint cycles. For example, the
permutation:

may be expressed in disjoint cycle notation as o = (1,4,6,7,9)(2,8)(3)(5). Since disjoint
cycles commute with one another, they can always be ordered from longest to shortest.
The cycle type of a permutation is the integer partition which determines the length of
the cycles. The cycle type of our example partition is (5,2,1,1).

A pair of permutations 1 and o9 are said to be conjugate if there exists some third
permutation 7 such that o; = 7097, Two permutations are conjugate if and only if
they have the same cycle type.

Characters

A representation of the symmetric group &,, is a homomorphism from the &,, to GL(V)
for some complex vector space V. A representation is said to be irreducible if there is
no non-trivial subspace U C V with the property that o.u € U for all u € U and for all
o€ G,.

One can show that the irreducible representations of the symmetric group are natu-
rally indexed by integer partitions [Sag01]. Furthermore the dimension of the irreducible
representation indexed by A, which we denote by f?, is given by the number of standard
tableau of shape A. [Sag01].

Suppose that p : &,, — GL(V) is a representation of the symmetric group. The
character associated to p is the map x : &,, — C given by x(o) = tr(o). Since the trace
is invariant on conjugacy classes, it makes sense to write x(u) where p is a partition of
n.

Note that for the identity permutation we have:

(1) = A (3.27)
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3.5.2 Newton power sums
Definition
The Newton power sums are defined by:

po(X) =2 4o+ (3.28)

As in the case of the complete symmetric functions and the elementary symmetric
functions, if we define:

PAX) = pa; (X)pa, (X)) - - (3.29)

then {p)\(X)} is a basis for the ring of symmetric functions.

Relation to complete symmetric functions

For any integer partition A let us define:

2y = [[ra(A)lim ™ (3.30)

where m;(\) denotes the number of parts of A of length i. As a consequence of the fact

that: . .
log < > -y (3.31)
n

we have that:

n (X
Q(Xz) =exp Z Pal )z” (3.32)
n>1 n
In particular:
X
ha(x) = 3 2 (3.33)
Nn A
Dual basis
Using the notation from Section 10.2 we have:
Pn(X)pn(Y) = pn(XY) (3.34)
Now:
(XY
Q(XY) =exp Pa(XY) )z" (3.35)
n>1 n
Pr(X)pn(Y) n
= S — 3.36
exp (; o z (3.36)

- Zp’\(X)P,\(Y) (3.37)
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It follows that the dual basis to the {P\(X)} is given by:
pA(X)
Zx
3.5.3 Algebraic proof of Robinson correspondence
An alternative definition for the Schur functions is the following:
X (1)
Sa(X) =) : pu(X) (3.38)
m

where x*(u) denotes the character of the representation of &, indexed by A evaluated

on the conjugacy class of type pu.
The Robinson correspondence (section 9.1) tells us that:

nl =Y (f)?

A

(3.39)

This identity may be derived from Cauchy’s formula (equation 10.13) as follows. On

the left hand side we have:

QAXY) = ho(XY) =Y pA(Z)iY)
n A

and so:

(QXY)pam (XY)) xy = L1

Zayn !

While on the right hand side we have:

<Z SA(X)SA(Y) !P(ln)(X)P(1n)(Y)>
By

XY
=" (A (X)pamy (X)) x (Sa(¥)pam (),

(1)’
£

Putting the two sides together we recover equation 10.39.

x
*

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)
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3.5.4 Canonical commutation relations

Let p} denote the adjoint of the operator “multiplication by p;” with respect to the Hall
inner product. The pair (p1,p]) satisfy the canonical commutation relations:

i, m] =1 (3.46)

Noting that p1(X) = hy(X) this can be understood by the fact that an integer partition
always has one more outside corner box than inside corner box. Fomin’s original local
rule can be understood as a bijective proof of the identity:

(Salpip1Sp) =1+ (Salpipi Ss) (3.47)

Equation 10.39 can be proved algebraically by remarking that:

D Af =) (TS (S lpi1) (3.48)
A A

= (1p7[pr1) (3.49)

= (1(p1)"(p1)"1) (3.50)

=nl (3.51)

The last step makes use of the commutation relations in equation 10.47 together with
the fact that pj1 = 0. Each term of the form p} must “annihilate” with some term of
the form p;. There are exactly n! ways in which this can happen.

3.6 Macdonald Polynomials

3.6.1 Plethystic notation

In this section we recall some of the theory of Macdonald polynomials. Let Ag; de-
note the ring of symmetric functions over the field Q(q,t) of rational functions in the
indeterminants ¢ and t. Making use of the plethystic notation, the expression:

1—t¢
1—g¢q
may be interpreted as the alphabet:
{13 q, q27 q37 ) _t7 _tq7 _tq27 _tq3 T }
So that, for example:
1—1t tz;
Q [z] I GTIES (3.52)
1- q (Z; Q)oo

where the Pochhammer symbol is defined by:

(a; @)oo = [J (1 — ag™) (3.53)

n>0
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3.6.2 (q,t)-Pieri operators

We shall define:

_olioty,] oo iz de
QX2 =Q [1_qx] 1;[1 i) (3.54)

Note that when ¢ = ¢ this reduces to the generating series for complete symmet-
ric function (see equation 10.3). Let (—|—),+ denote the Macdonald inner product
associated to the (g, t)-deformed Cauchy Kernel:

1—1t tTiYi;q) oo
Qg XY] = Q [XY] . § QTS (3.55)
l1—gq o1 (T3¥55 @)oo

When g = t this reduces to the usual Cauchy kernel (see equation 10.13). The operator
Q2 ;[ X 2] is defined to be adjoint to the operator Q,,[X 2] with respect to the Macdonald
inner product.

(F(X) Q[ X219(X)) g0 = (Qq e [X2]F(X) [ 9(X))gs

When ¢ = t the Macdonald inner product reduces to the Hall inner product (see
equation 10.10).

3.6.3 Definition

The Macdonald polynomials {Py(X;q,t)} may be defined as the unique basis for Ay,
which is both orthogonal with respect to the Macdonald inner product:

(Pr(X;q,1), Pu(X;5q,t))qe =0 if A # p (3.56)

and which admits a triangular change of basis with respect to the monomial symmetric
functions:
PA(X) = mA(X) + D Oxumpu(X) (3.57)
pn<A
Here we are using the lexicographical order on integer partitions. The dual basis is
denoted by {Qx(X;q,t)}. When ¢ = ¢ the Macdonald polynomials reduce to the Schur
functions.

Curious properties

It is a surprising fact [Mac95] (page 338 — 340) that, just like the Schur functions,
the Macdonald polynomials admit an expansion in terms of the monomial symmetric
functions of the form:
PA(X) =ma(X) + > Oxumyu(X) (3.58)
20

Here we are using the dominance order on integer partition.

Another surprising fact about the Macdonald polynomials is that, when expanded
in terms of the Schur functions, the coeflicients K} ,(g,t) are polynomials in ¢ and ¢
with non-negative integer co-efficients.

PA(X) =) Ko pu(g,1)Su(X) (3.59)
n
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This was known as Macdonald’s positivity conjecture until it was eventually proved
by Haiman using difficult ideas from algebraic geometry [HaiOl]. It remains an open
problem to find a combinatorial proof.

There is a simple closed form expression for the inner product of a Macdonald
polynomial with itself:

(1 — g )+ ()
(1 — goa(s)¢a(s)+1)

(PA\(X;q,t), PA\(X;¢,t))qt = H

SEX

(3.60)

see Section 8.1.2 for the definition of arms and legs. This is not at all obvious from
the definition which we have given. To prove it requires an alternative definition of
the Macdonald polynomials as eigenvectors of a certain family of commuting operators
[Mac95].

Pieri formulae

Like the Schur functions, there is a Macdonald Pieri formula, and a Macdonald dual
Pieri formula:

Q[X2]qt Pu(X5q,1) = Z %\/u(q,t)PA(X;q,t)zw_'“' (3.61)
A€U (1)

O [X2]gu PA(X;q,8) = ) ‘PA/M ¢, t) Pu(X; q, 1)z =1 (3.62)
HED(A

The Macdonald Pieri coefficients are given ([Mac95] page 341) by:

1 — g (&)ha(s)+1 1 — gon(8)+1gluls)

gp)‘/“(q’t): H — qax(s)+1465(s H a,(8) 4+, (s)+1 (363)
Or,, 1 — qoa()+1¢0a(5) o 1 — qan(8)buls)+
B 1 — g™ () F14a(s) 1 — gon(s)gluls)+l

Vaulat) = H 1 — g () ¢ha(s)+1 H 1 — qu(®)+1lu(s) (3.64)

sZCx/u sZCx/u

Here C)/,, denotes the set of columns of A which are longer than the corresponding
columns of . When g = ¢ the Pieri coefficients are equal to 1.

Key lemmas

The following two lemmas are essentially due to Garcia, Haiman and Tesler [GHT99].
They constitute a (g, t)-analog of the commutation relations for “vertex operators” to
be found in Jimbo and Miwa [JM83]

Lemma 3.6.1.
0 [X2] PA(X;q,1) = PA(X + 219, 1) (3.65)
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Proof. Let {Qx(X;q,t)} denote the dual basis to the {Py(X;q,t)} with respect to the
Macdonald inner product. We have:

Q[ X2] PA(X5q,1) = (€, [Y2] QA(Y; ¢, 1) | Qq e[ XY ])gu
= (Qa(Y;¢,1) [ Qq[Y2] Qg e[ XY ])g e
= (Qa (Y34, 1) | Qqe[(X + 2)Y gyt

= P\(X + z;4,1)

Lemma 3.6.2.

(tuv; @)oo

Q;,t [XU] qut[XU] = (UU; Q)oo

Qg+ [X ] Q;;’t [Xu) (3.66)

Proof.

I
2

Qp [ Xu] Qg [X0] Pa(X5q,t) = Qg [(X +u)2] PA(X +u;q,t)
at[uz] Qg [X2] Q;t[Xz] P\(X;q,t)
(tuv; @)oo

(uv; q)oo

I
2

Qg [ X 2] Q1 [X 2] PA(Xq,1)

n>0

v

3.6.4 Hall-Littlewood polynomials

As a final remark, when g = 0 the Macdonald polynomials reduce to the Hall-Littlewood
polynomials.
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4. Bijective proof of Borodin’s
identity

4.1 Symmetric function proof of Borodin’s identity

We shall begin by sketching an algebraic proof of Borodin’s identity.

Z ZM - H 1— z(n—f—l 7T H 1— 2~ z+nT H — yj—it(n+1)T (4'1)

c€CPP(m) n>0 i>j
7rz>7rJ 7rl>7rJ
We shall actually be proving a refined version of equation 11.1 in which on the left

hand side we replace:

c |10l |M1| lpr—1]
2 2y e 2o g (4.2)

while on the right hand side we replace:

O R (4.3)
j —i+nT n_n n n+1 n+1l_n n , .
2! = 20RT 2 By Ry gttt AT when i < j (4.4)
j—i+(n+1)T n+1 n+1 L.on+l o e n+1 . n+1 . .
z =20 2] "z Zp %z cZps; wheni> (4.5)

The refined version of the reverse plane partition case is due to Gasner [GE81]. We
would like to emphasize the fact that the structure of the bijective proof follows very
closely the structure of the algebraic proof.

4.1.1 Notation

Let D, denote the “degree” operator:
D.Sy\[X] = 28y [X] (4.6)
The degree operator satisfies the following commutation relations:

Lemma 4.1.1.

D, Q[Xu] = Q[Xuz] D, (4.7)
D, Q[ Xu] = Q*[Xuz"l] D,

Proof. This fact follows immediately from equations 10.17 and 10.18. O

59
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For notational convenience we shall define:

G(z) = Q[X 7] (4.9)
Gl(z) = O*[X 2] (4.10)

4.1.2 Algebraic interpretation of cylindric plane partition

Lemma 4.1.2. The left hand side of the refined version of equation 11.1 may be ex-
pressed in the form:

Ihs(r) = 308 | 6™ (w0)G™ (ur) - - G™7 (ur) Dy Sy) (4.11)
o
where:
W= 2021271 (4.12)
e ; -1
wp = {ZO’? R if i (4.13)
20 21 2y fme=0

Proof. From the “interlacing sequence” definition of a cylindric plane partitions 8.3.1
it is clear that a cylindric plane partition is constructed by successively adding and
removing horizontal strips. The degree operator D, is used to keep track of the number
of cubes in the resulting cylindric plane partition.

Using the fact that the Schur functions are orthonormal with respect to the hall
inner product we may write:

Ihs(m) = (S| Doy G™(1) Dz, G™ (1) Doy, GT(1) S) (4.14)
W

It remains to commute all the shift operators to the right hand side using Lemma
11.1.1. O

Note that the above expression for lhs(7) can also be thought of as the trace of the
operator:

Gﬂ-o (UO)Gm (ul) e Gﬂ-T (UT)Dw

acting on symmetric functions.

4.1.3 Some lemmas

Let us define:

Definition 4.1.1.

T T

Me(m) => (Su| [] QXurw™ J] 9 [Xuk] Do Sy) (4.15)
I k=1 k=1
=0 =1

We have:
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Lemma 4.1.3.
1

M (m) = H 1 — g wm+1
(irj) !

7T,L'7£7Tj

Mz(m +1) (4.16)

Proof. This is a straightforward calculation. Using the fact that the Schur functions are
orthogonal with respect to the Hall inner product, as well as the fact that:

tr(AB) = tr(BA)

We may write:

T T
Me(m) => (Su| [] QXurw™ Si)(Sx| [ @ [Xur] Dw Sp) (4.17)
[N kil ﬂl_{:k::l
:
=> (Sal [ @ Xur] Do S (S| ] QUXwew™ Sx) (4.18)
Lo\ kil 711'1,::1
kT 1 ., 0
=> Syl [] @ Xw] Do ] QUXupw™) Sy) (4.19)
A k=1 k=1
=1 =0

Next applying the commutation relations of Lemma 11.1.1 and Proposition 10.4.2 we
have:

T T
Mr(m) => (Sx] [] @ Xur] Do [] QUXupw™) Sy) (4.20)
A k=1 k=1
=1 7 =0
T T
=> (Sal [ @ 1xu] H [Xupw™ ] Dy Sy) (4.21)
A k=1 k=1
ﬂ'k_l :
1 T
_ m+1 *
(i,9) k=1 k=1
AT =0 mp=1
1
— H WMﬂ(mjL 1) (4.23)
(4.4)
TFT;
]
In the limit we have:
Lemma 4.1.4. .
M, = 4.24
() =] (4.24)
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Proof. In order for this limit to even make sense, we must have |z;| < 1 for all 4, in
which case:

lim Q[Xuw™] =1 (4.25)

m—ro0

Since Q*[Xwuy] is a degree lowering operator, it follows that:

T

Jim My (m) = D Sul T @ [Xw] Do Sy) (4.26)

© k=1

=1
= (SulDw Sy) (4.27)

17
= Z wll (4.28)
1

— I (4.29)
O

4.1.4 The proof

The proof of the refined version of Theorem 11.1 now proceeds as follows. We begin by
applying Lemma 13.36

> M= S G )G ()G (ur)Du S) (4.30)

ceCPP(m) Iz
(4.31)

Next we repeatedly applies the commutation relations of Lemma 11.6, followed by def-
inition 11.1.1.

T T

1

i<j L k=1 k:

T >T 5 =0 T
1

= 1 =, M0
i<j b
T >

We then repeatedly apply Lemma 11.1.3.

1 1

- S SV
H 1 — wuy H H 1- uiujwm"“l TF(OO)
i<j m>0\ (i,5)

T > T FT

Splitting the second product into two, and combining it with the first we have:
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1 H 1
“TI I ——— = | M
LT — wujwm—t L] —wuywm n(%0)
m>1 1<) 1>7
> T >Tj

Finally, applying Lemma 11.1.4 we have:

1 1 1
- H 1—wm H 1-— uinwm_l H 1-— UU; W™

m>1 1<j i>7
T > T >

To obtain the non-refined version of the Theorem, it suffices to take the following
specialization of variables on both sides:

w = 2T (4.32)
2k ifm, =1

u = 4.33

y {Z_k ifm, =0 ( )

4.2 Local rule as higher order function

4.2.1 Combinatorial formulation

We saw in section 8.3.5 that Borodin’s identity (equation 11.1) may be expressed in the
form:

Z zc|:<ZzT|v|> Z 1_;}%(5) (4.34)
() ¥ z

ccCPP se}(ﬂ)

where /):(71') denotes the cylindric diagram with profile m and hX( (s) denotes the cylin-
™)
dric hook length of the box s.
The right hand side may be interpreted combinatorially as a weighted sum over pairs
(7,0) where v is an integer partition and 0 is an arbitrarily labelled cylindric diagram.
In other words, we may write Borodin’s identity as:

Sk 3 LRI+ (4.35)

¢cCPP () (v,0)e(P,ALCD(n))

Here P denotes the set of all integer partitions and ALCD(7) denotes the set of all
arbitrarily labelled cylindric diagrams with profile .

Our goal is thus to find, for each possible profile w, a weight-preserving bijection
between the sets CPP(m) and the tuple (P, ALCD(x)).

Yr : (P,ALCD(m)) — CPP(m) (4.36)
Our bijection will be such that it actually proves the following refined identity:
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} : Il lpel lur| _
Zl z2 ...ZT pr—

ceCPP(m)
Z z|1«,|+|diag(1)|azl2vl+\diag(2)la . Z\jj\Jr\diag(T)\a (4.37)

(4,0)€(P,ALCD(x))

See section 11.4.1 for the definition of diag.

4.2.2 Definition of local rule
In section 9.2.9 we defined the local rule to be a map with type signature:
Uag : U(a) NU(B) = (Zzo, D) N D(B)) (4.38)
which satisfies the following weight condition. If A\ = ©, g(m, i) then
Al = lal + 18] = |ul +m (4.39)
The inverse local rule has type signature:
Do (L0, D(e) N D(B)) = U(e) NU(B) (4.40)

An explicit map satisfying the conditions of the local rule was given in section 9.2.10.
Sometimes the local rule is represented graphically as follows:

a\m 15}
1//
See for example, the diagram in section 11.3.3.

Local rule as higher order function

At slight risk of confusion, we shall also use the term “local rule” to refer to a certain
higher order function, in the sense of functional programming [Tho99]. In functional
programming, a higher order function is a function which takes as input a function, and
returns as output a different function.

Referring back to section 8.1.3, for any 7 < 7’ such that 7’ is obtained from 7
by adding an inversion at position 4, the input function for our local rule £; will be a
weight-preserving bijection of the form:

Yr : (P,ALCD(7)) — CPP(m) (4.41)
while the output function is a weight preserving bijection of the form:

b+ (P, ALCD(7')) — CPP() (4.42)
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That is to say, the local rule £; will have type signature:

£ : (P,ALCD(7)) — CPP(n)) — ((P, ALCD(x")) — CPP(x')) (4.43)
In other words:

v [%] = Y (4'44)

Let ¢r and ¢, denote the inverse of ¢, and v, respectively. The “inverse local
rule” 9; is the higher order function with type signature:

oM, : (CPP(r) — (P,ALCD(n))) — (CPP(r") — (P, ALCD(7"))) (4.45)

That is:
Mi[or] = @ (4.46)

Note that 9; is only “inverse” to £; in the sense that:

Lilthx] 0 Mi[ox] = 1cpp(r)
Mi[pr] o £i[thx] = 1P ALCD(x))

It is not possible to compose £; and 9M; directly due to incompatible type signatures.

Adding and removing boxes

An inside corner of an arbitrarily labelled cylindric diagram is an inversion in the profile
of the form (i,i + 1) or (7,1). An outside corner of an arbitrarily labelled cylindric
diagram is a co-inversion in the profile of the form (i,7 + 1) or (7,1). A cylindric
diagram always has the same number of inside corners as outside corners.

An inside corner at position i of an arbitrarily labelled cylindric diagram 9" with
profile 7’ can always be removed to obtain an arbitrarily labelled cylindric diagram
with profile 7 where m < 7’ (see Section 8.1.3).

Keeping track of the label of the box which we have removed, we shall denote this
operator by:

[; : ALCD(n") = (Z>0, ALCD(7r)) (4.47)

Conversely, if 0 is an arbitrarily labelled cylindric diagram with profile 7, then given
an integer m we may create a new arbitrarily labelled cylindric diagram ?" with profile
7/ = m by adding an outside corner at position ¢ and giving it the label m.

We shall denote this operator by:

ti : (Z>0, ALCD(7)) — ALCD(n) (4.48)
Definition of Local Rule
Choose any (v,9) € (P, ALCD(7’)) and let
(m,0) = ;0] (4.49)

Suppose that:
Un(y,0) == (1 1ty ph) (4.50)
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Let:
o = Mz—l
v =u
6 — Mi-‘rl
and let
X = o (7, m) (4.51)
We define: . '
Liltha](7,0) = = (U0, .. N T (4.52)

Note that the horizontal strip condition in the definition of i, g ensures that this
definition is well-defined.

Definition of inverse Local Rule

The inverse local rule is defined similarly. Choose any cylindrical plane partition ¢/ =
(u°, pt, ..., u7) with profile 7/. Let us define:

Next let

(m,v) = Dap(N)

and let ¢ be the cylindric plane partition with profile 7 given by ¢ = (u°, ..., 1, v, pt ™t ...

If px(c) = (v,0) then we define

Mi[pr](¢) = (7,0)

where ¥ = t;[(m, 0)]

4.3 The bijection

4.3.1 Idea of bijection

In the special case when the arbitrarily labelled cylindric diagram 9 has depth zero (see
definition 8.3.4), the strongly weight-preserving bijection is particularly simple:

Y (,0) = (7,75 ---7) (4.53)

The idea is to recursively construct bijections, starting from this base case, by re-
peated application of the local rule (section 11.2.2) and the rotation operator (definition
8.3.5).



§ 4.3 — The bijection 67

Each application of the local rule corresponds to an application of the commutation
relation (equation 10.4.2) in the algebraic proof of Borodin’s identity while each appli-
cation of the rotation operator corresponds to an application of the cylindric invariance
of the trace.

The recursion is not only over the number of inversions in the profile, but also over
the depth of the arbitrarily labelled cylindric diagram upon which the bijection is acting.

Although the precise structure of the recursion is a little complicated to describe in
words, it may be neatly encoded in a geometric object called a cylindric growth diagram.

4.3.2 Cylindric growth diagrams
Cylindric diagram

The idea of a growth diagram was first introduced by Fomin [Fom95, Fom88]. Krat-
tenthaler [Kra06] made use of this framework to give a new bijective proof of Stanley’s
identity (equation 8.6). In the cylindric case we change the underlying poset, but the
essential idea remains the same.

Definition 4.3.1. For any n,m > 1, the cylindric poset &(n,m) is the quotient of Z?
via the equivalence relation:

(‘Ta y) = (.T + n,y— m) (454)

We shall write v <<w to indicate that the vertex w covers the vertex v in the cylindric
poset.

One need to check that this definition is well-defined. The equivalence classes are
given by:
[(z,y)] ={(z + kn,x — km), k € Z}

Reflexivity and transitivity are obvious, we shall just prove antisymmetry. Suppose that
[(z,y)] <[(«,v")]. This implies that there exists a k' € Z such that:

<z +kn
y<y —Km
If we have also that [(z/,y")] < [(x,y)] then there exists k € Z such that:
¥ <xz+kn
y <y—km

Putting these together we have z < z + (k + k")n which implies (k + £’) > 0. Similarly
we have y < y — (k + k')m which implies that (k + k') < 0. The only way that this is
possible is if k + k' =0, or k = —k’.
Now:
r+kn<2' +kn+kn=2a

which implies that = < 2’ + k'n. But:
P+ kn<z+kn+kn==x

So z = 2’ + k'n. Similarly y = y + km. It follows that [(x,y)] = [(«/,¥)].
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Bijection with cylindric diagrams

Definition 4.3.2. A face in the cylindric poset is a set of four vertices (u;vl, v2;w)
satisfying u < vl <w and u << vV2 < w.

We say that the face (u;v1,v2;w) lies above the vertex u and below the vertex w

Definition 4.3.3. For any binary string m containing n zeros and m ones, a path in a
cylindric growth diagram &(m) with profile w is a sequence of vertices:

p = (V0,V1, -+, Vntm—1, Untm) with Vo = Untm (4.55)
satisfying vp_1 < vg if T = 0, otherwise vi_1 > vg.

Lemma 4.3.1. There is a natural bijection between the cylindric diagram with profile
m € Bin(n,m), and the subposet of the cylindric poset & () which lies below any given
path with profile m.

This bijection maps the bozes of the cylindric diagram (section 8.3.2) to the faces
of the cylindric poset.
Cylindric growth diagram

Definition 4.3.4. A cylindric growth diagram with profile = € Bin(n,m) is the subset
of the cylindric diagram &(mw) which lies below a path with profile w (referred to as the
upper boundary), whose vertices are labelled by integer partitions, and whose faces are
labelled by non-negative integers, in such a way that the following three conditions are
satisfied:

1. Ifv<w, and if X\ is the integer partition labelling the vertex v and p is the integer
partition labelling the vertez w, then \/u is a horizontal strip.

2. All but finitely many of the vertices are labelled with the same integer partition -y.

3. If (u;vl,v2;w) is a face with label m, and if the labels of u, vl, v2 and w are p,
a, B and X\ respectively then:

ua’ﬁ(ﬂ% :u) = )‘

The invertibility of the local rule implies that condition (3) could be equivalently
formulated as follows:

Lemma 4.3.2. If (u;vl,v2;w) is a face of a cylindric diagram &(m) with label m, and
if the labels of u, v1, v2 and w are u, a, B and X respectively then:

Qa,ﬁ()‘) = (malu)
Observe that the weight condition of the local rule 11.2.2 we have:
Lemma 4.3.3. D, ,(v) = (0,7)

It follows that below a certain point in a cylindric growth diagram, all the vertices
will have the same label, and all the faces will be labelled by zero.
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4.3.3 The bijection

Here is an example of a growth diagram with 7 = 00101. Note that the profile is read
from right to left. Zero corresponds to a SW step and one corresponds to a NW step:

(67 47 37 2)

(3,2)

Note that we have truncated the diagram below the lower boundary, where all ver-
tices have the same label.

Lemma 4.3.4. For any path p in a cylindric growth diagram &(m) with profile m, the
sequence of profiles associated to the vertices of the path form a cylindric plane partition.

In particular, the sequence of partitions labelling the vertices along the upper bound-
ary form an element of CPP (7).

(6,4,3,2)
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Note that this is just a rotation of the example cylindric plane partition given in
section 8.3.2.

Lemma 4.3.5. If the labels of the vertices of a cylindric growth diagram &(w) with
profile m are forgotten, then we obtain an arbitrarily labelled cylindric diagram.

\/
/\

V.
AA
AVAY,
AA
V2

/
A\
/
\

/
\

Note that the arbitrarily labelled cylindric diagram is a rotation of the example given
in section 8.3.5.

A growth diagram should be thought of as an object which interpolates between the
LHS and the RHS of the bijection which we wish to establish.

Proposition 4.3.1. To every cylindric plane partition, there is a uniquely associated
cylindric growth diagram.

Proof. Once the labels on the upper boundary have been specified, property (3) of
definition 11.3.4 ensures that there is a unique way in which to label the remaining
faces and vertices. O

Proposition 4.3.2. To every pair (v,0) where 7 is an integer partition and 0 is an
arbitrarily labelled cylindric diagram, there exists a uniquely defined cylindric growth
diagram.

Proof. Let d denote the depth of 0. To every face with depth greater than d assign
the label 0. To every vertex lying below a face with depth greater than d, assign the
label 7. Property (3) of definition 11.3.4 ensures that there is a unique way to label the
remaining faces and vertices. Lemma 11.3.3 ensures that the resulting growth diagram
is well-defined. O

4.3.4 Remarks

The following lemma guarantees that, when there are multiple inversions in the profile
string, the order in which the local rules are applied is of no importance.

Lemma 4.3.6. If w has inversions at both positions i and j then:

Lio Ljlha] = Lj 0 Lilr] (4.56)
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Proof. Without loss of generality we may assume that j > ¢. If 7 has inversions at both
positions ¢ and j then m; = 0 = 7; and m41 = 1 = 741 thus j —4 > 2. Application
of the local rule £; does not effect the (j — 1)th diagonal. Similarly, application of the
local rule £; does not effect the (¢4 1)th diagonal, thus the two operators commute. [

Given a path p with profile myx it is not possible to apply the local rule 9; for any
i. It is however possible to rotate the cylinder, and thus obtain a new path o(p) with
profile 7y, (see Section 8.3.5).

If 0 is an arbitrarily labelled cylindric diagram with profile 7 and depth d > 0 then
in order to construct the bijection 1, (,0) the cylindric shift operator will have to be
applied d — 1 times.

It remains to prove that our bijection is weight preserving.

4.4 The weight

4.4.1 Alternative definition of weight

Let us define the cohook of a box b in an arbitrarily labelled cylindric diagram 0 to be:

cohook(b) = {b|b € hook(b')} (4.57)
1
110
0
110
1
0
110
110
0
110
110
0
0

Although the number of boxes in the cohook of a given box is always infinite, since
only a finite number of the labels are zero it still makes sense to define the weight of a
cohook:

|cohook(b)po = Y label(t)) (4.58)
b’ €cohook(b)

Let diag(k) denote the set of all boxes on the k-th diagonal. Furthermore let us
define the weight of the diagonal of an arbitrarily labelled cylindric diagram 0 to be:

| diag(k)ly = | cohook(b)]y (4.59)
bediag(k)
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Note that if b is taken to be the box of diag(k) lying furthest to the “north-west”
then | diag(k)[o is none other than the sum of all the labels of boxes lying “south-east”
of b.

With these definitions we may give an alternative definition of the weight of :

o] = label(b') hook(b) (4.60)
bel
=) label(d)) Y 1 (4.61)
e behook (V)

=> > label(t) (4.62)

beEX b €cohook(b)

= | cohook(b)ls (4.63)
beX
T

= | diag(k)|o (4.64)
k=1

(4.65)

The refined weight of a cylindric plane partition is given by:

Jding(D)l | ding(@lo | dia(T)lo (4.66)

Definition 4.4.1. We shall say that a bijection:
Yr : (P,ALCD(7)) — CPP(m)
1s strongly weight preserving if whenever:
Ur(v,0) == (%, pts . ph)
we have for all 1 < k < T that:
1 = Iyl + | diag (k) (4.67)

Lemma 4.4.1. Strongly weight preserving implies weight preserving.

4.4.2 Proof that the bijection is strongly weight preserving

In this section we prove that our bijection is strongly weight preserving.
Proposition 4.4.1. If (m,0) = ;[0] then:
| diag(é)|or = m + | diag(i — 1)|o + | diag(i + 1) — [ diag(é)[o (4.68)

Proof. Let b denote the box of ?’ with cylindric inversion coordinates (4,7 4+ 1,0). The
sum of all the labels in boxes in the same cylindric column as b is given by:

| diag(i + 1)|o — | diag(i)]o (4.69)
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while the sum of all the labels in boxes lying in the same cylindric row as b is given by:
| diag(i — 1)o — | diag(i)lo (4.70)
In other words:

cohook(i,i 4 1,0)y = m + | diag(i — 1)| + | diag(i 4+ 1)| — 2| diag (i), (4.71)

Now:
| diag(i)|or = | diag(i)]o + cohook(i,i 4 1,0)y (4.72)
=m + |diag(i — 1)|o + | diag(i + 1), — | diag(i) o (4.73)
O

Proposition 4.4.2. If ¢, is strongly weight preserving, then so is £;({r).

Proof. Let:
(m,0) = 4[] (4.74)
and let:
Vr(7,0) :c:(,uo,...,a,l/,ﬂ,...uT) (4.75)
Then:
Lila](7,0) = ¢ = (1l .. a N B, ..MT) (4.76)
where:
A=y g(m,v) (4.77)

The weight condition for the local rule assures us that:

Al =m+ o] + 5] = |v] (4.78)
For all j # i we have
| diag(j)]o = | diag(j)lo = 1] = | (4.79)
We must show that:
| diag(i)[or = [A] = 7] (4.80)

Now, by proposition 11.4.1 and the assumption that v, is strongly weight-preserving,
we have:

| diag(i)[o = m + | diag(i — 1)|o + | diag(i + 1)|o — | diag(é)]o (4.81)
=m+ (la| = [v]) + (18] = 7)) = (Iwl = 17]) (4.82)
= [Al =] (4.83)

The result follows. O
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4.5 Conclusion

We have made use of Fomin’s growth diagram framework [Fom95, Fom88] to give a
bijective proof of a refined version of Borodin’s identity (equation 8.8). Our proof
generalizes known proofs for Stanley’s identity (equation 8.6) and MacMahon’s identity
(equation 8.5).

Due to the fact that there are two equally natural extensions of Fomin’s local rule to
the horizontal strip case (see section 9.2.9) we have actually given two distinct bijective
proofs of Borodin’s identity, one corresponding to the RSK correspondence, and the
other corresponding to the Burge correspondence:

Y5 ¢ (P, ALCD(r)) — CPP(r) (4.84)

These two maps are closely related by the Schiitzenberger involution [vI.05]. Observe

that we have:
YroYy : CPP(r) — CPP(n) (4.85)

What can we say about this map?

Tingley [Tin08] showed that cylindric plane partitions can be understood as crystal
bases for ;’\ln Does the map in equation 11.85 have any interpretation at the level of
representation theory?

It is known [JM83] that the tensor product of the highest weight representation of
sAln associated to the profile m by the evaluation representation of sAln associated to the
natural representation of sl,, decomposes as a direct sum of highest weight represen-
tations, where those highest weight representations occurring in the sum are precisely
those associated to the profile 7’ where m < 7’ in the partial order described in section
8.1.3. Is it possible to make use of the local rule formalism to better understand this
decomposition on the crystal basis level?



5. Macdonald polynomial analog

5.1 (q,t)-Borodin identity

5.1.1 Statement

Theorem 5.1.1. For any binary string © we have:

1 (tzd—i+nT, (tzd =i+t DT,
Z Wc(q,t)z“l = H 1 — (DT H (zi—itnT, q)oo H (zi—it+(n+1)T ;))OO
ceCPP(Tr) n>0 1<J oo 1>7 [e%e)
i >T TG>T
(5.1)

where if ¢ = (0, p!, ... u7) then the weight function is given by:

H Puk k=1 (g, H D=1k (4, 1) (5:2)

7r;C 1 7rk 0
See equations 10.63 and 10.64 for the definition of the Macdonald Pieri coefficients.
Note that when g = ¢ the weight function reduces to one, and equation 12.1.1 reduces
to equation 11.1. The proof of the Hall-Littlewood case of this identity is due to Corteel
and Savelief, Cyrille and Vuleti¢ [CSV11] while the proof of the Macdonald version of
the reverse plane partition case is due to Okada [Okal0)].
As in the Schur case, the nature of the proof is such that the identity remains true
if on the left hand side we replace:
SN Z(\)#O|Z|1u1| . ZC‘Zétjf1|
while on the right hand side we replace:

THZSZ?'--Z% 1

LATHNT Ly pman zfszll : z]T-LHz?H 21 when i < j
j—i+(n+1)T n+1 n+1 .ontlon n n+l_ _ _n+l : .
z 2 2z i 2y o aply when i >
5.1.2 Proof

Our proof is almost identical to that given in section 11.1. The only difference is that
instead of using the Hall inner product (—, —) and the operators Q[Xu] and Q*[Xv] from
section 10.3, we use the Macdonald inner product (—, —),; and the operators €, ;[Xu]
and Q7 ,[Xv] from section 10.6.3.

75
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Notation

Using the same “degree” operator as in section 11.1.1:

D.P\[X] = 2Py [X] (5.3)
We have:
Lemma 5.1.1.
D, Q4[Xu] = Qu4[Xuz] D, (5.4)
D, [Xu] = Q[ Xuz"'] D, (5.5)

Proof. This fact follows immediately from the action of Q,;[Xu] and Q,;[Xv]| on Mac-
donald polynomials (equations 10.61 and 10.62). O

For notational convenience we shall define:
H(2) = Qu4[X 7] (5.6)
H'(z) = Q [X2] (5.7)
These shall play an analogous role to the operators G°(z) and G!(z) defined in section
11.1.1.
Algebraic interpretation of left hand side

Lemma 5.1.2. The left hand side of the refined version of equation 12.1 may be ex-
pressed in the form:

Ths(m) =Y (Qu | H™ (uo) H™ (1) - -+ H™ (u) Doy P)g i (5.8)
o
where:
W = 20%1 " 27-1 (5.9)
Z0R1 "t Rk— ifﬂ'k21
up = { AR, (5.10)
20 21 2y if =0

Proof. From the “interlacing sequence” definition of a cylindric plane partitions 8.3.1
it is clear that a cylindric plane partition is constructed by successively adding and
removing horizontal strips. As in the Schur case, the degree operator D, is used to keep
track of the number of cubes in the resulting cylindric plane partition.

The new feature in the Macdonald case is presence of the (g, t)-Pieri coefficients in
the definition of the weight function (equation 12.2). This comes directly from the action
of the operators € +(Xwu) and Q7 ,(Xu) on Macdonald polynomials given in equations
10.61 and 10.62.

Using the fact that the Macdonald P-functions are orthogonal to the Macdonald
Q-functions with respect to the Macdonald inner product we may write:

lhs(m) = Z<Qﬂ | D,y H™(1) D,, H™ (1) -+ D, H™ (1) Py)gy (5.11)

It remains to commute all the shift operators to the right hand side using Lemma
12.1.1. O
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Note that the above expression can also be understood as the trace of the operator:
H™ (UO)Hﬂl (ul) - HTT (U,T)Dw

acting on symmetric functions over Q(q,t).

Some lemmas

Let us define:

Definition 5.1.1.

T T
Nz(m) = Z<Qu| H Qg [ Xupw™] H Q;,t[Xuk] Dy B)qy (5.12)
k=1 k=1

o = =
=0 mTe=1

Lemma 5.1.3.

Proof. This is the same calculation as in Lemma 11.1.3, only using the Macdonald com-
mutation relation (lemma 10.6.2) rather than the Schur commutation relation (propo-
sition 10.4.2).

Since the {P,} are orthogonal to the {@Q\} with respect to the Macdonald inner
product, and since:

tr(AB) = tr(BA)

We may write:

T T
Nz(m) = Z<Qu | H Q[ Xupw™] Pr) gt (Qx | H Qz,t[XUk} D Pu)gt (5.13)
75 k=1 k=1
= =

T T
=D (@l [T 2 Xun] Do Puae(Qul [] QoelXuw™ Pge  (5.14)
k=1

o 7!1'2::11 7Tk_=0
T T
= (@ I @ Xu] Do [ QqelXurw™] Pa)g, (5.15)
A k=1 k=1

ﬂ'k_zl =0
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Next applying the commutation relations of Lemma 12.1.1 and Lemma 10.6.2 we have:

T T
Na(m) =Y (x| [T 2% [Xu] D [] QaulXurw™ Pa)gs (5.16)
A Ah g
T T
=Y (@ I QelXur] T QuuelXurw™ ] Dy Py) gy (5.17)
g H K
T T
(tuu ,,wm—i—l; Q) *
= T g 2@l TT QulXmar) TT 95 Xm] Do Pl
7'1'(;;2]73"7' A szzlo Tlig::ll
(5.18)
(tuinmerl; Q) oo
= N, 1 5.19
(H) (uiuw™ L q) o x(m+1) ( )
Z?J
T FT
O
As in the Schur case, we have in the limit:
Lemma 5.1.4. )
Ne(o0) =[] — (5.20)

n>1

Proof. In order for this limit to even make sense, we must have |z;| < 1 for all 4, in
which case:

lim Qg ¢[Xupw™] =1
m—00

Since QF ;[Xug] is a degree lowering operator, it follows that:

T

lim Ne(m)=> (Qu| [] 2 :[Xur] D P)qs

m—0oQ
1 k=1

=1

The proof

The proof of the refined version of Theorem 12.1.1 now proceeds in the same manner as
in section 11.1.4. We begin by applying Lemma 12.1.2
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S Wil )P = ST(Qul H™ (o) H™ (uy) -+« H™ (ug) Doy P
c€CPP(m) iz

Next we repeatedly applies the commutation relations of Lemma 10.6.2, followed by
definition 12.1.1.

T
(tujug; q .
- H (U,Zuj Oo Z QM| H th Xuk H Qq,t[Xuk] Dw Pu)q,t
, iU q :

ﬂz;gfa 7rk 0 711-2_:11

U
_ H (UZUJ7Q)OONT((O)
i (Wi @)e
7T¢>7Tj

We then repeatedly apply Lemma 11.1.3.

1.
g qpm+1- ™
l<] ulu]’ m=0 (27.7) (U’LUJU} ’ q)oo
> AT

Splitting the second product into two, and combining it with the first we have:

“T1 ! 11 (tuiuw™ ™ g)oo I (st w™; Qoo | )
—_— _ s
oo | iy (e g)e iy (W™ g)o
- T > TG>T

Finally, applying Lemma 12.1.4 we have:

I (tuiujw™ " q)oo 11 (tugujw™; q) 0o
1L i (wn ™ lig)e iy (W™ 4o
- TG>T T >T

As in the Schur case, to obtained the non-refined version of the Theorem, it suffices
to take the following specialization of variables on both sides:

w = 2T (5.21)
2k ifm, =1

= 5.22

h {z‘k if . =0 ( )

5.2 The Macdonald weight

Recall that in the plethystic notation [GHT99, Las03], if

a(g,t) = Z an,m q"t™

n,m
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with ay,m € Z and apo = 0, then we have:

Making use of this notation, the cylindric weight function (equation 12.2) may be
given an explicit combinatorial description:

Theorem 5.2.1.

Wc(‘]? t) = [(q - t)DC(qa t)] (523)

where the alphabet D¢(q,t) is given by:

De(q,t) = Y gt - 3= goel)ghels) (5.24)

sepeak(c) s€valley(c)

The arm length of a cube in a cylindric plane partition is equal to the arm length
of the corresponding box with respect to the partition in which it lies. Likewise, the
leg length of a cube in a cylindric plane partition is equal to the leg length of the
corresponding box with respect to the partition in which it lies (see Section 8.1.2).

The precise definition of “valley” and “peak” cubes will be given in subsection 12.2.2.
A proof of theorem 12.2.1 will be given in subsection 12.3. In section 12.2.3 we remark
that Theorem 12.2.1 reduces to the combinatorial formula for the Hall-Littlewood weight
function given in [Vul09] and [CSV11].

5.2.1 Lattice paths on the cylinder

The goal of this section is to give a bijection between cylindric plane partitions, defined
as periodic interlacing sequences, and certain families of non-intersecting lattice paths
on the cylinder - or equivalently rhombus tilings on the cylinder. In particular we need
to understand what the meaning of a cube is in the non-intersecting lattice path picture
(see Definition 8.3.2)

Our construction is “dual” to the construction given in Krattenthaler’s original paper
[GK97]. Before proceeding any further, here is an example:
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G R

c=1((3,2,2),(4,3,2,1),(4,3,2),(6,4,3,2),(5,3,2),(3,2,2))

The bijection between the path model and the tiling model is clear. The white
vertices correspond to the yellow tiles. Each upstep of a path corresponds to a red tile.
Each downstep of a path corresponds to a blue tile. Note that, due to cylindricity, the
first column corresponds to the last column, only shifted one step.

5.2.2 Cubes in lattice path picture

Definition 5.2.1. We say that a vertex of the lattice is occupied or black if there is
a path passing through that vertex, otherwise we say that the vertex is unoccupied or
white

Definition 5.2.2. A “cube” in the non-intersecting lattice path model corresponds to a
pair of vertices u = (x,y1) and v = (x,y2) with u coloured black, v coloured white and

U1 < Y2.

Definition 5.2.3. The path associated to the cube (u,v) is the path which passes
through the black vertex v.

Definition 5.2.4. A valley cube is a cube (u,v) for which the associated path takes a
down step just before passing through v, followed immediately by an upstep.

Definition 5.2.5. A peak cube is a cube (u,v) for which the associated path takes an
up step just before passing through v, followed immediately by a downstep.
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We have marked one peak cube and one valley cube on the diagram, together with
their contribution to the alphabet D.(q,t) in equation 12.2.1. Since we are working on
a cylinder, the first vertical is identified with the last vertical in such a way that each
path forms a closed loop.

5.2.3 Hall-Littlewood case

Definition 5.2.6. A surface cube is a cube (u,v) such that if u = (x,y1) and v = (x,y2)
then for all w = (x,y’) with y1 < y' < yo the vertex w is coloured white.

Definition 5.2.7. The level of a surface cube (u,v) is yo — y1 where u = (x,y1) and
v = (:va?)'

Surface cubes are naturally in bijection with the yellow tiles in the rhombus tiling
model. In the Hall-Littlewood case we have ¢ = 0, thus the only boxes which contribute
to the alphabet D.(q, t) are those with arm-length zero. Since there is a bijection between
such cubes and the “yellow” tiles of the rhombus tiling model, and since the leg length
of the cube is precisely the level, as defined in [Vul09] and [CSV11], it follows that
Theorem 12.2.1 reduces the combinatorial formula for the Hall-Littlewood weight case
in [Vul09] and [CSV11].

5.2.4 Bijection

We shall now describe explicitly the bijection between cylindric plane partitions and
families of non-intersecting lattice paths on the cylinder. The impatient reader may
wish to skip the technical details in the section, and simply remark that the parts of the
individual partitions in the interlacing sequence model may be read, from right to left,
from the “heights” of the corresponding surface cubes in the rhombus tiling model.

Equivalently, interpreting the black vertices as ones and the white vertices as zeros,
the binary strings obtained from reading upwards along a given vertical gives the profile
of the corresponding partition in the “interlacing sequence model”.

Definition 5.2.8. The cylinder of period T is the triangular lattice with vertices (x,y)
where either both x and y are even or both x and y are odd, and for which 0 <z <T.

In our example we have T' = 5. We have drawn a segment of the cylinder corre-
sponding to 0 <y < 22.

Encoding of paths

Definition 5.2.9. A path on the cylinder of period T is a sequence of integers (Yo, y1,- - ., Yr)
with yo even such that for each k we have either yx11 = yr + 1 or yp+1 = yr — 1.

Lemma 5.2.1. Fach path on the cylinder of period T may be uniquely encoded by its
starting position yo and the binary string p given by p* =1 if ypp1 = yp + 1 and p* =0
otherwise.
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Definition 5.2.10. A family of non-intersecting lattice paths on the cylinder of period
T s a collection of paths:

= (v, ub)

= (vl . v}

p" ="yl uT)

satisfying y,i“ > y}g for all k and © as well as yéﬂ —yh = yl’;pﬂ — yif for all i.

Note that the second condition is necessary in order to ensure that it is possible to
take the cylindric quotient identifying the vertices (0,y) with the vertices (T,y + d) for
d = m — n where m is the number of ones in the profile, and n is the number of zeros.

The paths in our example may be encoded using Lemma 12.2.1 as follows:

pt=(1,0,1,0,1), ys=

p*=(1,0,1,1,0), yo =4
p>=1(0,0,1,1,1), ye =10
pt=1(0,0,1,1,1), ya =14
p°=(0,1,1,1,0), yo = 16
% =(1,0,1,1,0), yS =18
p" =(1,1,0,1,0), Yo =20

Extra conditions at boundary

Definition 5.2.11. A family of non-intersecting lattice paths on the cylinder of period
T s said to be minimal with m paths if there is some i such that vy, — vy, 1 > 2.

Definition 5.2.12. The profile of a minimal family of m non-intersecting lattice paths
1s the binary string associated to the mth path.

Our example family of non-intersecting lattice paths is minimal with 7 paths. Its
profile is m = 11010.

Vertical reading of lattice paths

The reader is referred back to section 8.1.1 for the bijection between integer partitions
and the binary string encoding their profiles.

Definition 5.2.13. The vertical reading of a minimal family of m non-intersecting
lattice paths is the sequence of binary strings p°, p', ... p~ obtained by reading, for each
k, vertically upwards from the vertex (k,yi) to the vertex (k,y"), and recording a 0 each
time the vertex is occupied and a 1 each time the vertex is unoccupied.
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The vertical reading of our example family of non-intersecting lattice paths is the
following:

p’ = 110010111  p® = 110101011
p! =110101101  p* = 1010101011
p? =110101011  p® = 110010111

Observe that pg = pr.

Horizontal strips

Proposition 5.2.1. Let (p°, p',..., p7) be a sequence of binary strings arising from
the vertical reading of a minimal family of non-intersecting lattice paths on a cylinder
of period T and profile . For each k € {1,2,...T} let u* denote the partition whose
profile is given by pF. If mp = 1 then u*/u*=" is a horizontal strip, otherwise if m, = 0
then p*=1/puF is a horizontal strip.

Proof. Follows immediately from the characterization of horizontal strips in terms of
profiles in section 8.1.4 O
Length of i-th column

Let ¢ = (u% u!,...,uT) be an arbitrary cylindric plane partition with profile 7. For
each ¢ let us define:

pi(e) = ((u°); — (u")i +mo, ., (u")f = ("= 1)i + 7p_1) (5.25)

Note that p;(c) encodes information about the length of the i-th column of the
successive partitions in the interlacing sequence of ¢. This fact will be very important
in section 12.3.4.

Proposition 5.2.2. For each i we have that p;(¢) as defined in Equation (12.25) is a
binary string.

Proof. If m; = 1 then from definition 8.3.1 it follows that p*/u*~1 is a horizontal strip
and thus we have that (u*~1) — (u*)" € {~1,0}. Similarly, if 7, = 0 then =1 /u* is a
horizontal strip and (u*=1) — (u*)" € {1,0} O

Bijection
Theorem 5.2.2. For any binary string w of length T there is a bijection between mini-

mal families of non-intersecting lattice paths on the cylinder of period T with profile m,
and cylindric plane partitions of profile .

Proof. The map from families of non-intersecting lattice paths on the cylinder to inter-
lacing sequences is given by taking vertical readings, and then translating from profiles
to partitions. Conversely, the family of non-intersecting lattice paths associated to a
given interlacing sequence ¢ is given by

{(pl(c)>7_1)v (pQ(c)>T2)v s (pm(c)aTm)}
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where 7; is the position of i-th one in the profile of 1 and p;(c) is defined in Equation
12.25. i}

5.3 Proof of Theorem 12.2.1

Making use of the plethystic notation is just like taking the logarithm in order to turn
multiplication and addition and division into subtraction. The terms which arise in the
alphabet of the weight function must be regrouped appropriately before cancellations
can take place between contributions of the same cube to two different Pieri co-efficients.

After the cancellation, a second regrouping of terms takes place. This regrouping
involves putting together contributions of boxes which come from the came column
number, but a different partition in the “interlacing sequence” model.

Equivalently, we put together cubes which lie on the same vertical of the interlacing
sequence model. Proposition 12.2.1 is used extensively in this step.

5.3.1 Plethystic notation

We begin by making use of the plethystic notation [GHT99, Las03] to rewrite the (q,t)-
Pieri coefficients (equations 10.63 and 10.64) in the following form:

ex/u(@,t) = Q[(a — ) (Ar/u(a,t) — Byyula:t))] (5.26)
Uaula ) = 2 (0= OB, (0, 1) = Ay (0,0)| (5.27)
where:

Ayl t) = Y ¢t (5.28)

SEC)\/H
Byula:t) = ¢t (5.29)

SEC/\/}L
Aty = > gt (5.30)

S€C)\/y,
A/u (q,t Z g () ¢buls) (5.31)

s€C /4

Here we have changed our notation slightly from that used in Macdonald [Mac95],
so that now C)/, denotes the set of boxes s = (4,j) € A such that \; > u; while C/u
denotes the set of boxes s = (i,j) € u such that )\; > ,u;..

Making use of this notation we may rewrite equation 12.2 as:

We(q,t) = Q[(q — t)De(g,1)] (5.32)
where:

(Bie—yi — Ab—1y1) (5.33)

T

T
= (A1 — Brje—1) +
k=1

=1 0

3
kol
Il
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To avoid unnecessary indices, we use the convention that:
Xk/k*l = X#k/uk—l(q, t) (534)

Our goal is to find a simplified expression for D¢(q,t).

5.3.2 Regrouping terms

Recall from section 8.3.1 that in the “interlacing sequence” model, a cube of the cylindric
plane partition ¢ corresponds to a boz of one of the underlying partitions p*.

Observe now that each boxr s € p* contributes to at most two terms in equation
12.33, one involving the pair of partitions p* and p*~!, the other involving the pair of
partitions p* and pF*1.

Regrouping terms, and setting 7741 = m; as well as u/ 1 = ! we may write:

T T T T
De(g,t) = Z E(e) + Z Eoo(c) + Z o1 (c) + Z Elo(c) (5.35)
k=1 k=1 k=1 k=1

Tp=1 7, =0 Th=0 Te=1
Tpr1=1 TE+1=0 Tpr1=1 T+1=0
where:
5#1("') = Ak/k—l - Bk+1/k (5.36)
Eolc) = Bi_1 /e = At (5.37)
k _ 1!

Eo1(c) = By_y /1, — Brrayw (5.38)
Efo(e) = Apjp_1 — oy (5.39)

For each k, there is only one term of the form £F,(c) appearing in the expression for
D.(q,t), and this term groups together all contributions from the boxes s € p*.

5.3.3 Cancellations

The next step is to observe that we have a large number of cancellations. For example:

Ef(c) = (Ap/b—1 — Bryisn)

S LT C I SIS

seck/k—l 5661@4»1/19
— 37 sy () 1
sEPk

where:
if s € Cpp—1 and s & €k+1/k
if s € Cpp—q and s € 6k;+1/k:
0 if s¢& Cr/k—1 and s ¢ 6k+1/k
—1 ifs g Ck/k—l and s € ék—l-l/k

sign;;(s) = (5.40)
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Again we are using a simplified notation:

Similarly:

where:

Next:

where:

And:

where:

k
oo = ( ;cfl/k_ ;c/k+1)
- X O S o
s€Cr_1/k SE€Ck /k+1
= Z signgo (s k(5) ¢l (5)
se,u

-1 ifse 67{*1/]{ and s € Ck-/kJrl
if s € 6k—1/k and s € Ck:/k—i—l

i = _ 5.41
SlgnOO(S) 0 if s ¢ Ck—l/k and s g Ck/k—i—l ( )
if s¢& 6k—1/k and s € Ck/k—l—l

5(1)61 = ( l/cfl/k - Bk-i—l/k)
— Z qak(s)tfk(s) _ Z qak(s)tek(s)
sZCh_1k s€Chit/k
_ Z signg, (s) ¢ (8) i (s)
sepk
0 ifSEékfl/k ands%ékﬂ/k
-1 ifseC)_ dseC
signgy (s) = 5 S Tkl SIS € Zhtl/h (5.42)
if s Cyp_1/p and s & Cppy/p
0 if s §Z€k,1/k and s € 6k+1/k(
5{60(5) = (Ap/p-1— A;c/k-H)
— Z qak(s)tfk(s) _ Z qak(s)tfk(s)
s€Ck k-1 $Z€Ck k41
= Z signyo(s) ¢ ()
sepk
0 if s € Ck/kfl and s € Ck/k+1
1 if C d C
signyg(s) 18 € Lk/k—1 208 € Ck/kt (5.43)

-1 ifs Q Ck:/k:—l and s ¢ Ck/k:—H
0 if s¢ Ck/k—l and s € Ck/k+1
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5.3.4 Switching models

The final step in the proof is to switch from the “interlacing sequence” model of cylindric
plane partitions (section 8.3.1) to the “non-intersecting lattice path model” (section
12.2.1). This entails a grouping together of all the cubes of the cylindric plane partition
which belong to the same column of possibly different partitions in the sequence.

Recall that a cube in the non-intersecting path model corresponds to a pair of vertices
v1 = (x,y1) and v = (x,y2) with y; < yo where v; is coloured black and vy is coloured
white.

Recall also that the ¢-th path in the non-intersecting path model encodes the length
of the i-th column in each succeeding partition of the interlacing sequence (see equation
(12.25) in section 12.2.1).

We shall say that the cube ¢ = (v1,v2) is of type i if the black vertex y; lies on the
ith path. This is equivalent to saying that the cube ¢ lies in the ith column of u* for
some k.

Four cases to check

If 7, = 0 and p* = pF~! then at the kth step, all the paths move downwards. More
generally if m, = 0 then p* < p*~1 and the ith path moves upwards if and only if the
ith column of p* is shorter than the corresponding column of p*~1.

That is to say, at the kth step, the ith path moves upwards if and only if ¢ € ék,l/k
for all ¢ € p* of type i.

If 7, = 1 and p* = p#~! then at the kth step, all the paths move upwards. More
generally if 7, = 1 then p*~1 < 1* and the ith path moves downwards if and only if the
ith column of p* is longer than the corresponding column of p*~1.

That is to say, at the kth step, the ith path moves downwards if and only if ¢ € Cy, /51
for all ¢ € u* of type i.

In a similar spirit, 741, = 0 and x**t! = u* then at the (k + 1)th step, all the paths
move downwards. More generally if 7,1 = 0 then p*t! < ;¥ and the ith path moves
up if and only if the ith column of ;**1 is shorter than the corresponding column of ¥

That is to say, at the (k 4 1)th step, the ith path moves upwards if and only if
¢ € Cppqq forall c € u of type i.

Finally, if 7341 = 0 and p**! = ;¥ then at the (k + 1)th step, all the paths move
upwards. More generally if m;, = 1 then p* < p**1 and the ith path moves downwards
if and only if the ith column of #**! is longer than the corresponding column of p*.

That is to say, at the (k + 1)th step, the ith path moves downwards if and only if
cE 6k+1/k for all ¢ € u* of type i.

Last but not least, one may check that the signs agree in all 16 possible cases.

5.4 Conclusion
We have proved a Macdonald polynomial analog of Borodin’s identity. This simultane-

ously generalizes results of Okada [Okal0] and Corteel and Savelief, Cyrille and Vuleti¢
[CSV11]. We have also given a combinatorial interpretation of the weight function which
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is new even in the reverse plane partition case. Our proof relies heavily on the (q,t)-
analog of the classical commutation relations originally given by Haiman, Garcia and
Tesler [GHT99].

Is it possible to give a bijective proof of these commutation relations, and thus
recover a bijective proof of the Macdonald polynomial analog of Borodin’s identity? Is
it possible to find a Macdonald polynomial analog of equation 10.397

nt=3 f}
A
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6. Lambda determinants

Introduction

For those readers in a hurry, the most important definitions are 13.3.1 and 13.4.1. The
key lemmas are proposition 13.3.1 and proposition 13.4.4. The later relies on proposition
13.4.1. Remark 13.2.1 and Lemma 13.4.1 are trivial but important.

The main theorem is stated in section 13.5. The proof is by recurrence. The key
step depends on a certain duality between left interlacing matrices (section 13.3.2) and
right interlacing matrices (section 13.4.2) which allows us to factorize a certain sum.
This duality is stated in propositions 13.4.2 and 13.4.3.

6.1 Permutations

A permutation of n is simply a bijection from the set {1,2,...n} to itself. The number
of permutations of n is equal to n!. It is often convenient to represent a permutation as
matrix. We put a 1 in position (¢, ) if o(j) = i. In all other positions we place a 0. For
example, the permutation: ¢ = 24153 is represented by the matrix:

Q
|

cCo o~ O

o~ oo o

coo o

— o oo o

cor oo

We shall denote by I the identity permutation which maps ¢ to i for all 7, and we
shall denote by J the mazimum permutation which maps i to n — ¢ for all i:

00 0O01
00010
J=1(0 01 0 O
01000
10 000

Observe that the inversions of ¢ correspond to the dual inversions of J o o.

6.1.1 Inversions and dual inversions

An inversion in a permutation o is a pair (4,j) with ¢ < j and o (i) > o(j).

93
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The inversions of permutation correspond to the zeros of the matrix which lie in the
same row but to the left of a 1 and the same column but above a 1.

x x 1 0 0
10 000
0 « 0 x 1
01 000
00010

A dual inversion in a permutation o is a pair (4, j) with ¢ > j and (i) > o(j). The
dual inversions of permutation correspond to the zeros of the matrix which lie in the
same row but to the right of a 1 and the same column but above a 1.

o O o~ O
SO = O % O
o O O O
—= % O % %
S O = X% %

6.1.2 Determinants

Our interest in permutations comes from the well-known formula for the determinant
of a matrix:

det A= (—1)™()4° (6.1)

where the sum is over all permutations of n and we are using the notation:
o __ 04,5
A% = H a;; (6.2)
17]

There is a curious method for calculating determinants, known as Dodgson conden-
sation, which is originally due to Charles Dodgson (aka Lewis Caroll) [Bre99]. One
proceeds as follows:

For each k = 0...n let us denote by z,[k] the doubly indexed collection of variables
xp|k]; ; with indices running from ¢, j = 1..(n —k+1). One should think of the variables
as forming a square pyramid with base n + 1 by n 4+ 1. The index k determines the
“height” of the variable in the pyramid.

The variables are initialized as follows:

xp[0);; =1foralli,j=1.(n+1)
xp[ll;; = M;j for alli,j =1..n

The value of the remaining variables is calculated via the following recurrence:

Tnlklijxnlkliv1 541 — Talklijriznlklivy;

Znlk+1ig Tplk — 1)it141

(6.3)

The end result is that:
Tnlnlig =Y (1™ 2[1]7 = det(M) (6.4)

[
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6.1.3 Posets and lattices

A partial order is a set P equipped with a binary relation < satisfying:
e a <a forall a € P (reflexivity)
e a <band b < cimplies a < ¢ (transitivity)
e a <band b < aimplies a = b (antisymmetry)

We say that the element b covers the element a # b if @ < b and if there isno a # ¢ # b
such that a < ¢ <b.
A poset is said to be graded if their exists some function:

w:P—>ZZO

with the property that w(b) = w(a) + 1 whenever a covers b.

A lattice is a partial order P with the property that for every every a,b € P there
exists unique element aAb (meet) and aVb (join) with the property that aAb < a,b < aVb
and for all ¢ such that a,b < ¢ we have a Vb < ¢ and for all d such that d < a,b we have
d<aAb.

Not every poset is a lattice, but very poset can be completed in a unique way to
form a lattice.

6.1.4 Bruhat order

A transposition is a permutation o with the property that there exists some 4, j such
that o(i) = j and o(j) = 7 while for all other k one has o(k) = k.

The Bruhat order may be defined as follows. The permutation a covers b if and only
if there exists some transposition 7 such that b = 7 o a with inv(b) = inv(a) 4 1.

The strong Bruhat order is graded by the involution number. The largest element
in the Bruhat order is the maximum permutation J. One can show that for any per-
mutations ¢ and p we have p < ¢ if and only if J oo < J o po.

The Bruhat order does not form a lattice, since the permutations 132 and 213 have
no join, while 312 and 231 have no meet.

6.1.5 Monotone triangles

A monotone triangle is a triangle of integers:

ai ar,2 ais ai 4 ais
az;i az,2 as,3 az 4
az1 as,2 as,3
aq,1 aq.2
as,1

with the following properties:
e ay =k for all k.

® 4 j+1 > Qjj for all 1,]-
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® G < iyl < Qigl+1-

A monotone triangle is a special case of a Gelfand-Tsetlin triangle [KB95]. It is
sometimes also referred to as a Gog triangle [Z¢i96].

There is a way to associate a unique monotone triangle to every permutation. The
rule is as follows. The kth row from the bottom of the monotone triangle associated to
o contains a list, in increasing order, of those columns of the matrix of o which contain
a 1 in the final k rows of the matrix.

Here is the monotone triangle for our example permutation at the beginning of
section 13.1:

The inversions in the monotone triangle picture corresponds to pairs of equal num-
bers, one immediately above and to the left of the other. Here are the four inversions
of our example:

The dual inversions in the monotone triangle picture correspond to pairs of equal
numbers, one immediately above and to the right of the other. Here are the six dual
inversions of our example:

Ut

4

The effect on the monotone triangle of a permutation o of multiplying the left by
the maximum permutation J is to send each i to n + 1 — ¢, and then reflect around the
main horizontal.

Not every monotone triangle is associated to a permutation. For example:

1 2 3

2

We shall see in section 13.2 that the above monotone triangle corresponds to the fol-
lowing alternating sign matriz:
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6.2 Alternating Sign matrices

An alternating sign matriz is a square matrix of 0’s 1’s and —1’s such that the sum of
each row and column is 1 and the non-zero entries in each row and column alternate in
sign. For example:

00 1 0
01 -1 1
A= 10 0 O
00 1 0

A permutation matrix is an alternating sign matrix with no (—1)’s.

The total number of alternating sign matrices of size n is given by:

k+1)!
H (3 + 1,1,2,7,42,429, 7436, ...
(n+k)!

This result was a conjecture for a long time. The first proof was given by Zeilberger
[Ze196]. Zeilberger’s proof was long and complicated and eventually a simplified proof
given by Kuperberg [Kup96]. Kuperberg’s proof made use of ideas from the theory of
integrable systems, the Yang-Baxter equation and the six vertex model with domain
wall boundary conditions. It also made use of a recurrence relation due to Izergin and
Korepin [KBI93].

6.2.1 Inversions and dual inversions

As with permutations, an inversion of an alternating sign matrix is a zeros in the matrix
with the property that the sum of the entries in the same row lying to the right is equal
to one, and the sum of the entries in the same column lying below is equal to one. Our
example alternating matrix A has three 3 inversions.

* x 1 0
x 1 -1 1
1 0 0 O
00 1 0

A dual inversion of an alternating sign matrix is a zero in the matrix with the
property that the sum of the entries in the same row lying to the left is equal to one,
and the sum of the entries in the same column lying below is equal to one. Our example
alternating matrix A has 2 dual inversions.

o = O O
S O = O
S O = %

Remark 6.2.1. The alternating sign matriz M has a dual inversion at position (i,7)
if and only if the alternating sign matriz JM has an inversion at position (i,n+1—j).
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6.2.2 Monotone triangles

Just like permutation matrices, alternating sign matrices may be associated with mono-
tone triangles.

The rule for constructing the monotone triangle from the alternating sign matrix
is that the kth row from the bottom contains, in increasing order, a list of all those
columns of the matrix whose final k entries sum to 1. Again this process is reversible.

Here is the monotone triangle of our example alternating sign matrix from section
13.2:

Every monotone triangle corresponds to an alternating sign matrix. The definition
of inversions and dual inversions in the monotone triangle picture is exactly the same
as for permutations.

6.2.3 Completion of Bruhat order

One can show that the set of all monotone triangles of size n, under the partial order
a < b if and only if each element of a is greater than or equal to the corresponding
element of b, forms a lattice which completes the Bruhat order [LS96]. One monotone
triangle covers another in the completion of the Bruhat order if and only if they differ
by exactly 1 at a single position.

Here is the Hasse diagram for the Bruhat order on permutations for n = 3:
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1 2 3
1 2
1
1 2 3 1 2 3
1 3 1 2
1 2
1 2 3 1 2 3
2 3 1 3
2 3
1 2 3
2 3
3

The completion of this diagram involves adding an extra element in the center, where
the two lines cross. This element is the monotone triangle:

0 1 0
1 -1 1
0 1

6.2.4 Lambda determinant

Alternating sign matrices first appeared in the literature in the context of the so called
lambda determinant of Robbins and Rumsey [RR86]. We shall now define the A-
determinant.

As in the case of Dodgson condensation (see Section 13.1.2), for each k = 0...n
let us denote by x,[k] the doubly indexed collection of variables x,[k]; ; with indices
running from 4, j = 1..(n — k+ 1). Again one should think of the variables as forming a
square pyramid with base n + 1 by n + 1. The index k& determines the “height” of the
variable in the pyramid.
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The variables are initialized in the same way:

xpl0];; =1foralli,j=1..(n+1)
I,ﬂl]@j = Mi,j for all i,j =1.n

However the value of the remaining variables is calculated via the following modified
recurrence:

Tnlklijon kliv1541 + Aznlkliji12n[k]it1;

nlk 1 = .
Talk A s Tplk — 1)it1j41 (6.5)
The end result [RR86] is that:

Tlnfig = Y AVE (@4 )NE NP (6.6)

Bed,

Here 2(,, denotes the set of all alternating sign matrices of size n, inv(B) denotes the
inversion number of B and N(B) denotes the number of negative ones in B.

The A-determinant reduces to the regular determinant when A = —1. The A deter-
minant exhibits what is known as the Laurent phenomenon [FZ02]. From the recursive
definition we expect z[n]; 1 to be a rational function. The fact that it turns out to be a
Laurent polynomial is very surprising.

Our goal is to generalize equation 13.6 by adding additional parameters.

6.3 Interlacing matrices

6.3.1 Left corner sum matrices

For each n by n alternating sign matrix X let X be the matrix whose (i, j)-th entry is
equal to the sum of the entries lying above and to the left of the (i, j)-th entry of X.
For example:

0 1 0 O 01 11
1 -1 1 0 = 11 2 2
X = 0 1 -11 X = 1 2 2 3
0 0 1 0 1 2 3 4

We shall refer to X as the left corner sum matriz of X. The original alternating
sign matrix may be recovered by the formula:

Xij=Xij+Xic1j-1 — Xijo1 — Xi1 (6.7)

If the indices are out of range, then the value of X;; is taken to be zero.
The left corner sum matrices of alternating sign matrices have the following proper-
ties:

e The last row contains the integers from 1 to n in increasing order.

e The last column contains the integers from 1 to n in increasing order.
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e Neighboring entries differ by at most one.
e Each row and each column is non-decreasing.

Any non-negative integer matrix satisfying these properties is the left corner sum matrix
of some alternating sign matrix [RR86].

Definition 6.3.1. For any alternating sign matriz X we define:
F(X)=T-X (6.8)

In other words:
F(X)Z‘J = min(i,j) — Y@j (69)

There is a natural order on the set of n by n left corner sum matrices given by a < b
if each entry of a is greater than or equal to the corresponding entry of b. The order
corresponds precisely to the lattice closure of the Bruhat order discussed in the section
13.2.3.

Remark 6.3.1. Adding 1 to position (i,5) of X (where this is allowed) has the effect
on X of adding the 2 by 2 matrix:

1 -1

-1 1

to the 2 by 2 submatriz of X whose upper left hand corner is at position (i, 7).

6.3.2 Left interlacing matrices

A pair of left corner sum matrices (A, B) with A of dimensions n by n and B of dimension
n+ 1 by n+ 1 are said to be left interlacing if the following conditions are satisfied:

Bip Bia Bis By
Aqn A A

Bay Baa Bas B4
Az Asp Asg

Bsi Bsp B3z B34
Az Asp Aszs

By By Bygs Baa

For all elements z, v, z,w of B and and all elements a of A which are arranged in
the following configuration:

We must have:

zyaw—1<a<y,z (6.10)
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An example:

0 1 11
{0,1} 1 1

1 1 2 2
1 (1,2} 2

1 2 2 3
1 2 3

1 2 3 4

Remark 6.3.2. Above and to the left of a —1 in the alternating sign matriz B there
are two possible choices for the corresponding value of the left corner sum matriz A. At
all other positions there is a single choice [RRS0].

Let us now consider the case of all (n + 1) by (n + 1) left corner sum matrices C'
which are left interlacing with a given left corner sum matrix B:

Cip  Cig  Cig
B Bip Bia
Con Cap  Ca3
 Bax B2
C3.1 Cso Cs3

The rule for constructing all possible n + 1 by n 4 1 left corner sum matrices C
which are interlacing with given n by n left corner sum matrix B is the last row and
last column must be strictly increasing from 1 to n 4+ 1 as well as that for all elements
x,y, z,w of B and and all remaining elements c of C' which are arranged in the following
configuration:

xr )
c
z w
We must have:
y,z2<c<w,x+1 (6.11)

If the element c lies in the first row or column, then we take the out of range indices to
be equal to zero.

Here is an example:

0 {0,1} 1
0 1

{0,1} 1 2
1 2

1 2 3

Remark 6.3.3. Above and to the left of a 1 in the alternating sign matriz B there are
two possible choices for the corresponding value of C. At all other positions there is a
single choice [RRS86].
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6.3.3 Inversions

Lemma 6.3.1. Let B be an alternating sign matriz. If B; ; is an inversion then B; j =
Bi_1j—1 otherwise B; j > Bj_1j_1.

The “smallest” alternating sign matrix A which is left interlacing with a given alter-
nating sign matrix B is denoted by A™™". By equation 13.10 ts left corner sum matrix
satisfies:

Zzl;n = maX(E’,j,E’H,jH -1) (6.12)

Proposition 6.3.1. If the alternating sign matriz B has an inversion at position (i, j)
then:

F(B)ij — F(A™);_1 ;-1 =1

Otherwise:
F(B)ij — F(A™);_1;-1=0
Proof.
F(B)ij — F(A™);i1;-1 =1+ max(Bj_1;-1,Bij — 1) — By (6.13)
The result follows from Lemma 13.3.1. OJ

6.3.4 Domino tiling of Aztec diamond

An Aztec diamond of size n is the region of the lattice Z? satisfying |z| + |y| < n + 1.
For example, here is an Aztec diamond of size 3:

A domino tiling is a complete covering of an Aztec diamond by either 2 by 1 or 1
by 2 rectangles. For example:
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The total number of domino tilings of the Aztec diamond of size n is equal to
2(n+1)/2 [EKLP92]. There is a bijection between domino tilings of the Aztec diamond
and pairs of left interlacing alternating sign matrices [EKLP92].

An example

We wish to find the pair of interlacing matrices (A, B) which are in bijection with the
domino tiling above.

If n is even, then we begin by marking all the vertices (4,j) on the interior of the
diamond such that i 4 j is even, otherwise we begin by marking all the vertices (i, j) on
the interior of the diamond such that ¢ 4 j is odd.

Next we record the degree of each vertex. Note that the “rows” go up and to the
right, while the “columns” go down and to the right:

3 2 3
2 4 2
3 2 3

Finally we replace each 3 with a zero, each 2 with a one, and each 4 with a negative
one to get the matrix A.
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Next, if n is even we mark all the vertices (i, ) such that ¢ + j is odd, including
vertices on the boundary of the diamond. Otherwise we mark all the vertices (7, j) such
that ¢ + j is even, including vertices on the boundary of the diamond. We imagine that
the original tiling has been extended to infinity with horizontal tiles.

!

Sl

Again we record the degree of each vertex:

W =~ W w
=N e W
LW o= N
W W = W

This time we replace 3 with a zero, each 4 with a one and each 2 with a negative
one, to obtain the matrix B.

0 0 1 0
0 1 -11
1 -1 1 0
0 1 0

One may verify that in our example the two matrices are interlacing.

Flips

For the general case there are several things to check:
e That the two matrices obtained are always alternating sign matrices
e That the two matrices obtained are always interlacing.
e That the process is invertible.

The reader is referred to the paper [EKLP92] for a complete proof. Nevertheless we
shall make several remarks.

An elementary flip involves changing two adjacent horizontal dominos into two ad-
jacent vertical dominos, or vice versa.
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One can show [EKLP92] that every domino tiling of the Aztec diamond may be
obtained from the “minimal” tiling, with only vertical tiles, by some sequence of ele-
mentary flips. For example, for n = 3 we have:

The pair of interlacing matrices (A, B) for the “minimal” tiling are a pair of maximal
permutations, while for the “maximal” tiling, with all vertical tiles, they are a pair of
identity permutations.

The midpoint (i,7) of big square involved in an elementary flip is always of degree
2 both before and after the flip.

+ .

There are two cases to consider. Either the midpoint belongs to the matrix A and
corresponds to a 1. In this case the four vertices around the edge of the square being

flipped all belong to B.
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The effect of of flipping from the vertical configuration to the horizontal configuration
is to add the matrix:
-1 1
1 -1

to these four vertices of B, or equivalently move up the Bruhat order by one step (see
remark 13.3.1)

The second case to consider is when the midpoint of the square being flipped belongs
to B and corresponds to a —1. The four vertices around the edge of the square all belong
to A. In this case the effect of flipping from the horizontal configuration to the vertical
configuration is to add the matrix:

-1 1
R

to these four vertices of A, or equivalently move up one step in the Bruhat order (see
remark 13.4.1).

One may conclude that since the bijection works in the base case, and since the
elementary flips preserve both the alternating sign matrix condition and the interlacing
condition, the bijection works in all cases.

6.4 Duality

6.4.1 Right corner sum matrices

For each n by n alternating sign matrix X let X be the matrix whose (i, j)-th entry is
equal to the sum of the entries lying above and to the right of the (i, j)-th entry of X.
For example:

0 1 0 O 1100
1 -1 1 0 2110
X 0 1 -1 1 L= 3 211
0 0 1 0 4 3 21

We shall refer to X as the right corner matriz of X. The original alternating sign
matrix may be recovered by the formula:

Xij = Xij + Xi—l,j-&-l - Xi,j_u - Xi—l,j (6.14)

If the indices are out of range, then the value of X,; is taken to be zero.

Remark 6.4.1. Adding one at position (i,7) in the right corner sum matriz X is

1
1 -1
(i,7) to the alternating sign matriz X .

. . .= 1 . . .
equivalent to adding the matriz ( > with upper right hand corner at position

Definition 6.4.1. For any alternating sign matriz X we define:
GX)=J-X (6.15)

In other words:

G(X);; =min(i,n+1—-j) - X (6.16)

“=i,J
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Lemma 6.4.1. If B’ = BJ then B' = BJ

Remark 6.4.2. The Bruhat order on right corner sum matrices is given by a < b if
each entry of a is less than or equal to the corresponding entry of b.

6.4.2 Right interlacing matrices

A pair of matrices (A, B) of dimensions n by n and n+ 1 by n + 1 respectively are said
to be right interlacing if their right corner sum matrices satisfy the following conditions:

B, B, B3 B,
A A A

By, By, By 5 By,
Agy Ag o Ay

Bs, B, B3 Bj,
Ag,l Agg Ad,&

By, By, By By,

For all elements z,y, z,w of B and and all elements a of A which are arranged in
the following configuration:

x y
a
z w
We must have:
yyz—1<a<zw (6.17)
Continuing with our example:
1 1 0 0
1 {0,1} 0
2 1 1 0
2 1 {0,1}
3 2 1 1
3 2 1
4 3 2 1

Remark 6.4.3. Above and to the right of a —1 in the alternating sign matriz B there
are two possible choices for the corresponding value of the right corner sum matriz A.
At all other positions there is a unique choice.

Let us now consider the case of all (n + 1) by (n + 1) left corner sum matrices C'
which are right interlacing with a given right corner sum matrix B:

Cia Cip Cis
By, By

By, By,
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The rule for constructing all possible n + 1 by n 4+ 1 right corner matrices C which
are interlacing with a given n by n right corner sum matrix B is the first column must
be strictly increasing from 1 to n+ 1, the last row must be strictly decreasing from n+ 1
to 1, and for all elements x, ¥y, z, w of B and and all elements ¢ of C which are arranged
in the following configuration:

x y
c
z w
we must have:
w,xﬁcgy—l—l,z‘ (6.18)
Here is an example:
1 1 {0,1}
1 1
2 {1,2) 1
2 1
3 2 1

Remark 6.4.4. Above and to the right of a 1 in the alternating sign matriz B there
are two possible choices for the corresponding value of C. At all other positions there is
a single choice.

6.4.3 Duality between left and right interlacing pairs

Left corner matrices and right corner matrices are related by the following lemma:

Lemma 6.4.2. For all i,7 we have:

Bij+B; 1 =1

Proof. The left hand side is equal to the sum of all the entries of the alternating sign
matrix B in the first ¢ rows. Since the sum of entries in each row of B is equal to 1, the
final result is equal to 7 as claimed. ]

For any binary string =, let & denote the binary string in which all the zeros have
been replaced by ones, and all the ones have been replaced by zeros. For example:

m = 0010110100
7 = 1101001011

Suppose that we fix an n 4+ 1 by n 4+ 1 alternating sign matrix. In keeping with our
previous examples, let us choose:

S O = O
)—ll
—_
I
—_
o= O O
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If our alternating sign matrix B has exactly k& negative ones then it followed that
the number of n by n corner sum matrices which are interlacing with B is 2*.

Let us fix now an order on the negative ones, say top to bottom, left to right. We

can now index all the n by n matrices which are right interlacing with B by a binary
string. Continuing with the example from section 13.4.2, we have:

110
An=1(2 11
3 21
/ N
100 110
Ap =12 11 Ag=1[2 10
32 1 32 1
N /
100
Ap=12 1 0
321

A zero means that we chose the smaller of the two possibilities for A. A one means
that we chose the larger. Here are the corresponding alternating sign matrices:

0 1 0

Ap=[1 -1 1

0 1 0

e ™~
100 010
App=10 0 1 Ap=[1 0 0
010 00 1

™~ e

100

Awp=[0 1 0

00 1

Note that we use subscripts to indicate alternating sign matrices which are right
interlacing with B. No underscore means the interlacing matrix itself, rather than the
associated right corner sum matrix. We shall denote by A,y the alternating sign matrix
right interlacing with B which is indexed by the binary string with all zeros and Apax
the alternating sign matrix right interlacing with B which is indexed by the binary
string with all ones.

Let us now do the same with the left corner sum matrix X from section 13.3.2.
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1 1 1
Alt=11 2 2
1 2 3
~ N
01 1 1 1 1
A%M=1(1 2 2 A%=111 2
1 2 3 1 2 3
N /
0 1 1
A% =111 2
1 2 3
Here are the corresponding alternating sign matrices:
100
AY =10 1 0
0 0 1
/ N
010 100
A%M=11 0 0 A%=10 0 1
0 01 010
N /
0 1 0
A% =11 -1 1
0 1 0

Note that we use superscripts to indication alternating sign matrices which are left
interlacing with B. No overline indicates the alternating sign matrix itself, rather than
the associated left corner sum matrix. We shall denote by A™™ the alternating sign
matrix left interlacing with B which indexed by the binary string with all zeros and
A™M* the alternating sign matrix left interlacing with B which is indexed by the binary
string with all ones.

Proposition 6.4.1.
Apin = AT (6.19)

Proof. Consider the following segments of left and right interlacing matrices respectively:

a b c d a* b* c* d*
T Y z x* y* z*

e f g h e’ I g h*
w U v w* u* v*

i j k 14 " j* k* *
t S r t* s* r*
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The elements a,b,c, etc... belong to the left corner sum matrix B while the elements
z,y,z etc... belong to the left-interlacing matrix A" .

Similarly the elements a*,b*,c*, etc... belong to the right corner sum matrix B while
the elements x*,y*,2* etc... belong to the right-interlacing matrix A, ;,.

We wish to show that the value of the alternating sign matrix A™2* at position u
is equal to the value of the alternating sign matrix A, at position u*. That is, by
equations (13.7) and (13.14) we want to show that:

r+u—w-—y=u"+z"—y" —o"

As a consequence of lemma 13.4.2 there is some v such that:

a+b'=b+c"=c+d =~

etfr=f+g =g+h =7+1
i+ =i+ =k =y+2
m+n"=n+o"=o0+p"=~v+3

Now, by equations 13.10 and 13.17, we have:

r+u—w-—1y
= min(a, f — 1) + min(f,k — 1) — min(e, j — 1) — min(b, g — 1)
=min(y —b%, vy —¢") +min(y+1—-g", v+ 1-17)
—min(y+1— f*,v+1—k*) —min(y — c*,y — h¥)
= —max(b", ¢g*) — max(g*, £*) + max(f*, k") + max(c*, h¥)
Ly v Ut 4
The result follows. O

Proposition 6.4.2. If 7 is a binary string, and 7 is its complement, then A™ = Ax

Proof. This follows immediately from remarks 13.3.1 and 13.4.1. It is possible to remove
a 1 from position (4, 5) of A" if and only if it is possible to add a 1 at position (4,5 4 1)
of As.

O]

Corollary 6.4.1. _
A™ = Apax (6.20)

Suppose now that we fix an n by n alternating sign matrix B containing exactly s
ones. It follows that the number of n 4+ 1 by n + 1 right corner sum matrices which are
right interlacing with B is equal to 2°.

If we fix an order on the ones, then each of these right corner sum matrices may be
indexed by a binary string. Let C; denote the n 4+ 1 by n + 1 alternating sign matrix
associated with C'_

Similarly the number of n + 1 by n + 1 left corner sum matrices which are left
interlacing with B is equal to 2°. Again we may index these by binary strings. Let C™
denote the n + 1 by n + 1 alternating sign matrix associated to C".
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Proposition 6.4.3. We have:

Cmax — len
and more generally, if 7 is the complement of w then
C™ =Ck (6.21)

Proof. The proof is essentially identical to proposition 13.4.1 and proposition 13.4.2 [
Proposition 6.4.4. If the n+1 by n+1 alternating sign matriz B has a dual inversion
at position (i,n + 1 — j) then:

G(B)in+1—j — G(Amax)i-1n+1-j = 1

Otherwise:
G(B)i,nl—j - G(Amax)i—l,n+1—j =0

Proof. By Lemma 13.4.1 we have:

G(B)int+1—j — G(Amax)i—1n+1—j = F(B")ij — F((Amax) )i=1,j-1 (6.22)
= F(B)ij; — F((A™™))i1,-1 (6.23)

But by remark 13.4.1 B has a dual inversion at position (i,n + 1 — 7) if and only if B’
has an inversion at position (i, 7). The result now follows from proposition 13.3.1. [

6.5 Main Theorem

6.5.1 Notation

Before we can state our formula, we need a few more definitions. Let us define the
lambda weight of a k by k alternating sign matrix B to be:

k _
F\(B) = AF® = T apntd) =5 (6.24)
ij=1

(see Section 13.3.1)
Similarly, let us define the mu weight of an k by k alternating sign matrix A to be:

k
min(i,k+1-j)—B, ;
GZ(B) = H Hint1—j ’ (6.25)

1,j=1

(see Section 13.4.1).

Let Inv(B) denote the matrix with the property that Inv(B);; = 1 if B;; is an
inversion, otherwise Inv(B); ; = 0. Similarly, let Dinv(B) denote the matrix with the
property that Dinv(B); ; = 1 if B; ; is a dual inversion, otherwise Dinv(B); ; = 0.

Finally, two more pieces of notation. We shall define the following two operators on
laurent polynomials in the variables {\; ;} and {p; ;}:

$(Xij) = Nit14+1 (6.26)
t(pij) = pit1,j (6.27)
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6.5.2 Statement of theorem

For each k = 0...n let us denote by x,[k] the doubly indexed collection of variables
xp|k]; ; with indices running from ¢, j = 1..(n —k+1). One should think of the variables
as forming a square pyramid with base n 4+ 1 by n 4+ 1. The index k£ determines the
“height” of the variable in the pyramid.

The variables are initialized as follows::

xp[0];; =Y foralli,j =1..(n+1)
SL‘n[l]i,j = Xi,j for all i,j =1.n

The remaining variables are defined by the following recurrence:

.l"n[k‘—i-l]m _ :u’, k+1 .]x [ ]7.7:1? [ ]+17]+1+ 7‘7.%' [ ]7]+1x [ ]+17] (628)

Tplk — 1iy15+1

Theorem 6.5.1.
G(B)

x = F\(B) zn[1)Ps(x -4
desthi= > gyl ) (6.29)
|B|=k,|A|=k—1

The sum is over all pairs of left interlacing matrices.
If instead we initialize the variables as:

xpl0];; =1foralli,j=1..(n+1)
xp[l);; = M;j for alli,j =1..n

then we obtain the following corollary:

Corollary 6.5.1.

xn[n]l,l — Z MB )\InV(B)MDinV(B)I H (,Ui,nJrlfj + Ai,j) (630)
|B|=7’L Bi’j:—l

6.5.3 Proof of Theorem 13.5.1

This proof follows closely the original proof of Robbins and Rumsey [RR86] for the
A-determinant [RR86].

Base case

In the case k = 1 we have from the recurrence (equation 13.28) that:
p1n—1X11X22 — A1 X12X9

Yoo
while the closed form expression in equation 13.29 tells us that we must take the sum

over all interlacing pairs (A, B) where A is 1 by 1 and B is 2 by 2. There are exactly two
such pairs of interlacing matrices, corresponding to the two terms in equation 13.31.

zn(211 = (6.31)
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Induction hypothesis

Suppose now that the proposition is true for all m < k. We wish to show that:

Z Fy(C)  GL(C)

2[1)%s(z[0]) "5 ‘

xn[k + 2]171 =

(B,O)
|C|=k+1,|B|=k

By the induction hypothesis, we know that (using a different set of variables):

Yn—1[117s(yn—1[0]) "

n—1
ynalk+ 1= ) F\(B) G, (B)

Lz SBA)HGE(A)
|B|=k,|A|=k—1

If we now set x,[k + 1] = y,—1[k] then we have:

F\(B) G Y(B)

B —A
s(FA(A) (G ta)y ™ 217 s(zn[1]) (6.33)

$n[k + 2]1,1 = Z
(A,B)
|B|=k,|A|=k—1
But by the recurrence we know that:

i Tallijon[Uir jo1 + Aigza[l)i jr12n i

Tnl2li: =
nl2lig Tp[0]i41,541
To simplify notation we will write:
J}n[Q]B _ D(xn[l])B
s(xn[0])P

where:
D(znlk +1))ij = pin—k+1—jZnlklijzn[klit1j41 + Nij Talkli j4120[k]iv1,; (6.34)

Term by term comparison of coefficients

Let us now fix an arbitrary alternating sign matrix B of dimensions k by k. The
coefficient of s(z,[0])" on the right hand side of equation 13.32 is given by:
F\(C G (C
> ;(B) . G‘;(B) zn[1]¢ (6.35)
o SR HG(B))

where the sum is over all C' which are interlacing with B. Similarly, the coefficient of
5(2,[0])~® on the right hand side of equation 13.33 is given by:

D(xq[1]) " s(an[1]) " (6.36)

Z F\(B) szl(B)
7 AN UG ()
where the sum is over all A which are interlacing with B.

We shall now use the results of section 13.4.3 to simplify these two expressions.
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Duality: C™** = Cluin

Beginning with equation 13.35 we use the fact that the set of k + 1 matrices interlacing
with B decomposes as a boolean lattice, as well as remark 13.3.1 to factorize equation
13.35 into:

F)\(Cmax) GZ(Cmax) n[l]cmax H

s(FA(B)) HG(B)) "

T [it1,j20[1]i j+1 )
i

Wint+1—j + Aij
Bi=1 ( ST g i1

Re-arranging slightly, this gives:

F)\(Cmax> GZ(CmaX) n[l]cmax H D(l’n[l]ld) (637)

s(Fa(B)) HGi(B) " gty @nlUis(eall]ig)

Duality: A™* = A,

Now for equation 13.36. We use the fact that the set of k matrices interlacing with
B also decomposes as a boolean lattice, as well as remark 13.4.1 to factorize equation
13.36 into:

F)\(B) G, (B
s(F\(Amin)) t(GZ_l (Amin))

H <#i,n+1—j + Aij xn[ Lty ]z’ﬁl)

. nlijn it 41

D(@n[1])) P s(za[1]) =A™

B =

Re-arranging slightly, this gives:

F\(B) G '(B)
S(F/\(Amin)) t(Gﬁil(Amin))

D(zn[1)i ;)
z[1]ijs(zn(1]i )

s(aa[1]) A" D@ 1)? ]

Bz‘,jz—l

which by combining the terms of the form D(z[1]) may be simplified even further to
give:

BB GB) o iy-am T Diaily) H

S(EX(A™) t(GL " (Amin)) (96 []:.4)

(6.38)

’L]_l

Summarizing what we need to prove

We wish to show that equation 13.37 is equal to equation 13.38. Equivalently, we wish
to show that:

S(EA(A™®)) F\(C™ ™ V(G (Aumin)) G Conane ) [1]7™ s (a [1) 4™ (6.39)
= E\(B)s(FA(B)G ™ (B)HG)(B)) (n[l]s(xa[1]))"
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Comparing power of )\; ; on both sides

In this section we show that:

S(FA(A™®)) FA(C™) = Fx(B)s(FA(B)) (6.40)
Observe firstly that:
min(z + 1,y) + max(z,y — 1) =x +y
Now, by equations 13.10 and 13.11 we have:
Zg}in = max(?i,j,EiJrl,jJrl - 1)
é?jjax = min(B;;, Bi—1,;-1 + 1)
and so:
Cr v AN =min(Bi_1 ;-1 + 1, Bi) + max(Bi_1j-1, Bij — 1)
= Ei,j + Ez’—l,j—l
This gives us the same power of \; ; on both sides of equation 13.39
Comparing power of ji;,11-; on both sides
In this section we show that:
(6.41)

(G (Amin)) G (Cmax) = G~ (B)H(G(B))

By equations 13.17 and 13.18 we have:

Ay =max(B; 41, Biy1; — 1)

“=min

Chl =min(Bi_1; +1,B;;-1)

and so:
Ai_l’j_l + Ci’j = maX(EZ’_Lj,Em‘_l — 1) + min(Ei_Lj + 1,?1"]’_1)

“=min ~max
= Bi-1,j + Bij-1

This gives us the same power of fi; ,41—; on both sides of equation 13.39.

Comparing power of z,[k|; ; on both sides

In this section we show that:
(6.42)

27 (a1 = (2alls(aa[1]))”

The result follows from equation 13.40 together with equations 13.7 and 13.14 for
expressing the original alternating sign matrix in terms of the corner sum matrices.



118 Chapitre 6 — Lambda determinants

6.5.4 Special case

In this section we shall prove corollary 13.5.1. Begin by observing that if:

xp[0);; =1foralli,j=1.(n+1)
xp[lli; = M;j for all i,j =1..n

then:

ol 1 — B F\(B) GL(B)
b= 2L MEL D ST ) g (049

The second sum is over all matrices A which are interlacing with B. The above equation
may be rewritten in the form:

F)\(B) GL(B)
n = MB _ K intl—q + N 44
ol |an TR G )] L1 (it 2e) | (64
— Ay
By 13.3.1 we have:
F\(B) Inv(B)
— =\ 6.45
S A7) (0:45)
while by proposition 13.4.4 we have:
HG(Amax))

The result follows.

6.6 Conclusion

We have given a multi-parameter generalization of the A-determinant of Robbins and
Rumsey [RR86]. Our result exhibits the Laurent phenomenon [FZ02] and generalizes a
previous result given by diFrancesco [DiF12].
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7. Commutators in semicircular
systems

7.1 Hilbert spaces

In this section we recall some basic definitions from functional analysis [Kre78] which
will perhaps be helpful to combinatorialists. Professional analysts may skip this section.

Inner product spaces

An inner product space is a complex vector space V equipped with a map:
(—|-):VxV=C
which is linear in the second variable, and which satisfies:
o (wlv) = (v|w) (conjugate symmetry)
e (v|v) >0 forv#0 (positive definiteness)

A basis {e1,e2,...} of V is said to be orthonormal if (e;le;) = 0;;. A pair of bases
{wi,wa,...} and {ri,re,...} are said to be dual if (w;|r;) = J; ;.

Projections

For S a vector subspace of V., a projection operator with image S is a linear map
mg : V — V such that:

e Image(mg) =S
e ng[v] =v forallve S
If {w;} is a basis for S and {r;} is the corresponding dual basis, then:
mslv] = (rilv)w;
i
In the finite dimensional case, let P be the rectangular matrix P;; = (e;|w;) and let
@ be the rectangular matrix Q; ; = (r;|e;). One can show that:

Q= (PP)"'P

This is known as the left pseudo inverse. The projection operator may be expressed in

the form:
s = P*Q

121
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Gramm matrices

The matrices PPT and QQT are known as the Gramm matrices. We have:

(PP")i; = (w; | w;) (7.1)
(QQ")ij = (ri|7;)

One can show that:

(PP~ = QQ* (7.4)

Topology

A topology is a pair (X,3) consisting of a set X and a collection ¥ of subsets of X,
called open sets, satisfying the following three axioms:

e The union of open sets is an open set.
e The finite intersection of open sets is an open set.
e X and the empty set () are open sets.

A function f : X — Y between topological spaces is said to be continuous if the inverse
image of every open set is open.

Metric spaces

A metric space is a pair (X, d) where X is a set and d is a function:
d: X xX —R

which satisfies:

For any inner product space we may define the norm of a vector to be:

[lv]] = (v]v)

One can show that every inner product space is also a metric space with distance
function:
d(v,w) = |[v — wl|

Every metric space carries a natural topology generated by open sets of the form:

B,(v) ={w € X |d(w,v) < r}
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Cauchy sequences

For any metric space (X,d), a Cauchy sequence is a sequence x1, 2,3, ... of elements
of X such that for every e there exists an IV such that:

d(xp, zm) < €for alln,m > N

An element z of X is said to be the limit of the Cauchy sequence 1,9, x3, ... if for
every ¢ there exists an N such that such that:

d(xm,z) < eforalln >N

A complete metric space (X, d) is one for which every Cauchy sequence of X con-
verges to some limit in X. Every metric subspace admits a unique metric completion

A subset S of a metric space (X, d) is closed if for every x € X there exists a Cauchy
sequence in S whose limit is also in S. Every subspace S of a complete metric space
admits a unique closure which which is denoted by S.

A subspace of a metric space is said to be dense if its closure is the whole space.

Hilbert spaces

A Hilbert space is an inner product space which is also a complete metric space with
respect to the norm induced by the inner product. All finite dimensional inner product
spaces are automatically Hilbert spaces. All Hilbert spaces of the same dimension are
isomorphic.

We shall refer to the topology on a Hilbert space induced by the norm associated to
the inner product as the natural topology of the space.

Hilbert basis

Let {ej,e2,e3,...} denote a sequence of linearly independent vectors in some infinite
dimensional Hilbert space H. The span of these vectors, consisting of all finite linear
combinations of the form:
n
D> aie
i=1

is an infinite dimensional vector space, but it is not a Hilbert space, because it is not
closed under the natural topology on H.

The vector space spanned by the linearly independent vectors {ei, e, es. ..} is said
to be dense in H if for every v € H there exists a sequence of vectors {v,} of the form:

Up = A1n€l + a2n€2 + -+ Apnen

such that:

lim ||[v —wv,||=0
n—oo

If this is the case we say that {ej, es,...} is a Hamel basis for V. If in addition we have
(ei,ej) = 0;; then we say that {e1,es,...} is a Hilbert basis.
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Example of a dense subspace

It is possible for a proper vector subspace of a Hilbert space to be dense in the whole
space. We shall now give an example

Let {e1,eq,e3,...} be a Hilbert basis for some infinite dimensional Hilbert space
H. For each k > 1 let V}, denote the finite dimensional subspace spanned by Hilbert
{e1,...ex}, let di, = ex,—eg11 and let W, denote the finite dimensional subspace spanned
by the vectors {di,...,dr}. We shall denote by W the infinite dimensional vector
subspace spanned by all the d. It is clear that e; & W. We shall see however that ey,
lies in the closure of W.

The subspace Wj, may be characterized as the orthogonal complement of the vector
€] +e2 + - -ept1 in the subspace Vi41. For each £ let us define the vector:

1 k

fk: m(61+62+"’+6k)_ k—|—

€k+1

We have || fx|| = 1. We also have:

(frr fo) = O

It follows that the {f;} form an orthonormal basis for the subspace W.
Let us define the following sequence of vectors:

n

=Y _(e1, fi) fi

k=1
Z Y

The vector ¢, is the projection of the vector e; onto the subspace W,. We have:

1
=3 =1~
anl ;k(szrl) nt1

In other words lim, , ||gn]| = 1. Since |le1 — qnl| < |le1]] — |lgnl| it follows that
41,92, q3, - . . forms a Cauchy sequence in W which converges towards e;. That is e; lies
in the closure of W. This implies that W is a dense subspace of H.

Operator norm
Let U and V' be Hilbert spaces. A linear operator:
L:V—-U
is said to be bounded if there exists some M > 0 such that for all v € V' we have:

IL()l[v < M]v]lv
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The set of bounded linear operators on a Hilbert space H is an algebra which is
denoted by B(H). Note that B(H) is not a Hilbert space since it does not admit an
inner product. We can nevertheless define a norm on B(H) via:

L
1Ll 5y = sup 170

7.5
S oy (7:5)

This norm induces a topology on B(H ) which we shall refer to as the operator norm
topology of B(H)
Weak operator topology

The operator norm topology is not the only topology which can be defined on B(H).
Let B(H) denote the set of bounded linear operators on some Hilbert space H. For
each x,y € H we can define a map:

Y(z,y) : B(H) - R
which is given by:
Yz, y)[T] = (z|Ty)
The weak operator topology is the weakest topology on B(H), such that the map
Y(x,y) is continuous for all z,y € H.
von Neumann algebras

The adjoint of a linear map A : V — V is the unique map A* : V — V satisfying:
(A" 0|u) = (v]|Au)

A linear operator is said to be self-adjoint if A* = A. We say that a subalgebra of 2
of B(H) is self adjoint if:
acA<=a" e

A wvon Neumann algebra a self-adjoint algebra 2 of bounded operators on a Hilbert
space which contains the identity and which is closed under the weak operator topology.

For any algebra 2 and any subset S C 2 the commutant of S in 2 is defined to be
the subalgebra of 2 given by:

S"={a € Alsa=as for all s € S}
The double commutant of S is defined to be the subalgebra of 2 given by:
S" ={a € Alta=at for all t € S’}

By von Neumann’s double commutant theorem a self-adjoint subalgebra 2 of B(H) is a
von Neumann algebra if and only if:

Q[/I:Ql

A von Neumann algebra is said to be a factor if 2/ N2A = C.1. That is to say, a
factor is a von Neumann algebra with trivial center.
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Random variables

For our purposes a random variable is simply a self-adjoint operator X acting on some
Hilbert space space H with inner product (—|—) and distinguished vector 2 satisfying:

Q) =1

In the language of quantum mechanics, random variables are referred to as observables.
The moments of a random variable X are defined to be:

o = E(X™) = (Q] X"Q)

Two operators are are said to be identically distributed if they have the same moments.
The distinguished vector €2 is often referred to as a state.

When working with an algebra of random variables 2 with the property that E(XY') =
E(YX) for all X,Y € A the state Q2 is said to be tracial.

7.2 Chebyschev polynomials

In what follows we shall make extensive use of the operator “multiplication by x” acting
on the Hilbert space b.

Measurable functions

A measure space is a pair (X, M) where X is a set and M is a set of subsets of X the
property that if A € M then X\A € M, and if Ay, Ag, As, ... is a sequence of elements
of M then U;A; is an element of M. We also require that ) € M.

The Borel o-algebra of R is the smallest o algebra on R which is generated by the
open sets of R. Similarly, the Borel o-algebra of C is the smallest o algebra on C which
contains all the open sets of C.

A function between measure spaces is said to be measurable if the pre-image of every
measurable set is measurable.

Square integrable functions

Let $) denote the set of all measurable functions. f :[—2,2] — C, modulo the equivalence
relation in which two functions are equal if they differ only on a set of measure zero,
which satisfy:

2
/2|f(:5)|2\/4—x2d1‘ < 00

The inner product is given by

2
(flg) = / VI

The space of polynomials C[z] sits inside of §) as a dense subspace. The closure of C|x]
with respect to the natural topology on §) is the whole space $. In other words, the
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monomials {1, z, 2% 23, - -} form a Hamel basis for h. They are not orthogonal however.
Let us define:

1
P e —— E P,(x)t"
(z,2) 1—2tx + t2 ~ n(®)

One may check that:
<Pn(x), Pm(x» = TOn,m

The polynomials {P,(x)} are known as the Chebyshev polynomials of the second kind.
They form a Hilbert basis for the space $).

Three term recurrence

The Chebyshev polynomials satisfy the following three term recurrence:
zPp(x) = Ppy1(x) + Pr—1(z) (7.6)

The operator “multiplication by z” is bounded and may be thought of as living in the
space B($)).

Embedding

Let us consider the algebra Poly(x) of polynomials in the operator x. This is a subalgebra
of B(H) of bounded linear operators on h. There is a natural embedding of Poly(x)
into $) which sends the operator p(x) € B(H) to the vector v € $) given by:

v = p(x)[1] (7.7)

Topological considerations

By the Stone-Weierstrass theorem the closure of Poly(x) with respect to the operator
norm topology on B(H) is isomorphic to the space of continuous functions in z. Note
that since not every square integrable function is continuous, the closure of Poly(z) with
respect to the operator norm is not the entire space .

A measurable function:

fR—=C

is said to be bounded if there exists some K > 0 such that |f(z)| < K for all z € C. One
can show that the closure of Poly(z) under the weak operator topology is isomorphic
to the space of all bounded measurable functions in x. Again, since not every square
integrable function is bounded, this is not the entire Hilbert space .

In general, the weaker the topology, the less open sets and the more continuous
functions. The closure of a subspace with respect to a weaker topology is larger than
or equal to the closure of a subspace with respect to a stronger topology. As the name
suggests, the weak operator topology is weaker than the operator norm topology.
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Moments

We remark that the operator “multiplication by z” is self-adjoint, and may be thus
thought of as a random variable. We will now study its moments. One may calculate:

/ 22 21— Py = <2n> (7.8)

n+1l\n

while:

2
2N/ 4 — 22de =0 (7.9)

-2

o, = 1 <2n> (7.10)

n+1\n

The numbers:

are known as the Catalan numbers.

7.3 Semicircular Systems

The semicircular system was first introduced by Voiculescu to study free group von
Neumann algebras [Voi90]. The “multiplication by z” operator in the Chebyshev basis
arises naturally in the the context of Wigner’s semi-circular law for random matrices.
In free probability theory Wigner’s semicircular distribution plays a role analogous to
the Gaussian distribution in classical probability theory.

Fock space

Fix a finite dimensional inner product space H with inner product (—|—) and orthonor-
mal basis:

{617 €2, 7ek}
Let us define:
T(H) = CQ ®p>1 H®" (7.11)

As a vector space T'(H) is naturally graded. The dimension of the graded component
of degree d is equal to n?. A basis for the graded component of degree d is given by:

{eil X €4y ®"'®€id} ’ 11,%2,...14 € {1,2,...k}} (7.12)

The inner product of H lifts to an inner product of T'(H) in a natural way. If v
and w are homogeneous, but not of the same degree, then (v|w) = 0. Otherwise, if
v=1¢; e, X Qe and w=ej Vej, X - X e;, then:

(v|w) = 6iy 51 Gin o+ * Bigja
In otherwords, the inner product on T'(V) is defined in such a way that the basis

described in equation 14.12 is orthonormal. The Fock space § of H is defined to be the
metric completion of T'(H).
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Special subspaces

Note that since all Hilbert spaces of the same dimension are isomorphic, for any ¢
the closure with respect to the natural topology on § of the subspace generated by
the {e?"}nzo for any given ¢ is isomorphic to the vector space h of square integrable
functions discussed in section 14.2.

Creation and annihilation operators
For each i let ¢; be the creation operator:

¢l =e;®@v (7.13)
The adjoint operator ¢ is known as the annihilation operator. It acts via:

i[9 =0 (7.14)
Gl @@ - @u,)] = (ev) (12 Q- @ vy) (7.15)

The operators A; = ¢; 4 ¢ are both self-adjoint and bounded.

Moments

One can easily convince oneself that:

n ]' n
(Q]AZQ) = o <2n> (7.16)
while:
QA1) =0 (7.17)

Comparing equations 14.16 and 14.17 with equations 14.8 and 14.9 one can conclude
that the operator A; acts on the natural closure of the vector space spanned by {e?"}nzo
in the same way as the operator “multiplication by x” acts on the space $ of section
14.2.

In particular, if P,(z) is the n-th Chebyshev polynomial then we have:

Po(A7)[Q] = e (7.18)

von Neumann algebra

We shall use the notation 2,, to denote the Von Neumann algebra generated by the
semi-circular elements Ai, Ao, ... A,. Thinking of each of the operators A; as a random
variable we may define the following state

T(X) = (2] XQ) (7.19)
It is not hard to show that 7 is in fact a tracial state:

7(XY) =7(YX)
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Embedding

It is not hard to convince oneself that for all {i1,é2,...,%,} € N>j and for all ji, jo,...j, €
{1,2,...n} such that j; # jy+1 we have:

Py (Ai) Pr(Ai) -+ Py (A3 Q)] = €212 ... B (7.20)

71 12 ik

In other words, we have an embedding of 2,, C B(§) into § which is given by:

X = X[Q] (7.21)

Topological considerations

Let us remark that there is no natural inner product on B(§). Nevertheless, the embed-
ding of 2, into § allows us to induce an inner product on 2,,. Even with this induced
inner product, the vector space 2, is not a Hilbert space, since it is not closed under
the topology induced by the inner product.

7.4 Main result

7.4.1 Statement

For each 1 = 1,2,...n, let Poly(A;) denote the subalgebra of B(§) generated by A; and
let Alg(A;) denote the closure of Poly(A4;) in the weak operator topology of B(F).
Similarly let Comm(A4;) the sub-algebra of 2, consisting of all elements which com-
mute with A;. One can show that Comm(A4;) is already closed under the weak operator
topology.
The goal of the next two sections is to prove the following result:

Theorem 7.4.1.

’Alg(Ai) = Comm(4;)

(7.22)

As a consequence of Theorem 14.4.1 we have:

Theorem 7.4.2. Forn > 2 the center of U, is trivial.

Proof. Suppose that z lies in the center of 2,,. It follows that x commutes with A, and
x commutes with As. Now, by Theorem 14.4.1 we have z € Alg(A4;) and x € Alg(As2).
But:

Alg(A4;) NAlg(A;) =C.1
The result follows. 0
Note that in the language of Von Neumann algebras Theorem 14.4.2 implies that 2,

is a factor. This result is already known [Voi90]. Our proof is still interesting however
as it yields a number of explicit projection formulae (see section 14.4.5).



8§ 7.4 — Main result 131

7.4.2 Topological considerations

We shall use the notation A, to denote the closure of 2l,, under the natural topology of
§. Furthermore we shall use the notation A? to denote the intersection of A" with the
finite dimensional subspace of § consisting of elements of degree d.

Lemma 7.4.1. For any vector subspace V of some Hilbert space H, the orthogonal
complement V- is closed.

Let Alg(A;) denote the closure of Alg(A4;) with respect to the topology of §.

Lemma 7.4.2.

Proof. Let V; denote the vector space spanned by {e?"}nzo. Under the embedding of
2, into § we have:

Poly(4;) = V; (7.24)

Let b; denote the closure of V; under the topology of §. We have

Alg(4;) =b; (7.25)

But we also have that 24, Nh; = Alg(A;) Nh;. Referring back to remarks made in section
14.2, every bounded measurable function is also square integrable, that is to say:

Alg(A;) C b;

and so:
Alg(A;) Nh; = Alg(A;)

The result follows. O

Let Comm(A;) denote the closure of Comm(A;) with respect to the topology of §.

Lemma 7.4.3.
Comm(A4;) NA, = Comm(A4;) (7.26)

Proof. We have:
Comm(4;) = {zx € A, |zA; = Az} (7.27)
7.28)

and so:

Comm(A4;) NA, = {z € Wy, |xA; = Aiz} N, (7.29)
= Comm(4;) (7.31)

The result follows. O
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Strategy
We shall begin by proving the following;:

Proposition 7.4.1.

Comm(A;)T = Alg(4;)*

This implies in particular that:

Alg(A;) = Comm(A;)

Taking the intersection of both sides with 2(,, we obtain Theorem 14.4.1

Our goal is now to prove proposition 14.4.1. It is clear that we have:

Comm(A;)T C Alg(A;)*

We need only to prove the reverse inclusion of equation 14.34.

Alg(A;)* € Comm(4;)*t

7.4.3 Commutators

Recall that the commutator of two operators X and Y is given by:
(X, Y]=XY -YX
Lemma 7.4.4. For all x,y € A we have:
T(z[Ai,y]) = T(ylz, Ai])

Proof. By the linearity and the traciality of the state 7, we have:

7(x[Ai, y])

T(rAy) — T(zyA;)
T(yxA;) — T(yA;x)
T(ylz, Ai])

(7.32)

(7.33)

(7.34)

(7.35)

(7.36)

(7.37)

Our plan is to study the following family of finite dimensional vector subspaces:

{[4i 9],y € A}

Lemma 7.4.5. For all d > 1 we have the following inclusion:

{[Aiy],y € A%} C Comm(4;)*

(7.38)

(7.39)

Proof. Choose any y € A?. By lemma 14.4.4 we have that if + € Comm(A4;) then:

T(@[Ai, y]) = 7(y[z, Ai]) = 0

In other words [A;,y] lies in the orthogonal complement of Comm(4;).



§ 7.4 — Main result 133

Lemma 7.4.6. For alld > 1

Alg(A)*" Z {[Ai,y),y € AL}

Proof. For any j # i we have A; € Alg(4;)* but we do not have A; € {[A;,y],y € Ad}
for any d. O

Our goal in the next section will be to show that:

Proposition 7.4.2.

Alg(A)* < ({419l € Ad) (7.40)
d>1

That is to say, for any B € Alg(A;)" there exists a sequence of operators {y1,v2, 3, . . .}
with: y,, € Ag for some d which depends on m. such that, as a vector:

B = 77hlbgnoo[Ai, Y (7.41)

Note that this is to be understood as convergence in the metric space induced by the
inner product of the Fock space §.

Proposition 14.4.2 and Lemma 14.4.5 will together give us equation 14.35, thus
proving Theorem 14.4.1.

7.4.4 Projection formula

In this section we prove proposition 14.4.2 for ¢+ = 1. The general result follows by
Symmetry.

Notation
Let S be any non-trivial element of 2 of the form:
S = Py (Ai ) Pjy (Aiy) - - - P, (As,)
such that ji,jo,...J» > 1 and jy # jer1 as well as i1 # 1 # i,.. We have:
S e Alg(A)*t

Next, for each n, k > 1 let:
Snk = Pu(A1)SPi(A1)

Again we have:
Sn.i € Alg(Ar)*

In fact, the collection of all operators of the form S, j, for all possible choices of S form
a Hilbert basis for Alg(A;)*
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Simplification

Lemma 7.4.7. If a and ¢ both commute with x then:
[z, abc] = a[z, b]c
Proof.

[x, abc] = zabc — abex
= axbc — abzc

= alz, b)c

Proposition 7.4.3. If:

S e [ J{[Ai,yl,y € Ad}
d>1

Then, for all n,k > 0 we have:

Sk € {140l y € A}

a>1

Proof. Suppose that we already have a sequence of operators {y1, y2,ys, ...} with: y,, €
A,, such that:

m—0o0
It follows that:
Sn k = n}gnoo Pn(Al)[Ala ym]Pk(Al)
= lim [Ay, Py(A1) ym Pe(A1))]
m—00

= lim [A4, zp]
m—r0o0

where 2z, = P, (A1) Ym Pr(A1). The result follows O

Projection formula for arbitrary S:

m—1

> (m = k)([Sk 1, A1) = [Skr1p, A1) (7.42)
k=0

S=1
ml—n>1002’m—|—3

In order to prove this formula we will need some more notation. For fixed S, let W
denote the vector subspace spanned by all vectors of the form:

Un,k = [Sn,ka Al]

= Spk+1 — Sntik + Snk—1 — Sn—1k
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The second equality above is a consequence of the three-term recurrence for Chebyshev
polynomials (see equation 14.6). It will be convenient to make the following change of
notation:

1
enk = —=(Snk + Skn) for n <k

V2
ekk = Skk
1
W |y = \ﬁ(vnk — Ugp) for n <k
We may now rewrite equation 14.42 as follows:
1 m—1
Sm =53 (m — k) ([Skk+1, A1] = [Sk+1.k, A1)
k=0
\/5 m—1
= (m — k)wk k41
2m + 3 prrd
1 m—1
=om 13 2. M- k)(V2ep k2 = 2ep 41 ki1 + 26k — V2ek-1411)
k=0
1 m—1 m
= om 13 <2m€0,0 +V2 Z Ckk+2 — 2 Z ek,k>
k=0 k=1
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Suppose that S is an element of degree t = j1 + jo + - - - + j,. For each m > 0 let us
define:

m
Eg" | JAxt (7.43)
d=0
to be the vector space spanned by the e, ; for n 4+ k even and n + k < 2m. Similarly,
let us define, for each m > 0 the vector subspace:

want c Bgn (7.44)
to be the vector space spanned by the wy,; for n +k odd, n < k and n +k <2m — 1.

Proposition 7.4.4. The vector s,, is the orthogonal projection of the vector S onto the
finite dimensional subspace ngfl.

Proof. We shall show that the vector (S — s,,) lies in the orthogonal complement of
Wém_l with respect to Egm We begin by observing that if » > 2 then:

(S, ek ktr) = (Sm, €k ktr) =0

Thus we may restrict ourselves even further to the subspace:

F C EZ™ (7.45)

spanned by vectors of the form ey j or ey 142 with degree less than or equal to 2m. Next,
if j —i > 4 then:
(kb wij) = (ekkr2, wiz) =0

Let U denote the vector subspace of ngfl spanned by vectors of the form wy, 141
for £ < m and wy, 43 for k < m — 1. We must show that for all u € U we have:

(S = Splu) = 0
Now:
(2m + 3)<S|w071> = <6070|\/§6070> = —(2m + 3)\/5
While:

(2m + 3)(sm|wo1) = (2meoo|V2€0,0) + (V2€0.2,€0.2) + (—2e1.1| — V2e11)
= (2m + 3)V2
Next, for all ¢ > 0 we have:
(Swii+1) =0

and:

(2m 4 3) (sm|wiis1) = (V2€i42, eiive) — (2ei4,V2e4)
+ (2€i41,i+1, \/§€i+1,i+1> — <\/§€¢—1,z‘+1 Cit1,it1)
=V2-2v24+2V/2-V2
=0



§ 7.4 — Main result 137

Finally, for all i > 0 we have:

(Slwiiy3) =0
While:

(2m 4 3) (sm|wiis1) = (V2€i42, eiive) — (2ei4,V2e)
+ (2ei11041, V2€is1.401) — (V2€i_1i1leir1ivt)
=v2-2V2+2V2-V2

=0
The result follows.
O
It remains to verify that:
lm ||sp|| = ——= (4m2 + 2m + 4m)
m—00 (Qm + 3)2

We have proven equation 14.42 and shown that:

S e U{[Alay]vy € A'(riz}
d>1

Theorems 14.4.1 and 14.4.2 follow as a consequence of proposition 14.4.3.

7.4.5 An interesting matrix

Let us fix the following order on the wet of vectors wy,; for n +k odd and n < k and
n+k<2m-—1:

wo,1, Wo,3, W1,2, Wo,5, W1,4, W23, Wo,7, W16, W2,5, W3 4, Wo,9, W1,8, W27, W3,6, W4,5

For each m > 1 let A,, denote the Gramm matriz of inner products (wy i, Wy k)
for n +k odd and n + k < 2m — 1. Let B, = (2m + 3)A,,!. Here is the matrix Bj:
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5(0 410 0 30 0 0 2]0 0 0 1
0112 440 9 30 0 6 2(0 0 0 3 1
414 810 3 60 0 2 470 0 0 1 2
0ojo o015 9 310 10 6 2|0 O 5 3 1
019 39 18 6/0 6 12 40 0 3 6 2
313 6/3 6 9]0 2 4 6|0 0 1 2 3
o{o o0 0O Of14 10 6 2|0 7 5 3 1
Bs=|0|0 0}10 6 210 20 12 4]0 5 10 6 2
06 26 12 46 12 18 6|0 3 6 9 3
212 412 4 62 4 6 8|0 1 2 3 4
0ojo o0 0 O0f0 0O 0 O
0o{o o0 0 Of7 5 3 1 14 10 6 2
00 05 3 1|5 10 6 2 10 15 9 3
013 113 6 23 6 9 3 6 9 12 4
11 271 2 31 2 3 4 2 3 4 5 |

We have used some colour to highlight the self-similar structure of this matrix.

We may block diagonalize the matrix Bs by conjugating by the following matrix:

1 0 0 0 0 0 0 0 0 010 00 0O
0 1 0 0 0 0 0 0 0 010 0 0 0 O
— ‘—é 0 1 0 0 0 0 0 010 0 0 0O
0 0 1 0 0 0 0 010 0 0 0O

The matrix UBsU7” is given by:

18 14 10 6 2
42 30 18 6

1760 207 1|90 30 128 g hsy 4g 94 g| 1 |M 2L 15908

5107 [y 04| @736 15 5@z |Tg 90 a0 1o @3 |10 15 20 12 4

12 15 18 Con 6 9 12 15 5

2 3 4 5 6
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§7.5 —

The matrix Ay is given by:

oSOl oo oo o oo o oA
Ol oo oo oo oo o H O
=lleoleleoNeoBolloNeohechollolel i =N
SOl oo oo o0 oo+ O o o
SO oo o000 o0 OoO|H O O oo
OO OO OO0 O O HO O O OHIN
OO OO OO +H OO0 O OAHND
OO OO OO0 O OO0 OHND O
OO OO OO |H OO OI0CHND O O
OO OO O HO O Oamo © O O —Hm
OO OO —H OO ODANMO |© O O —=mO
SO O O OO ANO OO O HNO O
OO H|O OO © OO © O O —i
O+ O|IOrO |O© O HNDO |[O© O O —HTO
O O O O O O Ao O O O —Hhn

U~ is given by:

The matrix V

Ul =

The matrix VT A5V is given by:

—4
—4 12

Note that:

These examples suggest that there is some rich underlying structure which is worth

further pursuit.
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7.5 Conclusion

We have given a elementary proof that semicircular algebra is a factor in the sense of
Von Neumann algebras. Although this result is already known, our proof is particularly
simple. We have also given an explicit formula for the projection of any element onto the
dense subspace of commutators. It would be interesting to see if this approach could be
extended to the case of the g-semicircular algebra [BS91], or even the (g, t)-semicircular
algebra [Blil12].

Examining the Gramm matrix of the most natural basis for the space of commuta-
tors, we have found it to have an intriguing self-similar structure which may be inter-
esting to investigate further.
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Alternating sign matrix
Bruhat order, 108, 244
dual inversion, 97, 113, 233, 249
F(X) definition, 101, 237
G(X), definition, 107, 243
inversion, 97, 103, 113, 233, 239, 249
lambda weight, 113, 249
mu weight, 113, 249
shifts, 113, 249

Arbitrarily labelled
cylindric diagram, 23, 161
diagram, 19, 157
rectangle, 18, 156

Aztec diamond, 103, 239

Binary String
inversion, 14, 152
partial order, 16, 154
Borodin identity, 21, 159
Bijection

strongly weight preserving, 63, 72,

201, 210
Macdonald
refined, 75, 213
Schur
refined, 59, 197
Box
arm length, 14, 152
hook length, 14, 152
inside corner, 14, 152
inversion coordinates, 14, 152
leg length, 14, 152
outside corner, 14, 152
Bruhat order, 95, 98, 231, 234

Burge correspondence
forward, 42, 180
reverse, 42, 180

Burge permutation, 40, 178

Canonical commutation relations, 54, 192
Corner sum matrix
left, 100, 236
right, 107, 243
Cube
arm length, 80, 218
associated lattice path, 81, 219
interlacing sequence definition, 20, 158
lattice path definition, 81, 219
leg length, 80, 218
peak cube, 81, 219
surface cube, 82, 220
valley cube, 81, 219
Cylinder, 82, 220
non-intersecting lattice paths, 82, 220
vertical reading, 83, 221
path, 82, 220
Cylindric diagram
cohook, 71, 209
cylindric hook length, 23, 161
cylindric inversion coordinates, 21, 159
definition, 20, 158
diag, 71, 209
inside corner, 65, 203
outside corner, 65, 203
refined weight, 63, 201
rotation operator, 24, 162
weight, 72, 210
Cylindric growth diagram
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Index

definition, 68, 206

example, 69, 207

face, 68, 206

path, 68, 206
Cylindric poset, 67, 205

Determinant
lambda, 100, 236
lambda, multi-parameter, 114, 250
regular, 94, 230

Fomin growth diagram, 31, 169
horizontal type, 38, 176
input, 33, 171
local rules, 33, 171
output, 35, 173
patch, 37, 40, 175, 178
standardization, 35, 173
vertical type, 38, 39, 176, 177

Hall-Littlewood polynomials, 57, 195
Horizontal strip
properly labelled, 37, 38, 175, 176
regular, 16, 154

Interlacing matrices
left, down, 101, 237
left, up, 102, 238
right, down, 108, 244
right, up, 108, 244

Lattice, 95, 231
Local rule
Fomin, reverse, 35, 173
Burge, 42, 180
Fomin, forward, 32, 170
RSK, 42, 180
symmetric functions, 50, 188
weight condition, 39, 43, 177, 181

Macdonald polynomial
Cauchy identity, 55, 193
definition, 55, 193
dual Pieri formula, 56, 194
dual Pieri operator, 55, 193
inner product, 55, 193
Pieri formula, 56, 194
Pieri operator, 55, 193

MacMahon identity, 18, 156
Monotone triangle, 95, 98, 231, 234

Partition
dominance order, 16, 154
lexicographic order, 16, 154
profile, generalized, 15, 153
profile, minimum, 13, 151
Permutation
block, 39, 177
dual inversion, 94, 230
inversion, 93, 229
partial
decreasing chain, 37, 175
increasing chain, 37, 175
Plane partition
cylindric, 19, 157
regular, 17, 155
reverse, 18, 156
Plethystic notation, 46, 54, 184, 192
Pochhammer symbol, 54, 192
Poset, 95, 231

Robinson correspondence
regular, 25, 163
skew, 33, 30, 171, 174

RSK correspondence
forward, 42, 180
reverse, 41, 179

RSK permutation, 39, 177

Schur function
Cauchy identity, 48, 186
definition, 47, 53, 185, 191
dual Pieri formula, 49, 187
Hall inner product, 47, 185
Pieri formula, 49, 187
Stanley identity, 19, 157
Symmetric function
Q(Xz) definition, 47, 185
O*(X) definition, 49, 187

Tableau
de-standardization, 37, 175
semi-standard, 36, 174
content, 36, 174
skew standard, 32, 170
standard, 25, 32, 163, 170
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standardization, 37, 175

Vertical strip
properly labelled, 39, 177
regular, 17, 155

Viennot shadow, 28, 166

Yamanouchi word, 25, 163
Young diagram, 13, 151
Young lattice, 15, 153
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